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PREFACE 
 

In  Chapter I ,  the current wor ldwide energy scenar io is  

thoroughly presented, a long with the recent development in 

renewable technologies.  The crucial  need of  energy storage 

devices is  presented. E lectr ica l  storage technologies,  with a 

focus on e lectrochemical  storage,  are reviewed.   

Chapter I I  deals with the fundamentals of 

Supercapacitors such as  operat ing principles  and cel l  

architectures.  Moreover,  the history of  Graphene is  reported 

with the recent  development on its  synthesis  and production. 

Mater ia ls  used to  enhance the performance of  Graphene -

based Supercapacitors  are presented.  

Chapter I I I  i s  focused on the e lectrochemical  

character izat ion of  Graphene-based Supercapacitors with the 

d if ferent measurements avai lab le  for the performance 

evaluat ion and the key parameters .  

In  Chapter IV ,  a comparison study was performed among 

several  graphene composites contain ing metal  oxides or 

metal  dichalcogenides.  However,  th is  chapter was aimed to 

in-s itu  synthesize a  hybr id 1T -2H-molybdenum disulphide 

together  with the reduction of  graphene oxide by one -pot 

hydrothermal  synthesis .  The supercapacitor  result ing from 

th is  innovat ive hybr id demonstrates outs tanding 

e lectrochemical  performance with a stabi l ity up to  50.000 

cycles.   

Chapter V  deals  with the hydrothermal  synthesis  of  

reduced graphene oxide aerogel  decorated with  molybdenum 

oxide part icles .  This work was carr ied out to demonstrate the 

feasib i l i ty  of  the concomitant hydrothermal processes using 

the L-ascorbic  acid  (Vitamin C) as reducing agent .  The 

addit ion  of  th is  green reducing agent  induces a better 

reduct ion of  graphene oxide and a h igher reproducib i l i ty of 

the desired chemical  reduct ion y ield .  The presence of  

molybdenum oxide part icles  permits  to  increase the specif ic 

capacitance us ing Faradaic  processes.  



 

As-synthesized mater ia ls  are  tested in micro -

supercapacitors in  Chapter VI .  PDMS-based micro-

supercapacitors were fabr icated through a s imple  

photol ithographic process.  Moreover,  the use of  a 

conductive  binder,  PEDOT:PSS,  i s  invest igated.  The binder 

induces the format ion of  a  spring - l ike rod conf igurat ion with 

the embedded act ive material .  Th is spat ia l  conformation is 

determined by the f i l l ing of  the interdig itated channels by 

capi l lar ity .  As -fabricated micro -supercapacitors show high 

f lexibi l i ty and good cycl ing stabi l ity.   

F inal ly,  Chapter VI I  presents the integrat ion of  

supercapacitor devices to text i les  fabr ics.  Two different 

works are presented:  synthesis and character izat ion of  an in-

s itu  reduced graphene oxide aerogels onto a copper wire;  and 

fabr icat ion of  exfo l iated graphene -based wearable 

supercapacitors .  The f i rst  part  shows a pecul iar  morphology 

of  the aerogel  wadded around the curren t col lector.  The 

fabr icated device  demonstrates outstanding e lectrochemical  

propert ies  in  comparison with  state -of-the-art  works. 

Moreover,  f lexib i l i ty  tests are performed and results  are 

encouraging.  In  the second part ,  h igh performance exfol iated 

graphene-based wearable  supercapacitors  are  studied.  The 

padding method a l lows to produce 100 meters  of  text i le 

fabr ics  coated with electrochemical  exfol iated graphene. 

Obtained results are  promis ing but ,  more important ly ,  the 

approach used is  sca lable and cost -effect ive.  

The exper imental  part  of  th is  thesis  has been carr ied  out 

in  the Center  for Susta inable Future Technologies ( Ist ituto 

I ta l iano di  Tecnologia ,  Tor ino) ,  in  the Department of  Appl ied 

Science and Technology (Pol itecnico d i  Torino),  in  the School 

of  Chemistry  and the National  Graphene Inst itute  (The 

University of  Manchester,  UK).  The work was main ly focused 

on the synthesis and development of  act ive mater ia ls  prior 

to  be tested for electrode in supercapacitor appl icat ions.   
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Chapter 1 

Energy: Demand and Storage 

Technologies 
 

The current worldwide energy demand and 
consumptions are  thoroughly presented, along 
with the recent development in renewable 
technologies necessary to address the growing 
energy demands. Then, the crucia l  need of  
energy storage devices is  highl ighted. Electr ica l 
storage technologies  are  reviewed. Moreover, 
the maturity of  these technologies is  discussed. 
F inal ly,  e lectrochemical  energy storage devices 
are presented a longside their  reciprocal  
corre lat ions.  

 

1 .1.  Worldwide Energy Demand  

Energy is  used a l l  the t ime and everywhere. Humankind does 

not even think about its  cont inuous dai ly  use.  The worldwide 

consumption of  marketed energy was 549.10 1 5  Br i t ish 

Thermal Units (BTU) in 2012 and is  expected to expand to 

629.10 1 5  BTU in 2020 ,  and even 815.10 1 5  BTU in  2040. This 

increase corresponds to a  va lue of  48% from 2012 to 2040. 1  

Something even more worrying is  the worldwide  

consumption level  against  the product ion as reported in 

F igure 1 .1 and Figure 1 .2 ,  respect ively.  Indeed, the 

consumption of  primary energy is  higher  than the product ion 

for several  countr ies  around the world .  I f  we look global ly , 

the worldwide tota l  pr imary energy consumed for  2016 was 

13,903 Mtoe (Mi l l ion  Tonnes of  Oi l  Equivalent)  and the 

product ion was 13,910 Mtoe,  which  means that  g lobal ly we 

produce more energy than that  we consumed.  Nevertheless , 

the t rend from 2015 to  2016 disp lays an  increase of  1% of  the 
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primary energy consumed worldwide while the product ion 

decreased of  -0 .4% for the same period,  which re inforces  the 

need of  developing new eff icient  technologies. 2    

 

 
F i g u r e  1 .  1  p r i m a r y  e n e r g y  c o n s u m p t i on  f o r  2 0 1 6 2  

 

 
F i g u r e  1 .  2  p r i m a r y  w or l d w i d e  e n e r g y  p r od u c t i on  f o r  2 0 1 6 2  
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Undeniably,  the actual  s ituat ion is  p atently un susta inable 

whether in  a socia l ,  environmental ,  or  even economic point  

of  v iew. Indeed, the current trends on carbon dioxide (CO 2)  

emissions related to the energy consumpt ion wi l l  more than 

double by 2050 if  the current trends wi l l  be not su itabl y 

subst ituted .3  The CO 2  i s  produced us ing mainly foss i l  energy.  

The main  energy sources,  which  lead the tota l  wor ld energy 

consumption,  are l iquid fuels ,  coal  and natural  gas as 

reported in F igure 1 .3.  Renewables  technologies are 

projected to  take a bigger  part  of  the market  in  the next 

decade hopeful ly for  a “greener” future.   

 
F i g u r e  1 .  3 .  T o t a l  w or l d  e n e r g y  c on s u m p t i on  b y  e n e r g y  s ou r c e ,  1 9 9 0 - 2 0 40  
( q u a d r i l l i o n  B t u ) .  D o t t e d  l i n e s  f or  c o a l  a n d  r e n e w a b l e s  s h ow  p r o j e c t e d  e f f e c t s  
o f  t h e  U . S .  C l e a n  P ow e r  P l a n . 3  

However,  most  of  the renewables technologies cannot be 

suitably  explo ited in comparison with  the fossi l  fuels  because 

the energy cannot be stored or transported to the f inal -use 

p lace.  To overcome th is  i ssue,  the energy produced by means 

of  renewable technologies,  such as so lar and wind turbine,  

should be converted to electr ic ity . 4  Electr ici ty  i s  the world ’s 

fasted-growing form of  end -use energy consumption and the 
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predict ion reveals a  doubl ing of  the worldwide e lectr ic ity 

demand by 2050 and tr ipl ing by the end of  the century. 1 , 5   

E lectr ic ity i s  easi ly  t ransportable in an eff icient  way. 

Consequent ly,  i ts  production is  highly centra l ized and, often, 

a long d istance away f rom the end -user .  This centra l ized 

product ion must  be taken account some drawba cks  of  using 

renewable technologies.  Indeed,  these technologies have a 

complete dependence of  the metrologica l  var iab les such as 

the wind force and the i l luminat ion for example.  These 

variables direct ly inf luence the amount of  energy that  can be 

produced which makes dif f icu lt  the stabi l i zat ion of  the power 

network. 6  Moreover,  i t  i s  wel l  known that  the demand in 

e lectr ic ity  f luctuates important ly  dur ing the day.  To 

overcome this  problem,  engineers have the choice  between 

two solut ions:  ( i )  over-dimensioning of  the product ion and 

transmiss ion equipment  or  ( i i )  use  energy storage 

technologies to store energy when the prod uct ion is  h igher 

than the user’s  demand and release it  when the demand 

increases. 5 , 6  The two solut ions are  i l lustrated in  F igure 1 .4 .   

Without electr ical  energy storage,  the rat io between the 

end-user  demand peak and the average of  power generated 

level  can reach a va lue of  10,  which means that  the 

equipment  for production and transmission must  be designed 

to re lease the energy requested by the end -user for the peak 

period.6  In  th is  case,  the product ion equipment becomes 

bulky and, more important ly,  expensive.  Th is increase of  

costs wil l  be,  of  course,  added to the b i l l  of  the f inal  user . 

Then, low-cost  energy storage technologies become 

necessary.  These storage devices can store the energy when 

the end-user demand is  low (dur ing the n ight -t ime) and wil l  

release it  when the end -user  demand increases (dur ing pe ak 

t ime).  Furthermore,  the capacity of  the energy storage 

technologies depends of  the grid asset ’s  response. So,  a 

conventional  turbine unit  with  an  important capacity s ize 

(MW) could be subst i tuted by a fast - responding energy 

storage device with less capa city.5  
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F i g u r e  1 .  4 .  S c h e m a t i c  r e p r e s e n t a t i on  o f  t h e  b a l a n c i n g  g e n e r a t i o n  a n d  
d e m a n d  v i a  l oa d  l e ve l l i n g . 5  

1.2.  Electricity Storage Technologies  

Energy storage technologies are  a  crucia l  tool  for  the 

integrat ion of  renewable energy into  the gr id .  Indeed,  as 

descr ibed ear l ier ,  these technolo gies al low to  stabi l ize the 

energy product ion level ,  which is  one of  the main  concern for 

wind turbine and solar plant .  Despite the important cost, 

which can be prohibit ive for  regions without developed 

technologies,  support  of  the government ,  and/or low -cost 

f inancing;  energy storage systems are expected to  increase 

s ign if icantly their  deployments in  emerging markets in  the 

next  decade. 7   

Storage technologies  are  using for a p lenty of  appl icat ions 

such as  seasonal  storage,  f requency regulat ion,  demand 

shif t ing for examples.  They can absorb energy and store it  

unt i l  i t s  release become neces sary,  which means that  they 

can br idge a temporal  gap between energy supply and 

demand. If  these technologies are  coupled with  adequate 

energy infrastructures,  they can a lso be a  geographical  

bridge between the energy supply and demand. 3  Demand for 

storage is ,  of  course,  d if ferent in  funct ion  of  the 

geographical  topology or s ituat ion. Indeed,  non -

interconnected is land systems must have larger  storage 

capabil ity than country with large hydro capacity reservoir  

such as Sweden for example.8   
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E lectr ical  storage devices can be def ined using two factors: 

the amount of  energy that  can be stored and the rate of 

charging/discharging of  the energy storage devices. 9   The 

ideal  energy storage device would  be able to combine both 

factors .  In  addit ion  to  these typ ica l  characterist ics ,  storage 

devices must be re l iable  and have a long - l i fe expectancy with 

min imal maintenance cost .  However,  no energy storage 

technologies current ly avai lab le can meet al l  these 

requirements  s imultaneously. 5 , 1 0 , 1 1  The main concern for a 

complete  integrat ion of  energy storage devices is  the cost  of 

the apparatus.  Indeed,  the improvement of  the overal l  

performance is  not  as h igh as expected and, then, does not 

motivate  the industry  to  integrate  cost ly  equipment  i f  the 

return on investment does not  reach a va luable level . 1 2  

To overcome th is i ssue,  development of  new energy storage 

technologies and/or  advance in exist ing technologies are 

necessary.  In  F igure 1 .5,  the maturity  of  the energy storage 

technologies current ly  inv est igated is  reported. 1 3   

 
F i g u r e  1 .  5 .  R e p r e s e n t a t i o n  o f  t h e  m a t u r i t y  f o r  b ot h  e l e c t r i c i t y  a n d  t h e r m a l  
s t o r a g e  t e c h n o l og i e s . 1 3  

The graph reports the capita l  investment required mult ip l ied 

by the technology r isk in  funct ion of  the current maturity 

level.  Higher the technology is  in  the f igure,  higher is  the 

capital  required for the technology and/or higher is  the r isk 

took for the invest igat ion of  the feasib i l i ty.  Three current 

maturity  levels are  d ef ined:  R&D, Demonstrat ion and 
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Deployment ,  and Commercial isat ion. Looking in detai ls  on 

e lectr ic ity storage technologies,  Pumped Storage 

Hydropower (PSH) is  the only one that  reached a 

commercial isat ion level .  Close to the commercial isat ion, 

Compressed Air  Energy Storage (CAES),  F lywheel,  and 

Batter ies technologies  can be found.  In  the R&D phase,  Flow 

batteries ,  and Supercapacitors are currently under 

invest igat ion and required large investment to reach the 

proof  of  concept level .   

The electr ic ity gr ids  wor ldwide current ly use large-scale 

energy storage devices for 140 g igawatts (GW). 3  Of  course,  

PSH technologies  took the a lmost  major ity of  the  market  with 

99% due to its  proved maturity.  The remaining 1% is  div ided 

between CAES,  F lywhe el ,  and E lectrochemical  devices such as 

batteries ,  redox- f low and supercapacitors  technologies as 

reported in Figure 1.6 . 1 4  

 
F i g u r e  1 .  6 .  C o m p os i t i on  o f  t h e  e l e c t r i c i t y  g r i d s  w o r l d w i d e  i n  m e g a w a t t s  1 4  

Even if  the PSH technology is  the most mature technology 

and almost exclus ive ly used to date,  it  i s  important  to note 

that  the performance requirements depend of  the 

appl icat ion and expectat ions regarding the power and 

energy rat ings,  the rat io of  power to energy,  the  charging 

t ime, the d ischarging t ime, the cycl ing l i fe ,  etc.  are 

d if ferent . 5  In  the  fo l lowing sect ions,  PSH, CAES,  F lywheel 

and electrochemical  storage technologies wil l  be short ly 

descr ibed.    
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1.2.1.  Pumped Storage Hydropower (PSH) 1 5 – 2 1  

Pumped Storage Hydropower (PSH) is  the most mature 

technology for e lectr icity storage technolo gy as a lready 

reported above. It  i s  a lso the larger energy storage system in 

operat ion. Th is  technology represents approximat ively 3% of 

the world’s tota l  insta l led power capacity,  and 97% of  the 

tota l  storage capacity.  In  some countr ies ,  hydroelectr ic ity is  

the major ity source. Norway (98,9%) uses  almost completely 

th is  product ion method. Other countries such as Brazi l  

(83.7%) and Venezuela  (73.9%) can be c ited as example of 

these countries  us ing hydroelectr icity as the primary source.  

Th is storage techno logy stores potent ia l  energy us ing height 

d if ferences between two reservoirs as reported in Figure 1 .7 .  

 
F i g u r e  1 .  7 .  a  p u m p e d  s t or a g e  h y d r op o w e r  p l a n  l a y o u t 2 1  

As it  can be seen in F igure 1 .7,  a PSH system can be described 

with three key units:  (1) two reservoi rs located at  d if ferent 

e levat ion. Larger is  the height d if ference between the two 

reservoirs ,  h igher wil l  be the amount of  energy stored by the 

system because the stored energy is  proport ional  to the 

e levat ion dif ference.  The amount of  the stored energy i s  a lso 

proport ional  to the water volume of  the upper reservoir ;  (2) 

a  pomp unit  used to pump water f rom the lower  reservoir  to 

the higher reservoir  dur ing the off -peak period;  and (3) a 

powerhouse unit  which uses a  turb ine for the generat ion of 

e lectr ic ity  a l lowing the convers ion of  the potent ia l  energy to 
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e lectr ic ity  during the peak hours.  This  pump unit  represents 

the dif ference from ordinary hydroelectr ic power system 

because it  al lows the PSH to pump water  from the lower 

reservoir  to the upper reservoir ,  act ing as an electromotor.   

The eff iciency of  PHS systems are evaluated around 65 -85% 

depending on the evaporat ion and the conversion losses.  It s 

relat ively h igh  eff ic iency is  an advantage which  can be 

summed to the other characterist ics of  PHS, which ar e large 

power capacity  (typ ica l ly 100 -1000 MW),  large storage 

capacity,  and a long l i fe (30 -60 years) ,  at  a lowest  energy cost                    

($0.1-1.4/kWh/cycle) .  Furthermore,  despite  the large power 

volumes and energy management in th is  insta l lat ion,  the 

system can react  with a response t ime lower than 1  minute 

enabling the use of  th is  technology for the control  electr ical  

network frequency and in provision of  reserve generat ion.   

The above characterist ics are a testament of  the 

affordabi l ity,  robustn ess,  and scalabi l i ty of  this  energy 

system technology. However,  this  system has also huge 

drawbacks.  Certa inly,  the most important drawback is  the 

lack of  avai lable sites for bui ld ing two large reservoirs and 

one (or two) ir r igat ion dam(s) .  The construct io n of  th is  plant 

l ies to ser ious environmental  issues such as removing t rees 

and vegetat ions in a surface typ ica l ly around 10 -20 km² of 

land before to the reservoir  being f looded.  Of  course,  a l l  the 

construct ion is  expensive,  which is  a lso one of  the main 

concern.  The capita l  cost  varies  f rom $100 mi l l ion  to  $3 

b i l l ion US,  which is  of  course prohib it ive for a lot  of 

countr ies/regions.  The last  major constra int  is  the lead t ime 

which is  typ ica l ly around 10 years .  

To reduce the cost  and the environmental  i ssue s, 

improvements of  PSH technology were invest igated and wi l l  

be  constructed. Indeed,  some PSH plants wil l  use f looded 

mine shafts ,  underground caves,  and/or oceans as reservoirs.  

The best  example is  in  Okinawa Yanbaru is land in Japan with 

a 30 MW seawater project,  which was completed in 1999. 2 1 , 2 2  

A  picture of  the s ite is  shown in Figure 1 .8 .  
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F i g u r e  1 .  8 .  O k i n a w a  Y a n b a r u  ( J a p a n ) ,  t h e  f i r s t  s e a w a t e r  P u m p e d  S t o r a g e  
H y d r op ow e r 2 2  

1.2.2.  Compressed Air  Energy Storage ( CAES) 1 5 –

1 7 , 1 9 – 2 1 , 2 3 , 2 4  

CAES is,  with PHS system, one of  the two e lectr ica l  storage 

technologies current ly  su itable for large -scale  power and/or 

h igh  energy storage appl icat ions.  To date,  it  ex ists only two 

CAES si tes in  the world .  The f i rst  i s  in  Huntorf  (Germany) and 

was insta l led in 1978. It  has a capacity of  290 MW for 2 hours.  

The second is  in  McIntosh (AL,  USA),  with a capacity of  110 

MW for 26 hours.  The site  located in the US can switch f rom 

fu l l  generat ion to fu l l  compress ion in only 5 minutes,  and 

back to ful l  generat ion in less  than 15 minutes.  Even if  i t  

ex ists  only two s ites  opened worldwide,  both have 

demonstrated economic feas ibi l i ty an d h igh  re l iab i l i ty.   

As  descr ibed for  the McIntosh p lant,  CAES system must be 

able  to  compress and to expanse a ir .  Indeed,  this  technology 

stores energy by compressing a ir ,  with  a  pressure typ ical ly 

around 4.0 –  8 .0  MPa,  when the demand is  low.  To extract 

the stored energy f rom its  topological  conf inement,  

compressed air  i s  drawn from the storage vessel ,  heated, and 

then expanded through a high -pressure turbine.  

Typica l ly ,  a  CAES plant  consists  in  f ive  key units  as shown in 

F igure 1.9.  The f i rst  key unit  i s  a motor/generator  which can 

switch engagement to the compressor or turb ine t ra ins.  The 

second is  obviously the a ir  compressor with two or more 

stages to achieve economic v iab i l ity .  The p lant  contains a lso:  

(3) a turb ine t ra in which contains both high -  and low-

pressure turb ines;  (4) a topological  conf inement for the 
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compressed air ,  typ ica l ly underground rock caverns,  sal t  

caverns,  porous-media reservoirs ;  (5) equipment controls.  

 
F i g u r e  1 .  9 .  a  c o m p r e s s e d  a i r  e n e r g y  s t or a g e  p l a n  l a y o u t 1 5  

CAES have attract ive  qual it ies  close to PHS systems such as 

h igh-power capacity  (50 –  300 MW), long storage period 

(over a year) ,  re lat ive ly  long l i fe (approximately 40 years),  

and a h igh eff iciency typical ly between 60 and 80 %. 

Moreover,  CAES is  more attract ive  than PHS because the 

capital  cost  i s  s igni f icantly  lower  ($400 -800/kW) and the 

environmental  issue is  l imited s ince the storage is 

underground.  

However,  CAES p lants suffer of  the same major barrier than 

PHS with the research of  the appropriate geographical  s ite to 

build  the p lant.  Moreover,  in  the research of  “greener” 

solut ion for  energy product ion/consumpt ion,  CAES l ies  with 

the requirement of  combusting fossi l  fuels for the expansion 

cycle ,  which  means that  this  technology is  not  carbon 

neutral .  Last  but not least ,  system design is  di f f icu lt  due to 

the heat t ransfer during the cycl ing.  Indeed, the air 

compress ion is  an exothermic process while the expansion is  

endothermic.  To  overcome this issue,  advanced research is  

focusing on three modif icat ions:  i sothermal  storage,  

adiabat ic system, or d iabat ic  storage systems.   

To conclude,  CAES plants  cannot so lve alone the problems of 

excess e lectr icity product ion. However,  this  technol ogy is 

attract ive,  feas ible,  and can save investments in  power plant 

capacit ies .   
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1.2.3.  Flywheel1 5 – 1 8 , 2 0 , 2 3 , 2 5 , 2 6  

Flywheel  technology is  s impler  than PHS and CAES as it  can 

be seen in Figure 1 .10.   

 
F i g u r e  1 .  1 0 .  A  F l y w h e e l  t e c h n o l og y  l a y ou t  ( l e f t )  a n d  a  f l y w h e e l  s t or a g e  
s y s t e m  of  6  k W h  u n i t  f r om  b e a c o n  p ow e r ,  c ou r t e s y  o f  B e a c o n  p ow e r  ( r i g h t ) . 2 7  

The storage is  in  th is  device is  driven by the angular 

momentum of  a  sp inning mass.  The e lectromotor  rotates  at 

h igh  speed where electr ica l  energy is  converted to  k inet ic 

energy;  when the speed decreases,  kinet ic energy is  

converted into  electr ica l  energy to release the stored energy.  

The total  energy of  a f lywheel system is  dependent on the 

s ize and speed of  the rotor whi le the power rat ing is  

dependent on the motor -generator.   

Interest ingly,  the input/output power is  l imited only by the  

power converter that  means that  f lywheels can provide very 

h igh  peak power.  Devices  are re lat ively  smal l  and l ight,  which 

a l low the technology to f ind its  market when batteries  would 

be too large or heavy. The systems can be ful ly 

charged/discharged for s everal  hundreds of  thousands of  

t imes.  Its  eff iciency is  in  the range of  90 –  95 %. The l i fe of 

the device is  not  funct ion of  the depth of  discharge.  

However,  the capital  cost  for f lywheel  i s  high  with a value in 

the range of  $1000 –  5000 kWh and devices suffer  of  self -

d ischarging rate typical ly around 55% and 100%/day.  

To conclude, f lywheels become interest ing for market 

appl icat ions when long-term storage is  not  required such as 



Energy:  Demand  and  S to ra ge  Techno lo g ie s  Chap ter  I  

-13-  

f requency smoothing.  For example,  the most  common 

appl icat ion is  to act  as a power qual ity device to br idge 

temporal  gap between the shift  from one power source to 

another.  This system can supply h igh ly re l iable electr ic 

power for  seconds to  minutes at  a  t ime.  

 

1.2.4.  Electrochemical Energy Storage  

Portable energy storage technologies  are  required for 

several  appl icat ions from miniatur ized d imensions (phones,  

laptops,  etc. )  to large scale  such as  transport .  Of  course,  

storage systems descr ibed previously are  not  portable (PHS, 

CAES) or only for some s ize -restr icted devices in  the case o f 

F lywheels .  To overcome th is i ssue,  e lectrochemical  energy 

storage devices were developed and current ly under 

invest igat ion to improve their  performances.   

I t  is  di f f icu lt  to  have a correct  overview of  the energy storage 

devices performances us ing only ta ble with number.  To 

compare eas i ly storage systems,  D. Ragone has developed in 

the 60’s a d iagram which represents performance in terms of  

the rat io  of  mass  to  energy and power.  Th is  d iagram is  ca l led 

after  h im as “Ragone’s p lot” or  “Ragone’s  diagram”, see  

F igure 1 .11. 2 8  

 
F i g u r e  1 .  1 1 .  E n e r g y - s t or a g e  R a g on e  P l o t 1 1  

The Ragone plot  d isp lays Specif ic  Power (W/kg)  in  funct ion 

of  Specif ic Energy (W/h.kg) using the mass to rat ional ize 
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Power and Energy.  Indeed, device’s ma ss  is  a cr i t ica l  aspect 

for portable energy storage units.  For stat ionary units such 

as PHS and CAES,  it  is  completely useless to compare using 

the mass as the cr it ica l  cr iter ia .  In  these cases,  i t  i s  more 

important to  look at  the l i fe expectancy,  and the tota l  costs. 6   

Looking at  F igure 1.11,  four d if ferent technologies can be 

seen: Capacitors,  Supercapacitors,  Batte r ies ,  and Fuel  Cel ls . 

Four dif ferent technologies and four completely dif ferent 

Speci f ic  Power and Specif ic  Energy.  Capacitors ,  and 

Supercapacitors (a lso cal led “E lectrochemical  Capacitors”) 

have Specif ic Power with several  orders of  magnitude h igher 

than Batteries and Fuel  Cel ls .  However,  their  Specif ic 

Energies are s ignif icantly lower than the two other devices.  

So,  depending on the appl icat ions,  engineers wi l l  choose one 

system or another.  A lthough the energy storage and the 

conversion mechanisms are  d if ferent ,  there are 

“electrochemical  s imi lar it ies” of  these four systems. 2 9  

E lectrochemical  energy storage devices which can  also  be 

used as alternative power sources are  considered as  the  

principal  actor to overthrow a worldwide issue:  the vehic le 

fuel  economy. Indeed,  the fuel  consumption rate  wi l l  

consume al l  the g lobal  petro leum resources within 50 years 

according to the sc ienti f ic  est imations.  Dur ing the same 

period,  the g lobal  number of  vehic les wi l l  increase from 700 

mi l l ion to 2.5 bi l l ion.  To reduce the fuel  consumption, 

e lectr ical  vehicles are developed, such as al l -e lectr ica l  range 

(AER) or hybrid e lectr ica l  vehic les (HEVs) .  The eff iciency of  

both technologies  is  depending on their  energy storage 

systems. Due to their  performances,  portabi l ity ,  and 

scalabi l ity,  Batter ies  and Supercapacitors are considered as 

the most v iab le appl icat ions for transport  appl icat ions 

because they can supply the output  of  the engine during the 

accelerat ion and cru ise and for energy recovering dur ing 

braking. 2 3 , 3 0 , 3 1  
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1.2 .4 .1 .  Batteries 9 , 1 8 , 2 9 , 3 2 – 4 1  

Batter ies  are  one o f  the most  cost -effect ive  technologies  

avai lab le  and they are the most  common on the market.  They 

generate electr ica l  energy us ing redox react ion to  convert  

chemical  energy.  The f irst  commercia l  battery was 

introduced by Sony Corporat ion in  the early  1990’ s .  It  was a 

L ith ium-ion battery.  The pr inciple of  operat ion of  th is 

battery is  reported in F igure 1.12. In  this  f igure,  the anode, 

L i y C, wil l  intercalate Li thium - ions,  L i + ,  during the charging 

cycles .  Dur ing the discharge,  the  cathode, L i x CoO2 ,  wi l l  

intercalate  the L ithium- ions removed from the anode. The 

e lectrons migrate in the same direct ion f low than the L ith ium 

ions through an outer e lectr ical  c ircu it .   

The insert ion of  L ithium ions that  enables  the redox react ion 

is  control led by the d if fusion through  bulk e lectrodes 

materials .  This d if fus ion -control led mechanism is  the reason 

for the low power density of  batter ies technology. The 

intercalat ion/deintercalat ion of  ions  through bulk -materials 

wi l l  a lso have an impact  on the e lectrode volumes during the 

charge/discharge cycles.  Sometimes,  this  change of  volume 

can produced short -c ircu it  with  terr ible  consequences such 

as f ires and explosions.  The safety is  probably one of  the 

main concern for  L i - ion  battery and a lot  of  efforts  are  made 

in this  d irect ion. 4 2 – 4 4  To date,  battery manufacturers can 

produce high-qual ity  l i th ium -ion cel ls  with less than one 

reported safety incident for  every one mi l l ion  l i thium - ion 

ce l ls  produced.   

 
F i g u r e  1 .  1 2 .  L i t h i u m  i on s  m i g r a t e  b a c k  a n d  f or t h  b e t w e e n  t h e  a n od e  a n d  
c a t h od e  t h r ou g h  t h e  e l e c t r o l y t e  u p on  d i s c h a r g i n g / c h a r g i n g ;  e l e c t r o n s  d o i n g  
s o  s i m i l a r l y  t h r ou g h  t h e  ou t e r  e l e c t r i c a l  c i r c u i t . 4 1  
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Why Lith ium-ion batter ies  are so  important for  portable 

appl icat ions? Mot ivat ions came from L ith ium, of  course.  It  is 

the th ird  l ightest  element  known,  which  means low inf luence 

of  the total  mass in a market where the device we ight is  a 

crucia l  aspect .  Moreover,  the oxidat ion potent ia l  L i +/Li  is  the 

h ighest  of  a l l  known elements with 3 V above the standard 

hydrogen potential .  Therefore,  L i - ion batter ies offer a good 

perspect ive for  developing h igh energy and h igh -power 

batteries .  These batteries  offer  versat i l i ty,  suitable l i fet ime for 

a  wide range of  appl icat ions.   

However,  i t  ex ists something alarming for this  technology. 

Undeniably,  L ith ium can be viewed as the gold of  the next 

century because it  is  a mater ia l  with a re lat ive l y low abundance 

on earth.  Th is low abundance coupled with a complete sh ift  

f rom oi l -dependent internal  combustion engine to L i - ion 

batteries-propel led “electr ic” vehic les,  could have dramatic 

impact.  Indeed,  i f  there wi l l  be enough l ith ium on planet to 

feed the whole automobile market ,  the price wi l l  become 

unaffordable  for  the f inal  buyers or for the EV manufacturers .  

The Lith ium pr ice is  expected to be mult ip l ied by f ive within 

ten years f rom 5.42 in 2010 to 25.50 $/kg in 2020. To date,  the 

price  increased to a va lue of  9 .1  $/kg with  is  less than expected 

by the sc ientif ic  community. 4 5  

New materials  developments  are needed and a  lot  of  research 

groups around the world are  focused on this themat ic  to  f ind 

the new “ki l ler” materials  concerning the chemical  nature of  

cathode, anode, and electro lyte.  For example,  it  is  poss ible to 

f ind invest igat ions on Sodium -ion batter ies 4 6 – 4 8 ,  L ith ium-

Sulphur batteries 4 9 – 5 1 ,  metal -a ir  batteries 5 2 .  

 

1.2 .4 .2 .  Supercapacitors:  competitors  or al l ies 
of  batteries? 1 1 , 1 8 , 2 9 , 3 1 – 3 4 , 5 3 – 5 6  

“Electrochemical  Capacitors” ,  “Supercapacitors” ,  “Ultra -

Capacitors” ;  al l  these appellat ions are  used for the same 

technology.  Di fferent  manufacturers gave the name according 

to the commercia l  device:  “Supercapacitors” for Nippon 
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Electr ic Company (NEC) and “Ultra -Capacitors” for Pinnacle  

Research Inst itute (PRI) .  In  this  thesis ,  the appel lat ion 

“Supercapacitors”  wi l l  be used through  a l l  the document.   

Supercapacitors must  be dif ferentiated from two other  types 

of  capacitors:  electrostat ic capacitors (typ ical ly made of  two 

metal  e lectrodes,  in  a paral le l  conf igurat ion,  separated by a 

d ie lectr ic)  and electro lyt ic capacitors ( l ike e lect rolyt ic 

capacitors but they use conduct ive electrolyte sa lt  in  d irect 

contact  with the e lectrodes instead of  the dielectr ic) .  

As  it  can be seen in F igure 1 .  11,  Supercapacitors f i l l  the gap 

between convent ional  capacitors and batteries .  Indeed, they 

can store more energy than that  of  convent ional  capacitors , 

and can del iver more power than that  of  batteries .  

Supercapacitors use h igh ly revers ib le electrostat ic  charge 

storage mechanism which al lows to be charged/discharged 

over an a lmost unl imited number of  c ycles .  Unfortunately,  

Supercapacitors suffer from the low energy density in  

comparison with batter ies  which  leads to an  ambivalent 

so lut ion for the choice of  the e lectrochemical  energy storage 

devices required for an appl icat ion. Indeed, using only 

batteries ,  the storage must be oversized to manage the peak 

demand while ,  using supercapacitors  only,  the storage must be 

oversized to store a suff icient  amount of  energy to deal  with 

the intermittence of  the renewable  energy sources.  Therefore,  

batteries and sup ercapacitors are not in  competit ion one 

against  the other,  but  they can be seen as a l l ies to overcome 

the current chal lenges of  energy storage /  power del ivery 

systems due to  the exist ing synergy between these two 

technologies.  

Th is thesis  work is  focused on the synthesis and development 

of  new mater ia ls  to increase Supercapacitors performances.  In  

the next  chapter ,  Supercapacitor technology wil l  be described 

in addit ion with materials  used for e lectrodes fabr icat ion.      
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Chapter 2 

Graphene-based supercapacitors 
In  this  chapter ,  fundamentals of  supercapacitors 
are descr ibed. Then, historica l  background of  
graphene is  reported. The outstanding 
propert ies  of  th is  mater ial  are  high l ighted 
a longside the scalable  production methods.  
F inal ly,  the state -of-the-art  of  graphene -based 
supercapacitors are reviewed and the 
comparison between E lectr ica l  Double -Layers 
Capacitors  and Hybr id Supercapacitors 
containing conduct ive polymers,  t ransit ion 
metal  oxides,  and transit ion  metal  
d ichalcogenides is  presented.  

2.1.  Supercapacitors:  general background  

Supercapacitors can be found in  dif ferent  ce l l  architectures:  

co in cel l ,  stacked, wound,  or pouch cel l  conf igurat ions as 

shown in Figure 2 .1 .  

 
F i g u r e  2 .  1 .  ( a ,  b ,  c )  c o i n  c e l l  a r c h i t e c t u r e 1 ,  ( d )  w o u n d  s u p e r c a p a c i t o r 2 ,  a n d  
( e )  p ou c h  c e l l  s u p e r c a p a c i t o r 3 .  



Chap ter  I I                                      Grap hene -based  Sup ercapac i to r s  

-24-  

Even if  the configurat ions are d if ferent ,  components are the 

same for a l l  supercapacitors .  The most important 

components  are:  e lectrodes,  e lectro lyte,  current co l lectors , 

separator .  

E lectrodes represent the core o f  the supercapacitor as the 

act ive material  composing them, main ly  def ines the device 

del iverable performances,  thus becoming the focus of  

attent ion for materia ls  scientists .  Electrodes are general ly 

carbonaceous materia ls  such as act ivated carbon,  amorpho us 

carbon, carbon nanotubes,  carbon aerogels ,  and, of  course,  

graphene. Materials  must  have high porosity and be 

e lectr ical ly  conduct ive.  

E lectro lyte consists of  dissolved chemicals in  a solvent that 

can be aqueous or  organic.  Recent ly,  ion ic l iquids  have a lso 

attracted much attention due to  their  large operat ing 

voltage. Electro lyte contains cat ions and anions that  al low 

charge separat ion in Electr ical  Double Layers  Capacitors and 

can part ic ipate to  the Faradaic processes in Pseudocapacitors 

(e .g .  intercalat ion).  

Separator  is  a physical  barr ier used to avoid any contact 

between the two electrodes of  the supercapacitors .  This 

contact  would produce short -ci rcuit  that  can have terr ib le 

consequences such as explos ions and f ire for examples.   

Current  Col lectors are  typical ly  a metal  fo i l  (Copper,  

Aluminium, Nickel ,  Sta inless Steel…) onto e lectrodes are 

deposited. Th is current col lector must  have high  electr ical  

conductivity .  This  part  of  the supercapacitors is  a lso used to 

connect  the supercapacitors to the elect r ica l  ci rcuit  in  which 

i t  i s  appl ied.   

  

2.2.  Graphene: a “World-Famous Teenager”  

“A single carbon layer of  the graphite structure,  
describing its  nature  by analogy to a polycycl ic  
aromatic  hydrocarbon of  quasi  inf inite s ize ” .4  

This s imple  def init ion  resumes two centuries  of  research 

works,  which f inal ly lead to the f i rst  isolat ion of  a monolayer 
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of  graphene, made by Geim’s research group in Manchester 

(2004),  and to the Nobel  prize awarded to  A.  Geim and K.S.  

Novoselov in 2010.  

Graphene,  the carbon -based wonder  material ,  i s  now 13 

years o ld and has attracted attent ion f rom al l  around the 

world making itse lf  a “World -Famous Teenager” .  To 

understand why the f irst  i so lat ion of  a graphene monolayer 

was such an achievement  for the science devel opment ,  i t  is  

important to understand the general  h istoric background of 

th is  mater ia l .   

 

2.2 .1 .  Historical  Backgroun d 5 – 7  

The penci l  commonly used today s ince the chi ldhood, f inds 

i ts  origin  in  the 16 t h  century,  in  England,  with the discovery 

of  Plumbago ,  which is  the Lat in  appel lat ion for “ lead ore”.  

They a lso understood the writ ing capabi l i t ies of  th is  mater ial 

making Plumbago  the bas is  of  the European development  in 

subst itut ion for qui l l  and ink.  It  i s  on ly two c entur ies later 

that  Car l  Sheele,  Swedish  chemist ,  demonstrates the real  

composit ion of  Plumbago .  Indeed, the mater ia l  discovered by 

the Engl ish was Carbon, not lead. Then,  in  an appropr iated 

way,  Abraham Gott lob Werner,  German geologist ,  has 

suggested to change the name of  the material  to “graphite” , 

which means “to write” in  Greek.  

In  1859, Benjamin Brodie,  Brit ish chemist ,  has oxidized the 

graphite in “graphon” us ing strong acids.  Th is new molecule 

with a molecular weight  of  33  g/mol was actual ly graphe ne 

oxide.8  In  fact ,  due to  the oxidat ion,  graphite sheets surface 

was covered with hydroxyl  and epoxides groups. 9  Graphene 

oxide suspension was observed for the f irst  t ime us ing 

Transmiss ion E lectro n Microscopy in 1948 by G. Ruess  and F.  

Vogt . 1 0  Ulr ich Hofmann and Hanns -Peter Boehm observed for 

the f irst  t ime monolayers of  reduced Graphene Oxide in 

1962. The term “Graphene” has  been introduced in  1986 by 

Boehm and co-workers.  Graphene is  the combinat ion of 
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“Graphite” with the suff ix referr ing to polycycl ic aromat ic 

hydrocarbons. 1 1  

In  1985, Harry Kroto,  Robert  Cur l ,  and Richard E .  Smal ley 

have d iscovered a  molecule containing 60 atoms of  carbon in 

a spatial  conf igurat ion of  a soccer bal l :  fu l lerene. 1 2  They 

received the Nobel prize in  Chemistry in  1996.  

The f i rst  paper on mechanical  exfo l iat ion of  graphite was 

published by Heinr ich Kurz ’s  group in 1990. They reported 

ultra-th in graphite obtained by peel ing off  layers  us ing 

t ransparent  tape to  study carr ier  dynamics  in  graphite. 1 3  The 

year after,  1991,  hel ical  microtubules  of  graphite carbon with 

honeycomb latt ice,  read “Carbon Nanotubes” were identif ied 

by Sumio I i j ima. 1 4  

According to a theoretica l  point  of  view, Phi l  Wal lace 

reported the band structure of  a “monolayer of  graphite” to 

understand the e lectronic  propert ies of  bulk graphite. 1 5  

Pract ica l ly,  the isolat ion of  graphene was envisaged by 

Rodney Ruoff  and Reginald L itt le before the work published 

by Geim and co-workers. 1 6 , 1 7  However,  the f i rst  i so lat ion was 

demonstrated only in  2004 using an o ptica l  microscope even 

i f  the graphene was present in  our dai ly  l i fe,  such as in  our 

penci l  trace for example. 1 8  

 

2.2 .1 .1 .  Andre Geim: “Random Walk to  Graphene”. 6  

Andre Geim has completed his  Ph.D.  in  1987 at  the Inst itute 

of  Sol id State Physics ,  Chernogolovka (U.S .S .R. ) .  His Ph.D. 

thesis ’s  t it le was:  “ Invest igation of  mechanisms of  t ransport 

re laxation in  metals  by  a hel icon resonance method” .  He 

def ined its  thesis  himself  a “ zombie  project”  because “ the 

project  was dead a decade before he started the Ph.D. ”.   

After  his  Ph.D.,  Andre Geim became a staff  member at 

Chernogolovska before moved across Europe for post -doc 

posit ions.  He moved f rom U.S.S .R.  to Nott ingham (UK) [two 

t imes] ,  Bath  (UK) and Copenhagen (Denmark) .  During these 

years,  he changed his  researcher phi losophy moving f rom the 
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research of  a new phenomenon to the development of  new 

exper imental  systems.  

In  1994, he became Asso ciate  Professor at  the Universi ty of 

Ni jmegen (The Netherlands) working on the mesoscopic 

superconduct ivity .  Alongside to i ts  research niche,  he started 

with some col laborators the so -cal led “Fr iday Night 

Experiments” .  These projects are of  course much lon ger than 

one n ight  with 6  months long for the shorter  one.  Most of  

them was abandoned after “ miserable fai lure ” .  Nevertheless , 

three of  them were hits :  lev itat ion,  gecko tape, 1 9  and 

graphene.  

The levitat ion of  non -magnetic mater ia ls  i s  probably the 

funniest  work.  To s tudy the diamagnet ism, Geim and co -

workers use expensive instrumentation. To reduce  the 

exper iments -cost  they were forced to work during the night.  

To make the story brief ,  one n ight,  they put  water  in  an 

e lectromagnet  at  its  maximum power and, surpr is ingl y,  the 

water  drop does not f in ish on the f loor  but  levitates  between 

the magnets.  To demonstrate that  the ever -present 

d iamagnet ism is  not negl ig ible;  and everything (and 

everybody) is  magnet ic;  Geim and its  co l laborator Michael  

Berry show the same phenome non with  a  frog.  The levitated 

f rog is  shown in  F igure 2.2 .  The physics  behind the stabi l ity  

of  d iamagnet ic levitat ion is  reported in  the review publ ished 

by Geim in Physics  Today.2 0  In  2000, Geim and Berry were 

recognized by the Ig  Nobel  Pr ize for  their  “unprofess ional” 

behaviour.  So,  Andre Geim was the f i rst  to won both Nobel 

and Ig  Nobel Prize.   

 
F i g u r e  2 .  2 .  L e v i t a t e d  f r og  d u r i n g  t h e  “ Fr i d a y  N i g h t  E xp e r i m e n t s ”  
d e m o n s t r a t i n g  t h e  m a g n e t i s m  of  “ n on m a g n e t i c  t h i n g s ”   
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In 2001, Andre Geim earned a Fu l l  Professor posit ion at  The 

University  of  Manchester .  His  “research lab” was storage 

rooms f i l led with ancient equipment with no value. After 

earn ing some grants and bui lding a ful ly funct ional 

laboratory,  i t s  f irst  Ph.D. student arr ived in 2002. Da J iang, 

Chinese student,  wil l  work on the mesoscopic  propert ies of 

graphite “as  th in as  poss ible”;  only  i f  he  wi l l  be able to 

prepare such sample.   

 

2.2 .1 .2 .  The Scotch Tape Legend 6 , 2 1  

Da J iang started h is Ph.D. thesis  with a tablet  of  pyrolyt ic 

graphite with the fol lowing dimensions:  1  inch  of  d iameter (± 

2 .5 cm) and several  mm of  th ickness.  After months of  hard 

work with a  pol ishing machine,  Da has declared that  he 

obtained the min imal thickness possible .  The sample,  p laced 

at  the bottom of  a Petr i  d ish,  was observed carefu l ly  by 

means of  an optic microsco pe. Result  was unequivocal  with a 

th ickness around 10 µm. This project  was a  fa i lure and, as it  

happens often,  f rustrat ion entai ls  nervousness and teas ing 

remarks.  Moreover,  the unfortunate student threw away al l  

the powder he does not use during the pol is h ing,  which 

means that  no other  sample is  avai lab le  to  cont inue the work.  

In  the lab,  Oleg Shklyarevski i  was present and bring over  a 

tape f rom a l i tter  bin .  This tape has graphite f lakes attached 

on it  because the tape was used to prepare a clean surface 

for STM (Scanning Tunnel ing Microscope) analys is .  Th is 

technique was used for years but no one has never had the 

idea to look at  the graphite leftovers (See F igure 2.3 .a) .  The 

result  was surpr is ingly much thinner than the sample 

prepared us ing the pol ish in g machine. So,  “Pol ishing was 

dead, long l ive Scotch tape! ” .   

Promising results were obtained and, to go further,  more 

people are  needed. Kostya (Konstantin  S.  Novoselov)  jumped 

at  the opportunity to start  th is  new project.  The f irst 

measurements were perf ormed on graphite  f lakes 

t ransferred by Novoselov onto g lass  s l ides using tweezers.  
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Then,  Geim had the idea to transfer the materials  to oxidised 

S i  wafers,  that  g ive  interference colours usefu l  for the 

indicat ion of  the th ickness.  Indeed, some fragments w ere 

optica l ly  transparent  with  a th ickness of  few nanometres  as 

shown in Figure 2 .3.b .  Th is  resu lt  i s  the f irst  d iscovery but 

not the eureka moment.   

 
F i g u r e  2 .  3 .  ( a )  p i c t u r e  o f  t h e  l e f t - o v e r  g r a p h e n e  on  t a p e  a n d  ( b )  m i c r o s c op y  
i m a g e  o f  a s - i s o l a t e d  g r a p h e n e  

 

2.2 .1 .3 .  EUREKA Moment  

The “Scotch Tape” method is  general ly reminded for the f irst  

i solat ion and ident if icat ion of  graphene. Th is method is 

reported in  F igure 2 .4 .  However,  the object ive was to  f ind some 

breakthrough results .   

 
F i g u r e  2 .  4 .  S c h e m a t i c  r e p r e s e n t a t i on  o f  t h e  s c o t c h  t a p e  m e t h od  t o  i s o l a t e  
g r a p h e n e  a n d  t o  t r a n s f e r  i t .   

Surpris ingly,  ult ra - th in graphite shows low resistance us ing 

s i lver paint  to make e lectr ical  contacts.  These results were 
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interest ing and further measurements were carr ied out.  The 

f irst  hand -made device used 20 nm of  graphite crystal  in  the 

centre part .  Results were outstanding with the 

demonstrat ion of  an  e lectr ic  f ield  effect .  This  i s  the eureka 

moment,  when both Geim and Nov oselov understood the 

potent ia l ity of  this  prel iminary measurement with a hand -

made device.   

Indeed,  using the state -of-the-art  microfabr icat ion faci l i t ies,  

graphene wil l  demonstrate  its  incomparable  propert ies .  Even 

with th is  d iscovery,  reported works  wer e rejected two t imes 

by Nature journal  because,  according to one referee,  “ the 

work does  not const itute a suf f ic ient  sc ient if ic  advance ” 

before to be accepted by Science. 1 8   

 

2.2 .1 .4 .  Graphene:  The mother of  al l  Graphit ics 7  

Graphene is  often considered as “the mother of  al l  

graphit ics”  or ,  more precise ly,  of  al l  sp 2  carbon a l lotro pes 

because,  start ing from th is s ingle layer of  carbon, it  i s 

possible to bui ld al l  the other carbonaceous mater ia ls  such 

as  ful lerene by wrapping (0D),  carbon nanotubes by 

rol l ing(1D),  and uninterest ingly graphite by stacking (3D) as 

shown in Figure 2 .5.   

 
F i g u r e  2 .  5 .  A  g r a p h e n e  l a y e r  ( l i g h t  b l u e )  t h a t  c a n  b e  u s e d  t o  b u i l d  a l l  t he  
g r a p h i t i c s .  I n  g r e e n ,  t h e  f o r m a t i o n  o f  a  f u l l e r e n e  b y  w r a p p i n g  a  p a r t  o f  t h e  
g r a p h e n e  l a y e r .  I n  r e d ,  t h e  f or m a t i on  o f  c a r b on  n a n o t u b e s  b y  r o l l i n g  a  p a rt  
o f  t h e  g r a p h e n e  l a y e r .  I n  d a r k  b l u e ,  f o r m a t i on  o f  g r a p h i t e  b y  s t a c k i n g  o f  
g r a p h e n e  l a y e r s . 7  
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2.2 .1 .5 .  Outstanding propert ies of  Graphene  

Graphene has  attracted attent ion due to  tremendous 

character ist ics that  are  super ior to any other  mater i a l 

known.2 2  These characterist ics  are brief ly  descr ibed in th is  

sect ion.  

 

2.2.1.5.1.  Room-T Electron Mobili ty 2 3  

In  2011, Geim and co -workers fabricated a device containing 

a graphene layer encapsu lated in hexagonal  boron -nit r ide.  

Th is encapsulat ion iso lates  graphene f rom ambient 

atmosphere and a l lows the observat ion of  an  anomalous Hal l  

ef fect  and a pronounced negat ive bend resistance. Both 

observat ions are due to a room -temperature e lectron 

mobi l i ty of  about 2.5  105  cm²/V.s of  graphene layer which is  

superior  to the theoret ica l  l imit  of  2  10 5  cm²/V.s est imated 

previously by Morozov and col leagues. 2 4  

 

2.2.1.5.2.  Mechanical  Properties 2 5  

Lee et al .  deposited a f reestanding graphene layer onto a 5 -

by-5-mm array of  circu lar wells  patterned o nto Si  substrate.  

This “suspended” graphene permits to measure the 

mechanical  propert ies  by nanoindentat ion  in an atomic force 

microscopy.  A SEM image of  the graphene is  shown in F igure 

2 .6 ,  A;  non-contact  mode AFM image in B;  schemat ic 

representat ion  of  the nanoindentat ion on “suspended” 

graphene in C;  and AFM image of  a fractured membrane in D.  

Using this  method, they determine a Young modulus for 

graphene of  1 TPa and an intr insic st rength of  130 GPa.  

 

2.2.1.5.3.  Other properties  

Balandin reported and compared the thermal conductiv ity of 

carbonaceous material .  Graphene has demonstrated a 

thermal conductiv ity  higher than 3,000 W /mK.2 6  Graphene 

demonstrated also  h igh  transparency as  reported by Geim 

and col leagues.  The opt ica l  absorpt ion of  a s ingle layer of 

graphene is  about  2.3% as shown in Figure 2 .7 . 2 7  
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F i g u r e  2 .  6 .  ( A )  “ s u s p e n d e d ”  g r a p h e n e  d e p os i t e d  on  p a t t e r n e d  S i  c on t a i n i n g  
h o l e s  w i t h  a  d i a m e t e r  c om p r i s e d  b e t w e e n  1  µ m  a n d  1 . 5  µ m .  Ar e a  I  s h ow  a  
h o l e  p a r t i a l l y  c o v e r e d  b y  g r a p h e n e ,  I I  t o t a l l y  c o ve r e d  b y  g r a p h e n e ,  a n d  I I I  i s  
f r a c t u r e d  f r o m  i n d e n t a t i o n .  S c a l e  b a r e :  3  µ m ;  ( B )  N on - c on t a c t  A FM  i m a g e ;  
( C )  s c h e m a t i c  r e p r e s e n t a t i o n  o f  t h e  n a n o i n d e n t a t i on  p r o c e d u r e ;  a n d  ( D )  A FM 
i m a g e  o f  a  f r a c t u r e d  g r a p h e n e  l a y e r . 2 5  

 
F i g u r e  2 .  7 .  P h o t og r a p h  o f  a  5 0 - µ m  a p e r t u r e  p a r t i a l l y  c o v e r e d  b y  g r a p h e ne  
a n d  i t s  b i l a y e r . 2 7  

McEuen’s research group demonstrated that  graphene is  also 

impermeable to gazes including Hel ium .2 8   
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2.2 .2 .  Production Methods  

2 .2 .2 .1 .  Introduct ion  

The synthesis of  graphene, due to its  tremendous propert ies,  

focused attent ion of  both  sc ientif ic  community and pol it ica l  

power s ince 2004. Today,  there a re various pathways to 

synthesize graphene with d if ferent  qual ity levels ,  control led 

d imensions (f lakes lateral  s ize) ,  number and type of  defects.  

The f inal  appl icat ion is,  of  course,  st ro ngly  coupled with  the 

graphene qual ity  and cost  of  product ion. F igur e 2 .8 

summarizes graphica l ly the current scalable synthesis 

technique and the possib le f inal  appl icat ion. 2 2  

 
F i g u r e  2 .  8 .  I l l u s t r a t i on  o f  t h e  c u r r e n t  s c a l a b l e  a n d  a va i l a b l e  s y n t h e s i s  
t e c h n i q u e  a n d  t h e i r  p o s s i b l e  a p p l i c a t i o n s  i n  f u n c t i o n  o f  t h e  g r a p h e n e  q u a l i ty  
a n d  t h e  r e l a t i ve  m a s s  p r o d u c t i on  p r i c e . 2 2  

Synthesis  approaches are t yp ica l ly  div ided in two categories:  

“top -down” and “bottom -up”. The most  relevant  techniques 

are discussed in this  sect ion.  

 



Chap ter  I I                                      Grap hene -based  Sup ercapac i to r s  

-34-  

2.2 .2 .2 .  “Top -Down” approaches  

The “top -down” approaches start  f rom graphite,  a cheap and 

widely  avai lab le  raw mater ia l .  They are advantage ous due to 

their  h igh  yields,  but  they struggle looking forward to  a  large -

scale product ion. 2 9  

 

2.2.2.2.1.  Mechanical  Exfoliation 3 0 – 3 2  

The mechanical  exfo l iat ion is  the most famous production 

technique since the scotch-tape legend awarded with the 

Nobel prize in 2010 for Geim and Novoselov (See Sect ion 

2 .2 .1) . 1 8   Th is micromechanical  c leavage of  grap hite opens 

the door to the graphene w orld .  This approach is  

nevertheless restr icted to fundamental  research due to the 

very l imited quant ity  of  graphene that  can be produced.  

Some improvement  has  been developed by mounting a s ingle 

micropi l lar  on an AFM ca nt i lever .  Kim and co -workers  appl ied 

a sheer force about 300 nN/µm² to break the inter - layer Van 

der Waals interact ions which  have an energy of  about  2 

eV/nm². 3 3  However,  i t  remains chal lenging to  br ing this  

technique to a viab le  large -scale product ion.  

 

2.2.2.2.2.  Liquid-phase exfol iation 2 2 , 2 9 , 3 0 , 3 2  

This approach is  promis ing for a large -scale production of 

h igh  qual ity graphene. 3 4  Graphite is  exposed to a solvent 

with a surface tension which induces an increase of  the 

exposed graphite crysta l l i tes .  By sonicat ion,  Van der Waals 

interact ions break down and mult i - layers  of  graphene star t 

to  form a suspension.  After  suff ic ient  exposure t ime to 

u ltrasound, mono- and few-layers graphene are dispersed in 

suspension. 3 5 , 3 6  

D irect  exfol iat ion can be carr ied out in 

polyvinylpyrrol idone 3 7 ,  but   N-methylpyrrol idone  (NMP) 3 5  or  

d imethylformamide (DMF) 3 8  are typ ica l ly  used because the 

y ield  is  known to  be h igher.  L iu et al .  further  improved the in 

DMF-based l iquid -phase exfo l iat ion by using supercrit ica l 

DMF.3 9  Recent ly ,  e lectrochemical  exfo l iat ion has  been 
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invest igated us ing aqueous electro lyte.  Results  are  promis ing 

and avoid the use of  toxic organic solv ent such as NMP and 

DMF.4 0 , 4 1  

Another approach to exfo l iate graphite in l iqu id -phase is  to 

combine intercalat ion  of  chemical  species or use of  a 

surfactant fo l lowed by the sonicat ion step. 4 2  

I t  i s  however importan t to keep in mind that  th is  approach 

has  some sign if icant  drawbacks such as  low -yie ld,  use of 

expensive intercalat ion reactants .  F inal ly ,  the graphene 

conductivity might be decreased due to res idual  traces of  the 

surfactant.   

 

2.2.2.2.3.  Unzipping of  Carbon  Nanotube s 
2 2 , 3 0 , 3 2 , 4 3  

As aforement ioned in  the paragraph 2.2 .1 .4 ,  graphene can be 

considered as the “mother” of  a l l  sp 2  carbon al lotropes.  

Indeed,  it  i s  possib le  to bui ld fu l lerenes,  carbon nanotubes,  

and more easi ly (and without any interest )  graphite start ing 

f rom graphene layers .  Interest ingly,  graphene can be 

revers ibly  produced from carbon nanotubes by unz ipping  

them as  shown in Figure 2 .9 .  

 
F i g u r e  2 .  9 .  U n z i p p i n g  o f  C N T s  t o  p r od u c e  G r a p h e n e  N a n o r i b b on s  ( G N R s ) . 4 4  

Graphene Nanor ibbons are a “th in e longated str ip of  

graphene” 3 2  and can be produced by unz ipping of  SWCNTs. 

Th is product ion pathway al lows to  control  the level  and type 

of  chemical  funct ional izat ion,  and, more important ly,  to 

obtain h igh  qual ity of  the graphene edge. 4 4 – 4 6  

Recently ,  Tanaka and co -workers  have demonstrated that  the 

unz ipping of  CNTs to obtain graphene nanoribbons is  more 
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ef f icient  i f  i t  starts from DWCNTs instead of  SWCNTs or 

MWCNTs.4 7  

2.2.2.2.4.  The “Graphene Oxide way”  

Graphene is  a wonderfu l  mater ia l  for a lot  of  research f ields.  

However,  i t s  synthesis  and preparat ion are  cost ly  and t ime -

expensive.  Moreover,  for  some appl icat ions,  the handl ing of 

graphene layers is  not  straightforward.  For  example,  a typica l 

example is  the hydrothermal synthesis of  graphene -based 

supercapacitors .  Due to the absence of  carbon -oxygen 

moiet ies  on the surface of  the single layer of  carbon, 

graphene is  hydrophobic,  and consequently  not eas i ly 

dispers ible in  water.  To overcome th is  issue,  the “graphene 

oxide way” is  often considered.  

F i rst ,  graphene oxide is  a cheap material ,  which can be 

prepared start ing from graphite  and using strong oxidiz ing 

chemical  reactants.  Sever al  methods are reported in 

l i terature,  but  the most famous is  probably the Hummers 

method. 4 8  After the oxidat ion s tep,  the chemical  st ructure of 

the carbonaceous material  contains  many oxygen 

funct ional it ies such as  epoxy,  ketones,  carboxyl ic  ac ids.  The 

chemical  model of  GO was developed by Lerf -K l inowski  and 

shown in Figure 2 .10.  

The as-prepared material  i s  a lready a ttract ive  from a general  

chemical  point  of  v iew9  or  focusing on energy storage 

appl icat ions. 4 9  

 
F i g u r e  2 .  1 0 .  L e r f - K l i n o w s k i  m od e l  f o r  t h e  r e p r e s e n t a t i o n  o f  G O . 9  
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However,  i t  is  crucia l  to restore the sp 2  hybrid izat ion of 

carbon atoms to restore the e lectr ica l  propert ies  of  the 

graphene layer .  A lot  of  approaches have been invest igated 

to  reduce GO to  rGO (or graphene - l ike mater ia l )  with the use 

of  H 2S,  hydraz ine,  or other chemical  reactants . 5 0  

Notwithstanding their  eff ic iencies,  new reduct ion pathways 

have to be developed to reduce the use of  toxic chemical  

reactants and to obtain more eco-fr iendly reduct ion of  GO. 

Two recent reviews report  the d if ferent approaches for a 

green reduct ion of  GO. 5 1 , 5 2  To summarize the “graphene 

oxide way”,  Figure 2.11 reports  the d if ferent step f rom 

graphite to  rGO.  

 
F i g u r e  2 .  1 1 .  S c h e m a t i c  i l l u s t r a t i on  o f  t h e  “ g r a p h e n e  o x i d e  w a y ”  s t a r t i n g  
f r o m  g r a p h i t e  t o  ob t a i n  G O  a n d  s u c c e s s i ve l y  r G O .  T h e  a r r o w s  c o l ou r s  f or  t h e  
r e d u c t i o n  s t e p  a r e  i n  a c c o r d a n c e  w i t h  t h e i r  s u s t a i n a b i l i t y  ( r e d :  b a d ;  y e l l ow :  
m e d i u m ;  g r e e n :  g o o d ) . 5 1  
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2.2 .2 .3 .  “Bottom -Up” approaches  

This synthesis pathway starts from carbon precursors to 

produce in-s i tu  the graphene.  These approaches have 

general ly  a  better  control  of  the level  and types of  defects 

and can  produce h igh-qual ity graphene with a  good yie ld .  

 

2.2.2.3.1.  Chemical Vapor Deposition 
2 2 , 2 9 , 3 0 , 4 3 , 5 3 – 5 5  

Chemical  Vapor Deposit ion (CVD) is  probably the most 

famous technique used for the  “bottom-up”  synthesis of 

graphene. The main factors are the type and thickness of  the 

metal  catalyst ,  hydrocarbon precursors ,  and the synthesis 

temperature. 5 6  The t ransit ion metal  cata lysts are usual ly 

copper,  nickel  or  ruthenium. 5 7 – 6 1  The most used by far is  

copper  because of  it s  low solubi l ity  to carbon which al lows 

to improve the control  of  the graphene growth. 5 3  Moreover, 

Ruoff  and co -workers  have demonstrated that  the deposit ion 

of  graphene on Cu is  se lf - l imited to a s ingle layer . 5 7  The 

hydrocarbon precursor is  usual ly methane (CH 4 )  due to i ts  

h igh  energy act ivat ion for  the adsorption and 

dehydrogenat ion on metal  cata lyst  which delays  these 

phenomena unt i l  the temperature reaches 1000°C. 6 2  

Gas precursors are adsorbed on the surface of  a metal  

catalyst  fol lowed by a pyrolyt ic  decomposit ion,  which leads 

to  the formation of  adsorpt ion s ites  promoting the growth of  

a  cont inuous th in f i lm as i l lustrated in Figu re 2.12 .6 3  

The CVD technique has demonstrated h igh -scalabi l i ty  with 

the product ion of  square meters  of  graphene on copper foi ls 

using a ro l l -to-rol l  setup. The 30- inch graphene-f i lm is  shown 

in F igure 2 .13 .6 5  However,  this  technique is  re l at ive ly 

expensive  and th is  i s  an  obstacle  to  its  industr ial  appl icat ion . 

In  addit ion,  the underlayer metal  catalyst  removal  and the 

graphene transfer increase the tota l  cost .  
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F i g u r e  2 .  1 2 .  S c h e m a t i c  r e p r e s e n t a t i on  o f  t h e  g r o w t h  o f  a  s i n g l e - l a y e r  of  
g r a p h e n e  u s i n g  ( a )  L ow - P r e s s u r e  C V D ,  ( b )  A m b i e n t - P r e s s u r e  C V D ,  a n d  ( c )  
O x y g e n - f r e e  A m b i e n t - P r e s s u r e  C V D . 6 4  

 
F i g u r e  2 .  1 3 .  3 0 - i n c h  g r a p h e n e  f i l m  p r e p a r e d  u s i n g  t h e  C V D  t e c h n i q u e  a n d  
r o l l - t o - r o l l  t r a n s f e r . 6 5  

A f irst  approach is  to  use d if ferent  gas p recursor to decrease 

the react ion temperature.  Nandamuri  et al .  invest igated the 

use of  acetylene as precursor and decrease s ignif icant ly the 
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temperature react ion. 6 6  Other approaches are focused on the 

react ion condit ion. Yuan and Wang developed a Plasma 

Enhanced Chemical  Vapor Deposit ion  (PECVD) which al lows 

to  decrease the react ion temperature due to  the production 

of  gaseous radica ls ,  act ing as precursors . 6 7 , 6 8  

Others developments were invest igated such  as Microwave -

Plasma-Enhanced-CVD (MWPECVD) 6 9  and Radio-Frequency-

CVD (RF-CVD) 7 0 ,but  they struggle in comparison with  the 

Ambient  Pressure CVD.  Indeed,  th is  met hod is  relat ively low-

cost  and, more importantly ,  scalable.  Reina et al .  have 

demonstrated th is feasib i l i ty with  a  graphene f i lm with a s ize 

of  about  1 cm² on Ni  substrate. 7 1  An improved APCVD was 

studied by Jang and co -workers.  They started from benzene 

as precursor which al lows to  reduce react ion temperature 

between 100 and 300°C. Moreover,  by removing oxygen using 

repeated pumping and purging steps (Oxygen -Free APCVD),  

they increased the qual ity of  the produced single layer 

graphene. 6 4  
 

2.2.2.3.2.  Epitaxial  growth 2 2 , 2 9 , 4 3  

This technique is  based on S i l icon Carbide (SiC) wafers which 

are widely employed in  high-power electronics .  By anneal ing 

at  high temperature and under vacuum the wafer,  a 

graphit izat ion of  the support  occurs  due to the subl imat ion 

of  Si .7 2  Indeed, the subl imat ion rate of  Si  i s  higher than C. 7 3 , 7 4  

Consequent ly,  the carbon remains and rearranges itself  to 

create graphit ic layers .  These polycrysta l l ine layers were 

init ia l ly randomly oriented. 7 5 , 7 6  

However,  thanks to Otha a nd co-workers ,  i t  i s  now possib le 

to control  the number of  layers deposited. 7 7  The deposit ion 

can take place e ither  on Si  or C faces. 7 8  Deng and co -workers 

invest igated the use of  commercia l ly avai lab le 

polycrysta l l ine  SiC granules.  After  the anneal ing process, 

they obtained freestanding single - layer of  graphene. 7 9  

Th is technique al lows the production of  high -qual ity 

graphene with a crysta l l i te  s ize of  about 100 µm. 8 0  
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Nevertheless,  i ts  appl icat ion is  not  compatib le for large scale 

product ion in some sector such as electronics due to the high 

cost  of  the wafer and the operat ing condit ions.   

 

2.2 .2 .4 .  Global  perspective  for graphene product ion  

The f i rst  i solat ion of  a  s ingle  layer  of  carbon with  tremendous 

propert ies  has  attracted a  worldwide attent ion. Many 

countr ies have invested huge amount of  money in  the 

research and upgraded the research centre to d ispose of  the 

state-of -the-art  technologies. 8 1  The Figure 2 .14  reports  the 

substant ia l  investments  in  the main  countries .  Interest ingly,  

some of  them have already invested before that  Geim and 

Novoselov received the Nobel pr ize in Physics .  

Even if  the “ki l ler  appl icat ion” of  graphene has  not  bee n 

found to  date,  many enterprises are born to produce large -

area graphene f i lms and to improve the actual  product ion 

technique. 8 2  

Interest ingly,  th is  “gold Rush” induces a  s ignif icant decrease 

of  the graphene price.  Geim est imated the price  around 

1000$/cm² in  2008. 5  In  2014,  2D Carbon Tech produced a 

graphene f i lm with a dimension of  10x10cm² at  the pr ice of 

¥1000 (≈ 150$).  It  corresponds to a decrease of  a lmost  700 

t imes the pr ice in onl y 6 years.  However,  the pr ice is  st i l l  not  

compet it ive  in comparison with ITO conduct ive f i lm,  which  is 

about 300-450 ¥/m².  Hopeful ly,  a  breakthrough  achievement 

wi l l  arr ive to decrease dramat ica l ly the price of  graphene and 

make poss ib le its  large -scale appl icat ion.  
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F i g u r e  2 .  1 4 .  W o r l d w i d e  i n ve s t m e n t  i n  t h e  f i e l d  o f  g r a p h e n e  s i n c e  i t s  f i r s t  
i s o l a t i on  i n  2 0 0 4 . 5 5  

2.3.  Graphene-based Supercapacitors  

Since its  f i rst  i so lat ion in  2004,  Graphene has attracted 

attent ion for electrochemical  energy storage applicat ions 

due to  its  high  specif ic  surface area,  high conductiv ity, 

f lexibi l i ty ,  and outs tanding mechanical  propert ies .  Several  

reviews have been focused on the presentat ion of  graphene -

based materials  for supercapacitors appl icat ions. 8 3 – 9 4   

However,  the comparison of  performance between mater ia ls 

become rapidly d if f icult  due to d iverse factors  such as:  

specif ic capacitance expressed in funct ion of  the weight,  the 

area or the volume of  electrode;  supercapac itors tested in a 

symmetr ic or asymmetric conf igurat ion;  e lectrolyte used can 

be gel ,  aqueous,  organic,  and/or ionic l iqu ids;  measurements 

performed in a two- or three-e lectrodes ce l l .  

Therefore,  in  the fol lowing sect ions,  research works wi l l  be 

presented for  symmetr ic supercapacitors  in  two -electrode 

cel l  conf igurat ion. Final ly,  the specif ic capacitance, 

expressed in F/g,  are  compared.  
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2.3 .1 .  Electrochemical  Double  Layer  Capacitors  

Two research groups have p ioneered the development of 

pure EDLC with graphene as act ive materials .  Groups were 

leaded by Rao 9 5  and Ruoff 9 6 .  In  2008, both publ ished 

independent research works.  The f irst  reports the 

preparat ion of  graphene by three dif ferent approaches:  (1) 

thermal  exfo l iat ion of  graphit ic oxide,  (2) by heat ing a 

nanodiamond at  1650°C in inert  atmosphere,  and (3) thermal 

decomposit ion of  camphor on Ni  part icles .  The thermally - rGO 

demonstrated the best  performance with  117 F/g in  1M H 2SO4  

and 75 F/g using an organic  electrolyte.  These performances 

are sign if icantly h igher than S ingle -Walled Carbon Nanotubes 

(SWCNT) and Mult i -Walled Carbon Nanotubes (MWCNT) with 

60 and 14 F/g in the same condit ion,  respect ive ly. 9 5  Ruoff ’s  

research group has  reported the chemical  reduct ion  of  GO 

suspension us ing hydraz ine. A TEM image of  the obtained 

graphene is  shown in Figure 2 .15  with a schematic  

representat ion of  the typica l ly ce l l  used for the 

e lectrochemical  measurement .  At  a  same scan rate of  the 

Rao’s research work but in  basic condit ion (5 .5M KOH),  a 

specif ic capacitance of  102 F/g was measured while the 

maximum value was obtained by charge/discharge 

measurement with 135 F/g at  10 mA/g. Using an ionic l iqu id 

as electro lyte,  TEA BF 4 ,  a  specif ic capacitance of  99 F/g is 

measured both us ing CV at  20 mV/s and charge/discharge at 

10 mA/g. 9 6  

 
F i g u r e  2 .  1 5 .  ( a )  T E M  i m a g e  o f  t h e  c h e m i c a l l y - r e d u c e d  g r a p h e n e  o x i d e  u s i ng  
h y d r a z i n e  a s  r e d u c i n g  a g e n t ,  a n d  ( b )  s c h e m a t i c  r e p r e s e n t a t i on  o f  a  t y p i c a l  
t w o - e l e c t r od e  c e l l  c on f i g u r a t i on . 9 6  
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The next  year ,  Wang and co -workers published the so l id -gas 

reduct ion of  GO using hydrazine. After 3 days of  reduction,  a 

more suitable reduction was obtained leading to higher 

specif ic  capacitance with 205 F/g at  100 mA/g. 9 7  Lv and 

col laborators demonstrated the production of  rGO in  low -

temperature (200°) and high -vacuum condit ion materi al  

synthesized us ing th is  more su itable and safer way shows a 

specif ic capacitance of  279 F/g at  10 mV/s. 9 8  

S ince these p ioneering researches,  many approaches  were 

invest igated to  further improve the performance of  

supercapacitors alongside to  the doping of  graphene or  the 

fabr icat ion of  composite.  These research topics are 

presented in  the fol lowing sect ions.  

 

2.3 .1 .1 .  Thermal  reduct ion of  GO  

In  2010, Ruoff ’s  research group developed a  new approach 

for the reduction of  GO and its  use as  electrodes in 

supercapacitor appl icat ions.  The f i rst  way is  a  thermal 

t reatment  in an o i l  bath at  150°C for 12h a l lows the reduct ion 

of  GO dispersed in polycarbonate.  After a f i l t rat ion,  the 

material  was  tested and shown 127 F/g at  5 mV/s. 9 9   

Le i  and co-workers considered a new approach with the use 

of  a mesoporous carbon spher es-GO dispers ion as template 

for the grown of  3D rGO structure.  Unfortunately,  this  

approach disp layed only 40 F/g at  10 mA/g. 1 0 0  Mishra and 

Ramaprabhu reported a  thermal  exfo l iat ion of  GO under 

hydrogen atmosphere leading to a moderate supercapacit ive 

behaviour with 80 F/g at  10 mV/s.  To further increase the 

performance, they used HN O3  to re introduce carbon -oxygen 

funct ional it ies which enhance the performance,  with  125 F/g 

at the same scan rate.  This “ funct ional ized-graphene” was 

used as support  for the synthesis  of  graphene -metal  oxides 

composites  that  wi l l  be presented in  the sect io n 2.3 .2 .2 . 1 0 1  

Zhi ’s  research group reported a fast -thermal reduct ion of  GO 

fo l lowed by an  anneal ing step.  The control led reduct ion 

a l lows to maintain several  carbon -oxygen funct ional it ies 
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which add pseudocapacit ive contr ibut ions  to EDL 

capacitance,  thus  leading to a higher specif ic capacitance. 

The measured value was 417 F/g at  5  mA/g in 6M KOH 

electrolyte. 1 0 2  Ye et al .  studied a fast  thermal 

expansion/reduction of  GO in an incubator  at  200° for 10 

minutes.  The obtained performance was promising with 315 

F/g at  100 mA/g in 1M KOH electrolyte. 1 0 3  

Yoon and col laborators studied the product ion of  non-

stacked GO assembly before the thermal reduction. They  f i rst 

precip itated GO using cold hexane,  which is  a  non -polar 

aprot ic ant i -so lvent for the hydrophi l ic  GO.  Therefore,  a non -

stacked structure is  obtained due to  the hydrogen bonding 

between the oxygen moiet ies onto GO. After the evaporat ion 

of  hexane, crumped f lakes  are dried us ing a typical  thermal 

t reatment .  The result ing rGO porous f ramework has a high 

specif ic surface area (1435.4 m 2/g) and h igh pore volume 

(4 .11 cm 3 /g) crucia l  for supercapacit or appl icat ions.  240 F/g 

were measured at  2 A/g in 6M KOH electrolyte. 1 0 4  Jang’s 

research group had also invest igated the formation of 

crumped graphene. They used an aerosol  precursor  to 

atomize GO fo l lowed by an evaporat ion tr iggering a self -

assembly procedure.  After the thermal reduct ion,  crumpled 

graphene shows lower specif ic ca pacitance with 156 F/g at 

100 mA/g in 5M KOH electro lyte. 1 0 5  

Ervin  and col laborators reported the use of  GO as ink for 

inkjet  pr int ing.  Interest ingly,  the deposit ion can be real ized 

without  binder  unt i l  considerable  th ickness.  After the 

thermal  reduction,  192 F/g was measure us ing CV at  a scan 

rate  of  20 mV/s in ac i d ic  condit ion (1M H 2 SO4 ) .1 0 6  A 

f reestanding 3D structure of  mesoporous part ia l ly reduced 

GO was real ized by Li  et al . .  They act ivated/red uced GO 

produced by means of  the Hummers method using CO in a 

horizontal  quartz  tube reactor .  The performance was 

s ign if icantly improved with 291 F/g at  1  A/g us ing an  ionic 

l iqu id as e lectrolyte. 1 0 7  In  another work,  Lu and col leagues 

invest igated a vacuum -ass isted thermal  exfo l iat ion -
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reduct ion of  GO. The rGO produced by  this  industr ial -

compat ib le approach has su itable  performance in  ionic  l iquid 

as electro lyte with 284 F/g at  1 A/g. 1 0 8   

Tamilarasan and Ramaprabhu used graphene produced by 

thermal reduct ion of  GO to fabr icate an a l l - sol id-state 

supercapacitor .  They synthesized a robust  e lectro lyte using 

PAN/[BMIM][TFSI] .  Speci f ic capacitance ca lculated f rom C V 

curves at  10 mV/s was 127 F/g. 1 0 9  Sun et al .  produced 

graphene oxide paper.  Af ter  a  thermal  shock,  porous 

graphene paper was obtained. In  1M H 2 SO 4 ,  a  specif ic 

capacitance of  100 F/g at  100 mV/s was obtained. 1 1 0   

Wang and col laborators  reported the carbonizat ion of  freeze -

dried coagulated GO/polyethyleneimine solut ion to  obtain a 

macroporous graphene network.  Th is as -prepared act ive 

material  showed a  specif ic  capacitance of  160 F/g at  100 

mA/g in 6M KOH. 1 1 1  Pachfu le  et al .  invest igated the use of  

MOF-74 as a  template.  The MOF structure was f i rst  grown at 

room temperature.  Then, a pyrolys is  was carr ied out to 

obtain carbon nanorods.  Final ly,  carbon nanostructures were 

exfol iated and thermally  act ivated us ing KOH to  obtain 

graphene nanor ibbons.  The s chematic  representat ion of  the 

synthesis pathway is  reported in Figure 2 .16. The 

e lectrochemical  characterizat ion performed us ing 1M H 2 SO4  

as  electrolyte  disp layed interest ing performance with 193 

F/g and 198 F/g f rom CV and charge -discharge 

measurements,  respect ively. 1 1 2  

 
F i g u r e  2 .  1 6 . s c h e m a t i c  r e p r e s e n t a t i on  o f  t h e  s y n t h e s i s  p a t h w a y  f r o m  M O F t o  
g r a p h e n e  n a n or i b b o n s . 1 1 2   

As reported previously,  KOH act ivat ion is  usual ly used to 

improve the e lectrochemical  performance. Chen’s research 
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group reported the KOH act ivat ion of  thermal ly -reduced GO 

in a PVA-cross l inked membrane. Interest ingly,  they used GO-

doped ion gel  membrane as gel  e lectrolyte  to fabricate an al l -

so l id-state  supercapacitor .  The performance was promis ing 

with 190 F/g at  1 A/g. 1 1 3  Huang et al .  used an 

e lectrochemical ly exfo l iated graphene mixed with ce l lu l ose 

to  form a 3D f ramework. Then,  a  thermal  process with  KOH 

was carr ied out result ing in the formation of  a micro -  and 

mesoporous act ivated carbon cover ing graphene f lakes.  This 

part icular  structure demonstrated su itable  performance with 

300 F/g at  5  mV/s .1 1 4  Wang’s research group studied the 

control led or ientat ion of  GO using sodium alginate  forming 

‘ salt  bridge’ .  GO -sodium alginate  mixture was then 

carbonized and act ivated using KOH.  An outstanding 

performance was measured at  10 A/g with 240 F/g in aqueous 

e lectrolyte. 1 1 5  Abdelkader and col laborators invest igated 

another way to act iva te graphene-based mater ia l .  They 

reported an electrochemical  act ivat ion at  low temperature in 

molten sa lts .  The 3D -graphene structure shown good 

e lectrochemical  behaviour with 275 F/g at  100 mA/g in bas ic 

aqueous electro lyte. 1 1 6   

Kraner’s research group part ial ly reduced GO dispersion 

using a thermal  process.  The obtained rGO microgel  was 

f i l tered under vacuum to form a membrane fo l lowed by a 

f reez ing in l iquid nitrogen to form ice crysta ls.  These ice 

crysta ls  were removed, avoid ing the col lapse of  the 

structure,  by subl imat ion at  low temperature and low  

pressure.  The result ing structure was further thermal ly 

reduced pr ior to be used as  electrode for  supercapacitor 

appl icat ions.  The synthesis procedure is  reported in F igure 

2 .17.  In  acidic  aqueous solut ion,  the as -synthesized sample 

showed suitable perfor mance with 284 F/g at  1 A/g. 1 1 7   
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F i g u r e  2 .  1 7 .  S c h e m a t i c  r e p r e s e n t a t i on  o f  t h e  m e c h a n i s m  t o  p r od u c e  3D  
p o r ou s  m i c r o s t r u c t u r e 1 1 7  

Jha et al .  reported the use of  focused solar l ight  for  a 

concomitant  reduction and exfol iat ion of  GO. Indeed, the 

focused radiat ion has a power of  5 .4 W and induce an 

increase of  the temperature up to 204 °C.  Charge-discharge 

measurements showed good e lectrochemical  behaviour with 

266 F/g at  1 A/g in 6M KOH as e lectro lyte. 1 1 8  

  

2.3 .1 .2 .  Microwave reduction of GO  

Ruoff  and col laborators used a commercial  microwave oven 

to both reduce and exfo l iate GO within 1 minute. 

Interest ingly,  th is  fast  way is  suitable for electrode 

manufactur ing with  191 F/g measured at  150 mA/g in  5M KOH 

electrolyte. 1 1 9  The same group later invest igated a 

microwave-ass isted exfo l iat ion of  GO fo l lowed by an 

act ivat ion of  the rGO in  concentrated KOH . 1 2 0  This  procedure 

is  typical ly used for  the act ivat ion of  carbon mater ia l . 1 2 1  The 

act ivated-rGO showed good electrochemical  behaviour with 

165 F/g at  1 .4 A/g and 173 F/g at  2.1 A/g usi ng BMIM BF 4
1 2 0  

or  EMIM TFSI 1 2 2  as electrolyte,  respect ive ly.  

The same research group reported a s imi lar  approach to 

fabr icate compress ib le e lectrode al lowing a higher density 

and smal l  pore s ize leading to performance  enhancement . 

The compressed electrode showed suitable  e lectrochemical  

behaviour  with  158 F/g at  1 .22 A/g in BMIM BF 4 .1 2 3   S imon 

and col laborators invest igated the stabi l ity of  a microwave -
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assisted exfo l iated rGO sample in ionic l iqu id in a 

temperature window from -50° to 80° .  Sample demonstrated 

outstanding performance in  the whole  range of  temperat ure. 

At  room temperature,  130 F/g at  1 mV/s was measured using 

(P IP 1 3-FSI )0 . 5 (PYR 1 4-FSI )0 . 5  as electro lyte. 1 2 4  

Shulga et al .  studied the use of  microwave -assisted 

exfol iated rGO as act ive material  for  supercapacitor 

appl icat ion. They performed the electrochemical  analys is 

using 1M H 2 SO4  as electro lyte us ing a  GO membrane as 

separator .  Measured specif ic  capacitance was 280 F/g at  1 

A/g. 1 2 5  Subramanya and Bhat  reported a one -pot green 

approach for the exfo l iat ion of  graphite us ing a W -based 

catalyst  before the microwave reduct ion of  epoxidized -

graphite and the cata lyst  regenerat ion. The measured 

specif ic capacitance was 219 F/g at  1 A/g in EMIM BF 4 .1 2 6   

 

2.3 .1 .3 .  Hydrothermal reduct ion of GO  

L iu  et al .  described a hydrothermal reduct ion of  GO produced 

by means of  the Hummers method using hydrazine as 

reducing agent .  EDLC d isplayed a better energy density  even 

at  h igh current density  with  154 F/g at  1  A/g us ing an ionic 

l iqu id as  electro lyte (EMIM BF 4) . 1 2 7  

A  se lf -assembly procedure was studied by Sh i  and col leagues 

through a one-pot  hydrothermal  reduct ion of  GO.  Brief ly, 

they dispersed the hydroph il ic  GO in water at  d if ferent 

concentrat ion and placed the suspension in a Tef lon reactor 

contained in a sta in less -steel  autoclave. Reactor  was heated 

at  180°C,  varying react ion t ime. As shown in  F igure 2 .18,  the 

result ing rGO-based hydrogel  st ructure is  s t r ict ly  correlated 

to the concentrat ion of  the GO dispersion and the react ion 

t ime. The more suitable  parameters are 2 mg/mL  of  GO for a 

hydrothermal reduct ion dur ing 12 hours at  180°C. These 

parameters lead to  a  specif ic capacitance of  175 F/g at  10 

mV/s.  Moreover,  the rate capabil ity was demonstrated with 

a  ca lculated value of  160 F/g at  1 A/g measured by 

charge/discharge. 1 2 8   
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F i g u r e  2 .  1 8 .  R e s u l t i n g  h y d r o g e l s  p r e p a r e d  ( a )  w i t h  d i f f e r e n t  c on c e n t r a t i on s  
o r  ( b )  d i f f e r e n t  r e a c t i on  t i m e 1 2 8  

Alshareef’s  research group invest igated the effect  of  pH 

adjustment after  the hydrothermal  synthesis .  

E lectrochemical  performance was superior  for  the rGO 

adjusted to  a  neutra l  pH with  230 F/g at  1  A/g.  The 

character izat ion was car r ied out us ing 6 .9M KOH as 

e lectrolyte. 1 2 9  Gao et al .  used wet -spun GO to fabricate 

oriented graphene hydrogel  f i lms using hydrothermal 

synthesis .  Measurement in ac id condit ion  shows high specif ic 

capacitance with  208 F/g at  200 mA/g. 1 3 0  Pirr i ’s  research 

group used the su itable interact ion between copper and 

graphene to  develop a  f lexib le supercapacitor by self -

assembly.  Clean copper wires were p laced in the autoclave 

with the GO d ispers ion before the hydrothermal react ion.  

During the react ion,  rGO f lakes tend to wind around the 

copper wire with su itable adhesion for f lexib le 

supercapacitors .  The gravimetric performance us ing PVP/NaI 

as gel  electro lyte is  low with  62.5 F/g at  5 mV/ s due to a 

co l lapsed porous f ramework. However,  devices 

demonstrated high f lexibi l i ty and stabi l ity ,  under working 

condit ions .1 3 1  

S ignif icant decrease of  the supercapacit ive performance 

were observed at  high d ischarge rate by Shi  and col leagues.  

Th is phenomenon is  due to a huge number of  residuals 

carbon-oxygen moiet ies onto the rGO f lakes.  To overcome 

th is  i ssue,  they invest igated the further chemical  reduct ion 

of  the se lf -assembled using hydroiodic  ac id (HI)  or  hydraz ine 

as reducing agent .  A noteworthy  enhancement of  the 

performance was observed with 187 F/g and 220 F/g at  1  A/g 

for HI and hydrazine,  respect ive ly. 1 3 2  K im et al .  used the 
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hydrothermal reduct ion assisted with hydraz ine  to produce 

extremely durable  and f lexib le  supercapacitors  operat ing at  

h igh  temperature (>100°C).  They doped H 3PO4  e lectro lyte 

with PBI  (2,20-m-phenylene-5,50-bibenz imidazole ) to 

improve the ion transport .  At  160 °C,  a  gravimetric 

capacitance of  170 F/g was measured at  1 A/g.  Moreover,  a 

stabi l ity  up to 100,000 cycles with  a  retent ion of  92% was 

demonstrated. 1 3 3   

Chong and col laborators  synthesized rGO using the same 

modus operandi  of  the previous work.  However,  they further 

funct ional ized rGO using aminopyrene through π -π 

interact ion. This non -covalent  funct ional izat ion induces 

e lectron transfer from the amine group of  aminopyrene 

(e lectron donating group)  and graphene (e lectron acceptor) . 

In  6M KOH, rGO -funct ional ized shown good performance with 

160 F/g at  5mV/s. 1 3 4  Park et al .  descr ibed the 

funct ional izat ion of  GO with Naf ion® (perf luor inated res in)  

fo l lowed by the complementary reduct ion using hydrazine. 

The rGO produced was then used as electrodes in  a l l -sol id-

state f lexib le supercapacitors showing su itable performance 

with 118 F/g at  1 A/g. 1 3 5  

Zhao et  al .  introduced the use of  urea  as  reducing agent for 

the hydrothermal synthesis of  rGO. Urea is  a good candidate 

for environmental  f r iendly reducing agent due to the absence 

of  toxic ity or safety concerns.  As synthesized rGO showed 

suitable performance with 226 F/g at  100 mA/g in 6M KO H. 1 3 6  

Another green a lternat ive for the product ion of  rGO was 

proposed by Balkus Jr . ’s  research group.  They developed an 

alkal ine hydrothermal deoxygenation using concentrated 

KOH solut ion. Measured gravimetr ic capacitance was 145 F/g 

at  1 A/g using LiTFSI  as  electrolyte. 1 3 7  

Duan et al .  invest igated the use of  L -ascorbic acid ,  the 

Vitamin C,  as  reducing agent for the hydrothermal  synthesis 

of  rGO hydrogel .  They reported a specif i c  capacitance of  186 

F/g at  1  A/g using PVA/H 2SO 4  as  gel  e lectrolyte. 1 3 8  Du and co-

workers  studied the reduct ion of  GO deposited on Ni  foam 
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using the same reactant .  Obtained results were nevertheless 

lower with 152 F/g at  1 A/g in  basic aqueous e lectrolyte. 1 3 9  

An et  al .  reported the hydrothermal reduct ion of  GO 

suspension us ing L -ascorbic acid .  To further improve the 

e lectrochemical  performance, they non -covalently 

funct ional ized rGO hydrogel  us ing al izar in ,  which is  a mult i -

e lectron redox centre  derived from anthraquinone. 

Measured gravimetric  capacitance was 285 F/g at  1 A/g in 

ac id ic  aqueous e lectro lyte. 1 4 0  Another approach was 

invest igated by Duan’s  research group.  They reduced GO by 

hydrothermal synthesis  in  presence of  H 2 O 2 .  After  the natural  

cool ing down to room temperature,  a  post -treatment  to 

further reduce the holey graphene f ramework by 

hydrothermal  react ion in 1M sodium ascorbate at  100°C for 

2  hours.  High  specif ic  capacitance measured in  6M KOH was 

310 F/g at  1  A/g. 1 4 1  Bo et al .  reported the use of  a  green 

reducing agent for the reduction of  GO by hydrothermal 

synthesis .  Indeed, they used caffe ic ac id ,  which is  an  organic 

compound contain ing both  a cryl ic and phenol ic moiet ies .  The 

result ing hydrogel  showed modest  e lectrochemical  

performance with  136 F/g at  1 A/g in neutra l  e lectro lyte (1M 

KCl) .1 4 2  

Feng et al .  studied the hydrothermal reduct ion of  GO using 

ammonia and hydraz ine as reducing agent.  The a s-

synthesized rGO f lakes  were then f i l tered through a 

membrane to form a continuous f i lm. Th is act ive layer was 

carefu l ly putted in contact  with the current  col lector using 

vert ical ly oriented graphene f lakes produced by means of  a 

PECVD technique. Electro chemical  performance was 

measured in 6M KOH and a gravimetr ic capacitance of  186 

F/g was ca lculated f rom charge -discharge curve at  10 

mV/s.1 4 3  L i ’s  research group fabr icated a b inder - free 

f reestanding 3D hydrogel  by f i l l ing the as -prepared rGO 

hydrogel  with an aqueous NaI so lut ion. A  specif ic  capacitance 

of  169 F/g at  1 .5 A/g was measured using a basic 

e lectrolyte. 1 4 4   
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Duan’s research group reported the concomitant  reduction 

and funct ional izat ion of  GO using  hydroquinone dur ing the 

hydrothermal synthesis .  The 3D -porous framework 

demonstrated super ior e lectrochemical  performance with 

441 F/g at  1 A/g in 1M H 2 SO 4 .1 4 5  Zhang et al .  invest igated the 

hydrothermal  synthesis  of  concentrated  GO gel  onto PTFE 

tapes.  The as-prepared rGO@PTFE was then f reeze -dried to 

obtain a rGO-based aerogel .  The act ive material  was peeled 

of f  to be tested in a two -cel l  supercapacitor conf igurat ion 

using PVA/H 2SO4  as ge l  electro lyte.  A gravimetr ic capacitance 

of  282 F/g was measured at  500 mA/g. 1 4 6  Fan et al .  studied 

the dispersion of  mesoporous carbo n with GO before the 

hydrothermal process in  autoclave. The as -prepared hydrogel  

was then f reeze-dried  to obtain aerogel .  Us ing PVA/KOH as 

gel  electro lyte,  good performance was observed with 272 F/g 

at  100 mA/g. 1 4 7  F igueiredo et al .  synthesized carbon xerogel  

by hydrothermal reduct ion of  a mixture of  g lucose and GO.  

The result ing hydrogel  was thoroughly  washed and dr ied 

under  ambient condit ions.  The result ing xerogel  was 

act ivated us ing concentrated KOH. Performance was 

evaluated using acid ic e lectro lyte.  Gravimetric  capacitance 

of  223 F/g was ca lculated from charge -discharge curve at  100 

mA/g.1 4 8   

 

2.3 .1 .4 .  Graphene production by exfoliation  

An and col leagues smart ly transformed an apparent 

drawback of  graphit ic  mater ia l  to  an advantage. Indeed, it  is  

wel l -known that  graphite a nd graphene are hydrophobic and 

cannot be proper ly dispersed in water .  However,  using a non -

covalent funct ional izat ion of  the upper layer of  the graphit ic 

structure with PCA (1 -pyrenecarboxyl ic ac id),  i t  is  possib le  to 

obtain a graphene d ispers ion v ia  π-stacking mechanism. A 

schemat ic  representat ion of  th is  intercalat ion -

funct ional isat ion -exfo l iat ion is  shown in F igure 2 .19 .  As-

exfol iated graphene disp layed promis ing performance with 

120 F/g at  2 A/g in 6M KOH electrolyte. 1 4 9   
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A simi lar  approach was invest igated by Talapatra  et  al .  to 

produce thin EDLC.  Using the same electro lyte,  they 

measured a gravimetric capacitance of  202 F/g at  10 mV/s. 1 5 0  

Müllen’s research group reported the exfo l iat ion of  graphite 

in  aqueous solut ion of  inorganic salts .  In  only 3 -5 minutes,  

apply ing a d irect  current voltage of  +10 V,  oxidat ion of 

graphite f lakes occurs  with  ions intercalat ion between f lakes.  

An expansion of  graphite  occurs ,  and f lakes start  to  detach 

f rom each other leading to an exfol iate graphene solut ion. 

After  a  careful  washing of  th e electrochemical ly exfol iated 

graphene f lakes,  they are  re -dispersed in DMF to  further  be 

coated onto a f lex ib le support  us ing a paintbrush. Specif ic 

capacitance of  57 F/g us ing a gel  electro lyte (PVA/H 2SO4 )  was 

measured by CV curves at  a scan rate of  10 mV/s. 4 1  

 
F i g u r e  2 .  1 9 .  S c h e m a t i c  r e p r e s e n t a t i on  o f  t h e  e x f o l i a t i o n  m e c h a n i s m  u s i n g  
P C A 1 4 9  

The same group later  invest igated the use of  ant i -oxidant to 

reduce the defect  formation during the e lectro chemical 

exfol iat ion. A major  eff iciency was obtained using TEMPO 

((2 ,2,6,6-tetramethylpiper idin -1-yl )oxyl )  as anti -oxidant . 

However ,  a lower  specif ic  capacitance was obtained with  22 

F/g at  2 mV/s using the same electrolyte as previously  

reported. 1 5 1  
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Kong et al .  studied the use of  ac id ic and basic  solut ion to 

min imize the graphene oxidat ion dur ing the e lectrochemical 

exfol iat ion. They u sed a two-electrode configurat ion using 

graphite rods both  as cathode and anode.  Applying 

a lternative ly ±1 V,  exfol iat ion process occurs quickly.  Using 

charge-d ischarge measurement at  a current density of  1 A/g 

in acid ic condit ion,  a  gravimetr ic capacitanc e of  325 F/g was 

obtained. 1 5 2  Tascón et al .  developed a straightforward 

method for the electrochemical  exfo l iat ion of  graphite to 

produce graphene using hal ide -based aqueous electro lyte.  

They measured good e lectrochemical  performance using 

acid ic  e lectro lyte with 50 F/g at  100 mA/g. 1 5 3  Dryfe  et  al .  

reported a one-step s imultaneous e lectrochemical  

exfol iat ion and funct ional izat ion of  graphene. They 

exfol iated graphite rod by means of  a  chronoamperometry 

method applying –  4  V vs  Ag during 2 hours  in  presence of  4 -

n itrobenzenediazonium tetraf luoroborate  which induces a 

chemical  funct ional izat ion.  A gravimetric  capacitance of  19 

F/g was measured at  100 mV/s in bas ic electro lyte  (6 M 

KOH).1 5 4  

Hersam and col laborators  reported the product ion of  

graphene by h igh shear mixing.  They started from graphite 

d ispersed in ethyl  ce l lu lose and ethanol .  The high  shear 

process occurs  dur ing 2  hours at  10,230 rpm in an ice water 

bath. After centri fugat ion steps and f locculat ion us ing NaCl 

so lut ion,  the as -exfo l iated graphene was washed carefu l ly 

and deposited by inkjet  print ing.  So l id -state supercapacitor 

showed a specif ic capacitance of  64 F/g at  500 mA/g with 

PVA/H3 PO4  as ge l  e lectrolyte. 1 5 5  Fray et  al .  intercalate  L i +  and 

H +  using h igh temperature procedure. The as -obtained 

graphene sheets-nanoscrol ls  ha ve su itable electrochemical  

performance of  213 F/g at  1  A/g using an  ionic  l iquid as 

e lectrolyte (TEA BF 4) . 1 5 6  Amiri  et al .  reported a microwave -

assisted funct ional izat ion of  graphite using AlCl 3  as Lewis 

ac id fol lowed by the addit ion of  HCl .  After an in-s itu  

exfol iat ion,  as -prepared graphene was tested as act ive 
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material .  Gravimetr ic  capacitance of  354 F/g at  5 mV/s was 

obtained us ing 6M KOH as elect ro lyte.1 5 7  

 

2.3 .1 .5 .  Reduct ion using plasma  

Qiu et al .  invest igated the s imultaneous reduct ion and 

exfol iat ion of  GO under a dielectr ic barrier d ischarge (DBD) 

p lasma. The as-produced graphene sheets were tested in a 

two-cel l  conf igurat ion using 6M KOH as  e lectroly te.  A  specif ic 

capacitance of  290 F/g at  50 mA/g was measured. 1 5 8  Fan and 

co-workers produced graphene by means of  a p lasma -

assisted procedure at  room temperature.  The best 

performance was obtained us ing CH 4  as gas  dur ing the p lasma 

process.  A  gravimetr ic capacitance of  192 F/g at  1 A/g was 

measured using bas ic  e lectrolyte. 1 5 9  Bo et al .  invest igated an 

instantaneous reduct ion of  GO paper us ing a posit ive -column 

cathode. The poss ib le reduct ion mechanism and the 

exper imental  setup are  schematical ly represented in Figure 

2 .20.  Reduct ion occurs due to  a synergy between h igh -

density energetic  electrons and surface touch d irect  heat ing.  

Using an ionic l iquid as e lectrolyte (TEA B F4 ) ,  a  specif ic 

capacitance of  162 F/g was measured at  1 A/g. 1 6 0  

 
F i g u r e  2 .  2 0 .  s c h e m a t i c  r e p r e s e n t a t i on  o f  t h e  a p p a r a t u s  u s e d  ( l e f t )  a nd  
p o s s i b l e  m e c h a n i s m  o f  t h e  p l a s m a - a s s i s t e d  r e d u c t i o n  o f  G O  ( r i g h t ) . 1 6 0   

Ostr ikov et al .  reported a  green approach start ing from 

honeycomb to  obtain  graphene by means of  a p lasma 

technique. Th is  susta inable  e lemental  l i fecycle synthesis 

a l lows to produce vert ical ly or iented graphene sheets with 
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h igh  e lectrochemical  performance (240 F/g at  5 mV/s in 

neutral  electro lyte) . 1 6 1  

 

2.3 .1 .6 .  Graphene production using CVD  

Chemical  Vapo r Deposit ion is  a  procedure typ ica l l y  used to 

produce high qual i ty  graphene. Chou et al .  used th is 

technique to produce laminated u lt rathin graphene f i lm 

using four d if ferent f i lms. A SEM image i l lustrat ing the as -

prepared laminated graphene f i lms is  shown in Figure 2 .21. 

A specif ic capacitance of  17 F/g at  200 mV/s us ing PVA/H 2SO 4  

as ge l  e lectro lyte. 1 6 2  

Qin et al .  synthesized 3D-graphene cont inuous structure on 

nanoporous copper catalyst .  The as -prepared graphene was 

used in  a  f lex ib le so l id -state supercapacitor with PVA/H 3PO4 .  

A  gravimetric capacitance of  305 F/g was ca lcu lated f rom 

charge-d ischarge measurement  at  100 mA /g.1 6 3  Jang et  al .  

reported the CVD-growth of  uniform high -qual ity graphene 

on graphite paper.  Then,  the act ive mater ia l  was used to 

fabr icate  a fu l ly f lexible ,  l ightweight a l l -sol id-state 

supercapacitor  with high  performance (260 F/g at  5 mV/s in 

ac id ic  condit ion). 1 6 4  

 
F i g u r e  2 .  2 1 .  S E M  p i c t u r e s  o f  t h e  l a m i n a t e  g r a p h e n e  p r o d u c e d  b y  C V D 1 6 2  

Jung and co-workers  produced graphene bal l  on  Ni  part icles 

using CVD technique.  Then, the Ni  was removed by etch ing.  
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A schematic  representat ion of  the synthesis f lowchart  is  

shown in Figure 2 .22. Graphene bal l  supported on GO f lakes 

were assembled and tested in  acidic condit i on. A specif ic  

capacitance of  170 F/g was measured at  500 mA/g. 1 6 5  

 
F i g u r e  2 .  2 2 .  s c h e m a t i c  r e p r e s e n t a t i on  o f  t h e  s y n t h e s i s  f l o w c h a r t :  ( a )  N i -
p a r t i c l e s  s u p p o r t e d  o n  G O  f l a k e s ,  ( b )  g r a p h e n e  s y n t h e s i z e d  b y  C V D  on  N i  
p a r t i c l e s ,  a n d  ( c )  s e l f - s u p p o r t e d  g r a p h e n e  b a l l  a f t e r  t h e  e t c h i n g  o f  N i . 1 6 5  

2.3 .1 .7 .  Others approaches for EDLC  

Ajayan and co-workers invest igated a d if ferent  device 

geometry to avoid the only part ial  exploitat ion avai lab le 

specif ic surface area in the stacked conf igurat ion,  which is  

typ ical ly used for e lectrochemical  tests .  In  this  research,  

they deposited mult i - layer  GO f i lms using a layer -by- layer 

technique.  GO f lakes are or iented perpendicu larly from the 

current  co l lector  as shown in Figure 2.23.  Then, a c lassic 

chemical  reduction was carr ied out us ing hydrazine. This 

conf igurat ion d isplayed high performance with  247 F/g at  110 

mV/s using PVA/H 3PO 4  as gel  electro lyte. 1 6 6  

 
F i g u r e  2 .  2 3 .  S c h e m a t i c  r e p r e s e n t a t i on  o f  t h e  ( a )  c l a s s i c  s t a c k e d  
c o n f i g u r a t i on  a n d  ( b )  ve r t i c a l l y  o r i e n t e d  a c t i ve  m a t e r i a l   1 6 6  

Zhang et al .  studied a  new deposit ion method to enhance the 

supercapacit ive performance of  the graphene -based 

supercapacitors .  They reported a vacuum f i lt rat ion 

deposit ion process to depose graphene on Ni -foam. A 

gravimetr ic capacitance of  152 F/g at  10 mV/s was measured 

using a  basic  aqueous e lectrolyte. 1 6 7  Then,  Zhang and Pan 

invest igat ed the reduct ion of  GO using a  pure hydrogen gas 
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environment .  Using the same electrolyte,  obtained 

performances are nevertheless lower with 110 F/g at  10 

mV/s.1 6 8  Qin and co-workers fabri cated graphene using 

explosive react ions between alkal ine earth elements (Mg and 

Ca) and CO 2  ( f rom dry ice) as C precursor.  Suitable 

e lectrochemical  performance was measured by charge -

d ischarge curve with 220 F/g at  a current density of  100 mA/g 

in 6 M KOH.1 6 9  Xue et al .  reported a safer procedure to obtain 

f lexible supercapacitor .  They used a UV-lamp to photoreduce 

GO in desired posit ions to fabricate a rGO/GO composite .  A 

specif ic capacitance of  140 F/g at  1 A/g was measured using 

PVA/H3 PO4  as ge l  electro lyte. 1 7 0  The synthesis  procedure and 

photoreduced GO-based architecture are  reported in  F igure 

2 .24.  

Wang and col la borators studied a  laser - induced reduction of 

GO to fabr icate electrodes for supercapacitors .  Interest ingly,  

the reduct ion occurs s imultaneously with the exfol iat ion 

leading to high speci f ic capacitance (236 F/g at  250 mA/g in 

6M KOH). 1 7 1  Yang and Bock,  instead, invest igated the 

reduct ion of  GO d ispersion using an excimer laser  i rradiat ion 

with a wavelength  at  248 nm. However,  this  process  seems  

to be less eff icient  with a measured specif ic capacitance of 

130 F/g at  5 mV/s in neutral  electro lyte. 1 7 2  

 
F i g u r e  2 .  2 4 .  I l l u s t r a t i o n  o f  t h e  p h o t o r e d u c t i on  o f  G O  i n  r G O  a n d  s o me  
p a t t e r n e d  r G O  e l e c t r o d e s 1 7 0  
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Kaner and co-workers  reduced f reeze -dried GO using an 

ordinary camera f lash.  Th is  lamp a l lows a photothermal 

reduct ion proce ss of  GO. Using an ionic l iqu id as electro lyte 

(TEA BF 4 ) ,  a  gravimetric capacitance of  64 F/g was measured 

at  1  A/g. 1 7 3  Xiang et al .  reported a  novel  approach to reduce 

ef f icient ly GO. They used a far - infrared (FIR) thermal 

reduct ion to fabr icate electrode for supercapacitor 

appl icat ions.  High specif ic capacitance was obtained with 

320 F/g at  200 mA/g in bas ic aqueous elec tro lyte. 1 7 4  

L i  et  al .  synthesized a  GO/Graphene nanor ibbon hybr id 

aerogel  by a  s imple f reeze -drying procedure. Then, a 

chemical  reduction using gaseous hydraz ine for 24 hours  at 

90°C was carr ied out.  A gravimetr ic capacitance of  256 F/g at 

2 mV/s was obtained using 2M KCl  as neutra l  e lectro lyte. 1 7 5  

Ye et al .  invest igated the in-s itu  chemical  reduct ion of  GO 

suspension using HI and CH 3 COOH heated at  60°C for 1h. Th ey 

fabr icated foldable graphene paper.  Specif ic capacitance of 

90 F/g1 7 6  and 87 F/g 1 7 7  were ca lcu lated from charge -

d ischarge measurements  at  1  A/g in  6M KOH electrolyte.  Zhu 

and col laborators  3D -printed graphene -based aerogel.  They 

d ispersed si l ica powder  and graphene nanoplatelets  as 

sacrif icial  template and conduct ive addit ive,  respect ively. 

The 3D-print ing procedure occurs in  isooctane and a l lows to 

design per iodic macropores.  After gelat ion,  supercr it ical 

drying,  and carbonizat ion,  an etching in HF a l lows to remove 

the si l ica template.  The s ynthesis f lowchart  i s  reported in 

F igure 2.25. A  specif ic capacitance of  56 F/g was ca lculated 

by charge-d ischarge measurement at  100 mA/g in 3M KOH . 1 7 8  

E lectrochemical  exfo l iat ion of  graphite is  often considered as 

an easy and fast  approach to produce graphene as shown 

previously.  However,  i t  i s  important to under l ine that  an 

e lectrochemical  reduct ion of  GO to rGO is  feas ible and 

probably eas ier to control  in  compari son with the exfol iat ion 

process.  Zhong et al .  reported the electrochemical  reduction 

of  GO suspension at  60°C applying a potent ia l  of  -1 V vs 

Ag/AgCl e lectrode for 2 hours.  Interest ingly,  th is  procedure 
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a l lows to  depose direct ly the act ive material  onto t he current 

co l lector .  In  neutra l  electro lyte,  a  specif ic capacitance of  88 

F/g was ca lculated from CV curve at  a scan rate of  1 V/s. 1 7 9  

 
F i g u r e  2 .  2 5 .  P r o c e d u r e  p a t h w a y s  f o l l ow e d  t o  3 D - p r i n t e d  s u p e r c a p a c i t o r s 1 7 8  

Further  improvement  was shown by Dickerson and co -

workers .  They used the same electrochemical  setup for the 

e lectrochemical  reduct ion. By control l ing the pH of  the 

so lut ion,  electrodeposited/reduced GO demonstrated better 

performance with 165 F/g at  1 A/g in acid ic aqueous 

e lectrolyte. 1 8 0  

As described previou sly,  hydrothermal  synthesis  i s  one of  the 

main procedure used to  reduce GO suspension.  However,  a 

modif icat ion of  the solvent composit ion may induce 

structural  and/or performance variat ion. Lei  et al .  reported 

a  solvothermal reduction of  GO using a so lvent  composed by 

a  mixture of  water and ethylene g lycol .  Th is  green synthesis 

fo l lowed by a f reeze -drying step,  a l lows to obtain holey 

graphene aerogel  with good electrochemical  propert ies .  A 

gravimetr ic capacitance of  178 F/g at  200 mA/g was 

measured in 6M KOH. 1 8 1  Another approach was proposed by 

Pauzauskie et al .  with the dispersion of  GO in acetonitr i le 

fo l lowed by an  ult rasonic -assisted solvothermal  reduction at  

low temperature (28 -43°C)  in  presence of  resorcinol ,  

formaldehyde and HCl .  The result ing wet r ig id gel  was further 

dried using supercr it ical  CO 2  fo l lowed by a thermal 
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anneal ing.  A specif ic  ca pacitance of  62 F/g at  500 mA/g was 

measured in TEA BF 4  e lectrolyte. 1 8 2  Gao et al .  reported a 

so lvothermal  reduction of  GO/graphene  nanosheets 

d ispers ion in DMF fo l lowed by a chemical  reduct ion using 

hydraz ine. The as -synthesized graphene nanoscrol ls  were 

tested in acidic aqueous electro lyte.  A specif ic capacitance 

of  167 F/g was measured at  1 A/g. 1 8 3  Hao et al .  invest igated 

an ionothermal  synthesis  dissolv ing [BMIm][H 2PO 4]  in  GO 

d ispers ion to obt ain a gel  which wil l  be t ransferred in an 

autoclave for reduct ion. After KOH act ivat ion,  high specif ic 

capacitance was obtained with  313 F/g at  500 mA/g in 6M 

KOH electro lyte. 1 8 4  

 

2.3 .1 .8 .  Graphene-Carbonaceous composites  

Graphene and reduced gra phene oxide f lakes  are prone to 

restack due to the π→π interact ion l imit ing the specif ic 

surface area and, consequent ly,  the performance of  the 

act ive material .  To avoid th is  restacking,  graphene -

carbonaceous composites are  considered. Indeed, the 

carbonaceous mater ia l  such as carbon nanotubes,  carbon 

b lack,  act ivated carbon,  etc.  a l lows to  reduce the restacking 

of  graphene f lakes.  Moreover,  i t  gives  a contr ibut ion to  the 

EDLC with their  h igh specif ic surface area and conduct iv ity .  

 

2.3.1.8.1.  Carbon Nanotubes  

Yu and Dai  used a cat ionic  polymer [ poly(ethyleneimine) ]  as 

stabi l izer for the chemical ly - rGO ass isted with hydrazine. The 

graphene d ispersion posit ively charged was then mixed with 

negative ly charged acid -treated MWCNTs result ing in a self -

assembly procedure.  Me asured specif ic capacitance was 125 

F/g at  10 mV/s in  aqueous e lectrolyte. 1 8 5  K im et al .  reported 

the se lf -assembly of  GO and MWCNT on a  T i  substrate  by 

drop-cast ing.  Act ive mater ia ls  were dispersed together by 

mixing.  After the deposit ion,  a  thermal  treatment fol lowed 

by an  anneal ing were carr ied out .  In  ac idic  condi t ion,  high 

specif ic capacitance were measured with 428 F/g at  500 
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mA/g.1 8 6  A s imi lar  approach was invest igated by L i  and co -

workers .  Indeed, they prepared a sandwiche d GO/MWCNT by 

f i l t rat ion through a  membrane after the mixing of  both 

carbonaceous mater ia l .  Then, the f i lm was peeled -off  the 

membrane and thermal ly t reated to obtain rGO/MWCNT.  A 

gravimetr ic capacitance of  250 F/g was measured at  the same 

scan rate than t he previous work but in  bas ic aqueous 

e lectrolyte. 1 8 7  Si lva’s  research group fabr icated a 

rGO/MWCNT membrane by vacuum f i lt rat io n. In  this  work, 

the GO was reduced chemical ly us ing hydraz ine. After the 

drying,  gold was sputtered on the edges to serve as current 

co l lector .  Then, a  scratch was manually created in the centre 

of  the membrane to  obtain a gap that  separates physical ly 

the two e lectrodes.  The in -plane supercapacitor  showed 

suitable e lectrochemical  performance in ionic l iquid (EMI 

TFSI)  with  154 F/g at  200 mA/g. 1 8 8  Huang et  al .  sonicated GO 

in presence of  MWCNT unti l  a  homogeneous dispers ion was 

obtained. Then, they add urea and performed a hydrothermal 

synthesis .  The result ing N -doped rGO/MWCNT composite was 

tested in bas ic aqueous solut ion.  A specif ic capacitance of  

181 F/g was ca lculated from charge -discharge curve at  a 

current  density  of  100 mA/g. 1 8 9  

Tamai larasan and Ramaprabhu therm al ly  reduced GO and, in 

paral lel ,  grew CNT by cata lyt ic  CVD. They,  d ispersed both 

carbonaceous mater ia l  with  BMIM TFSI  ( ionic l iquid)  in 

isopropanol containing 5% of  Naf ion®. Act ive materials  were 

brush coated on sta in less steel  sheets (current col lectors) .  

SEM and TEM images of  the nanocomposite  are  shown in 

F igure 2 .26. The so l id - l ike  nanocomposite  was tested using 

the same ionic l iquid as e lectrolyte.  A specif ic capacitance of  

280 F/g was measured at  5 mV/s. 1 9 0  

Chen et  al .  reported the microwave -ass isted reduction and 

exfol iat ion of  GO pr ior to be mixed with SWCNT by probe 

sonicat ion. In  a stacked configurat ion with an acidic aqueo us 

e lectrolyte,  a  specif ic  capacitance of  306 F/g was obtain at  a 

scan rate of  20 mV/s. 1 9 1  
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F i g u r e  2 .  2 6 .  ( a )  S E M  a n d  ( b )  T E M  i m a g e s  o f  t h e  r G O / M W C N T  n a n o c o m p o s i t e .  
B l a c k  a r r ow s  i n d i c a t e  C N T s . 1 9 0   

Derby et al .  invest igated the use of  a  rGO/MWCNT mixture 

so l id if ied at  low temperature.  The act ive  material  was used 

to  prepare a 3D-printable ink.  After the deposit ion step, 

so lvent was removed by subl imation result ing in a graphene -

based aerogel  containing MWCNT. In 1M H 2 SO 4 ,  a  gravimetric 

capacitance of  305 F/g was obtain ed at  1 A/g. 1 9 2  Lee and co-

workers  used grafted -SWCNT by a cat ionic surfactant (CTAB: 

cetyltr imethylammonium bromide) for a self -assembly 

procedure us ing the Coulombic interact ion with the 

negative ly charged carb on-oxygen moiet ies onto GO f lakes. 

The SWCNT-br idged graphene 3D -structure was 

e lectrochemical ly tested with EMIM BF 4  as e lectrolyte after 

a  thermal  act ivat ion. A specif ic  capacitance of  199 F/g was 

ca lculated f rom charge -discharge curve at  500 mA/g. 1 9 3  Qin 

et  al .  hydrothermally  reduced GO to  obtain  rGO hydrogel,  

and f inal ly the  rGO-based aerogel .  However,  they enhanced 

the performance by d ispersing SWCNT with GO before the 

reduct ion step. Indeed, CNTs can be used as conduct ive 

spacer leading to higher electrochemical  performance for the 

result ing aerogel .  In  bas ic aqueous electro lyte,  they 

measured a gravimetric capacitance of  245 F/g at  2 .5  A/g. 1 9 4  

Ozkan et al .  have grown s imultaneously graphene sheets and 

CNTs by CVD.  Interest ingly,  cohesive  structure and robust  

contact  between carbonaceous materia ls  were obtained 

thanks to  this  concomitant synthesis.  CNTs were vert ical ly 
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oriented (p i l lar )  on a graphene (f loor) sheet .  Outstanding 

specif ic capacitance was ca lculated f rom cycl ic vo ltammetry 

at  10 mV/s in basic condit ion. 1 9 5  A s imi lar  approach was later 

invest igated by Lee and col laborators .  Indeed,  they used a 

GO f i lm containing 5 wt.%  SWCNT. Then, they ro l led the GO 

f i lm to obtain a  cyl inder and they cut  it  to obtain th in f i lm of  

vert ical ly -a l igned GO.  F inal ly ,  a  thermal  reductio n was 

carr ied out to obtain VArGO (Vert ical ly Al igned reduced 

Graphene Oxide) .  A schematic  representat ion of  the ions 

d if fusion through VArGO and a SEM image of  the obtained 

structure are shown in  F igure 2 .27.  In  basic  aqueous 

e lectrolyte,  a gravimetric  ca pacitance of  145 F/g was 

measured at  500 mA/g. 1 9 6  

 
F i g u r e  2 .  2 7 . ( l e f t )  s c h e m a t i c  r e p r e s e n t a t i o n  o f  t h e  i on s  d i f f u s i on  t h r ou g h  
v e r t i c a l l y  a l i g n e d  r e d u c e d  g r a p h e n e  o x i d e  f i l m  a n d  ( r i g h t )  S E M  i m a g e  o f  t h e  
a s - p r od u c e d  s t r u c t u r e . 1 9 6   

Ostr ikov et al .  invest igated the p lasma -ass isted production 

of  vert ical ly al igned graphene nanosheets start ing f rom 

butter .  Then, CNTs were growth on graphene sheets by a 

thermal CVD process.  A specif ic capacitance of  278 F/g was 

ca lculated from CV at  10 mV/s in neutra l  e lectro lyte. 1 9 7  Li ’s  

research group reported a sca lable and h igh y ield prod uct ion 

of  exfol iated graphene by ultrasonicat ion at  room 

temperature under  inert  atmosphere. This  solut ion was drop -

casted onto a SWCNT -based buckypaper to be used as 

e lectrode. The electro lyte was PVA/H 2SO 4  containing 

exfol iated graphene and was coated on the e lectrode to 

fabr icate  a l l -sol id-state supercapacitor .  The electrochemical 

performance was nevertheless  relat ive ly low with only 50 F/g 
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at  1mV/s. 1 9 8  Y i  et al .  studied the deposit ion of  microwave -

assisted rGO on CNT layer coated onto a pre -stra ined 

substrate.  Th is conf igurat ion a l lows to obtain a 

omnidirect ional ly stretchable supercapacitor with 

outstanding stabi l ity .  A specif ic  capacitance of  329 F/g was 

ca lculated from charge -discharge curve at  150 mA/g us ing 

PVA/H3 PO4  as ge l  electro lyte. 1 9 9  

Chen and col leagues reported the synthesis  of  porous CNT -

based network d irect ly  on crumpled graphene bal ls .  This 

spat ia l  conf igurat ion a l lows a better percolat ion of  electrons 

through carbonaceous mater ia l  in  addit ion  with a good mass 

t ransfer .  A gravimetr ic capacitance of  165 F/g was obtained 

at  10 mV/s in  6M KOH. 2 0 0  Ozkan et  al .  grown simultaneously 

graphene and CNTs to obtain nanocomposite direct ly on Ni 

foam. Then, a thermal process was carr ied  out  on the sample 

before the el ectrochemical  character izat ion in  6M KOH. A 

gravimetr ic capacitance of  270 F/g 2 0 1  and 275 F/g 2 0 2  was 

ca lculated from CV curves at  5 mV/s and 10mV/s,  

respect ively.  Chen’s  research group reported an in-s itu  

synthesis of  graphene -SWCNT nanocomposite by arc -

d ischarge.  Th is  thermal  procedure fol lowed by KOH 

act ivat ion al lows to fabr icate supercapacitor with good 

propert ies  such as 339 F/g at  1  mV/s in TEA BF 4 .2 0 3  

 

2.3.1.8.2.  Carbon Black 

L ian et al .  f i rst  reported the us e of  carbon black as spacers 

to avoid the restacking of  graphene f lakes.  GO was 

hydrothermal ly reduced using ammonia  and hydraz ine prior 

to be mixed with commercial ly avai lab le carbon black.  After 

a  mixing ass isted by u ltrasonicat ion,  the so lut ion was f i l tered 

through a PVDF membrane and dried in air  at  100°C. The 

e lectrochemical  test  was performed in 6M KOH. A speci f ic 

capacitance of  138 F/g was ca lculated f rom CV curve at  10 

mV/s.2 0 4  A s imi lar  invest igat ion was carr ied out b y Wang et 

al .  to fabricate  f lex ible supercapacitors.  After the 

hydrothermal  reduct ion fo l lowed by the mixing with carbon 
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b lack,  the nanocomposite was f i l tered and dried. Then,  the 

f i lm was peeled off  and transferred to  a  PET substrate 

a l lowing f lexib i l i ty .  An a l l - so l id -state  supercapacitor us ing 

PVA/H2 SO4  as gel  e lectro lyte demonstrated interest ing 

performance with  155 F/g at  100 mA/g. 2 0 5  J ia  et  al .  d ispersed 

carbon black with GO before the reduction process.  In  th is  

work,  a hydrazine-ass isted so lvothermal react ion,  with DMF 

as  solvent,  was carr ied  out  to  obtain  the carbonaceous 

nanocomposite .  A gravimetric capacitance of  130 F/g at  5 

mV/s was measured in 1M H 2SO4  e lectrolyte. 2 0 6  

 

2.3.1.8.3.  Activated Carbon 

Ma et al .  reported the non-covalent funct ional izat ion of  GO 

using PPD (p -phenylene d iamine) pr ior to a so lvothermal 

reduct ion in  DMF.  Then,  a  KOH act ivat ion was carr ied out 

before a  carbonizat ion step at  800°C for 1h  under Ar .  The 

result ing graphene-act ivated carbon nanocomposite was 

tested us ing an ionic l iquid ,  EMIM BF 4 ,  as electrolyte.  The 

h igher  performance was obtained at  80°C with  180 F/g  at  500 

mA/g.2 0 7  Pan and col laborators invest igated the use of 

commercial ly avai lable act ivated carbon to obta in high 

performance nanocomposite .  Prior to mix it  with GO, they 

act ivated newly the commercia l ly avai lable reactant with 

KOH. The nanocomposite rGO/AC was obtained by 

hydrothermal  reduct ion of  the GO/AC dispers ion fol lowed by 

a  freeze-drying under vacuum.  A specif ic  capacitance of  205 

F/g was calcu lated f rom charge -d ischarge curve at  2 A/g in 

6M KOH.2 0 8  

J in  et al .  prepared act ivated carbon using waste 

part icleboards as raw mater ia ls .  After a carbonizat ion step, 

a KOH act ivat ion was carr ied out .  Then, carbonaceous 

material  was mixed w ith GO and thermal ly reduced to  obtain 

the nanocomposite .  E lectrochemical  character izat ion in 7M 

KOH showed good performance with  265 F/g at  50 mA/g. 2 0 9  

Zhao et al .  reported a susta inable and green approach to 

fabr icate graphene/N -doped act ivated carbon 



Chap ter  I I                                      Grap hene -based  Sup ercapac i to r s  

-68-  

nanocomposite .  They produced act ivated carbon from corn  

straw and soy protein by carbonizat ion fol lowed by KOH 

act ivat ion in presence of  GO f lakes.  The as -obtained 

nanocomposite demonstrated high electrochemical  

performance using 6M KOH as e lectrolyte.  Indeed, speci f ic 

capacitance of  299 F/g at  5 mV/s and 379 F/g at  50 mA/g was 

ca lculated f rom CV and charge -d ischarge curves, 

respect ively. 2 1 0  

 

2.3.1.8.4.  Mesoporous Carbon 

Ogal et al .  synthesized 3D-hexaporous nanocomposite using 

a cata lyst -free approach. They f irst  produced graphene - l ike 

sheets  by inter -chain  cycl izat ion between maleic  ac id  units 

f rom poly(4 -styrene-su lfonic ac id-co-maleic acid) sodium 

salt .  After a pyrolysis  step,  units tend to assembly forming 

hexagonal  pores leading to 3D -hexaporous nanocomposite.  

In  ac id ic  condit ion,  a specif ic capaci tance of  154 F/g was 

measured at  500 mA/g. 2 1 1  Zhao et al .  grown mesoporous 

carbon by CVD using a sacr if ic ia l  template.  This posit ive ly 

charged carbonaceous material  sel f -assembled with  GO 

f lakes (negative ly charged).  After a thermal reduct ion,  144 

F/g was measured at  200 mA/g in  EMIM BF 4  e lectro lyte. 2 1 2  

Another sel f -assembly procedure was later reported by Zhao 

and col leagues.  In  th is  research,  they used resols  as carbon 

source,  tr iblock co -polymer P luronic® F -127 as soft  template, 

and graphene aerogel  as mac roporous template.  The 

graphene aerogel  was produced by hydrothermal reduct ion 

of  GO. The result ing nanocomposite contains interconnected 

macroporous graphene sheets l inked to mesoporous carbon 

with a uniform pore s ize of  9 .6 nm. After a carbonizat ion 

step,  electrochemical  characterizat ion using PVA/H 2 SO4  as 

ge l  electro lyte was carr ied out .  Nevertheless,  low speci f ic 

capacitance was obtained with only 44 F/g in 5 mV/s. 2 1 3  
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2.3 .1 .9 .  Graphene doping 

The intentional  introduct ion of  het eroatoms to ta i lor the 

e lectr ical  propert ies  of  a  semi -conductor is  referred as 

doping. In  this  sect ion,  the doping with  dif ferent 

heteroatoms wil l  be presented.  

 

2.3.1.9.1.  N-doped Graphene 

The doping us ing n it rogen as heteroatom is  by far  the most 

reported in l i terature for graphene-based supercapacitors . 

K im et  al .  reported the N-doping of  graphene by 

hydrothermal  reduct ion of  graphene oxide using 

hexamethylenetetramine.  Three dif ferent type of  doping was 

obtained with  pyrro l ic -N,  pyridin ic-N, and quaternary-N as 

shown in  F igure 2 .28.  The electrochemical  performance was 

evaluated in 6M KOH. A specif ic capacitance of  28 F/g was 

ca lculated from CV curve at  5 mV/s. 2 1 4  

 
F i g u r e  2 .  2 8 .  N - d o p e d  r e d u c e d  g r a p h e n e  o x i d e  p r o d u c e d  b y  h y d r ot h e r m a l  
s y n t h e s i s  u s i n g  h e x a m e t h y l e n e t e t r a m i n e  a s  d op i n g  a g e n t . 2 1 4  

Chen et  al .  invest igated the production of  N -doping using the 

same doping agent .  However,  in  this  work,  GO was spread on 

HMT.  Then,  the doping agent was burned.  The exfol iat ion, 

reduct ion,  and N-doping processes occur s imultaneously 

using this  procedure. Interest ingly,  the performance was 

enhanced with 205 F/g at  100 mA/g us ing the same 

electrolyte. 2 1 5  Several  doping agents were studied for 

hydrogel  product ion by means of  hydro thermal  reduction and 

are reported in Table  2 .1 .  

Han’s research group used ammonia as doping agent  to 

obtain N-doped hydrogel .  They further f reeze -dr ied the as-

synthesized material  to obtain N -doped aerogel .  In  acid ic 

aqueous e lectro lyte,  a gravimetr ic cap acitance of  223 F/g 
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was ca lculated from charge -discharge curve at  200 mA/g. 2 2 0  

Guan et  al .  recent ly  reported the fabr icat ion of  N -doped 

aerogel  using a  greener doping agent:  urea.  Before the 

hydrothermal  synthesis ,  they d ispersed i ron ( I I I )  n it rat e.  The 

as-produced hydrogel  was f reeze -dr ied to obtain N-doped 

aerogel .  Then,  it  was crushed and calc inated before removing 

i ron oxide part icles  by HCl etch ing.  Nevertheless ,  the specif ic 

capacitance was lower with only 48 F/g at  500 mA/g in 

neutral  electro lyte.2 2 1   
 

Doping Agent Electrolyte Specific Capacitance Ref 

Ethylenediamine 5M KOH 115 F/g @ 140 A/g 216 

Ammonia 
5M KOH 100 F/g @ 80 A/g 216 

6M KOH 230 F/g @ 330 mA/g 217 

Ethylenetriamine 5M KOH 92 F/g @ 100 A/g 216 

Tetraethylenepentamine 5M KOH 120 F/g @ 20 A/g 216 

Propylamine 5M KOH 131 F/g @ 80 A/g 216 

Butylamine 5M KOH 96 F/g @ 20 A/g 216 

Ammonium carbonate BMIM PF6 163 F/g @ 1 A/g 218 

1,4-butanediamine 6M KOH 269 F/g @ 300 mA/g 219 
T a b l e  2 .  1 .  E l e c t r o c h e m i c a l  p e r f o r m a n c e  o f  N - d op e d  g r a p h e n e - b a s ed  
s u p e r c a p a c i t o r s  u s i n g  d i f f e r e n t  d op i n g  a g e n t .  

Kang et al .  doped graphene with nit rogen f rom urea by mean s 

of  a microwave-assisted hydrothermal react ion. Hydraz ine 

was added to further reduce GO and enhance the 

e lectrochemical  performance.  A specif ic  capacitance of  96 

F/g was calcu lated from charge -discharge curve at  100 mA/g 

in 1M L iPF 6  e lectrolyte. 2 2 2  Li ’s  research group invest igated 

the solvothermal reduct ion of  GO in ethanol us ing 

hydroxylamine as  doping agent.  The performance of  the as -

prepared hydrogel  was evaluated in 6M KOH. A gravimetric 

capacitance of  205 F/g was measured at  1 mV/s. 2 2 3  

Lu et al .  f irst ly  reduced GO paper  using gaseous hydraz ine. 

Then, the se lf -standing f i lm was thermal ly treated in 

concentrated amm onia  environment  to obtained N -doped 

rGO f i lm. A so l id -state supercapacitor  was fabricated using 

PVA/H2 SO4  as ge l  electrolyte.  A specif ic capacitance of  55 F/g 
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was ca lculated from CV curve at  5 mV/s. 2 2 4  Gomez et al .  

invest igated the graphene doping using 2 -aminoterephtal ic 

ac id .  They started by d ispersing GO and the doping agent in 

water .  After removing the water at  low temperature,  a 

thermal  t reatment in  a  ceramic quartz  boat  at  750°C for 60 

minutes under inert  atmosphere was carr ied out to obtain N -

doped rGO. Specif ic capacitance,  in  0.5M H 2SO4  e lectrolyte,  

was evaluated from both CV and charge d ischarge curves. 

Obtained values are 323 F/g at  20 mV/s and 286 F/g at  200 

mA/g,  respect ive ly. 2 2 5   

Zhang et  al .  polymerized  polydopamine on montmori l lon ite , 

which is  used as sacr if ic ia l  template.  After a carboniz at ion 

step,  crumpled N-doped graphene was obtained and tested 

in EMIM BF 4  e lectro lyte.  A  specif ic capacitance of  128 F/g 

was ca lculated f rom charge -d ischarge curve at  1 A/g. 2 2 6  Wang 

and co-workers reported a modif ied -molten salts method to 

produce N-doped reduced graphene oxide.  Th is  method 

a l lows to prevent restacking together with the act ivat ion of  

graphene using KNO 3 .  The e lectrochemical  perf ormance was 

evaluated us ing EMIM BF 4  as  e lectrolyte.  The best 

performance was 130 F/g at  a current density of  1 A/g. 2 2 7  

 

2.3.1.9.2.  B, S ,  or  P  doping 

Sun et al .  reported the synthesis of  B -doped graphene. They 

mixed GO with boric  ac id prior  using a  DBD plasma with 

hydrogen as  the working gas.  The e lectrochemical  

performance was interest ing with 446 F/g at  500 mA/g in  6M 

KOH.2 2 8  Yang et  al .  invest igated the su lfonat ion of  graphite 

using tosyl .  The react ion occurs at  the edges of  the 

carbonaceous mater ia l .  After exfol iat ion by sonicat ion and 

thermal  treatment ,  a  S -doped graphene was obtained. A good 

e lectrochemical  behaviour was observed with 180 F/g at  500 

mA/g in 6M KOH. 2 2 9  

Dhathathreyan et al .  reduced GO pr ior to impregnate it  with 

phosphor ic acid .  This  procedure a l lows to  obtain  P -doped 

rGO after drying step at  220°C. The act ive mater ia l  sho wed 
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good performance with 365 F/g at  5  mV/s in acid ic aqueous 

so lut ion. 2 3 0  A s imi lar  approach was invest igated by Hulicova -

Jurcakova’s research group. They reported a  P-doping with 

an atomic concentrat ion of  1 .3%, which a l lows to extend the 

e lectrochemical  windows. The specif ic capacitance 

ca lculated from charge -discharge curve at  50 mA/g was 115 

F/g in 1M H 2 SO4 .2 3 1  

 

2.3.1.9.3.  N-B and N-S-co-doped Graphene 

Müllen et  al .  f irst ly reported the s imultaneous co -doping of 

rGO. They reduced hydrothermal ly  GO in presence of 

ammonia –  boron tr if luoride (NH 3 BF 3 ) .  The result ing hydrogel  

was freeze-dr ied to obtain N -B-co-doped graphene aerogel . 

An a l l -sol id-state supercapacitor was fabr icated using 

PVA/H2 SO4  as gel  electro lyte.  Good electrochemical  

behaviour  was demonstrated with 239 F/g at  5  mV/s. 2 3 2  

Chung’s research group used ammonia borane (a lso cal led  

borazane [BH 3NH 3] )  as  versat i le agent for the reduction of 

GO together with its  N -B-co-doping.  Interest ingly,  th is  

compound can be used both in aqueous or in  organic 

environment .  The e lectrochemical  performance was 

evaluated us ing an ionic l iqu id as e lectrolyte:  TEA BF 4 .  A 

specif ic  capacitance of  110 F/g was calcu lated f rom charge -

d ischarge curve at  1 A/g. 2 3 3   

J ia  et  al .  reported the one-pot  hydrothermal  synthesis of  N -

S-co-doped graphene us ing L -cyste ine,  an amino acid,  as 

doping agent .  Interest ingly,  they demonstrated that  the co -

doping has a  synergist ic  effect  leading to higher  performance 

in comparison with s ingly  S -  and N-doped graphene.  In basic  

aqueous electro lyte,  a specif ic capacitance of  186 F/g was 

obtained at  5 A/g. 2 3 4  Dou and col laborators mixed ult ra large 

GO f lakes with 3 -aminobenzenesulfonic  ac id in water to 

obtain an homogeneous dispers ion.  Then,  sample was heated 

f irst ly at  low temperature fo l lowed by a treatment at  high 

temperature to obtain N -S-co-doped graphene paper.  High 

specif ic capacitance was measured in 6M KOH electrolyte 
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(305 F/g at  100 mV/s) . 2 3 5  Recent ly ,  Wong et al .  reported the 

use of  ammonium sulphid e to act  both as  reducing agent and 

doping agent for the one -pot hydrothermal  synthesis of  N -S-

co-doped rGO. The result ing hydrogel  was tested in 6M KOH 

electrolyte.  A gravimetric capacitance of  251 F/g was 

ca lculated from charge -discharge curve at  500 mA/ g. 2 3 6  

 

2.3 .1 .10.  Graphene produced from green precursor  

In  th is  sect ion,  research works focusing on the fabricat ion of 

e lectrochemical  double - layer cap acitors using green source 

of  carbon wil l  be presented.  

Qiu et al .  f irst ly invest igated a green approach for  the 

fabr icat ion of  EDLC.  They produced coal -der ived graphite 

oxide start ing f rom anthracite coal .  After  a  DBD p lasma step, 

graphene-l ike materia l  was obtained and tested in 6M KOH. 

A specif ic capacitance of  195 F/g was measured at  50 

mA/g.2 3 7  Chen et al .  reported the hydrothermal reduct ion of 

GO d ispers ion mixed with biomass or polymer.  Then, 

carbonaceous composite was carbonized and act ivated with 

KOH to obtain a 3D -porous graphene-based mater ia l .  Us ing 

an ionic l iquid as e lectro lyte,  a specif ic capacitance of  225 

F/g was calcu lated from charge -d ischarge curve at  1 A/g. 2 3 8  

Bando et al .  synthesized graphene start ing from glucose and 

ammonium chloride. Under control led temperature,  a  molten 

syrup was obtained and chemical ly  released gas  (such as 

melanoidin) induces bubbles format ion. Then, a thermal 

anneal ing was carr ied out to obtain graphene. The  f lowchart 

of  the synthesis  procedure is  reported in  F igure 2 .29.  In 

ac id ic  aqueous e lectrolyte,  a  specif ic capacitance of  250 F/g 

was measured at  a current density of  100 mA/g. 2 3 9  

 
F i g u r e  2 .  2 9 .  s y n t h e s i s  f l o w c h a r t  o f  t h e  g r e e n  p r o d u c t i on  o f  g r a p h e n e  
s t a r t i n g  f r o m  g l u c o s e . 2 3 9   
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Wi lson and Is lam invest igated the inf i ltrat ion of  CNTs using 

D-glucose pr ior  to  carr ied  out  a thermal  anneal ing.  

E lectrochemical  measurement us ing RTIL  e lectrolyte  showed 

interest ing performance with 120 F/g at  20 mV/s. 2 4 0  Fu  et al .  

reported the production of  graphene -l ike  sheets  start ing 

f rom coconut shel l .  The synthesis pr ocedure required the use 

of  Fe and Zn as cata lyst  of  graphit izat ion and act ivat ing 

agent,  respect ive ly.  After  the graphit izat ion,  both metals  are 

removed, and 3D -porous framework of  graphene - l ike sheets 

is  obtained. A  modest  gravimetric  capacitance of  69 F /g at  1 

A/g was measured in 6M KOH. 2 4 1  Zhang and col leagues used 

shr imp shel ls  to produce N-doped graphene- l ike sheets .  After 

the carbonizat ion of  the bio -polymer layers,  the b iochar is  

r insed with an acidic  so lut ion to remove mineral ized layers 

contained in  the start ing mater ia l .  After a  sonicated -ass isted 

exfol iat ion,  e lectrochemical  ch aracterizat ion in basic 

e lectrolyte was carr ied  out .  Interest ingly,  this  green 

approach leads to high specif ic capacitance with 322 F/g at  

500 mA/g. 2 4 2  

Kale’s research  group produced perforated graphene - l ike 

sheets start ing f rom bougainvi l lea f lowers.  F i rst ,  f lowers 

were washed with  water  and dr ied at  low temperature.  After 

a crushing step to obtain a f ine powder,  thermal t reatment 

was carr ied out to obtain graphene -l ike sheets with unique 

natural ly perforated structure.  E lectrochemical  

character izat ion in neutra l  e lectrolyte  demonstrated high 

specif ic capacitance with  458 F/g at  2.28 A/g. 2 4 3  Another 

green approach was invest igated by Yu a nd co-workers.  They 

carbonized humic acid and they oxid ized the result ing 

powder to obtain carbonaceous mater ia l  s imilar  to graphene 

oxide. After a thermal concomitant  exfol iat ion/reduct ion 

step,  the graphene- l ike materia l  was obtained. A specif ic 

capacitance of  254 F/g was calcu lated f rom charge -d ischarge 

curve at  50 mA/g in 3M KOH. 2 4 4   

A imed by a susta inable  production of  energy storage devices,  

Kumar and co-workers extracted graphite from used primary 



Grap hene -b ased  Sup ercapac i to r s   Chap ter  I I  

-75-  

cel l .  The ‘second -hand’ graphite was used as start ing 

material  for  the fabr icat ion of  eco -fr iendly supercapacitor.  

Graphite was exfo l iated/reduced us ing microwave -ass isted 

process.  An al l - sol id-state  supercapacitor us ing PVA/H 3PO4  

was fabricated with th is  act ive material .  The performance 

was interest ing with 201 F/g at  2 mV/s and 208 F /g at  200 

mA/g f rom CV and charge -d ischarge curves,  respect ive ly. 2 4 5  

 

2.3 .2 .  Hybrid Graphene -based Supercapacitors  

I t  is  wel l -known that  the specif ic capacitance (and energy 

density) of  EDLC can be improved creat ing hybrid  graphene -

based supercapacitors which combine both EDLC and 

pseudocapacitors .   

However,  dur ing the last  decade, the number of  publ icat ion 

report ing graphene-based supercapacitors  containing 

conductive polymers,  metal  oxides,  and/or metal 

d ichalcogenides has  increased exponent ia l ly .  For sake of  

comparabi l ity,  on ly  advances deal ing with  hybr id 

supercapacitors contain ing both EDLC, ass ignable to 

graphene (or reduced graphene oxide) ,  and pseudocapacitors 

are presented.  

 

2.3 .2 .1 .  Conduct ive Polymers  

Conductive  polymers  have attracted attention due to their  

e lectr ical  conductiv ity .  However,  they suffer of  poor 

cyclabi l ity  due to  non -perfect ly  revers ible Faradaic 

react ions.  By forming a  composite  with graphene,  the 

specif ic capacitance of  the graphene -based mater ia l  is  

enhanced alongside the cycle l i fe of  the pseudocapacit ive 

material .  The most studied conduct ive polymers  are 

Polyani l ine (PANI),  Polypyrrole (PPy) ,  and Po ly(3,4-

ethylenedioxythiophene) (PEDOT).   

 

2.3 .2 .1 .1 .  PANI 

Shi ’s  research group f irst  invest igated the fabricat ion of  a 

composite using PANI as pseudocapacit ive material .  They 
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deposited nanofibers  of  PANI  by interfacia l  polymerizat ion 

onto chemical ly  converted graphen e.  A  specif ic  capacitance 

of  214 F/g was calcu lated from charge -d ischarge curve at  a 

current  density  of  300 mA/g using 1M H 2SO 4  as electro lyte. 2 4 6  

Three years later ,  L i  and co -workers invest igated to 

polymerizat ion of  ani l ine onto graphene nanor ibbons 

synthesized f rom MWCNTs. The PANI nanorods a l lows an 

increase of  the gravimetric capacitance,  which reaches a 

va lue of  340 F/g at  250 mA/g using the same electro lyte. 2 4 7  

J iang et  al .  studied an easy one -step electrosynthesis  by 

fabr icat ing a two-electrode conf igurat ion us ing GO and 

ani l ine as act ive mater ia l  and a separator soaked in 1M 

H 2 SO4 .  By applying an alternative potent ia l ,  they 

s imultaneously reduced GO in rGO and polymerized ani l ine in 

PANI.  The electrochemical  performance was interest ing with 

243 F/g at  100 mV/s. 2 4 8  J ing’s  research synthesized rGO -PANI 

composite us ing a sacri f icia l  template.  Indeed, they 

deposited si l ica homogeneously  onto GO.  After an anneal ing, 

they obtained rGO-SiO2 .  Ani l ine was then polymerized onto 

the s i l ica  layer fol lowed by the removal  of  the template to 

obtain rGO-PANI.  Nevertheless,  the measured gravimetr ic 

capacitance was not improved with  127 F/g measured at  500 

mA/g.2 4 9  Xie  et a l .  invest igated a “d ipping and drying” 

strategy to coat  GO with  PANI before an hydrothermal 

synthesis  to reduce GO. This synthesis pathway occurs 

d irect ly on carbon f ibers and a l low the supercapacitor  to  be 

h igh ly f lex ib le and even foldable.  Interest ingly,  the 

e lectrochemical  performance was high with a specif ic 

capacitance of  464 F/g at  1 A/g in  1M H2SO 4 .2 5 0  

Another  approach was fo l lowed by Xu and co -workers us ing 

the inkjet  pr int ing technique. They started from graphene 

powder  and they mixed it  with  previously  polymerized PANI.  

Nevertheless,  the specif ic capacitance is  not  as h igh as 

expected with only  70 F/g at  5 mV/s. 2 5 1  Chi  et  al .  a lso  used 

the inkjet  pr int ing technology,  but  us ing a d if ferent synthesis 

pathways as shown in Figure 2 .30. The specif ic  capacitance 
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was s ignif icant ly improved with 864 F/g at  1 A/g using the 

same electro lyte. 2 5 2  

 
F i g u r e  2 .  3 0 .  S y n t h e s i s  p a t h w a y s  f o r  t h e  f a b r i c a t i on  o f  t h e  f l e x i b l e  r G O - P A NI  
s u p e r c a p a c i t o r  d e v i c e  b y  i n k j e t  p r i n t i n g .  ( I )  f o r m a t i o n  o f  3 D - h y d r o g e l  b y  s e l f -
a s s e m b l y  p r o c e d u r e ,  ( I I )  i n - s i t u  p o l y m e r i z a t i on  o f  P A N I  on t o  g r a p h e ne  
h y d r og e l ,  ( I I I )  h o m o g e n i z a t i on  o f  t h e  G H - P A N I  m i x t u r e  t o  p r e p a r e  t h e  i n k ,  
( I V )  i n k j e t - p r i n t e d  G O  s o l u t i on  o n  p a p e r  s u b s t r a t e ,  ( V )  p r i n t i n g  s t e p  o f  t h e  
G H - P A N I  i n k ,  ( V I )  s oa k i n g  b y  H I  s o l u t i on ,  ( V I I )  c o n c o m i t a n t  r e d u c t i on  a nd  
p e e l i n g  o f  t h e  G H - P AN I @ G O  p a p e r ,  a n d  ( V I I I )  f a b r i c a t i on  o f  t h e  
s u p e r c a p a c i t o r  d e v i c e . 2 5 2  

Gong ’ s  research group later fabricated a freestanding 

electrode for f lex ible a l l -sol id-state supercapacitors .  They 

deposited ani l ine on as -prepared or iented graphene 

hydrogel .  Then, they performed the in-s itu  polymerizat ion to 

obtain G-PANI composite.  The speci f ic capacitance was 

interest ing with  530 F/g at  500 mA/g,  but  using a  gel 

e lectrolyte (PVA/H 2SO 4 )  instead of  the l iqu id  e lectrolyte. 2 5 3  

Sekar et al .  reported a c lose approach.  Indeed, they prepared 

p i l lared graphene by chemical  reduct ion of  GO using NaBH 4 .  

Then, they in-s i tu  polymerized ani l ine in presence of  phytic 

ac id to prepare the nanocomposite .  The gravimetr ic 

capacitance was close to the previous report  with  652 F/g at 

10 mV/s,  but  they use 0.5M H2 SO 4  in  th is  work. 2 5 4  

Recently ,  Lei ’s  research group studied the oxidat ion 

polymerizat ion of  ani l ine  on graphene nanomesh synthesized 
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by means of  a CVD technique. The as -prepared PANI is  

composed by nanorods structure.  The electrochemical 

performance is  interest ing with 452 F/g at  1 A/g. 2 5 5  Hong and 

co-workers reported the layer -by- layer deposit ion of  GO to 

obtain a 3D -rGO-based structure by hydrothermal  synthesis.  

Then,  they in-s itu  polymerized ani l ine to obtain rGO -PANI 

nanocomposite .  The specif ic  capacitance was h igh  with 438.8 

F/g at  500 mA/g using 1M H 2 SO4 .2 5 6  Zhang’s research group 

further enhance the electrochemical  performance by 

d ispers ing a lready prepared PANI f ibe rs in  GO solut ion before 

a  hydrothermal  reduct ion. In  this  case,  the 3D -

nanocomposite d isplayed a specif ic  capacitance of  808 F/g at 

1 A/g using the same electro lyte. 2 5 7  

 

2.3 .2 .1 .2 .  PPy 

Biswas and Drzal  f i rst  reported the use of  PPy (Polypyrrole) 

as  pseudocapacit ive  materials  to  fabr icate graphene -PPy 

composite and use i t  for supercapacitor  appl icat ions.  They 

synthesized PPy nanowires  by chemical  polymerizat ion us ing 

Pyrro le  as precursor .  Then,  they produced an emuls ion by 

sonicat ion of  an aqueous d ispersion of  PPy nanowires,  which 

adsorb at  the l iquid - l iqu id interface after  adding ch loroform. 

They t ransferred the PP y f i lms formed at  the interface to the 

graphene and they use th is composite as electrode. The 

specif ic  capacitance was 165 F/g at  1 A/g us ing 1M NaCl as 

e lectrolyte. 2 5 8  Later,  Swager  et  al .  studied the concomitant 

reduct ion of  GO and polymerizat ion of  pyrrole .  The as -

prepared rGO-PPy nanocomposite f i lm is  f reestanding and 

has good e lectrochemical  propert ies  with a specif ic 

capacitance of  277 F/g at  10 mV/s in 1M KCl . 2 5 9  Qu’s  research 

group invest igated a s imi lar  idea us ing electro -

polymerizat ion instead of  chemical  polymerizat ion. 

Interest ingly,  the as -prepared e lectrolyte  is  to lerant  to h igh 

compress ion without s ign if icant decrease of  the 

e lectrochemical  performance. Moreover,  without 
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compress ion,  the specif ic capacitance was evaluated of  about 

350 F/g at  1.5 A/g us ing 3M NaClO 4  as  electrolyte. 2 6 0  

D ing and co-workers  invest igated the use of  rGO -PPy 

nanocomposite as  act ive material  for the fabr icat ion of  al l -

so l id-state  supercapacitors.  They f irst  dispersed GO and 

pyrrole  to  create  a  suspension. Then, they reduced GO and 

s imultaneously polymerized pyrrole in  PPy. The chemical 

reduct ion occurred in prese nce of  i ron ( I I I )  ch loride and 

hydroiodic acid .  The specif ic capacitance,  using PVA/H 2SO4 ,  

was 72 F/g at  150 mA/g. 2 6 1  L i  et al .  reported a s imi lar  

approach. Nevertheless ,  they synthesized PPy nanofibers 

before to mix them with GO and to chemical ly reduced it  with 

HI .  An improvement of  the specif ic capacitance,  in 

comparison with the previous work,  was observed using 

PVA/H3 PO4  as ge l  e lectrolyte.  A  va lue of  345 F/ g was 

ca lculated from discharge curve at  a current  density  of  1 

A/g. 2 6 2  F inal ly ,  Du and c ol leagues fabr icated supercapacitor 

start ing from pyrrole  and GO.  The in-s itu  polymerizat ion  was 

carr ied out using p -to luenesulfonate (p -TsOH) acid instead of  

HI .  A schemat ic i l lustrat ion of  the synthesis pathways is  

shown in  F igure 2 .31. A good e lectroche mical  behaviour was 

observed with a speci f ic  capacitance of  255.7  F/g at  200 mA/g 

using 3M KCl  as electrolyte. 2 6 3  

 
F i g u r e  2 .  3 1 .  S c h e m a t i c  r e p r e s e n t a t i on  o f  t h e  s y n t h e s i s  p a t h w a y s  o f  t h e  P Py  
a n d  P P y - r G O  c om p os i t e s . 2 6 3  
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2.3 .2 .1 .3 .  PEDOT 

Despite  the several  works  reported us ing PEDOT as 

pseudocapacit ive mater ia l  coupled with graphene, only two 

of  them report  the gravimetric capa citance. The others 

report  the areal  capacitance.  

Pandey and Rastogi  invest igated graphene -PEDOT 

nanocomposite for  supercapacitor  appl icat ions in  2013. They 

started f rom graphene nanoplatelets and EDOT(monomer of 

PEDOT).  By a s ingle electrochemical  step,  they obtain 

graphene-PEDOT nanocomposite .  They tested it  by us ing 

BMImBF 4 ,  after ge l i f icat ion,  as  gel  e lectro lyte.  They obtained 

good e lectrochemical  performance with 110 F/g at  10 

mV/s.2 6 4  Later,  in  2015,  Chen’s  research group invest igated 

PEDOT doped with PSS as pseudocapacit ive material .  They 

f irst  mix  it  with GO before a so lvothermal  reduction at  60°C 

for 24 hours in  d iethylene glycol  and phosphor ic acid .  The 

specif ic  capacitance,  us ing PVA/H 3PO 4  as  gel  electro lyte,  was 

l ight ly inferior with 82 F/g at  10 mV/s.  Interest ingly,  th is 

approach permits to obtain large f i lm with  high f lexib i l i ty as 

shown in Figure 2 .32. 2 6 5   

 
F i g u r e  2 .  3 2 .  P h o t og r a p h s  o f  t h e  a s - p r e p a r e d  P E D O T : P S S  f i l m  ( 3 0 x7  c m ) 2 6 5  

2.3 .2 .2 .  Transit ion  Metal  Oxides  

Transit ion Metal  Oxides  are  attract ive  pseudocapacit ive 

material  to create hybrid  supercapacitor with h igh speci f ic 

capacitance,  and consequent ly  h igh  energy density.  Indeed, 

they possess a wide range of  oxidat ion states which al lows 

th is  mater ia l  to contribute to  the specif ic c apacitance with 

near-surface revers ib le redox react ions.  However,  they 

sometimes struggle due to  a  poor  e lectr ical  conduct ivity 

which l imits the del iverable performance.  
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2.3.2.2.1.  Ruthenium Oxide  

The f irst  report  was publ ished by Mishra and Ramprabhu in 

2011. They deposited Ruthenium ( I I I )  Ch lor ide [RuCl 3 ]  on 

hydrogen exfo l iated graphene. By addit ion of  NaOH, 

Ruthenium Oxide was obtained on graphene. The specif ic 

capacitance was measured by both CV and CCCD in 1M H 2 SO4 .  

Capacitance of  265 F/g at  10 mV/s and 220 F/g at  10 A/g were 

ca lculated,  respect ive ly. 1 0 1  The same year,  a  s imilar  approach 

was reported by Alshareef’s  research group.  They evaluated 

a specif ic  capacitance of  about 365F/g at  20 mV/s in 10M 

NaOH electro lyte. 2 6 6  

L in  et  al .  invest igated the  synthesis  of  rGO -RuO 2  start ing 

f rom GO and RuCl 3 .  After the homogeneous suspension was 

obtained, a hydrothermal  synthesis  was carr ied  out  to  reduce 

graphene fol lowed by a  thermal  anneal ing to increase the 

crysta l l in ity of  the pseudocapacit ive materials .  A gravimetr ic 

capacitance of  551 F/g was calcu lated f rom charge -d ischarge 

curve at  1 A/g in ac idic aqueous electro lyte. 2 6 7  L iu  and co-

workers  studied a control lab le nanosheets reassembly 

process between RuO 2  nanosheets and graphene nanosheets 

previously prepared and mixed together to  obtain the 

nanocomposite .  However,  the speci f ic  capacitance is  

s ign if icantly  lower  with 100 F/g at  a current  density of  5 

A/g. 2 6 8  

Dickerson’s research group mixed GO with RuCl 3  before 

adding NaOH inducing the formation of  RuO 2 .  By addit ion of 

NaOH again,  and by ageing the so lut ion for long  t ime, a 

deoxygenat ion of  the GO occurs inducing the format ion of  

the rGO-RuO 2  nanocomposite .  Using 1M H 2 SO 4 ,  they 

measured a specif ic  capacitance of  500 F/g at  a current 

density of  1 A/g. 2 6 9  They reported the same year a specif ic 

capacitance of  418 F/g with  a  gel  e lectro lyte  (PVA/H 3PO 4 )  in 

the same condit ion. 2 7 0   

The last  report  was pub lished by Wang and co -workers .  They 

prepared a  Ru hydrosol  start ing f rom RuCl 3  and adding 

NaBH4 .  Then,  they add GO and chemical ly  reduced it  using 
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hydraz ine to obtain rGO -RuO 2  nanocomposite .  An 

outstanding specif ic capacitance of  1099 F/g was measured 

at  500 mA/g using 1M H 2SO4  as e lectrolyte. 2 7 1   

 

2.3.2.2.2.  Manganese Oxide 

Ruthenium is  an attract ive pseudocapacit ive  materia l .  

However,  i t  is  expensive which l imits i ts  industr ia l -sca le 

appl icat ion. Manganese is  a  good candidate to subst itute it .  

Maj id and co-workers  invest igated the formation of  a rGO -

wrapped-MnO2  nanocomposite .  They dispersed GO in water,  

adding L-ascorbic  acid as reducing agent,  and manganese ( I I ) 

acetate.  They obtained the desired nanocomposite by 

e lectrodeposit ion. A  speci f ic capacitance of  378 F/g was 

measured at  a scan rate  of  1 mV/s using 1M  Na 2SO4 . 2 7 2  L i ’s 

research group invest igated another approach. Indeed, they 

hydrothermal ly synthesized nanobelts  β -MnO 2  start ing f rom 

manganese (I I )  sulfate and ammonium sulfate.  Then, they 

mixed it  with GO and hydrothermal reduced the GO. A 

gravimetr ic capacitance o f  362 F/g at  a current  density of  1 

A/g with a bas ic aqueous electro lyte (6M NaOH). 2 7 3  Kuang et 

al .  reported the one -pot hydrothermal synthesis  start ing 

f rom the same precursors .  The electrochemical  performance 

was consistent with  the previous report .  Indeed,  the specif ic 

capacitance of  about 321 F/g at  a  current density of  0 .5  A/g 

using 1M NaOH. 2 7 4  

Another manganese oxide has focused attent ion for energy 

storage appli cat ion:  Mn 3 O4 .  Deng et al .  reported the 

synthesis  of  rGO-Mn 3O 4  nanocomposite start ing f rom 

manganese ( I I )  n it rate  and mix it  with microwave -ass isted 

reduced GO.  They hydrothermally  treated the mixture 

fo l lowed by a microwave step.  Then,  the nanocomposite w as 

tested using 5M KOH as electro lyte.  A specif ic capacitance of  

345 F/g was calcu lated from charge -d ischarge current at  a 

current  density 1 A/g. 2 7 5  Wang’s  research group fabr icated 

an al l - sol id-state supercapacitor  based on vert ica l ly  a l igned 

graphene decorated with Mn 3 O4  nanopart ic les .  They  
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hydrothermal ly synthesized the pseudocapacit ive mater ial  

start ing f rom manganese (I I )  acetate.  After the hydrothermal 

step,  they annealed the nanocomposite  to increase the 

crysta l l in ity of  the manganese oxide.  A specif ic  capacitance 

of  562 F/g was measure d at  a current density  of  0 .7 A/g us ing 

PVA/H3 PO4  as ge l  electro lyte. 2 7 6  

 

2.3.2.2.3.  Molybdenum Oxide  

Fol lowing the idea to reduce the cost  of  the act ive material ,  

Molybdenum Oxide has  attracted much attent ion due to  i ts 

oxidat ion states comprised between +2 and +6. Chen et al .  

f irst  reported the synthesis of  a  nanocomposite α -MoO3-

decorated graphene sheets  tested in  a  two -electrode 

conf igurat ion. They e lectrochemical ly exfol iated graphite 

rods us ing a so lut ion of  sodiu m molybdate as electrolyte.  The 

as-obtained composite was then dried and f inal ly  annealed 

at  200°C in air  for 2 hours.  A schemat ic representat ion of  the 

synthesis  pathways is  shown in Figure 2 .33. The 

e lectrochemical  characterizat ion was carr ied  out us ing 6M 

KOH as electro lyte.  A maximal  gravimetric  capacitance of 

86.3 F/g was obtained at  a current density  of  100 mA/g. 2 7 7  

Another approach was inv est igated by Zhou and co -workers 

using the same precursor of  Mo (sodium molybdate) .  Indeed, 

they carr ied  out  a  one -pot  solvothermal synthesis using GO 

and sodium molybdate as  precursor.  The result ing solvogel 

was f reeze-dried to obtain MoO 3-graphene aeroge l .  The as-

prepared Molybdenum Oxide (VI)  has a nanometric s ize and 

was covalently l inked with the reduced Graphene Oxide by 

oxygen bonding. The specif ic  capacitance was s ignif icant ly 

improved, even us ing a gel  e lectrolyte (PVA/H 2 SO4 ) ,  with a 

specif ic capac itance of  373 F/g at  1  A/g. 2 7 8  

Ch iu et al .  reported the preparat ion of  MoO 3-graphene 

nanocomposite by a faci le so lvothermal  synthesis .  They f irst 

exfol iated graphene start ing from graphite f lakes by a typ ica l 

l iqu id  exfo l iat ion procedure.  Then ,  they d ispersed as -

prepared graphene f lakes with ammonium molybdate as Mo 
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precursor in  ethylene g lycol .  Th is  solvent al lows to avoid  the 

use of  DMF which is  more toxic.  The result ing solvogel  was 

centri fugated and dried before a  thermal  treatment to 

increase the crystal l in ity of  the molybdenum oxide. A specif ic 

capacitance of  148 F/g was measured at  5 mV/s in 1M 

Na2 SO 3 .2 7 9  The same work was recently published with more 

structural  and e lectrochemical  character izat ions. 2 8 0  

 

 
F i g u r e  2 .  3 3 .  S c h e m a t i c  r e p r e s e n t a t i on  o f  t h e  p r o d u c t i on  o f  α - M o O 3 -
d e c o r a t e d  g r a p h e n e  s h e e t s . 2 7 7  

Giardi  et al .  invest igated the hydrothermal  synthesis  of 

Molybdenum Ox ide ( IV) instead of  Molybdenum Oxide (VI).  

Indeed, the less oxidized specie is  more conduct ive which 

a l lows to decrease the equivalent ser ies res istance (ESR) of 

the nanocomposite .  They hydrothermal ly  synthesized MoO 2-

decorated rGO aerogel  start ing from GO  and 

phosphomolybdic ac id as Mo precursor .  The result ing 

hydrogel  was rapidly  frozen in l iqu id n it rogen fo l lowed by a 

f reeze-dying procedure. XRD confirmed the monol ith ic phase 

of  MoO2  nanopart icles onto graphene sheets .  The 

e lectrochemical  characterizat io n was performed us ing 1M 

Na2 SO 4  as aqueous e lectrolyte.  A gravimetr ic capacitance of  

381 F/g was measured at  a scan rate  of  0 .5 mV/s. 2 8 1  A s imi lar  
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approach was invest igated in chapter 4 in  comparison with 

the in-s itu  synthesized MoS 2  sample,  in  chapter 5 with  the 

addit ion  of  L -ascorbic  ac id as reducing agent ,  and in  chapter 

6 as act ive material  for micro -supercapacitor appl icat ions.  

 

2.3.2.2.4.  Cobalt  Oxide  

Cobalt  Oxide (Co 3O 4)  has also  attracted much attention due 

to  the wide range of  oxidat ion states  of  the Co centre (f rom 

+1 to +5) .  Wang et a l .  reported the one -pot hydrothermal 

synthesis  of  Co 3 O 4-decorated rGO hydrogels .  They used 

cobalt  acetate ( I I )  as  Co precursor .  A specif ic  capacitance of 

about 250 F/g was measured at  a current density of  0.5 A/g 

using 6M KOH as  electrolyte. 2 8 2  A s imilar  approach was later 

invest igated by Liu  and co -workers .  They started from the 

same precursors,  but  they adjusted the pH value to  9 .5 us ing 

ammonia so lut ion.  The as-obtained Co 3O 4-decorated rGO 

hydrogels were electrochemical ly tested us ing 2M KOH as  

e lectrolyte.  A gravimetric capacitance of  263 F/g was 

ca lculated from charge -discharge curve at  a current density 

of  0 .2  A/g. 2 8 3  L iao  et  al .  fabricated an al l - so l id -state  with 

outstanding performance (580 F/g at  1  A/g us ing PVA/KOH as 

gel  electro lyte) .  They used carbon fabr ic as support  to 

growth vert ica l ly al igned graphene nanosheets by microwave 

p lasma enhanced chemical  vapor  deposit ion  (MPECVD).  Th en, 

they hydrothermal ly  synthesized Co 3O 4  nanopart ic les on 

VAGN@CF using cobalt  acetate  ( I I )  as precursor .  SEM images 

of  the d if ferent steps are shown in F igure 2 .34.2 8 4   

 
F i g u r e  2 .  3 4 .  ( a )  L ow - m a g n i f i c a t i on  a n d  ( b )  h i g h - m a g n i f i c a t i on  S E M  i m a g e s  
o f  t h e  V A G N @ C F ;  ( c )  h i g h - m a g n i f i c a t i on  S E M  i m a g e  o f  t h e  a s - s y n t h e s i z e d  
C o 3 O 4  n a n op a r t i c l e s  on  V A G N @ C F . 2 8 4  
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2.3.2.2.5.  Others Transition Metal  Oxides  

Ping Wong et al .  invest igate tungsten tr ioxide as 

pseudocapacit ive  mater ia l  to  produce nanocomposite  with 

enhanced propert ies .  In  the f i rst  report,  they synthesized 

WO 3  by hydrothermal  synthes is start ing from ammonium 

paratungstate as W precursor .  Then, they mixed the as -

prepared nanopart ic les with chemical ly  reduced GO. In the 

second, they reported the one -pot hydrothermal  synthesis 

start ing f rom the same W precursor .  E lectrochemical  

measurements were carr ied out using 1M Na 2SO 3  as neutral  

e lectrolyte.  The speci f ic capacitance,  ca lcu lated f rom charge -

d ischarge curves at  a  current density of  0 .7 mA/g,  was 85.7 

F/g 2 8 5  and 274 F/g 2 8 6 ,  respect ively.  

Yuan and co-workers  reported the hydrothermal synthesis  of  

Ni (OH) 2  start ing from Nickel  Nitrate  ( I I )  and sodium 

hydroxide. The result ing hydrogel  was then freeze -dr ied to 

obtain Ni(OH) 2-decorated rGO aerogel  with  outstanding 

propert ies  (1461 F/ g at  5 mV/s). 2 8 7  Another group, 

supervised by Shi ,  reported the fabr icat ion of  NiO -graphene 

composite by using a lcohols - rGO as substrate.  They used the 

same precursor for Nickel .  However,  after the hydrothermal 

synthesis ,  the product  was dried in an oven fol low ed by a 

microwave treatment at  300°C for 1 minute.  Good 

gravimetr ic performance was obtained with 530 F/g at  1  A/g 

using 2M KOH as  e lectrolyte. 2 8 8  

L i  et al .  studied ZnO as pseudocapacit ive material  to 

fabr icate  hybrid  supercapacitors .  They synthesized ZnO -

decorated hydrogel  by hydrothermal synthesis us ing 

hydraz ine as reducing agent .  The precursor of  ZnO was z inc 

n itrate ( I I ) .  They fabricated al l - so l id-state supercapacitors 

using PVA-H2 SO4  as ge l  electrolyte.  The  obtained 

performance was interest ing with 156 F/g at  5 mV/s. 2 8 9  Zhang 

and co-workers invest igated a  dif ferent  approach to 

fabr icate  ZnO-rGO nanocomposite .  Indeed, they mixed GO 

with z inc acetate ( I I )  under microwave irradiat ion unt i l  the 

so lvent was fu l ly removed. Then, another  microwave 
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i rradiat ion was carr ied  out  dur ing 5 minutes  at  1000 W. A 

specif ic  capacitance of  125 F/g was calcu lated f rom charge -

d ischarge curve at  1 A/g using 1M Na 2SO4  as neutral  

e lectrolyte. 2 9 0  

Ma et al .  synthesized maghemite (γ -Fe2O 3 )  start ing f rom Iron 

Chlor ide ( I I I )  as Fe precursor .  F irst ,  they mixed GO wi th the 

Fe precursor  to  decorate GO with  Fe 3 +  cat ions.  After 

removing the excess  of  cat ions,  they treated thermal ly the 

sample in inert  atmosphere for  2 hours  at  350°C. The as -

prepared nanocomposite demonstrated interest ing 

e lectrochemical  propert ies with 1 75 F/g at  0.2 A/g in 6M 

KOH.2 9 1  In  another  report ,  Ghol ipour -Ranjbar and co-workers 

synthesized Fe 3O 4-decorated-N-doped rGO.  F irst ,  they 

prepared N-doped rGO by hydrothermal synthesis in 

presence of  ammonia solut ion. Then, they add Iron sul fate 

( I I )  as Fe precursor and they synthesized the nanocomposite 

by a faci le  sonochemical  method.  The magnet ite -based 

nanocomposite showed high gravimetric  capacitance with 

355 F/g at  2 mV/s. 2 9 2  Sharma’s research  group invest igated 

the synthesis of  magnet ite  nanoplate lets over holey 

graphene for  supercapacitor  appl icat ions.  They produced GO 

nanoribbon by unzipping of  MWCNT using strong oxid iz ing 

species.  Then, they mixed GO with 2 di f ferent precursors of 

Fe:  iron sulfate ( I I )  and i ron chloride ( I I I ) .  They f inal ly 

prepared the nanocomposite using a typ ical  hydrothermal 

synthesis .  An al l - sol id-state supercapacitor was fabr icated 

using PVA/H 2 SO 4  as ge l  e lectro lyte.  A specif ic  capacitance of 

64 F/g was measured at  a current density of  1 A/g. 2 9 3   

Vanadium has also  attracted attention for  energy  storage 

appl icat ions.  Interest ingly,  V 2 O5  can  be found in various 

spat ia l  conf igurat io ns such as nanowires,  microspheres,  etc. ,  

as shown in F igure 2.35.  



Chap ter  I I                                      Grap hene -based  Sup ercapac i to r s  

-88-  

 
F i g u r e  2 .  3 5 .  V 2 O 5  n a n os t r u c t u r e s :  ( l e f t )  T E M  i m a g e  o f  V 2 O 5  n a n ow i r e s  on  
a l k a l i n e  d e o xy g e n a t e d  G O 2 9 4 ;  ( r i g h t )  S E M  i m a g e  o f  p u r e  V 2 O 5  
m i c r o s p h e r e s . 2 9 5  

Balkus et al .  reported the s ynthesis of  V 2 O 5  nanowires on 

a lkal ine deoxygenated GO. They so lvothermal ly produced the 

pseudocapacit ive materials  start ing f rom vanadium 

oxytri isopropoxide (V) as  V precursor  in  presence of  

P luronic®123 as surfactant .  The as -prepared nanocomposite 

is  reported in Figure 2 .35 ( left ).  The speci f ic capacitance was 

evaluated using 1M L iTFSI  in  acetonitr i le  as  e lectrolyte.  A 

va lue of  80 F/g was obtained at  a current  density of  0.5 

A/g. 2 9 4  Ai  and co-workers  used the same solvothermal 

react ion but,  in  th is  case,  an  anneal ing step was carr ied  out 

at  dif ferent temperature between 250 and 550°C for 30 

minutes.  The as-obtained microspheres (see Figure 2 .35 

(r ight))  supported by rGO f lakes were tested 

e lectrochemical ly us ing 8 M LiCl  as  neutra l  e lectro lyte.  A 

s ign if icant improvement of  the specif ic capacitance was 

obtained with 470 F/g at  1 A/g. 2 9 5  Fan’s research group 

synthesized nanocomposite start ing f rom GO and VO(acac) 2  

as V precursor .  After the s low mixing procedure need to 

obtain homogeneous suspension,  a  hydrothermal  synthesis 

was carr ied out during 24 hours at  180 °C.  To further improve 

the e lectrochemical  performance,  a hydrogen thermal 

processing was performed to reduce part ia l ly V 2O 3  to VO x  

nanostructures.  The result ing graphene br idged V 2O 3/VO x  

core-shel l  nanostructured e lectrode has  an  e lectronic 

conductivity several  orders of  magnitude h igher than 

common vanadium oxide. The structure of  the electrode is  
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shown in Figure 2 .36. The specif ic capacitance,  evaluated 

using neutra l  aqueous electro lyte,  was sign if icant ly  improved 

with a  value of  590 F/g at  a scan rate of  5  mV/s. 2 9 6  

 
F i g u r e  2 .  3 6 .  s c h e m a t i c  r e p r e s e n t a t i on  o f  t h e  g r a p h e n e  b r i d g e d  V 2 O 3 / V O x  
c o r e - s h e l l  n a n o s t r u c t u r e d  e l e c t r o d e  ob t a i n e d  a f t e r  t h e  h y d r og e n  t h e r m a l  
t r e a t m e n t . 2 9 6  

2.3 .2 .3 .  Transit ion  Metal  Dichalcogenides   

2.3.2.3.1.  General  background 2 9 7 – 3 0 5  

Since the f irst  isolat ion of  graphene in 2004 by Geim and 

Novoselov,  2D materials  which are analogues to graphene 

have attracted much attention due to  the development  of 

new techniques for the iso lat ion of  layered structures.  

Beyond graphene, it  ex ists  a  large family  of  2D -mater ia ls  such 

as  Transit ion  Metal  D ichalcogenides (TMDs),  hexagonal -

Boron Nitr ide (h -BN),  X-ene such as s i l icene and germa nene, 

b lack phosphorous,  etc.  F igure 2 .37 indicates the chemical  

composit ion of  these 2D mater ia ls  start ing  from the per iodic 

table.  

In  th is  sect ion,  Transit ion Metal  Dichalcogenides (TMDs) are 

presented.  TMDs are a family composed by around 40 

members which some of  them have a layered spat ia l 

conf igurat ion (predominant ly from group 4 -7 in the per iodic 

table) whi le others d isp lay non - layered structures (mainly 

f rom group 8 -10).  The most interest ing TMDs for energy 

storage appl icat ions are layered due to  their  outstanding 

propert ies  (transparency,  f lex ibi l i ty ,  electr ica l  behaviour , 

etc. )  when isolated.  
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F i g u r e  2 .  3 7 .  C h e m i c a l  c o m p o s i t i o n  o f  t h e  2 D  m a t e r i a l s  s t a r t i n g  f r o m  t h e  
p e r i od i c  t a b l e . 3 0 3  

Start ing from the def init ion,  a  s ingle layer  of  TMD is  

composed by a s ingle sheet of  t ransit ion -metal  atoms 

sandwiched between two layers of  chalcogens.  A  schematic 

representat ion of  the chemical  structure is  shown in  F igure 

2 .38.  The result ing structure has a  thickness around of  6~7 

Å. The intra- layer chemical  bonds are  predominant ly covalent 

(strong bonds)  whi le  the stacking of  the d if ferent  layers  is 

governed by Van der Waals forces.  Consequently,  i t  i s 

possible to c leave the bulk structure to iso late a layer of  TMD 

fo l lowing a s imi lar  approach developed to obtain the 

graphene from graphite.   

 
F i g u r e  2 .  3 8 .  s c h e m a t i c  r e p r e s e n t a t i on  o f  t h e  c h e m i c a l  s t r u c t u r e  o f  a  l a y e r ed  
t r a n s i t i o n  m e t a l  d i c h a l c og e n i d e . 3 0 4   
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The metal  coordination of  layered TMDs can be e ither  

t r igonal  pr ismat ic or octahedral  as i l lustrated in F igure 2 .39. 

Typica l ly ,  TMDs are  found natural ly as  the 2H polytype  

because the 1T-phase is  metastable.  As demonstrated by 

Chhowalla et al . ,  i t  is  poss ible to reversib ly transform the 2H 

phase in 1T us ing  a  chemical  process.  Th is  t ransformation can 

be part ia l  or  complete  according to the exper imental 

procedure. 3 0 6 , 3 0 7  

 
F i g u r e  2 .  3 9 .  m e t a l  c o or d i n a t i on  f or  l a y e r e d  T M D s .  A t o m  c o l ou r  c od e :  p u r p l e ,  
m e t a l ;  y e l l o w ,  c h a l c og e n . 2 9 7  

Interest ingly,  some TMDs are chemical ly act ive  (such as MoS 2  

and WS 2 )  and can store energy through fast  and revers ible 

redox react ions us ing the transit ion -metal .  In  addit ion,  the 

layered structure faci l i tates the ions intercalat ions.  Layer ed 

TMDs are  materials  which combine both  double - layer 

capacitor and pseudocapacitor behaviours. 3 0 8  

To obtain layered TMDs, two main approaches are typ ica l ly 

envisaged:  CVD and l iquid exfol iat ion.  The f i rst  way is  a 

“bottom -up” approach which  a l lows to  growth extremely 

pure MoS 2  nanof lakes with control led s ize and th ickness.  

However,  the scalabi l ity of  this  method  from lab scale to 

industr ia l  scale is  l imited by the r ig id exper imental 

condit ions such as high temperature,  high vacuum, etc. 3 0 9 – 3 1 1  

The other approach is  a “top -down” l iquid exfo l iat ion  

s tart ing from bulk TMDs. This  method is  more suitable for 

h igh  quanti ty  product ion of  s ingle layer or  mult i - layers 

TMDs. By sonicat ion,  it  i s  possib le to break the Van der Waals 

forces which  mainta in  together  the dif ferent TMDs layers.  

These methods used typ ica l ly dimethylformamide or N-

methyl -2-pyrrol idone as solvent.  Th is way demonstrated high 

ef f iciency for  a wide range of  2D mater ia ls:  MoS 2 ,  WS2 ,  

MoSe 2 ,  NbSe 2 ,  TaSe 2 ,  N iTe 2 ,  MoTe 2 ,  h-BN, Bi 2Te3 ,  and 

graphene. 3 5 , 3 1 2  
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TMDs, and in  part icu lar MoS 2 ,  s ince i ts  f i rst  appl icat ion as 

s ingle layer-transistor developed by K is  et  al .3 1 3 ,  have been 

invest igated in a  wide range of  appl icat ions such as cata lys is,  

sensing,  e lectronic  devices,  energy storage,  etc.   

 

2.3.2.3.2.  Molybdenum Disulfide  

Molybdenum Disu lf ide (MoS 2 )  is  the most studied TMD for 

energy storage applicat ion. Indeed, Mo as transit ion -metal  i s 

h igh ly interest ing due to its  wide range of  oxidat ion states 

f rom +2 to +6. The theoretical  specif ic capacitance was 

evaluated about 1000 F/g. 3 1 4 , 3 1 5  A focus on this material  is  

reported in Chapter 4 .  

Dryfe et al .  reported the preparat ion of  MoS 2/graphene 

composite for supercapacitor  appl icat ions.  They f i rst  

exfol iated MoS 2  in  NMP by a typ ical  phase exfo l iat ion and 

prepared graphene f lakes from graphene powder.  An 

i l lustrat ion of  the exfo l iat ion procedure is  shown in Figure 

2 .40.  Then, both act ive materials  were mixed together 

according to d if ferent weight rat ios.  The best  performance 

was obtained in  a coin -cel l  with  1M Na 2SO4  as  neutral  

e lectrolyte for the MoS 2 /graphene composite with a weight 

rat io of  3:1 .  A  gravimetr ic capacitance of  11 F/g was 

measured at  5 mV/s. 1  

 
F i g u r e  2 .  4 0 .  s c h e m a t i c  r e p r e s e n t a t i on  o f  t h e  e x f o l i a t i on  p r o c e d u r e  i n  N M P 
s t a r t i n g  f r o m  b u l k  M oS 2 . 1  

The same group reported later the synthesis of  1H -MoS 2-

graphene@Oleylamine by hot - in ject ion thermolysis  of  a 

s ingle precursor ( [Mo 2O 2S 2 (S2 COEt) 2 ] ) .  Th is approach 

demonstrated more suitable performance for supercap acitor 

e lectrodes with 50 F/g ca lculated f rom charge -discharge 
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curve at  a  current density  of  0 .37 A/g with the same 

electrolyte .3 1 6  

Lambert i  et al .  invest igated a new approach to produce 

MoS2 -graphene nanocomposite .  They deposited 

commercial ly avai lab le  2H -MoS 2  on  a  polyimide substrate 

fo l lowing by a laser treatment .  The MoS 2 - laser induced 

graphene nanocomposite showed interest ing areal 

capacitance,  but the gravimetric capacitance cannot be 

evaluated. The exper imental  setup with FESEM images of  the 

as-prepared sample are reported in F igure 2 .41. 3 1 7  

 
F i g u r e  2 .  4 1 .  E x p e r i m e n t a l  s e t u p  ( l e f t )  a n d  FE S E M  i m a g e s  o f  t h e  a s - p r e p a r e d  
s a m p l e  a t  d i f f e r e n t  m a g n i f i c a t i on  ( r i g h t ) . 3 1 7  

Jena’s research group reported the hydrothermal synthesis 

of  rGO-MoS2  start ing f rom GO, ammonium heptamolybdate  

as  Mo precursor ,  and t hiourea as su lphur precursor .  The as -

prepared MoS 2  was hol low spher ica l  instead of  the layered 

structure usual ly targeted. However,  the speci f ic capacitance 

was s ignif icant ly improved with  318 F/g at  1  mV/s in  neutral  

aqueous electro lyte. 3 1 8   

A s imilar  approach was invest igated us ing L -cysteine as S 

precursor,  which  al lows to avoid  the use of  the toxic 

th iourea. Experimental  setup,  resu lts ,  and d iscussions are 

reported in Chapter 4 .  

 

2.3.2.3.3.  Tungsten Disulfide  

Ratha and Rout f irst ly reported the hydrothermal synthesis 

of  rGO/WS 2  nanocomposite .  They mixed GO, WCl 6  as W 

precursor,  and th ioacetamide as S precursor .  The as -
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prepared nanocomposite d isp layed undist inguishable 

nanof lakes of  rGO and WS 2  int imately mixed together.  This 

homogeneous composite showed high gravimetr ic 

capacitance with 350 F/g at  2 mV/s using 1M Na 2 SO4  as 

aqueous electro lyte. 3 1 9  

Min’s research group recent ly reported the fabricat ion of  a 

f lexible  al l - sol id-state  supercapacitor with  u ltralarge 

graphene nanosheets  and l iqu id exfo l iated tungsten disul f ide 

as  act ive  mater ia ls.  The e lectr ical  energy storage devices 

showed interest ing areal  capacitance with  312.4 mF/cm 2  

which is  promising for the future use of  this  TMD in  energy 

storage appl icat ion. Unfortunately,  i t  was not possib le to 

compare the gravimetr ic capacitance due to  the lack of  

information in  the published paper. 3 2 0  

 

2.3.2.3.4.  Vanadium Diselenide  

Behera et al .  invest igated the one-step hydrothermal 

synthesis of  vanadium dise lenide (VSe 2 ) -rGO nanocomposite. 

They started from GO, sodium metavanadate (NaVO 3 ) ,  and 

se lenium dioxide (SeO 2) .  The as-prepared VSe 2  has a 3D-

cuboidal  st ructure as  shown in F igure 2 .42.  The 

nanocomposite was electrochemical ly tested in a neutral  

aqueous electro lyte and demonstrated a specif i c capacitance 

of  about 680 F/g at  1 A/g,  which is  about 5 and 6 fold higher 

than bare rGO and bare VSe 2 .3 2 1  

 
F i g u r e  2 .  4 2 .  FE S E M  i m a g e s  o f  t h e  p r i s t i n e  V S e 2  s a m p l e  a t  ( a )  l ow  a n d  ( b )  
h i g h  m a g n i f i c a t i on . 3 2 1  
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2.3 .3 .  Performance comparison  

Al l  the specif ic capacitance aforement ioned in Sect ion 2.3.1 

and 2.3 .2 are reported in Figure 2 .43 and 2.44 f rom 

galvanostat ic charge -d ischarge and cycl ic voltammetry 

measurements,  respect ive ly.  Both  graphs have the same 

scale for the specif ic capacitance axis  to be confrontable 

d irect ly .  

Higher is  the scatter in  the graph,  better is  the specif ic 

capacitance.  Righter is  the scatter,  qu icker the 

supercapacitor is  able to del iver  the stored energy,  and more 

attract ive for real  a ppl icat ions.  

From both graphs,  interest ing information can be observed. 

F i rst ,  EDLCs have typ ica l ly a specif ic capacitance comprised 

between 100 and 500 F/g,  which seems to be the pract ical  

l imit  of  graphene-based supercapacitors .  In  F igure 2 .43,  it  

can be noticed that  hybrid  supercapacitors  using metal  

oxides or polymer conductive as pseudocapacit ive mater ia ls  

a l low to increase the specif ic capacitance as expected. Most 

promising results are  obtained for Ru -based and PANI -based 

hybrid supercapacitors.  A lth ough th is  improvement of 

gravimetr ic capacitance,  i t  seems that  hybrid 

supercapacitors struggle  for appl icat ions us ing h igh  current 

density in  comparison to ELDCs materia ls .  Indeed, Faradaic 

processes require  a more important to occur instead of  the 

double- layers .  

From Figure 2 .44,  a s imilar  observat ion can be expressed. 

However,  for th is  type of  measurements,  Ni -based 

supercapacitors seem to be more attract ive  fo l lowed by 

PANI-based hybr id supercapacitors .  
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G r a ph en e  C V D on  Tr ans i t i on  M e ta l  C a ta ly s t s .  Na no sc a l e  2 0 1 6 ,  8  
( 4 ) ,  2 1 4 9 – 21 5 8 .  

( 5 7 )   L i ,  X . ;  C a i ,  W . ;  A n ,  J . ;  K i m,  S . ;  N ah ,  J . ;  Y a n g,  D . ;  P in e r ,  R . ;  
V e l a m ak an n i ,  A . ;  J un g,  I . ;  Tu tu c ,  E . ;  B an e r j e e ,  S .  K . ;  C o l o mb o,  L . ;  
R u o f f ,  R .  S .  L a rg e - A r ea  Syn th e s i s  o f  H ig h -Qu a l i ty  an d  Un i f or m 
G r a ph en e  F i l m s  o n  C opp e r  Fo i l s .  Sc i en ce .  2 0 0 9 ,  3 2 4  ( 5 9 3 2) ,  1 3 1 2 –
1 3 1 4 .  
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( 5 9 )   S u t t e r ,  P .  W. ;  F l e g e,  J .  I . ;  Su t t e r ,  E .  A .  E p i ta x ia l  G r aph e n e o n 
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N an ot ub e  Hy br i d  Ma t e r i a l s  by  Ch e m i c a l  Va po r  D e p o s i t io n .  C a rbo n 
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( 6 2 )   L e e ,  E . ;  L e e,  H .  C . ;  J o ,  S .  B . ;  L e e,  H . ;  L e e ,  N .  S . ;  Pa rk ,  C .  G . ;  L e e,  S .  
K . ;  K i m ,  H .  H . ;  B on g,  H . ;  C ho ,  K .  H et e r og en e ou s  S o l i d  Ca rb on  
S o ur c e - A s s i s t ed  G ro w th  o f  H i g h - Qu a l i ty  G r aph e n e v i a  C V D at  L o w 
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H .  L o w - T e m p er at ur e - G r o w n C on t i nu ou s  Gr ap h en e  F i l m s  f r om 
B e n z en e by  C h e mi c a l  Va po r  D ep o s i t i on  at  A mb i en t  Pr e s s u r e.  Sc i .  
R e p .  20 1 5 ,  5  (N o ve m b er ) ,  1 – 7 .  
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X . ;  M en g,  X .  M . ;  H e,  Z .  B . ;  Wu,  C .  M.  L . ;  B e l lo ,  I . ;  L e e ,  C .  S . ;  L e e,  S .  
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( 6 8 )   W a ng ,  Y . ;  Xu ,  X . ;  L u ,  J . ;  L in ,  M . ;  Ba o ,  Q . ;  Ö zy i l m a z ,  B . ;  Lo h ,  K .  P .  
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( 6 9 )   M a l e s e v i c ,  A . ;  V i t c h e v,  R . ;  S ch ou t ed en ,  K . ;  Vo lo d in ,  A . ;  Zh an g,  L . ;  
T e n d e lo o ,  G .  Va n ;  V an hu l s e l ,  A . ;  H a e s en do nc k ,  C .  V an .  Sy nth e s i s  o f  
F e w - L a y er  Gr ap h en e  v i a  M i c ro w a ve P la s m a -E nh an c ed  Ch e m i ca l  
V a po ur  D ep o si t io n .  Nan ot ech no lo gy  2 00 8 ,  1 9  ( 3 0 ) .  

( 7 0 )   D e r v i s h i ,  E . ;  L i ,  Z . ;  W at an ab e ,  F . ;  B i s w a s ,  A . ;  Xu ,  Y . ;  B i r i s ,  A .  R . ;  
S a in i ,  V . ;  B i r i s ,  A .  S .  Lar g e - S c a l e  G r aph e n e  P rod u ct io n  by  R F -c C V D 
M e t ho d.  Ch em .  C om mun .  2 0 0 9 ,  No .  2 7 ,  4 06 1 .  
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C h an dr a sh e kh ar ,  M .  S .  V ;  Pa r k ,  J . ;  M cE u en,  P .  L . ;  Pa rp ia ,  J .  M . ;  
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P e r s p e ct i ve s  f o r  M a s s  P r od uc t ion  o f  G ra ph ene - B a s e d  E l e ct r on i c  
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( 7 5 )   B e r g e r ,  C . ;  So ng ,  Z . ;  L i ,  T . ;  L i ,  X . ;  O gb az g h i ,  A .  Y . ;  F e n g,  R . ;  D a i ,  Z . ;  
M a r ch e nk o v,  A .  N . ;  C on r ad ,  E .  H . ;  F i r s t ,  P .  N . ;  d e  H e e r ,  W.  a .  
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( 7 6 )   B e r g e r ,  C .  E l e c t r on i c  C o n f in e m e nt  a nd  Co h er e n c e  i n  Pa t t e rn e d 
E p i ta x ia l  G r aph e n e .  Sc ie nce .  2 0 0 6 ,  3 1 2  ( 5 7 7 7) ,  1 1 9 1 – 11 9 6 .  

( 7 7 )   O h ta ,  T .  Co nt ro l l in g  t he  E l e c t r on i c  St ru c tu r e  o f  B i l ay e r  G ra ph en e .  
S c i enc e .  20 0 6 ,  31 3  (5 7 89 ) ,  9 5 1 – 9 5 4.  

( 7 8 )   F o rb e au x ,  I . ;  T h e m l i n ,  J . - M . ;  D e b e ve r ,  J . -M .  H et e r o ep i t ax i a l  
G r a ph i t e  o n  6 H - S iC ( 0 0 0 1 ) :  In t er f a c e  Fo r m at i on  th r ou gh  
C o nd uc t io n - Ban d  E l e ct ro n ic  S t ru ct ur e .  Ph y s .  Re v .  B  1 99 8 ,  58  ( 2 4 ) ,  
1 6 3 9 6 – 1 6 40 6 .  

( 7 9 )   D e n g,  D . ;  Pa n ,  X . ;  Zh ang ,  H . ;  Fu ,  Q. ;  T an ,  D . ;  Ba o ,  X .  F r e e s ta nd in g 
G r a ph en e  by  Th e r m al  S p l i t t i n g  o f  S i l i con  C arb id e  G r anu l e s .  Ad v.  
M a te r .  2 0 1 0 ,  2 2  ( 1 9 ) ,  21 6 8 – 2 1 7 1.  

( 8 0 )   V i r o j an ad ar a ,  C . ;  Sy vä ja r v i ,  M . ;  Y ak i m o va ,  R . ;  J oh an s s on ,  L .  I . ;  
Z a kha r o v,  A .  A . ;  Ba las r a m an i an ,  T .  H o mo ge n e ou s  L a rg e - A r ea  
G r a ph en e  Lay e r  Gr o w th  o n  6 H - S i C ( 0 0 01 ) .  Ph ys .  Re v .  B  -  C on den s .  
M a tt e r  Ma te r .  P hy s .  2 00 8 ,  7 8  ( 2 4 ) ,  1 – 6 .  

( 8 1 )   R i b e i r o - So ar e s ,  J . ;  Dr e s s e l h au s ,  M.  S .  N e w s  a nd  V i e w s:  
P e r s p e ct i ve s  on  Gr ap he n e  a nd  Ot h er  2 D M ate r i a l s  R e s e ar ch  an d 
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( 8 3 )   C a o ,  X . ;  Y i n ,  Z . ;  Z ha n g,  H .  T h r e e - Di m e n s io na l  Gr a ph en e  Ma t er ia l s :  
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( 8 8 )   S h i ,  Q . ;  C ha ,  Y . ;  So ng ,  Y . ;  L e e ,  J . - I . ;  Z hu ,  C . ;  L i ,  X . ;  Son g ,  M. - K . ;  D u ,  
D . ;  L i n ,  Y .  3 D  G ra ph en e - B a s e d  Hyb r id  Ma t er i a l s :  S ynt h e s i s  a nd 
A p p l i ca t i on s  i n  En e r gy  S t o ra g e a nd  C on ve r s i on .  Na no sc a le  2 0 16 ,  8  
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( 8 9 )   S h e n ,  J . ;  Z hu ,  Y . ;  J ia ng ,  H . ;  L i ,  C .  2 D N an os h e e t s - B a s ed  No vel  
A r c h i t e ct ur e s :  Sy nt h e s is ,  A s s e m b ly  a nd  App l i ca t io n s.  N an o T od a y  
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( 9 0 )   E l - Ka dy ,  M .  F . ;  S ha o,  Y . ;  K an e r ,  R .  B .  G r aph e n e  fo r  B at t e r i e s ,  
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S u p er c ap ac i to r  D e v i c es  B a s e d  on  G ra ph en e M at e r ia l s .  J .  P h y s .  
C h em .  C  2 0 09 ,  1 1 3 ,  1 3 10 3 – 1 3 1 0 7.  

 



Grap hene -b ased  Sup ercapac i to r s   Chap ter  I I  

-105-  

( 9 8 )   L v ,  W. ;  Ta ng ,  D .  M . ;  He ,  Y .  B . ;  Y ou ,  C .  H . ;  Sh i ,  Z .  Q . ;  C h en ,  X .  C . ;  
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C a r bon  Sp h er e s  b et w ee n  R ed uc e d  G r ap h en e O x id e  Sh e e t s  f o r  
P r e pa r in g  H i gh - Ra t e  Su p er c ap ac i to r  E l e ct ro de s .  En e rg y  E nv i r on .  
S c i .  2 0 1 1 ,  4  ( 5 ) ,  1 86 6 – 18 7 3 .  

( 1 0 1 )   M i s h ra ,  A .  K . ;  Ra m apr a bhu ,  S .  Fun c t i on a l i ze d  G r aph e n e - Ba s e d 
N an o co m po s i t e s  fo r  Sup e r ca pa c i t or  A pp l i c at ion .  J .  P h y s .  C he m.  C  
2 0 1 1 ,  1 1 5  ( 29 ) ,  1 4 00 6 –1 4 0 1 3 .  

( 1 0 2 )   F a n g,  Y . ;  L uo ,  B . ;  J i a ,  Y . ;  L i ,  X . ;  Wa n g,  B . ;  Son g ,  Q. ;  K an g,  F . ;  Z h i ,  L .  
R e n e w i ng  F un ct i on a l i ze d  Gr ap h en e a s  E l ec t ro d e s  f or  H i gh -
P e r f o r ma nc e  Sup e r ca pa c i to r s .  Ad v.  Mat e r .  20 1 2 ,  2 4  ( 4 7) ,  6 3 48 –
6 3 5 5 .  

( 1 0 3 )   Y e ,  J . ;  Zh an g ,  H . ;  C h e n ,  Y . ;  C h en g,  Z . ;  Hu ,  L . ;  R an ,  Q.  
S u p er c ap ac i to r s  Ba s e d  o n  L o w - T e m p e ra tu r e  P a rt ia l ly  E x f o l i a t ed  
a nd  R ed u c ed  G ra ph i t e  O x i d e.  J .  P o we r  Sou r ce s  2 0 1 2 ,  2 1 2 ,  1 0 5 – 11 0 .  

( 1 0 4 )   Y o o n,  Y . ;  L e e,  K . ;  B a i k ,  C . ;  Y oo ,  H . ;  Mi n ,  M. ;  P a rk ,  Y . ;  L e e ,  S .  M. ;  
L e e ,  H .  A nt i - So l ve nt  D er i ve d  N on - S ta ck e d  R e du ce d  G ra ph en e  O x i d e 
f o r  H ig h  P e r f or m an c e Su p er c ap ac i to r s .  Ad v.  Ma te r .  2 0 13 ,  2 5  (3 2 ) ,  
4 4 3 7 – 4 4 4 4.  

( 1 0 5 )   J o ,  E .  H . ;  C ho i ,  J .  H . ;  Par k ,  S .  R . ;  L e e ,  C .  M . ;  Cha n g,  H . ;  J an g,  H .  D .  
S i z e  an d  St ru c tu ra l  E f f e c t  o f  C ru m p l ed  G r ap h en e B a l l s  o n  t h e 
E l e ct r oc h e m ic a l  P ro pe r t i e s  fo r  Sup e r ca pa c i to r  A pp l i c at io n.  
E le c t r och i m.  A ct a  2 01 6 ,  2 2 2 ,  58 – 6 3 .  

( 1 0 6 )   E r v in ,  M.  H . ;  L e ,  L .  T . ;  Le e ,  W .  Y .  In k j e t -P r in t ed  F l ex i b l e  Gr ap h en e -
B a s e d  S up e r c ap a c i t or .  E le c t r och i m.  A ct a  2 01 4 ,  1 4 7 ,  61 0 – 6 1 6.  

( 1 0 7 )   L i ,  Z .  . ;  Y an g ,  B .  . ;  L i ,  K .  . ;  W an g,  H .  . ;  L v ,  X .  . ;  G u o,  Y .  . ;  Zh an g,  Z .  
. ;  S u ,  Y .  .  F r e e s ta nd in g  3 D M e so po ro u s  G ra phe n e  O x id e f or  H ig h 
P e r f o r ma nc e  E n er gy  Sto r ag e  Ap p l i ca t io n s.  RSC  A d v.  2 01 4 ,  4  (9 3 ) ,  
5 1 6 4 0 – 5 1 64 7 .  

( 1 0 8 )   Y a n g,  H . ;  K an na ppa n,  S . ;  Pa nd ia n ,  A .  S . ;  Ja n g,  J .  H . ;  L e e,  Y .  S . ;  Lu ,  
W .  N an op or ou s  G raph e n e M at e r ia l s  by  Lo w e r at ur e  Va c uu m -
A s s i s t e d  T h er m a l  P r oce s s  f o r  E l e ct ro ch e m i c a l  En e r gy  S to ra g e .  J .  
P o w e r  S ou r ce s  2 0 1 5 ,  2 84 ,  1 4 6 – 1 5 3.  

( 1 0 9 )   T a m i l a r a s an ,  P . ;  Ra m ap r abh u,  S .  G ra ph en e  Ba s e d  A l l - So l i d - St ate  
S u p er c ap ac i to r s  w i th  Io n ic  L iqu id  In co rp o ra te d  Po ly a cr y l on i t r i le  
E l e ct r o l y t e .  E ne r g y  2 0 13 ,  5 1 ,  3 7 4 –3 8 1 .  
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( 1 1 0 )   L i ,  Q . ;  Gu o,  X . ;  Z ha ng ,  Y . ;  Z ha ng ,  W. ;  G e ,  C . ;  Z ha o,  L . ;  W an g,  X . ;  
Z ha n g,  H . ;  C h en ,  J . ;  W an g ,  Z . ;  Su n ,  L .  P or ou s  G r a ph en e  P ap e r  f or  
S u p er c ap ac i to r  Ap p l i c at i on s .  J .  Ma te r .  Sc i .  Tec hno l .  2 0 1 7 ,  33  ( 8 ) ,  
7 9 3 – 7 9 9 .  

( 1 1 1 )   X i on g ,  Z . ;  L ia o ,  C . ;  W a ng ,  X .  A  S e l f - A s s e m b l e d  M a cr op or ous  
C o a gu la t io n  G r aph e n e  N e t w or k  wi th  H i g h  S p ec i f i c  Ca pa c i t an c e  f or  
S u p er c ap ac i to r  A pp l i c at i on s .  J .  Ma te r .  Che m.  A  20 1 4 ,  2  ( 4 5 ) ,  
1 9 1 4 1 – 1 9 14 4 .  

( 1 1 2 )   P a ch f u l e ,  P . ;  S h i nd e ,  D . ;  Ma ju m d e r ,  M . ;  X u ,  Q.  Fa br i ca t io n  o f  
C a r bon  Na no ro d s  and  Gr a ph en e Na no r ibb on s  f ro m  a  M e ta l – or ga n ic  
F r a m e w o rk .  N at .  C he m.  2 0 1 6 ,  8  (7 ) ,  7 1 8 –7 2 4 .  

( 1 1 3 )   Y a n g,  X . ;  Zh an g,  L . ;  Zh an g ,  F . ;  Z ha ng ,  T . ;  Hu an g,  Y . ;  Ch e n ,  Y .  A  H i gh -
P e r f o r ma nc e  A l l - So l id - St a t e  Sup e r ca pa c i t o r  w i th  Gr ap h en e - D op ed  
C a r bon  Ma t e r i a l  E l e c t ro d e s  a nd  a  G ra ph en e  O x i d e - Dop e d  I on  G e l  
E l e ct r o l y t e .  C a rb on  N.  Y .  2 0 1 4 ,  7 2 ,  38 1 – 3 8 6.  

( 1 1 4 )   H ua n g,  J . ;  Wa n g,  J . ;  W a ng ,  C . ;  Zha n g,  H . ;  L u ,  C . ;  W an g,  J .  
H i e ra r ch i ca l  P or ou s  G r a ph en e  Ca rb on - B a se d  Sup e r ca pa c i t or s .  
C h em .  M at e r .  20 1 5 ,  2 7  ( 6 ) ,  2 1 0 7 – 21 1 3 .  

( 1 1 5 )   L i u ,  D . ;  J ia ,  Z . ;  W an g,  D .  Pr e pa ra t io n  o f  H ie r a r ch i ca l l y  P or ou s  
C a r bon  N an o sh e e t  C o mp o s i t e s  w it h  G ra ph en e  C o nd uc t i ve  S c a f fo lds  
f o r  Sup e r ca pa c i t o r s :  A n  E l e c t r o s ta t i c - A ss i s t an t  F ab r ic at i on  
S t r at e gy .  C a rb on  N.  Y .  2 0 1 6 ,  1 0 0 ,  6 6 4 – 6 77 .  

( 1 1 6 )   Z o ro m ba ,  M .  S . ;  A bd el - A z iz ,  M .  H . ;  B a s sy oun i ,  M . ;  G ut ub ,  S . ;  
D e m k o,  D. ;  A bd e lk ad e r ,  A .  E l e c t r o ch e m i ca l  A ct iva t io n  o f  G ra ph e n e 
a t  L o w  T e m p er at ur e:  T h e  Sy nt h e s i s  o f  T h r e e - D i m en s i on a l  
N an oa r ch i t e c tu r e s  fo r  H i gh  P er f or m an c e  Su p er c ap ac i to r s  a nd 
C a pa c i t i ve  D e io n i za t ion .  A CS  Su s ta in .  Ch em .  En g .  2 0 17 ,  5  ( 6 ) ,  
4 5 7 3 – 4 5 8 1.  

( 1 1 7 )   S h ao ,  Y . ;  E l - K ad y ,  M .  F . ;  L in ,  C .  W . ;  Zh u ,  G . ;  Mar s h ,  K .  L . ;  H w an g ,  J .  
Y . ;  Zh an g ,  Q . ;  L i ,  Y . ;  Wa n g,  H . ;  Kan e r ,  R .  B .  3D  F r e e z e - Ca s t in g  o f  
C e l l u la r  G r aph e n e F i l m s  fo r  U l t r a h i gh - P o w e r -D e n s i ty  
S u p er c ap ac i to r s .  Ad v .  M a te r .  2 0 1 6 ,  6 7 1 9 – 67 26 .  

( 1 1 8 )   M o ha nap r iy a ,  K . ;  G ho sh ,  G. ;  J ha ,  N .  S o l a r  L i ght  R e du c ed  G ra ph e n e 
a s  H i gh  En e r gy  D en s i t y  S u p er c ap ac i to r  and  Ca pa c i t i ve  D e ion i za t i on  
E l e ct r od e .  E le c t r och i m.  Ac ta  20 1 6 ,  2 09 ,  7 1 9 – 72 9 .  

( 1 1 9 )   Z hu ,  Y . ;  M ur a l i ,  S . ;  S t o l l e r ,  M.  D. ;  V el a m aka nn i ,  A . ;  P in e r ,  R .  D . ;  
R u o f f ,  R .  S .  M i cr o w a ve  A s s i s t ed  E x fo l ia t ion  an d  R ed u ct io n  o f  
G r a ph i t e  O x id e  fo r  U l t ra c ap a c i to r s .  C a rb on .  E l s e v i e r  L t d  2 0 10 ,  p p 
2 1 1 8 – 2 1 2 2.  

( 1 2 0 )   Z hu ,  Y . ;  Mu ra l i ,  S . ;  S t o l l e r ,  M.  D . ;  G an e s h ,  K .  J . ;  Ca i ,  W . ;  F er r e i ra ,  
P .  J . ;  P i rk l e ,  A . ;  Wa l la ce ,  R .  M . ;  C yc ho s z ,  K .  a ;  T ho m m e s ,  M . ;  Su ,  
D . ;  S t ac h ,  E .  a ;  Ru o f f ,  R .  S .  C ar bon - B a s e d  Sup e r c a pa c i t o r s  Pr od uc e d 
b y  A ct i vat io n  o f  G ra ph en e .  Sc ie nce .  2 0 11 ,  3 3 2  ( J u n e ) ,  1 5 3 7 – 1 54 2 .  

( 1 2 1 )   W a ng ,  J . ;  K a sk e l ,  S .  KOH  A c t i vat i on  o f  C a rbo n -B a s e d  Ma t er i a l s  f o r  
E n er gy  St or a g e.  J .  Ma ter .  C he m.  20 1 2 ,  22  ( 45 ) ,  2 3 7 1 0 .  
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( 1 2 2 )   K i m ,  T . ;  J un g ,  G . ;  Y oo ,  S . ;  Su h ,  K .  S . ;  Ruo f f ,  R .  S .  A ct i vat e d 
G r a ph en e - B a s e d  C ar bo ns  a s  Su p er c ap a c i to r  E l ect r od e s  w it h  M ac r o - 
a nd  M e so po r e s .  A CS  Nan o  2 0 1 3 ,  7  ( 8 ) ,  6 89 9 – 6 90 5 .  

( 1 2 3 )   M u ra l i ,  S . ;  Qu a r l e s ,  N . ;  Zha n g,  L .  L . ;  Po t t s ,  J .  R . ;  T an ,  Z . ;  L u ,  Y . ;  
Z hu ,  Y . ;  Ru o f f ,  R .  S .  V o l u m et r i c  Ca pa c i t a n c e o f  C o mp r e s s e d 
A c t i vat ed  Mi c ro w a ve - E xp an d ed  G r ap h i t e  O x id e ( a - ME G O ) 
E l e ct r od e s .  N an o E ne r gy  2 0 1 3 ,  2  ( 5 ) ,  7 64 – 7 6 8 .  

( 1 2 4 )   T s a i ,  W.  Y . ;  L in ,  R . ;  Mu ra l i ,  S . ;  L i  Zh an g,  L . ;  M c Do no u gh,  J .  K . ;  Ru o f f ,  
R .  S . ;  T ab e rna ,  P .  L . ;  G o go t s i ,  Y . ;  S i m on ,  P .  Ou t st an d i ng  
P e r f o r ma nc e o f  A ct i vate d  G r aph e n e Ba s e d  Su pe r c ap a c i to r s  in  Io n ic  
L i qu id  E l e ct ro ly t e  f r o m - 5 0  to  8 0° C .  Na no  En e rg y  2 01 3 ,  2  ( 3 ) ,  4 03 –
4 1 1 .  

( 1 2 5 )   S h u l g a ,  Y .  M. ;  B a sk ak o v,  S .  A . ;  B a sk ak o va ,  Y .  V . ;  Vo l fk o v i ch ,  Y .  M . ;  
S h u l g a ,  N .  Y . ;  S kry l e va ,  E .  A . ;  Pa rk ho m e nk o,  Y .  N . ;  B e l ay ,  K .  G . ;  
G u t s e v ,  G .  L . ;  Ry ch ago v ,  A .  Y . ;  S o s en k i n ,  V .  E . ;  K o va l e v ,  I .  D .  
S u p er c ap ac i to r s  wi th  G r a ph en e  O x i d e  S e pa ra t or s  and  R ed uc e d 
G r a ph i t e  O x id e  E l e ct rod e s .  J .  P o we r  S ou rc e s  20 1 5 ,  2 7 9 ,  7 2 2 – 7 3 0.  

( 1 2 6 )   S u br a ma ny a,  B . ;  Bh at ,  D .  K .  No ve l  O n e -P ot  G r e e n  Syn th e s i s  o f  
G r a ph en e i n  A qu e ou s M e d iu m un d er  M i cr o wa ve  I r rad i at io n  U s in g 
a  R e g en e ra t i ve  C at a l ys t  and  t h e St ud y  o f  I t s  E l e ct ro ch e m i c al  
P r op e rt i e s .  Ne w  J .  Ch em .  2 0 1 5 ,  3 9  (1 ) ,  4 2 0 –4 30 .  

( 1 2 7 )   L i u ,  C . ;  Y u ,  Z . ;  N e f f ,  D . ;  Zh a mu ,  A . ;  Ja ng ,  B .  Z .  G ra ph en e - B a s e d 
S u p er c ap ac i to r  wi th  an  U l t ra h i g h  En e r gy  D en s i ty .  N ano  Le t t .  20 1 0 ,  
1 0  ( 1 2) ,  4 8 6 3 –4 8 6 8 .  

( 1 2 8 )   X u ,  Y . ;  S h en g,  K . ;  L i ,  C . ;  Sh i ,  G .  S e l f - A s s e m bl e d  G r a ph en e  Hy dr o g el  
v i a  a  On e - St e p  Hy dr ot he r m a l  P r oc e s s .  A CS  N ano  2 0 10 ,  4  ( 7 ) ,  4 3 2 4 –
4 3 3 0 .  

( 1 2 9 )   B a i ,  Y . ;  R ak h i ,  R .  B . ;  C h en ,  W . ;  A l sh ar e e f ,  H .  N .  E f f e c t  o f  p H - Ind uc e d 
C h e m i c a l  Mod i f i ca t i on  o f  H yd ro th e r ma l ly  R e duc e d  Gr ap h en e O x id e 
o n  Su p er c ap ac i to r  P e r fo r m an c e .  J .  P o we r  So u rc e s  20 1 3 ,  2 3 3 ,  3 1 3 –
3 1 9 .  

( 1 3 0 )   K o u ,  L . ;  L iu ,  Z . ;  H ua ng ,  T . ;  Z h en g,  B . ;  T ia n ,  Z . ;  D e n g,  Z . ;  G ao ,  C .  
W e t - S pun ,  Po ro u s,  O r ie n ta t io na l  G ra ph en e  H yd ro g e l  F i l m s  fo r  
H i gh - P e r fo r m an c e S up er c ap a c i to r  E l e c t r od e s .  N an o sca le  2 0 1 5 ,  7  
( 9 ) ,  4 0 8 0 – 40 8 7 .  

( 1 3 1 )   L a m b er t i ,  A . ;  G i go t ,  A . ;  B i an c o ,  S . ;  F on tan a ,  M . ;  C a st e l l in o ,  M. ;  
T r e s s o ,  E . ;  P i r r i ,  C .  F .  S e l f - A s s e mb ly  o f  Gra ph e n e A e ro g e l  on 
C o pp e r  W i r e  f or  W ea rab l e  F i b er - S ha p ed  S up e rc a pa c i t or s .  Ca r bo n 
N .  Y .  2 0 1 6 ,  10 5 ,  6 49 – 6 54 .  

( 1 3 2 )   Z ha n g,  L . ;  Sh i ,  G .  P r ep a ra t i on  o f  H ig h l y  Con du ct i ve  G r aph e n e 
H yd ro g e l s  f or  F ab r i ca t in g  Sup e r c apa c i t o r s  w i t h  H i gh  Ra t e 
C a pa b i l i t y .  J .  Ph y s .  Ch em .  C  2 0 11 ,  1 1 5  ( 3 4) ,  1 72 0 6 – 1 7 2 1 2.  

( 1 3 3 )   K i m ,  S .  K . ;  K i m ,  H .  J . ;  Le e ,  J .  C . ;  B ra un ,  P .  V . ;  P a rk ,  H .  S .  E xt r e m e ly  
D u ra b l e ,  F l ex i b l e  Su p er c ap ac i to r s  w i th  G r e at ly  I m pr o ved  
P e r f o r ma nc e  a t  H i gh  Te m p e r at ur e s .  A C S  N ano  2 0 1 5 ,  9  ( 8 ) ,  85 6 9 –
8 5 7 7 .  
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( 1 3 4 )   T e o ,  E .  Y .  L . ;  L i m,  H .  N . ;  J o s e,  R . ;  Ch on g ,  K .  F .  A m in op yr e ne 
F u nc t io na l i z ed  R edu c ed  Gr ap h en e O x id e a s  a  Su p er c ap ac i to r  
E l e ct r od e .  RS C  A d v.  2 0 15 ,  5  ( 48 ) ,  3 81 1 1 – 3 8 1 16 .  

( 1 3 5 )   C h o i ,  B .  G . ;  Ho n g,  J . ;  Ho n g,  W .  H . ;  H a m mon d,  P .  T . ;  Pa r k ,  H .  
F a c i l i ta t ed  I on  Tra n sp o rt  i n  A l l - S o l i d - S ta t e  F l ex ib l e  
S u p er c ap ac i to r s .  A CS  Na no  2 0 1 1 ,  5  ( 9 ) ,  7 2 0 5 – 72 1 3 .  

( 1 3 6 )   L e i ,  Z . ;  Lu ,  L . ;  Z ha o,  X .  S .  Th e E l e c t r o ca pa c i t i ve  P ro p er t i e s  o f  
G r a ph en e  O x i d e R e du c ed  b y  U r e a .  E ne r g y  E n v i r o n .  S c i .  2 0 1 2 ,  5  ( 4 ) ,  
6 3 9 1 – 6 3 9 9.  

( 1 3 7 )   P e r e r a ,  S .  D . ;  M a r i an o,  R .  G . ;  N i j e m,  N . ;  Ch ab a l ,  Y . ;  F e rr ar i s ,  J .  P . ;  
B a l ku s ,  K .  J .  A lk a l in e  D e ox yg e na t ed  G ra ph e n e O x id e  fo r  
S u p er c ap ac i to r  A pp l ic at i on s :  An  E f f e c t i ve  Gre e n  A l t e rn at i ve  f o r  
C h e m i c a l ly  R edu c e d  G ra ph e n e.  J .  Po we r  S ou r ce s  20 1 2 ,  2 15 ,  1 – 1 0.  

( 1 3 8 )   X u ,  Y . ;  L i n ,  Z . ;  H u a ng ,  X . ;  L i u ,  Y . ;  Hu an g,  Y . ;  D ua n ,  X .  F l e x i b l e  So l id -
S t at e  S up e r ca pa c i t or s  B a s ed  on  T hr e e - D i me n s i on a l  Gr ap h en e 
H yd ro g e l  F i l m s .  A CS  Nan o  2 0 1 3 ,  7  ( 5 ) ,  4 04 2 – 4 04 9 .  

( 1 3 9 )   L u o ,  G . ;  Hu an g,  H . ;  L e i ,  C . ;  C h en g,  Z . ;  W u,  X . ;  Ta n g,  S . ;  D u ,  Y .  Fa c i l e  
S y nth e s i s  o f  Po r o u s  G r a ph en e  a s  B in d er - Fr e e  E l e c t r od e  fo r  
S u p er c ap ac i to r  Ap p l i cat i on .  Ap p l .  Su r f .  Sc i .  201 6 ,  3 6 6 ,  46 – 5 2 .  

( 1 4 0 )   A n ,  N . ;  An ,  Y . ;  Hu ,  Z . ;  Gu o,  B . ;  Y an g,  Y . ;  L e i ,  Z .  G r a ph en e  H yd ro g e l s 
N on - C o va l e nt ly  Fu n ct ion a l i z ed  w it h  A l i z a r i n :  A n  Id e a l  E l e c t r od e 
M a t e r i a l  f o r  Sy m m e t r i c  S u p er c ap ac i to r s .  J .  M ate r .  Ch em .  A  20 1 5 ,  3  
( 4 4 ) ,  2 2 23 9 – 2 2 2 46 .  

( 1 4 1 )   X u ,  Y . ;  L i n ,  Z . ;  Zho n g,  X . ;  Hu an g,  X . ;  W e i s s ,  N .  O . ;  Hu an g,  Y . ;  D ua n ,  
X .  H o l ey  G r ap h en e F ra m e w o r k s  f or  H i gh ly  E f f i c i ent  Ca pa c i t i ve  
E n er gy  St or a g e.  N at .  C om mu n .  2 01 4 ,  5  ( 4 5 54 ) ,  1 – 8 .  

( 1 4 2 )   B o ,  Z . ;  Shu a i ,  X . ;  Ma o,  S . ;  Y an g ,  H . ;  Q ia n ,  J . ;  Ch e n ,  J . ;  Ya n ,  J . ;  C e n ,  
K .  G r e en  P r epa r at io n  of  R e du c ed  G r aph e n e O x i d e f o r  S en s in g  and 
E n er gy  St or a g e Ap p l i cat i on s .  Sc i .  R ep .  2 0 1 5 ,  4  ( 1 ) ,  4 6 8 4.  

( 1 4 3 )   B o ,  Z . ;  Zh u ,  W. ;  M a,  W . ;  W en ,  Z . ;  Sh ua i ,  X . ;  Ch en ,  J . ;  Ya n ,  J . ;  Wa n g,  
Z . ;  C e n ,  K . ;  F e n g,  X .  V e rt i c a l ly  O r i e nt e d  G rap h en e B r id g in g  Ac t i ve -
L ay e r / cu rr e nt - C o l l e c to r  I n t e r fa c e  fo r  U l t rah i gh  Ra t e 
S u p er c ap ac i to r s .  Ad v .  M a te r .  2 0 1 3 ,  2 5  ( 4 0 ) ,  57 9 9 – 5 8 0 6.  

( 1 4 4 )   Z u o ,  Z . ;  K i m ,  T .  Y . ;  K ho lm a n o v,  I . ;  L i ,  H . ;  Ch o u ,  H . ;  L i ,  Y .  U l t ra - L i ght  
H i e ra r ch i ca l  G ra ph en e  E l e ct r od e  fo r  B ind e r - F re e  Su p er c ap ac i to r s 
a nd  L i t h iu m - Io n  B at t ery  Ano d e s .  S ma l l  2 0 15 ,  1 1  ( 3 7) ,  4 9 2 2 –4 9 3 0 .  

( 1 4 5 )   X u ,  Y . ;  L in ,  Z . ;  Hu an g ,  X . ;  Wa ng ,  Y . ;  Hu an g,  Y . ;  Du an ,  X .  
F u nc t io na l i z ed  G r aphe n e Hy dr o g el - B a s e d  H i gh - P e r fo r m an c e 
S u p er c ap ac i to r s .  Ad v .  M a te r .  2 0 1 3 ,  2 5  ( 4 0 ) ,  57 7 9 – 5 7 8 4.  

( 1 4 6 )   Z ha n g,  L . ;  Y an g,  C . ;  Hu ,  N . ;  Y an g ,  Z . ;  W e i ,  H . ;  Ch e n ,  C . ;  W e i ,  L . ;  Xu ,  
Z .  J . ;  Zh an g,  Y .  S t e a m ed W at e r  E ng in e e r in g  Me c h an i ca l ly  Ro bu s t  
G r a ph en e  F i l m s f o r  H i gh - P e r fo r m an c e E l e ct r och e m i c a l  C ap a c i t i ve 
E n er gy  St or a g e.  N ano  En e rg y  20 1 6 ,  26 ,  6 6 8 – 676 .  
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( 1 4 7 )   J u ,  H . - F . ;  S on g,  W. - L . ;  Fa n ,  L . - Z .  R at i on a l  D e s i gn  o f  
G r a ph en e / po ro u s  Ca rbo n  A er o g el s  f o r  H i gh - Pe r f o r m an c e  F l e x ib l e 
A l l - S o l i d -S ta t e  Su p e rc ap a c i to r s .  J .  Ma te r .  C hem .  A  2 0 1 4 ,  2  ( 2 8 ) ,  
1 0 8 9 5 – 1 0 90 3 .  

( 1 4 8 )   E nt e rr í a ,  M. ;  M a rt ín - J im e n o,  F .  J . ;  S uá r ez - G a rc í a ,  F . ;  Pa r ed e s ,  J .  I . ;  
P e r e i ra ,  M.  F .  R . ;  M a rt in s ,  J .  I . ;  Ma r t í n ez - A lo ns o ,  A . ;  T a s có n ,  J .  M.  
D . ;  F ig u ei r e do,  J .  L .  E f fe c t  o f  Nan o s tr uc tu r e  on  t h e S up e r cap a c i t or  
P e r f o r ma nc e  o f  A ct iva t e d  Ca rb on  X e r og el s  Ob ta in e d  f ro m 
H yd ro th e r m al ly  Ca rb on i z ed  G l u co s e - G r aph en e  Ox id e  H yb r i d s .  
C a r bo n  N.  Y .  2 01 6 ,  1 05 ,  4 7 4 – 4 83 .  

( 1 4 9 )   A n ,  X . ;  S i m m on s ,  T . ;  S ha h ,  R . ;  W ol f e ,  C . ;  L e w i s ,  K .  M . ;  W a sh in g to n ,  
M . ;  Na ya k ,  S .  K . ;  T a l apa t ra ,  S . ;  K ar ,  S .  S t ab l e  A q u eou s  D i s p e r s io n s 
o f  N on c o va l en t ly  F un ct io na l i z e d  G ra ph e n e f ro m G r aph i t e  and  Th e i r  
M u lt i f un ct io na l  H i gh - Pe r f o r m an c e A pp l i c at io ns .  Na no Le t t .  20 1 0 ,  
1 0  ( 1 1) ,  4 2 9 5 –4 3 0 1 .  

( 1 5 0 )   G h o s h ,  S . ;  A n ,  X . ;  S ha h ,  R . ;  R a wa t ,  D . ;  Da ve ,  B . ;  Ka r ,  S . ;  Ta l ap at ra ,  
S .  E f f e ct  o f  1 - Py r en e  Ca rb ox y l i c - A c i d  Fu n ct io na l i z at io n  of  
G r a ph en e  on  I t s  Ca pa c i t i ve  En e rg y  S to r ag e .  J .  P h y s .  C he m.  C  2 0 12 ,  
1 1 6  ( 39 ) ,  2 0 68 8 – 2 0 6 93 .  

( 1 5 1 )   Y a n g,  S . ;  B rü l l er ,  S . ;  Wu,  Z .  S . ;  L i u ,  Z . ;  Pa r ve z ,  K . ;  Do ng ,  R . ;  R i c ha rd ,  
F . ;  Sa m o r ì ,  P . ;  F en g ,  X . ;  M ül l e n ,  K .  O r gan i c  R ad i ca l - A s s i s t ed 
E l e ct r oc h e m ic a l  E x f o l i a t i on  fo r  th e  Sc a la b l e  Pr o du ct io n  o f  H ig h -
Q u a l i t y  G ra ph en e .  J .  Am .  C he m.  Soc .  2 01 5 ,  137  ( 43 ) ,  13 9 2 7 – 1 39 3 2 .  

( 1 5 2 )   J u n g,  S .  M . ;  Ma f ra ,  D .  L . ;  L in ,  C . - T . ;  J un g,  H .  Y . ;  Ko n g,  J .  Co nt ro l l ed  
P o ro u s  S t ru ct ur e s  o f  G r a ph en e  A e ro g e l s  a nd  T h ei r  E f f e ct  on 
S u p er c ap ac i to r  P er f o r ma n c e.  N ano s ca le  2 0 1 5 ,  7  ( 1 0 ) ,  4 3 8 6 – 43 9 3 .  

( 1 5 3 )   M u nu e ra ,  J .  M . ;  Pa r ed es ,  J .  I . ;  En t e rr ía ,  M. ;  Pag á n ,  A . ;  V i l la r - Ro d i l ,  
S . ;  P e r e i r a ,  M.  F .  R . ;  M a rt i n s ,  J .  I . ;  F i gu e i r ed o,  J .  L . ;  C en i s ,  J .  L . ;  
M a rt í n ez - A lo n so ,  A . ;  Ta s c ón ,  J .  M .  D .  E l e c t r oc h e m i ca l  E x fo l i a t i on  
o f  Gr ap h i t e  in  Aq u eous  S od iu m Ha l id e  E l e ct ro l y t e s  to w a rd  Lo w 
O x y g en  Co nt e nt  G r ap h en e f or  En e rg y  a nd  E n v i r on m e nt a l  
A p p l i ca t i on s .  A C S  Ap p l .  Ma te r .  In te r f ace s  2 01 7 ,  9  ( 2 8 ) ,  2 4 0 85 –
2 4 0 9 9 .  

( 1 5 4 )   E j ig u ,  A . ;  K i n l o ch ,  I .  A . ;  D ry f e ,  R .  A .  W.  S in g l e  S t a g e S i mu lt an e ou s  
E l e ct r oc h e m ic a l  Ex f o l ia t io n  and  Fu n ct io na l i za t io n  o f  G r aph e n e .  
A C S  A pp l .  Ma te r .  In te r fa ce s  2 0 1 7 ,  9  ( 1 ) ,  7 1 0 – 72 1 .  

( 1 5 5 )   L i ,  L . ;  S e co r ,  E .  B . ;  C h en ,  K .  S . ;  Zhu ,  J . ;  L iu ,  X . ;  G ao ,  T .  Z . ;  S eo ,  J .  
W .  T . ;  Zh ao ,  Y . ;  H e r sa m ,  M .  C .  H ig h -P e r f or m a nc e  S o l i d - St ate  
S u p er c ap ac i to r s  an d  M ic r o s up e rc ap a c i to r s  D er i ve d  f ro m  Pr in ta b l e  
G r a ph en e  Ink s .  A d v.  Ene r g y  M ate r .  2 0 1 6 ,  6  ( 20) ,  1 – 8 .  

( 1 5 6 )   K i m ,  H . - K . ;  K a m al i ,  A .  R . ;  R oh ,  K .  C . ;  K i m,  K . -B . ;  F ra y ,  D .  J .  Du al  
C o e x i s t i n g  In t er c onn ec t e d  G r aph e n e  Na no st r uc tu r e s  fo r  H i gh  
P e r f o r ma nc e  Su p er c apa c i to r  A pp l i c at io n s .  En e rg y  E nv i r on .  Sc i .  
2 0 1 6 ,  9  ( 7 ) ,  2 2 4 9 – 2 2 56 .  
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( 1 5 7 )   A m i r i ,  A . ;  Sha nb e d i ,  M . ;  A h ma di ,  G . ;  E sh gh i ,  H . ;  Ka z i ,  S .  N . ;  Ch e w ,  
B .  T . ;  Sa va r i ,  M. ;  Z ub ir ,  M .  N .  M .  Ma s s  P r odu c t io n  o f  H i gh ly - P or ou s  
G r a ph en e  f o r  H ig h - P er fo r m an c e  Su p er c apa c i t or s .  Sc i .  Re p .  2 0 16 ,  6  
( 1 ) ,  3 2 6 86 .  

( 1 5 8 )   Z h ou,  Q . ;  Z ha o,  Z . ;  C he n ,  Y . ;  H u ,  H . ;  Q iu ,  J .  Lo w  T e mp e ra tu r e 
P l a s m a - M ed ia t ed  Synt h e s i s  o f  G ra ph e n e N an o sh e e t s  fo r  
S u p er c ap ac i to r  E l e ct rod e s .  J .  M ate r .  C h e m.  20 1 2 ,  2 2  (1 3 ) ,  60 6 1 –
6 0 6 6 .  

( 1 5 9 )   W a ng ,  K . ;  Xu ,  M . ;  S hr e s t ha ,  M . ;  Gu ,  Z . ;  F an ,  Q .  H .  P l a s m a -A s s i s t ed 
F a br i ca t io n  o f  Gr ap h ene  i n  A m b i en t  T e m p e rat u r e  f o r  Sy m m e t r ic  
S u p er c ap ac i to r s  Ap p l i ca t io n .  M at e r .  T oda y  Ene r g y  2 0 1 7 ,  4 ,  7 – 1 3.  

( 1 6 0 )   B o ,  Z . ;  Zhu ,  W . ;  Tu ,  X . ;  Y a n g,  Y . ;  Ma o,  S . ;  H e ,  Y . ;  Ch e n ,  J . ;  Y an ,  J . ;  
C e n ,  K .  I n st an tan e ou s  R ed u ct io n  o f  G r ap h en e  O x id e Pa p er  for  
S u p er c ap ac i to r  E l e c t r od e s  w i th  Un i mp e d ed  L iq u i d  P e r m e at io n .  J .  
P h y s .  C hem .  C  2 0 14 ,  1 18  ( 2 5 ) ,  1 3 4 9 3 –1 3 5 0 2.  

( 1 6 1 )   S e o ,  D .  H . ;  P i n ed a,  S . ;  Y ic k ,  S . ;  B e l l ,  J . ;  H an ,  Z .  J . ;  O s t r i ko v ,  K .  ( K e n) .  
P l a s m a -En ab l ed  Su s ta in ab l e  E l e m e nt a l  L i f e cy c l e s :  Ho n ey co m b -
D e r i ve d  G ra ph e n e s  f or  n e xt - G e n e ra t io n  B io s e n s or s  an d 
S u p er c ap ac i to r s .  G r een  C he m.  2 01 5 ,  1 7  ( 4 ) ,  2 16 4 – 2 1 7 1 .  

( 1 6 2 )   X u ,  P . ;  K an g,  J . ;  Ch o i ,  J .  B . ;  Suh r ,  J . ;  Y u ,  J . ;  L i ,  F . ;  By un ,  J .  H . ;  K i m,  
B .  S . ;  C ho u,  T .  W .  L a m in at e d  U l t ra th in  Ch e m i ca l  V ap or  D e po s i t i on  
G r a ph en e  F i l m s  Ba s e d  S t r et c ha b l e  and  T r an s pa r en t  H i gh - R ate  
S u p er c ap ac i to r .  A CS  Nan o  2 0 1 4 ,  8  ( 9 ) ,  9 43 7 – 9 44 5 .  

( 1 6 3 )   Q i n ,  K . ;  K an g,  J . ;  L i ,  J . ;  L i u ,  E . ;  S h i ,  C . ;  Zh an g,  Z . ;  Zha n g,  X . ;  Zh ao,  
N .  C on t i nu ou s ly  H i era r ch i ca l  Na nop o ro u s  G r a ph en e  F i l m f o r  
F l e x ib l e  So l id - S ta t e  S up e r ca pa c i t or s  w i th  E x ce l l e nt  P e r fo r ma n c e.  
N an o E ne r gy  2 01 6 ,  2 4 ,  1 5 8 – 1 6 4 .  

( 1 6 4 )   R a m ad o s s ,  A . ;  Y oo n,  K .  Y . ;  K w ak ,  M .  J . ;  K i m ,  S .  I . ;  Ryu ,  S .  T . ;  Ja ng ,  
J .  H .  Fu l ly  F l ex i b l e ,  L i gh t w e i ght ,  H i gh  P e r fo r ma n c e A l l - S o l id - S ta t e 
S u p er c ap ac i to r  Ba s e d  on  3 - D i m en s i on a l - G r ap he n e / g ra ph i t e - Pa p er .  
J .  Po w e r  Sou r ce s  2 0 1 7 ,  3 3 7 ,  1 5 9 – 16 5 .  

( 1 6 5 )   K i m ,  K .  H . ;  Y an g,  M . ;  Ch o,  K .  M . ;  Ju n ,  Y . - S . ;  Le e ,  S .  B . ;  Ju n g,  H . - T .  
H i gh  Qu a l i t y  R e du c ed  G r ap h en e  Ox id e  t h rou g h  R ep a ir in g  w it h  
M u lt i - La y er e d  G ra ph ene  B a l l  N an o s tr uc tu r e s .  S c i .  Re p .  2 0 1 3 ,  3  ( 1 ) ,  
3 2 5 1 .  

( 1 6 6 )   Y o o ,  J .  J . ;  Ba la kr i s hn an ,  K . ;  Hu an g,  J . ;  M eu ni e r ,  V . ;  S u mp t er ,  B .  G . ;  
S r i va s ta va ,  A . ;  Con w ay,  M. ;  R edd y ,  A .  L .  M . ;  Y u ,  J . ;  Va j t a i ,  R . ;  
A j ay an ,  P .  M.  U l t ra th in  P l an ar  G ra ph en e  Sup e r ca pa c i t or s .  N ano 
L e t t .  2 0 11 ,  1 1  ( 4 ) ,  1 4 2 3 – 1 4 2 7 .  

( 1 6 7 )   Z ha n g,  S . ;  L i ,  Y . ;  Pa n ,  N .  G r a ph en e  B a s e d  Sup e r ca pa c i t o r  Fab r i ca t ed 
b y  Va cu u m F i l t r at i on  De p o s i t i on .  J .  P o we r  Sour c e s  2 01 2 ,  20 6 ,  47 6 –
4 8 2 .  

( 1 6 8 )   Z ha n g,  S . ;  Pa n ,  N .  Supe r c ap a c i to r  P er f or m a nc e  o f  C ru m pl e d  a nd 
P l an ar  G r ap h en e Ma t e r i a l s  P rod u c ed  by  H yd rog e n  G a s  R e du ct i on 
o f  G ra ph en e  Ox id e .  J .  M a te r .  C he m.  A  2 0 13 ,  1  ( 2 7 ) ,  7 9 5 7 – 7 96 2 .  
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( 1 6 9 )   Z ha n g,  J . ;  T ian ,  T . ;  C h en ,  Y . ;  N i u ,  Y . ;  T an g,  J . ;  Q i n ,  L .  C .  Syn th e s is  
o f  G r aph e n e  f r o m  D ry  I c e  i n  F l a m e s  a nd  I t s  Ap p l i ca t i on  in  
S u p er c ap ac i to r s .  Ch em .  Ph y s .  Le t t .  2 0 1 4 ,  5 9 1 ,  7 8 – 8 1 .  

( 1 7 0 )   X u e ,  Y . ;  Zh u ,  L . ;  C h en ,  H . ;  Q u ,  J . ;  Da i ,  L .  M ul t i s c a l e  P at t e rn in g  o f  
G r a ph en e  O x id e  a nd  R e d uc e d  Gr ap h en e  O x i d e f o r  F l e x ib l e 
S u p er c ap ac i to r s .  Ca r bon  N .  Y .  2 0 1 5 ,  9 2 ,  3 05 – 31 0 .  

( 1 7 1 )   W a ng ,  D . ;  M in ,  Y . ;  Y u ,  Y . ;  P e n g,  B .  L a s e r  I ndu ce d  S e l f - Pr op a ga t i n g 
R e d uc t io n  a nd  Ex f o l i a t i on  o f  G r aph i t e  Ox ide  a s  an  E l ec t rod e 
M a t e r i a l  fo r  Su p er c ap ac i t or s .  E l ec t r oc h i m.  A ct a  2 0 14 ,  1 4 1 ,  2 7 1–
2 7 8 .  

( 1 7 2 )   Y a n g,  D . ;  Bo ck ,  C .  L a se r  R edu c e d  Gr ap h en e f o r  Su p e rc ap a c i to r  
A p p l i ca t i on s .  J .  P o we r  So u rc e s  2 01 7 ,  3 3 7 ,  7 3 – 81 .  

( 1 7 3 )   W a ng ,  L .  J . ;  E l - K ady ,  M.  F . ;  Dub i n ,  S . ;  H wa n g,  J .  Y . ;  Sh ao ,  Y . ;  M ar s h,  
K . ;  Mc V e r ry ,  B . ;  K o wa l ,  M .  D . ;  Mou s a v i ,  M.  F . ;  K an e r ,  R .  B .  F l a s h 
C o n ve rt e d  Gr ap h en e  fo r  U l t ra - H i gh  Po w e r  Su p er c ap ac i to r s .  A d v.  
E ne r g y  Ma te r .  2 0 1 5 ,  5  (1 8 ) ,  1 – 8 .  

( 1 7 4 )   X i an g ,  F . ;  Zh on g,  J . ;  Gu ,  N . ;  M ukh e r j e e,  R . ;  O h ,  I .  K . ;  K o ra tk ar ,  N . ;  
Y a n g,  Z .  Fa r - I n fr a r ed  R ed u c ed  Gr ap h en e  O x id e  a s  H i g h  P e r fo r ma n c e 
E l e ct r od e s  fo r  Su p er c ap a c i to r s .  C a rb on  N .  Y .  20 1 4 ,  7 5 ,  20 1 – 2 0 8.  

( 1 7 5 )   W a ng ,  C . ;  H e ,  X . ;  S ha n g,  Y . ;  P e ng ,  Q . ;  Q in ,  Y . ;  Sh i ,  E . ;  Ya n g,  Y . ;  Wu,  
S . ;  Xu ,  W. ;  Du ,  S . ;  Ca o ,  A . ;  L i ,  Y .  M ul t i fun c t i ona l  G ra ph e n e  S h e et –
n an or ib bo n  Hyb r id  A er o g e l s .  J .  Ma te r .  Ch em .  A  20 1 4 ,  2  ( 3 6 ) ,  
1 4 9 9 4 – 1 5 00 0 .  

( 1 7 6 )   Y e ,  X . ;  Z ho u,  Q . ;  J ia ,  C . ;  T an g ,  Z . ;  Z hu ,  Y . ;  Wan ,  Z .  P ro du c in g  La r g e -
A r e a ,  F o l da b l e  G r aph en e  Pa p e r  f r o m  Gr ap h i te  O x id e  S u sp e n s ion s  
b y  i n - S i tu  Ch e m i c a l  R ed u ct io n  P ro c e s s .  C a rb on  N.  Y .  20 1 7 ,  1 1 4 ,  
4 2 4 – 4 3 4 .  

( 1 7 7 )   Y e ,  X . ;  Zh u ,  Y . ;  T an g,  Z . ;  Wa n,  Z . ;  J ia ,  C .  In - S i tu  C h e m i c a l  R e du ct i on  
P r od uc e d  Gr ap h en e  Pa p e r  f o r  F l e x ib l e  S up e r ca pa c i t or s  w i th  
I m p r e s s i ve  C apa c i t i ve  P e r f o r ma nc e .  J .  P o we r  S ou rc e s  20 1 7 ,  3 6 0 ,  
4 8 – 5 8 .  

( 1 7 8 )   Z hu ,  C . ;  L i u ,  T . ;  Q ia n ,  F . ;  H an ,  T .  Y .  J . ;  D uo s s ,  E .  B . ;  Kun tz ,  J .  D . ;  
S p ad ac c in i ,  C .  M . ;  W or s l e y ,  M.  A . ;  L i ,  Y .  Su p er ca pa c i t o r s  Ba s e d  on  
T h r e e - D i m e n si on a l  H i er a r ch i ca l  G r ap h en e  A ero g e l s  w i t h  P e r io d i c  
M a c ro po r e s .  N an o Le t t .  2 0 1 6 ,  1 6  ( 6 ) ,  3 44 8 – 3 4 56 .  

( 1 7 9 )   L i u ,  X . ;  Q i ,  X . ;  Z ha n g,  Z . ;  R en ,  L . ;  H ao ,  G . ;  L i u ,  Y . ;  Wan g ,  Y . ;  Hua n g,  
K . ;  W e i ,  X . ;  L i ,  J . ;  Hu ang ,  Z . ;  Z ho ng ,  J .  E l e ct r oc h e m i ca l ly  R e du c ed  
G r a ph en e  O x id e w i th  Po r ou s  S t r u ctu r e  a s  a  B in d er - F r e e E l e c t r ode 
f o r  H i g h - Ra t e  Sup e r cap a c i to r s .  RS C Ad v .  2 01 4 ,  4  ( 26 ) ,  13 6 7 3 –
1 3 6 7 9 .  

( 1 8 0 )   P h a m,  V .  H . ;  G eb r e,  T . ;  D i c k e r so n ,  J .  H .  Fa c i l e  E l e c t ro d ep o si t io n  of  
R e d uc e d  G rap h en e O x i d e Hy dr o g el s  fo r  H i gh - P e r fo r m an c e 
S u p er c ap ac i to r s .  N ano sc a l e  2 0 15 ,  7  ( 1 4 ) ,  59 4 7 – 5 9 5 0 .  

( 1 8 1 )   Z an g ,  P . ;  Ga o,  S . ;  Dan g ,  L . ;  L i u ,  Z . ;  L e i ,  Z .  G r e en  Syn th e s i s  o f  H o l ey 
G r a ph en e  Sh e e t s  an d  Th e i r  A s s e m b ly  i n t o  A e ro g e l  wi th  I m p ro ve d 
I on  T ra n sp or t  P rop e r ty .  E l ec t roc h i m .  Ac ta  2 0 1 6 ,  21 2 ,  1 7 1 –1 7 8 .  
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( 1 8 2 )   L i m ,  M.  B . ;  Hu ,  M. ;  Man an dha r ,  S . ;  Sa k sh au g,  A . ;  S t r on g,  A . ;  R i l ey ,  
L . ;  P au za u sk i e ,  P .  J .  U l t ra f a s t  S o l - G e l  Syn th e s i s  o f  G r aph e n e 
A e r o g e l  Ma t e r i a l s .  Ca r bo n  N.  Y .  20 1 5 ,  9 5 ,  6 1 6 –6 2 4 .  

( 1 8 3 )   Z h en g ,  B . ;  X u ,  Z . ;  Ga o,  C .  M a s s  P r odu c t i on  o f  G ra ph e n e Na no s c ro l l s  
a nd  Th e i r  Ap p l i ca t ion  in  H i gh  R at e  P er f or m anc e  S up e rc ap a c i to r s .  
N an o sca le  20 1 6 ,  8  ( 3 ) ,  1 4 1 3 – 1 4 2 0.  

( 1 8 4 )   H a o,  X . -F . ;  Y an ,  Y . ;  Gao ,  L . - G . ;  Mu ,  W. - S . ;  Ha o,  C .  Io no th e r m al  
S y nth e s i s  o f  Gr ap h en e - B a s e d  H i er ar c h i c a l ly  P o ro u s  C ar bo n  fo r  
H i gh - En e r gy  Su p e rc apa c i to r s  w i th  Io n i c  L i qu id  E l e c t r o ly t e .  
E le c t r och i m.  A ct a  2 01 7 ,  2 4 1 ,  12 4 – 1 3 1.  

( 1 8 5 )   Y u ,  D . ;  Da i ,  L .  S e l f - A s se m b l e d  Gr ap h en e / ca rbo n  N an otu b e  Hy br i d  
F i l m s  f or  S up e r ca pa c i to r s .  J .  P hy s .  C he m.  L et t .  2 0 1 0 ,  1  (2 ) ,  4 67 –
4 7 0 .  

( 1 8 6 )   H ua n g,  Z . - D . ;  Z ha ng ,  B . ;  Oh ,  S . - W . ;  Zh e n g,  Q. - B . ;  L i n ,  X . - Y . ;  Y ou s e f i ,  
N . ;  K i m ,  J . - K .  S e l f - A s se m b l e d  R e du c ed  G ra ph e n e O x id e / ca rb on 
N an ot ub e  Th in  F i l m s  a s  E l ec t rod e s  f or  Su p er ca pa c i t o r s .  J .  M ate r .  
C h em .  2 0 1 2 ,  2 2  (8 ) ,  3 591 – 3 5 9 9 .  

( 1 8 7 )   L i ,  Y .  F . ;  L iu ,  Y .  Z . ;  Ya ng ,  Y .  G . ;  Wa n g,  M.  Z . ;  W e n ,  Y .  F .  R e du c ed  
G r a ph en e  o x i d e/ M W CNT  H yb r id  Sa nd w i ch ed  F i l m  by  S e l f - A s s e m bl y  
f o r  H i g h  P e r fo r m an c e S u p er c ap ac i to r  E l e ct rod e s .  Ap p l .  Ph y s .  A 
M a te r .  Sc i .  P r oce s s .  2 01 2 ,  1 0 8  ( 3 ) ,  7 0 1 – 7 0 7.  

( 1 8 8 )   T r i g u ei r o ,  J .  P .  C . ;  La va l l ,  R .  L . ;  S i l va ,  G .  G .  N an o co m po s i t e s  o f  
G r a ph en e  Na no s h e ets / M u lt i w a l l e d  C a rb on  Nan o tub e s  a s 
E l e ct r od e s  f or  In - P la n e Su p er c apa c i to r s .  E l ec t r o ch im .  Ac ta  2 01 6 ,  
1 8 7 ,  3 1 2 – 32 2 .  

( 1 8 9 )   B a n ,  F .  Y . ;  J ay ab a l ,  S . ;  L im ,  H .  N . ;  L e e ,  H .  W . ;  H ua n g,  N .  M.  S yn th e s i s  
o f  N i t r og e n - Do p ed  R edu c e d  G rap h en e  O x id e -M u lt i w a l l e d  Ca rb on  
N an ot ub e  Co m po s i t e  o n  N ic k e l  F oa m  a s  E l e c t ro d e f o r  H i g h -
P e r f o r ma nc e  Sup e r ca pac i t or .  C e ra m.  I n t .  2 0 1 7 ,  4 3  ( 1 ) ,  20 – 2 7 .  

( 1 9 0 )   T a m a i la ra s an ,  P . ;  R a ma p rab hu,  S .  C ar bo n  Na no tu b e s - G ra ph en e-
S o l id l ik e  I on ic  L iq u i d  La y er - B a s e d  H yb r i d  E l e ct r od e M at e r ia l  f or  
H i gh  P e r f or m an c e  S up er c ap a c i to r .  J .  Ph y s .  C hem .  C  2 01 2 ,  1 1 6  ( 27 ) ,  
1 4 1 7 9 – 1 4 18 7 .  

( 1 9 1 )   A n t i oh o s,  D . ;  R o ma no ,  M .  S . ;  R az a l ,  J .  M . ;  B e i rn e ,  S . ;  A i t ch i s on ,  P . ;  
M i n et t ,  A .  I . ;  W al la c e ,  G .  G . ;  Ch e n ,  J .  P er f or m an c e Enh an c e m e nt  o f  
S i n g l e - W a l l e d  N an ot ube – m i c r o w a ve E x f o l i a t ed  Gr ap h en e O x i d e 
C o m p o si t e  E l e c t r od e s  U s i n g  a  St a ck e d  E l e ct ro d e C on f i gu ra t i on .  J .  
M a te r .  C he m.  A  2 0 14 ,  2  ( 3 6 ) ,  1 4 8 3 5 – 14 8 4 3 .  

( 1 9 2 )   L i n ,  Y . ;  L iu ,  F . ;  C a sa no,  G . ;  Bh a vs ar ,  R . ;  K in loc h ,  I .  A . ;  D e rby ,  B .  
P r i s t i n e  G ra ph en e  A e r og e l s  b y  Ro o m - T e m p er atu r e  F r e ez e  G e la t i on .  
A d v .  Ma te r .  2 0 1 6 ,  2 8  ( 36 ) ,  7 9 9 3 – 8 00 0 .  

( 1 9 3 )   P h a m,  D .  T . ;  L e e,  T .  H . ;  Lu on g,  D .  H . ;  Ya o ,  F . ;  G h o s h ,  A . ;  L e ,  V .  T . ;  
K i m ,  T .  H . ;  L i ,  B . ;  C hang ,  J . ;  L e e,  Y .  H .  C ar bon  N an ot ub e - B r i d g ed  
G r a ph en e  3 D  Bu i ld i n g  B l o ck s  f o r  Ul t ra f a s t  C o m pa ct  
S u p er c ap ac i to r s .  A CS  Na no  2 0 1 5 ,  9  ( 2 ) ,  2 0 1 8 – 20 2 7 .  

 



Grap hene -b ased  Sup ercapac i to r s   Chap ter  I I  

-113-  

( 1 9 4 )   S h ao ,  Q . ;  T an g,  J . ;  L i n ,  Y . ;  L i ,  J . ;  Q in ,  F . ;  Y ua n ,  J . ;  Q i n ,  L .  C .  C ar bo n 
N an ot ub e  Sp ac e d  Gr aph e n e  A e r og e l s  w i t h  Enh an c ed  C ap ac i ta nc e 
i n  Aq u eo u s a nd  Ion i c  L i qu i d  E l e c t ro ly t e s .  J .  Po w e r  S ou rc e s  2 01 5 ,  
2 7 8 ,  7 5 1 – 75 9 .  

( 1 9 5 )   G h a z i n ej ad ,  M . ;  Gu o,  S . ;  W an g,  W . ;  O zk an ,  M . ;  Oz kan ,  C .  S .  
S y nc hr on ou s  Ch e m i ca l  V apo r  D e po s i t i on  o f  La r g e - Ar e a  Hyb r id  
G r a ph en e – c a rbo n  N an ot ub e A r ch i t e c tu r e s .  J .  M a te r .  Re s .  20 1 3 ,  28  
( 7 ) ,  9 5 8 – 9 68 .  

( 1 9 6 )   Y o o n,  Y . ;  L e e,  K . ;  K w on,  S . ;  S eo ,  S . ;  Y o o ,  H . ;  K im ,  S . ;  S h i n ,  Y . ;  Pa rk ,  
Y . ;  K i m,  D . ;  C ho i ,  J .  Y . ;  L e e,  H .  V e rt i ca l  A l i gnm e n t s  o f  Gr ap h ene 
S h e e t s  Sp at i a l ly  an d  D e n s e l y  P i l ed  f o r  Fa st  I on  D i f fu s i on  in  
C o m p ac t  S up e rc ap a c i tor s .  A CS  N a no  2 0 1 4 ,  8  (5 ) ,  4 5 8 0 – 4 5 90 .  

( 1 9 7 )   S e o ,  D .  H . ;  Y i ck ,  S . ;  Han ,  Z .  J . ;  F an g,  J .  H . ;  O s t r i ko v ,  K .  Syn e r g i st i c  
F u s i on  o f  V e r t i c a l  G raph e n e Na no s h e et s  a nd  Ca r bon  N an ot ub e s  fo r  
H i gh - P e r fo r m an c e Su p er c ap a c i to r  E l e c t r od e s .  C h em Su s C he m  2 01 4 ,  
7  ( 8 ) ,  2 3 1 7 – 2 32 4 .  

( 1 9 8 )   C h e n ,  I .  W.  P . ;  C h en ,  Y .  S . ;  Ka o ,  N .  J . ;  W u,  C .  W . ;  Zh an g,  Y .  W . ;  L i ,  
H .  T .  S c a l ab l e  a nd  H i gh - Y i e ld  Pr od u ct io n  o f  E x f o l ia t ed  G ra ph e ne 
S h e e t s  in  Wa t er  and  I t s  A pp l i c at i on  t o  a n  A l l - So l id - S ta t e 
S u p er c ap ac i to r .  Ca r bo n  N.  Y .  2 01 5 ,  9 0 ,  1 6 – 2 4 .  

( 1 9 9 )   N a m,  I . ;  B a e,  S . ;  Pa rk ,  S . ;  Yo o ,  Y .  G . ;  L e e,  J .  M . ;  H an ,  J .  W. ;  Y i ,  J .  
O m n id i r e ct io na l ly  S t r e tc h ab l e ,  H i gh  P e r fo r m anc e  Su p e rc ap a c i to rs  
B a s e d  on  a  G ra ph en e -C a r bon - Na no tu b e La y er e d  S t ru ct ur e .  Na no 
E ne r g y  2 01 5 ,  1 5 ,  3 3 – 4 2.  

( 2 0 0 )   M a o,  B .  S . ;  W e n,  Z . ;  B o ,  Z . ;  C han g ,  J . ;  Hu an g,  X . ;  C h en ,  J .  
H i e ra r ch i ca l  N ano hy br id s  w i th  P o rou s  C N T -Ne t w o rk s  D e c or at e d 
C r u m pl e d  G r aph e n e  B a l l s  f or  Su p er c ap a c i to r s .  A C S  Ap p l .  Ma te r .  
I n te r fa ce s  2 0 1 4 ,  6  ( 12 ) ,  9 8 8 1 – 98 8 9 .  

( 2 0 1 )   W a ng ,  W . ;  G uo ,  S . ;  R u iz ,  I . ;  Oz ka n ,  M. ;  O z ka n ,  C .  S .  T hr ee 
D i m e n t i on a l  G r aph en e - C N T s  F oa m  Ar c h i t e ct ur e s  f o r  
E l e ct r oc h e m ic a l  C apa c i t o r s .  E C S  T r an s .  2 0 1 2 ,  50  ( 4 3 ) ,  3 7 – 4 4.  

( 2 0 2 )   W a ng ,  W . ;  G uo ,  S . ;  P enc h e v ,  M . ;  R u i z ,  I . ;  B oz h i l o v ,  K .  N . ;  Ya n ,  D . ;  
O z ka n ,  M . ;  O zk an ,  C .  S .  T h r e e D i m e n si on a l  F e w L ay e r  G r aph e n e a nd 
C a r bon  Na no tu b e F o a m A r ch i t e c tu r e s  fo r  H ig h  F id e l i ty  
S u p er c ap ac i to r s .  N ano  E ne r g y  2 01 3 ,  2  ( 2 ) ,  2 9 4 – 3 0 3 .  

( 2 0 3 )   W u,  Y . ;  Zh an g,  T . ;  Zh ang ,  F . ;  W an g,  Y . ;  M a,  Y . ;  Hu an g,  Y . ;  L iu ,  Y . ;  
C h e n ,  Y .  In  S i tu  Sy nth e s i s  o f  G r aph e n e / s ing l e - W a l l e d  C a rbo n 
N an ot ub e Hyb r id  Ma t e r i a l  b y  Ar c - D i s ch ar g e and  I t s  App l i ca t i on  in  
S u p er c ap ac i to r s .  N ano  E ne r g y  2 01 2 ,  1  ( 6 ) ,  8 2 0 – 8 2 7 .  

( 2 0 4 )   W a ng ,  G . ;  Su n ,  X . ;  Lu ,  F . ;  Su n ,  H . ;  Yu ,  M. ;  J ia ng,  W. ;  L iu ,  C . ;  L i an ,  J .  
F l e x ib l e  P i l l a r ed  G r aphe n e - P ap e r  E l e c t r od e s  fo r  H i gh - P er f o r ma n c e 
E l e ct r oc h e m ic a l  Su p er ca pa c i t o r s .  S ma l l  20 1 2 ,  8  ( 3 ) ,  4 5 2 – 4 5 9.  

( 2 0 5 )   F e i ,  H . ;  Y an g,  C . ;  Bao ,  H . ;  Wa ng ,  G.  F l e x i b l e  A l l - S o l id - S ta t e 
S u p er c ap ac i to r s  B a s ed  on  G rap h en e / ca rb on  B l ac k  Na nop a rt i c l e  
F i l m  E l e ct ro d e s  and  Cr os s - L i n k ed  P o l y ( v i ny l  A lco ho l ) - H 2 SO 4  P or ou s  
G e l  E l e c t r o ly t e s .  J .  P o we r  S o u rc e s  2 0 1 4 ,  2 6 6 ,  48 8 – 4 9 5 .  
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( 2 0 6 )   W a ng ,  Y . ;  Ch e n ,  J . ;  Ca o ,  J . ;  L iu ,  Y . ;  Zh ou ,  Y . ;  Ou ya ng ,  J .  H . ;  J ia ,  D .  
G r a ph en e / c ar bo n  B l a ck  H yb r i d  F i l m  fo r  F l e x i b l e  and  H i gh  R ate  
P e r f o r ma nc e  S up e r ca pac i t or .  J .  P o we r  So u rce s  2 0 1 4 ,  27 1 ,  26 9 – 2 7 7.  

( 2 0 7 )   C h e n ,  Y . ;  Zh an g,  X . ;  Zh an g,  H . ;  Su n ,  X . ;  Z han g ,  D . ;  M a,  Y .  H ig h -
P e r f o r ma nc e S up e r capa c i to r s  Ba s e d  on  a  G r a ph en e – a ct i vat e d 
C a r bon  C o mp o s i t e  Pr e pa r e d  by  Ch e m i ca l  A ct i vat i on .  R S C  A d v.  2 01 2 ,  
2  ( 2 0 ) ,  7 7 4 7 – 77 5 3 .  

( 2 0 8 )   Y u ,  S . ;  L i ,  Y . ;  Pa n ,  N .  KO H  Ac t i va t ed  Ca rb on / gr a ph en e  N an o sh e e t s 
C o m p o si t e s  a s  H i gh  P e r fo r m an c e  E l ec t ro d e  M at e r ia l s  i n  
S u p er c ap ac i to r s .  RS C  Ad v .  2 0 1 4 ,  4  ( 9 0 ) ,  48 7 5 8 – 4 8 7 6 4 .  

( 2 0 9 )   L i ,  Y . ;  S ha ng ,  T . - X . ;  G ao,  J . - M. ;  J i n ,  X . - J .  N i t ro ge n - D op e d  A ct i vat e d 
C a r bon / g ra ph en e C o mpo s i t e s  a s  H i gh - P e r fo r man c e Su p e rc ap a c i to r  
E l e ct r o d e s .  RS C  Ad v.  201 7 ,  7  (3 1 ) ,  19 0 9 8 – 1 9 105 .  

( 2 1 0 )   X i e ,  Q . ;  Ba o ,  R . ;  Zh e ng ,  A . ;  Zh an g,  Y . ;  W u,  S . ;  X i e ,  C . ;  Zha o,  P .  
S u s ta i nab l e  Lo w - C o s t  G r e e n  E l e c t r od e s  w ith  H i gh  V o l u m et r i c  
C a pa c i t an c e  fo r  A qu e ou s  Sy m m e t r ic  Su p er c ap a c i to r s  w i t h  H i gh 
E n er gy  D en s i ty .  A CS  Sus t a in .  C he m.  En g .  20 1 6 ,  4  (3 ) ,  1 42 2 – 1 4 3 0.  

( 2 1 1 )   Y a d a v,  P . ;  B an e r j e e ,  A . ;  U nn i ,  S . ;  J og ,  J . ;  K ur ung o t ,  S . ;  O g a l e ,  S .  A  
3 D  H e x ap or ou s  C a rbo n  A s s e m b l e d  f ro m  S i ng l e -L ay e r  G r aph e n e a s  
H i gh  P e r f or m an c e S upe r c ap a c i to r .  C hem Su s Ch em  2 0 1 2 ,  5  (1 1 ) ,  
2 1 5 9 – 2 1 6 4.  

( 2 1 2 )   L e i ,  Z . ;  L i u ,  Z . ;  Wa ng ,  H . ;  Su n ,  X . ;  Lu ,  L . ;  Z ha o,  X .  S .  A  H i g h -En e r gy -
D e n s i ty  Su p er c ap ac i to r  w i t h  G ra ph en e - C M K - 5  a s  E l e ct ro d e a nd 
I on i c  L iq u i d  a s  E l e ct r o ly t e .  J .  Ma te r .  C he m .  A  2 0 1 3 ,  1 ,  23 1 3 – 2 3 21 .  

( 2 1 3 )   L i u ,  R . ;  Wa n,  L . ;  L i u ,  S . ;  P an ,  L . ;  W u,  D . ;  Zh ao ,  D .  An  I n t e r fa c e -
I nd u c ed  Co - A s s e m b ly  A p pr oa ch  to w a rd s  Ord e r ed  M e s op or ou s  
C a r bon / g ra ph en e  A er og e l  f or  H i gh - P e r fo r m anc e  S up e r cap a c i t or s .  
A d v .  Fu nc t .  M at e r .  2 015 ,  2 5  (4 ) ,  5 26 – 5 3 3 .  

( 2 1 4 )   L e e ,  J .  W. ;  K o ,  J .  M . ;  K i m,  J .  D .  H yd ro th e rm a l  P r ep ar at i on  of  
N i t r o g en - Do p ed  G r aph en e  S h e et s  v ia  H e xa m e thy l en e t e tr a m in e f or  
A p p l i ca t i on  a s  Su p er c ap a c i to r  E l e c t r od e s .  E lec t r oc h i m .  Ac ta  2 0 1 2 ,  
8 5 ,  4 5 9 – 4 66 .  

( 2 1 5 )   L i u ,  Y .  Z . ;  L i ,  Y .  F . ;  Su ,  F .  Y . ;  X i e ,  L .  J . ;  K on g,  Q.  Q . ;  L i ,  X .  M . ;  Ga o,  
J .  G . ;  C h en ,  C .  M.  Ea s y  On e - S t ep  Syn th e s i s  o f  N - Do p ed  G r aph e n e 
f o r  S up e r ca pa c i t or s .  Ene r g y  S to r ag e  Ma te r .  2 01 6 ,  2 ,  6 9 – 75 .  

( 2 1 6 )   C h e n ,  P . ;  Y an g,  J .  J . ;  L i ,  S .  S . ;  W an g ,  Z . ;  X ia o ,  T .  Y . ;  Q i an ,  Y .  H . ;  Y u,  
S .  H .  Hyd r oth e r m a l  Sy nt h e s i s  o f  Ma c ro s c op i c  N i t ro g e n - Do p ed 
G r a ph en e  H yd ro g e l s  fo r  Ul t r a fa s t  S up e r c ap ac i t or .  N an o E ne r g y  
2 0 1 3 ,  2  ( 2 ) ,  2 4 9 – 2 5 6.  

( 2 1 7 )   Z hu ,  Y . ;  Hu an g,  H . ;  Z hou ,  W . ;  L i ,  G . ;  L ia n g,  X . ;  G u o,  J . ;  T an g,  S .  Lo w 
T e m p e r at ur e  R e du c t i on  o f  G ra ph e n e Ox id e F i l m  by  A m m o ni a 
S o lu t io n  a nd  I t s  Ap p l i ca t ion  fo r  H i gh - P e r fo r m an c e 
S u p er c ap ac i to r s .  J .  Mat e r .  S c i .  Ma te r .  E l ec t r o n .  20 1 7 ,  2 8  ( 1 4 ) ,  
1 0 0 9 8 – 1 0 10 5 .  
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( 2 1 8 )   L i u ,  D . ;  F u ,  C . ;  Z ha ng ,  N . ;  Zh ou ,  H . ;  Ku an g,  Y .  T h r e e - D i m en s i ona l  
P o ro u s  N i t r o g en  D op ed  G r a ph en e  Hy d ro g e l  fo r  H i gh  En e r gy  D en s i ty  
S u p er c ap ac i to r s .  E le c t ro ch im .  Ac ta  20 1 6 ,  21 3 ,  2 9 1 – 2 9 7 .  

( 2 1 9 )   Z ha n g,  Y . ;  W en ,  G . ;  Ga o,  P . ;  B i ,  S . ;  Ta n g,  X . ;  Wa ng ,  D .  H i gh -
P e r f o r ma nc e  Sup e r ca pa c i to r  o f  Ma c ro s c op i c  G r a ph en e  H yd ro g e l s 
b y  P ar t i a l  R e du ct i on  a nd  N i t r o g en  Do p i ng  o f  G r aph e n e  O x id e .  
E le c t r och i m.  A ct a  2 01 6 ,  2 2 1 ,  16 7 – 1 7 6.  

( 2 2 0 )   S u i ,  Z .  Y . ;  M en g,  Y .  N . ;  X i a o ,  P .  W . ;  Zh ao,  Z .  Q . ;  W e i ,  Z .  X . ;  Ha n ,  B.  
H .  N i t r o g en - D op ed  Gr ap h en e A e ro g e l s  a s  E f f i c i e n t  Sup e r ca pa c i t or  
E l e ct r od e s  and  G a s  Ad so r b ent s .  A CS  Ap p l .  Ma te r .  In te r f ace s  2 0 15 ,  
7  ( 3 ) ,  1 4 3 1 – 1 43 8 .  

( 2 2 1 )   S u ,  X . - L . ;  Ch e n g,  M . - Y . ;  F u ,  L . ;  Z h en g,  G . - P . ;  Z he n g ,  X . - C . ;  Y an g ,  J . -
H . ;  Gu an ,  X . - X .  F a c i l e  S y nth e s i s  o f  3D  N i t ro ge n - D op e d  Gr ap h en e 
A e r o g e l  Na no m e s h e s  w i t h  H i e ra r ch ic a l  P oro u s  St ru c tu r e s  f or  
A p p l i ca t i on s  i n  H ig h -Pe r f o r m an c e  Sup e r ca pa c i t or s .  N e w  J .  C he m.  
2 0 1 7 ,  4 1  ( 1 3 ) ,  5 2 9 1 – 529 6 .  

( 2 2 2 )   Y a n g,  J . ;  J o ,  M .  R . ;  Ka n g,  M . ;  H uh,  Y .  S . ;  Ju n g,  H . ;  K an g ,  Y .  M .  Ra p i d  
a nd  C on tr o l l ab l e  Syn the s i s  o f  N i t ro g en  D op e d  R e d uc e d  Gr ap h ene 
O x i d e U s in g  M i c ro w a ve - A s s i s t e d  Hy dr ot h er m a l  R e a ct io n  f or  H i gh  
P o w e r - D en s i ty  S up e r cap a c i to r s .  C a rb on  N .  Y .  20 1 4 ,  7 3 ,  10 6 – 1 1 3.  

( 2 2 3 )   C h an g,  Y . ;  H an ,  G . ;  Y u an ,  J . ;  Fu ,  D . ;  L i u ,  F . ;  L i ,  S .  U s in g 
H yd ro xy l a mi n e a s  a  R e d uc e r  to  P r ep ar e  N - D op e d  G ra ph ene 
H yd ro g e l s  U s e d  i n  H i gh - P e r fo r m an c e En e rg y  S to ra g e .  J .  Po w er  
S ou rc e s  2 0 1 3 ,  2 3 8 ,  4 9 2– 5 0 0 .  

( 2 2 4 )   L i ,  C . ;  Hu ,  Y . ;  Yu ,  M . ;  W a ng ,  Z . ;  Zh ao ,  W . ;  L i u ,  P . ;  T on g,  Y . ;  Lu ,  X .  
N i t r o g en  Do p ed  G r aph en e  P ap e r  a s  a  H i g h l y  Con du ct i ve ,  a nd  L ig ht -
W e i g ht  Sub s t ra t e  fo r  F l e x i b l e  Su p er c apa c i to r s .  RS C  Ad v .  2 0 1 4 ,  4  
( 9 4 ) ,  5 1 87 8 – 5 1 8 83 .  

( 2 2 5 )   H aq u e,  E . ;  I s la m ,  M .  M. ;  P ou ra za d i ,  E . ;  Ha s s an ,  M. ;  F a i sa l ,  S .  N . ;  
R o y ,  A .  K . ;  Kon s t ant i nov ,  K . ;  H ar r i s ,  A .  T . ;  M ine t t ,  A .  I . ;  Go m e s ,  V .  
G .  N i t r o g en  D op e d  G rap h en e  v i a  T h e r ma l  T r e at m e n t  o f  Co m po s i t e 
S o l id  Pr e c ur s o r s  a s  a  H i g h  P er f or m an c e S up e rc a pa c i t or .  RS C Ad v.  
2 0 1 5 ,  5  ( 3 9 ) ,  3 0 6 7 9 – 306 8 6 .  

( 2 2 6 )   W a ng ,  J . ;  D i ng ,  B . ;  X u ,  Y . ;  Sh e n ,  L . ;  D ou ,  H . ;  Z ha n g,  X .  Cr u mp l ed  
N i t r o g en - Do p ed  Gr aph e n e f or  Sup e r ca pac i t or s  w i th  H i gh  
G r a v i m e t r i c  a nd  Vo lum e t r i c  P e r f or m an c e s .  A C S  App l .  M at e r .  
I n te r fa ce s  2 0 1 5 ,  7  ( 40 ) ,  2 2 2 8 4 –2 2 2 9 1.  

( 2 2 7 )   W a ng ,  J . ;  D in g ,  B . ;  H ao ,  X . ;  Xu ,  Y . ;  Wa n g,  Y . ;  S h en ,  L . ;  Dou ,  H . ;  
Z ha n g,  X .  A  M od i f i e d  M o l t en - Sa l t  M et ho d  t o  P r epa r e  G r aph e n e 
E l e ct r od e  w ith  H i gh  Ca pa c i t an c e  a nd  L o w  Se l f - D i s c ha r g e  R at e .  
C a r bo n  N.  Y .  2 01 6 ,  1 02 ,  2 5 5 – 2 61 .  

( 2 2 8 )   L i ,  S . ;  Wan g ,  Z . ;  J i an g,  H . ;  Zha n g,  L . ;  R en ,  J . ;  Zh e n g,  M. ;  Do n g,  L . ;  
S u n ,  L .  P l a s m a - I ndu c e d  H ig h l y  E f f i c i en t  Syn th es i s  o f  B o r on  Dop e d 
R e d uc e d  G ra ph en e O x i d e f or  S up e r cap a c i to rs .  Ch em .  Co mm un .  
2 0 1 6 ,  5 2  ( 7 3 ) ,  1 0 9 88 – 10 9 9 1 .  
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( 2 2 9 )   W e n ,  P . ;  G on g,  P . ;  M i ,  Y . ;  Wa ng ,  J . ;  Y an g,  S .  Sc a l ab l e  Fa br i ca t ion  
o f  H ig h  Q ua l i ty  G r aph e n e  by  Ex f o l i a t io n  o f  Ed g e  Su l fo na t ed  
G r a ph i t e  f or  Su p er c apa c i to r  A pp l i c at io n .  RS C A d v.  2 01 4 ,  4  ( 68 ) ,  
3 5 9 1 4 – 3 5 91 8 .  

( 2 3 0 )   K a r th ik a ,  P . ;  Ra ja la k shm i ,  N . ;  Dh ath at hr e ya n ,  K .  S .  Ph o sp ho ru s -
D o p ed  E x f o l i a t ed  G r ap h en e  f or  Su p e rc ap a c i t or  E l e c t r od e s .  J .  
N an o sc i .  Na no tec hno l .  2 0 1 3 ,  1 3  ( 3 ) ,  1 7 4 6 – 1 751 .  

( 2 3 1 )   W e n ,  Y . ;  W an g,  B . ;  Hu a n g,  C . ;  Wa ng ,  L . ;  Hu l i c o va - Ju r ca ko va ,  D.  
S y nth e s i s  o f  P ho s ph or us - D o p ed  G rap h en e  an d  I t s  Wi d e Po t en t i a l  
W i nd o w  i n  Aq u eo u s  S upe r c ap a c i to r s .  Che m .  -  A  E u r .  J .  2 0 1 5 ,  2 1  ( 1 ) ,  
8 0 – 8 5 .  

( 2 3 2 )   W u,  Z .  S . ;  W in t er ,  A . ;  C h e n ,  L . ;  S un ,  Y . ;  T u rch an in ,  A . ;  F e ng ,  X . ;  
M u l l en ,  K .  T h r e e - Di m e n s i on a l  N i t r o g en  a nd  B or on  Co - D op ed 
G r a ph en e  fo r  H i gh - P er f o r m an c e  A l l - So l id - S ta te  S up e r cap a c i t or s .  
A d v .  Ma te r .  2 0 1 2 ,  2 4  ( 37 ) ,  5 1 3 0 – 5 13 5 .  

( 2 3 3 )   P h a m,  V .  H . ;  Hu r ,  S .  H . ;  K i m ,  E .  J . ;  K i m ,  B .  S . ;  C hu ng ,  J .  S .  H i gh ly  
E f f i c i ent  R e du ct i on  o f  G r a ph en e  O x i d e  U s ing  A m m o ni a  Bo ra n e.  
C h em .  C om mu n.  2 01 3 ,  4 9  ( 5 9) ,  6 6 6 5.  

( 2 3 4 )   W a ng ,  T . ;  W an g,  L . - X . ;  Wu ,  D . -L . ;  X ia ,  W . ;  J ia ,  D . -Z .  In t e ra ct i on 
b e t w e e n  N i t ro g en  and  Su l fu r  in  Co - D op e d  G r aph e n e  a nd  Syn e r g et i c  
E f f e c t  in  S up e r ca pa c i t or .  Sc i .  Re p .  2 0 1 5 ,  5  ( 1 ) ,  9 5 9 1 .  

( 2 3 5 )   A k ht e r ,  T . ;  I s la m ,  M .  M . ;  F a i sa l ,  S .  N . ;  H aq u e,  E . ;  M in e tt ,  A .  I . ;  L i u ,  
H .  K . ;  Ko n st an t i no v ,  K . ;  Do u,  S .  X .  S e l f - A s s em b l e d  N / S  Co do p ed  
F l e x ib l e  G ra ph en e  Pa p er  f o r  H ig h  P e r f or m an c e  E n er gy  S to ra g e  a nd  
O x y g en  R e du c t i on  R ea ct i on .  A C S  Ap p l .  Mat e r .  I n te r f ac e s  2 0 1 6 ,  8  
( 3 ) ,  2 0 7 8 – 20 8 7 .  

( 2 3 6 )   L i ,  J . ;  Zh an g,  G . ;  Fu ,  C . ;  D e n g,  L . ;  Su n ,  R . ;  W o ng ,  C .  P .  Fa c i le  
P r e pa ra t ion  o f  N i t ro g en / s u l f ur  Co - D op e d  a nd  H i e ra r ch i ca l  Po r ou s  
G r a ph en e  Hy dr o g el  f o r  H i gh - P e r fo r m an c e  E l e c t r o ch e m i ca l  
C a pa c i t o r .  J .  P o we r  S our c e s  2 0 1 7 ,  3 4 5 ,  1 4 6 – 1 55 .  

( 2 3 7 )   Z h ou,  Q . ;  Zh ao ,  Z . ;  Zh an g ,  Y . ;  M e ng ,  B . ;  Zh ou ,  A . ;  Q i u ,  J .  G rap h ene 
S h e e t s  f r o m G ra ph i t i z e d  Ant hr a c i t e  C oa l :  P r epa r at io n ,  D e c or at i on,  
a nd  A pp l ic at i on .  E ne r g y  an d  Fu e l s  2 01 2 ,  2 6  ( 8 ) ,  5 1 8 6 – 51 9 2 .  

( 2 3 8 )   Z ha n g,  L . ;  Zha n g,  F . ;  Y an g ,  X . ;  L on g,  G . ;  W u,  Y . ;  Zh an g,  T . ;  L e n g,  K . ;  
H ua n g,  Y . ;  M a,  Y . ;  Yu ,  A . ;  Ch e n ,  Y .  P o ro u s  3 D Gr a ph en e - B a s ed  Bu lk  
M a t e r i a l s  w i th  E x c ep t i o na l  H i gh  Su r fa c e  Ar e a  and  E x c e l l e nt  
C o nd uc t i v i ty  fo r  S up e r ca pa c i t o r s .  Sc i .  Re p .  20 13 ,  3  ( 1 ) ,  1 4 08 .  

( 2 3 9 )   W a ng ,  X . ;  Zha n g,  Y . ;  Z h i ,  C . ;  W an g,  X . ;  T an g ,  D . ;  X u ,  Y . ;  W e ng ,  Q . ;  
J i a n g,  X . ;  M it o m e ,  M . ;  G o l b er g ,  D . ;  B and o,  Y .  T h r e e - D i m en s i ona l  
S t ru t t e d  G r aph e n e G ro w n  by  Sub s t ra t e - Fr e e  S u ga r  B lo w i ng  f or  
H i gh - P o w e r -D e n s i t y  S up e r ca pa c i t or s .  N at .  Com mu n .  2 0 1 3 ,  4  ( M ay ),  
1 – 8 .  

( 2 4 0 )   W i l s on ,  E . ;  I s l a m,  M .  F .  U l t r a co m pr e s s i b l e ,  H ig h - Ra t e 
S u p er c ap ac i to r s  f ro m  G r aph e n e - C oa t ed  C a r bon  N an otu b e 
A e r o g e l s .  A CS  A pp l .  Mat e r .  In te r f ace s  2 0 1 5 ,  7  ( 9 ) ,  5 6 1 2 – 56 1 8 .  
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( 2 4 1 )   S u n ,  L . ;  T i an ,  C . ;  L i ,  M . ;  M e ng ,  X . ;  Wa n g,  L . ;  W a ng ,  R . ;  Y in ,  J . ;  F u,  
H .  F r o m C oc on ut  S h e l l  to  P o rou s  G ra ph en e - l i k e  Na no s h e e t s  f or  
H i gh - P o w e r  S up e r cap a c i t or s .  J .  Ma te r .  Ch em .  A  2 01 3 ,  1  ( 2 1 ) ,  6 4 62 –
6 4 7 0 .  

( 2 4 2 )   T i a n ,  W. ;  G ao ,  Q . ;  Z han g ,  L . ;  Ya ng ,  C . ;  L i ,  Z . ;  T a n ,  Y . ;  Q i an ,  W . ;  
Z ha n g,  H .  R e n e wa bl e  G ra ph e n e - l i k e  N i t rog e n - D op e d  Ca rb on  
N an o sh e e t s  a s  S up e r ca pa c i t o r  E l e c t r od e s  w it h  I n t e g ra t ed  H i gh  
E n er gy – po w e r  P rop e r t ie s .  J .  M at e r .  C he m.  A  2 0 1 6 ,  4  ( 2 2 ) ,  8 6 90 –
8 6 9 9 .  

( 2 4 3 )   P a n ma nd,  R .  P . ;  P at i l ,  P . ;  S e th i ,  Y . ;  K ad a m,  S .  R . ;  Ku l ka rn i ,  M .  V . ;  
G o s a v i ,  S .  W . ;  M un ir ath na m ,  N .  R . ;  Ka l e ,  B .  B .  Un iqu e  P e r fo r at ed  
G r a ph en e  D e r i ved  f r om  B ou ga in v i l l ea  F lo w e r s  fo r  H i g h -P o w er 
S u p er c ap ac i to r s :  A  G r ee n  App r oa ch .  Nan o sca le  20 1 7 ,  9  ( 1 4) ,  4 8 01 –
4 8 0 9 .  

( 2 4 4 )   X i n g ,  B . ;  Y ua n ,  R . ;  Zh an g ,  C . ;  H ua ng ,  G . ;  G uo ,  H . ;  Ch e n ,  Z . ;  Ch e n,  
L . ;  Y i ,  G . ;  Zh an g,  Y . ;  Y u ,  J .  F a c i l e  Syn th e s i s  o f  G r a ph e n e Na no s h e et s  
f r o m  H u mi c  A c id  fo r  Sup e r ca pa c i t or s .  F ue l  P roc e s s .  Tec hn o l .  2 0 1 7 ,  
1 6 5 ,  1 1 2 – 12 2 .  

( 2 4 5 )   S u dha ka r ,  Y .  N .  . ;  S e l vak u ma r ,  M.  . ;  Bh at ,  D .  K .  . ;  S en th i l  Ku m ar ,  S .  
.  R ed u c ed  G rap h en e  Ox id e  D e r i ve d  f r o m  U s ed  Ce l l  G ra ph i t e  a nd  I t s  
G r e e n  F ab r i c at i o n  a s  a n  E c o - Fr i en d l y  Sup e rc a pa c i t or .  RS C A dv .  
2 0 1 4 ,  4  ( 1 0 4 ) ,  6 0 0 39 – 60 0 5 1 .  

( 2 4 6 )   W u,  Q. ;  X u ,  Y . ;  Ya o ,  Z . ;  L iu ,  A . ;  S h i ,  G .  S up e r ca pa c i t o r s  B a s ed  on  
F l e x ib l e  G rap h en e / Po ly an i l i n e  Na no f ib e r  C om p o s i t e  F i l m s .  A CS 
N an o  2 01 0 ,  4  ( 4 ) ,  1 9 6 3 – 1 9 7 0 .  

( 2 4 7 )   L i ,  L . ;  Ra j i ,  A .  R .  O . ;  F e i ,  H . ;  Ya ng ,  Y . ;  Sa m u el ,  E .  L .  G . ;  T ou r ,  J .  M .  
N an o co m po s i t e  o f  Po l y an i l in e  N an or od s  G ro w n  o n  G ra ph e n e 
N an or i bbo n s  fo r  H i g h ly  Ca pa c i t i ve  P s e ud o cap a c i to r s .  A C S  Ap p l .  
M a te r .  In te r f ace s  2 01 3 ,  5  (1 4 ) ,  66 2 2 – 6 6 2 7.  

( 2 4 8 )   J i a n g,  X . ;  S e to do i ,  S . ;  Fu ku m ot o,  S . ;  I m a e,  I . ;  Ko m a gu c h i ,  K . ;  Y an o,  
J . ;  Mi zo ta ,  H . ;  H ar i m a,  Y .  An  E a sy  O n e - St e p  E l e ct r o syn th e s i s  o f  
G r a ph en e / po ly an i l i n e  Co m p o si t e s  a nd  E l e ct ro ch e m i c a l  C apa c i t o r .  
C a r bo n  N.  Y .  2 01 4 ,  6 7 ,  6 6 2 – 6 7 2 .  

( 2 4 9 )   W a ng ,  Q . ;  Ya n ,  J . ;  F an ,  Z . ;  W ei ,  T . ;  Zh an g,  M . ;  J i n g ,  X .  M e s o po ro u s 
P o ly an i l i n e  F i l m on  U l t ra - T h i n  G r ap h ene  S h e e t s  f o r  H i g h 
P e r f o r ma nc e  Su p er c apa c i to r s .  J .  P o we r  S ou rce s  2 0 14 ,  2 4 7 ,  1 97 –
2 0 3 .  

( 2 5 0 )   L i u ,  L . ;  N i u ,  Z . ;  Z ha n g,  L . ;  Zh ou ,  W . ;  C h e n,  X . ;  X i e ,  S .  
N an o st ru c tu r ed  G r aphe n e  Co m po s i t e  P ap e r s  f or  H i gh ly  F l ex ib l e  
a nd  Fo ld ab l e  S up e r capa c i to r s .  Ad v .  Ma te r .  20 1 4 ,  2 6  ( 2 8 ) ,  48 5 5 –
4 8 6 2 .  

( 2 5 1 )   X u ,  Y . ;  H e nn i g ,  I . ;  F r ey be r g ,  D . ;  Ja m e s  St ru d w ick ,  A . ;  G eo r g  S ch w ab ,  
M . ;  W ei tz ,  T . ;  Ch ih - P e i  C h a ,  K .  Ink j et - P r in t e d  En e r gy  St or a g e D e v i c e 
U s i n g  Gr ap h en e /p o lya n i l in e  In k s .  J .  Po w e r  So u rc e s  2 0 1 4 ,  2 4 8 ,  4 83 –
4 8 8 .  
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( 2 5 2 )   C h i ,  K . ;  Zh an g ,  Z . ;  X i ,  J . ;  Hu an g,  Y . ;  X i ao ,  F . ;  Wan g ,  S . ;  L iu ,  Y .  
F r e e s t an d i ng  G r aph e ne  P ap e r  Sup po rt e d  T h r e e - D i m en s i on al  
P o ro u s  G ra ph en e - P o lyan i l i n e  N an o co m po s i t e  Sy nt h e s i z ed  by  In k j e t  
P r in t in g  a nd  in  F l e x ib le  A l l - S o l i d - St at e  S up e rc a pa c i t or .  A CS  A pp l .  
M a te r .  In te r f ace s  2 01 4 ,  6  (1 8 ) ,  16 3 1 2 – 1 6 31 9 .  

( 2 5 3 )   D u ,  P . ;  L i u ,  H .  C . ;  Y i ,  C . ;  Wa n g,  K . ;  Go n g,  X .  Po l yan i l in e - Mo d i f i e d 
O r i e nt ed  G r aph e n e  Hyd r og e l  F i l m  a s  t h e F r ee - S t an d i n g  E l e c t r od e 
f o r  F l e x ib l e  So l id - St at e  Su p e rc ap a c i to r s .  A C S  Ap p l .  M at e r .  
I n te r fa ce s  2 0 1 5 ,  7  ( 43 ) ,  2 3 9 3 2 –2 3 9 4 0.  

( 2 5 4 )   S e k a r ,  P . ;  An ot hu m ak ko o l ,  B . ;  Ku run g ot ,  S .  3D  P o l yan i l in e  P or ous  
L ay e r  A nc ho r ed  P i l l a re d  Gr ap h en e S h e et s :  E nh an c ed  In t e r fa c e 
J o i n ed  w it h  H ig h  Co nd uc t i v i ty  f or  B et te r  C ha r g e  S to r ag e  
A p p l i ca t i on s .  A CS  A pp l .  M a te r .  I n t e r fa ce s  2 0 15 ,  7  (1 4 ) ,  7 6 6 1 – 7 66 9 .  

( 2 5 5 )   G a o ,  S . ;  Z an g,  P . ;  Dan g ,  L . ;  X u ,  H . ;  S h i ,  F . ;  L iu ,  Z . ;  L e i ,  Z .  
E xt r ao rd in ar i ly  H i gh - R at e  C ap ab i l i ty  o f  P o l yan i l i n e  N ano r od  Ar ra y s 
o n  G r aph e n e Na no m e s h.  J .  Po w e r  Sou r ce s  2 0 1 6 ,  30 4 ,  1 1 1 –1 1 8 .  

( 2 5 6 )   H on g ,  X . ;  Zh an g,  B . ;  Mur ph y ,  E . ;  Zou ,  J . ;  K i m ,  F .  T hr e e - D i m e n s ion a l  
R e d uc e d  G r aph e n e O x i d e/ po ly an i l i n e  N an o co m po s i t e  F i l m 
P r e pa r ed  b y  D i f fu s i on  D r i ve n  L ay e r -b y - L ay e r  A s s e m b l y  f o r  H ig h -
P e r f o r ma nc e  Sup e r ca pac i t or s .  J .  P o we r  So u rc e s  2 0 1 7 ,  3 4 3 ,  60 – 6 6 .  

( 2 5 7 )   Z ha n g,  L . ;  Hu an g,  D . ;  Hu ,  N . ;  Y an g,  C . ;  L i ,  M . ;  W e i ,  H . ;  Y an g ,  Z . ;  Su ,  
Y . ;  Z ha ng ,  Y .  T hr e e - D i m e n si on a l  St ru c tu r e s  o f  
G r a ph en e / po ly an i l i n e  Hy br id  F i l m s C on s tr uc t ed  b y  S t e a m ed Wa t er  
f o r  H i gh - P e r fo r ma n c e Su p er c ap ac i to r s .  J .  Po w er  So u rce s  2 01 7 ,  3 4 2 ,  
1 – 8 .  

( 2 5 8 )   B i s w a s ,  S . ;  D rz a l ,  L .  T .  M u lt i la y er e d  Nan oa r ch i t e c tu r e  o f  G r aph e n e 
N an o sh e e t s  an d  Po lypy r ro l e  Nan o w ir e s  fo r  H i g h  P er f or m an c e 
S u p er c ap ac i to r  E l e ct rod e s .  C he m.  M at e r .  2 01 0 ,  2 2  ( 20 ) ,  56 6 7 –
5 6 7 1 .  

( 2 5 9 )   D e  Ol i ve i ra ,  H .  P . ;  Sy d l ik ,  S .  A . ;  S wa g e r ,  T .  M .  Su p er c ap ac i to r s  f ro m 
F r e e - S t and in g  P o l ypy rr o l e / gr aph e n e N an o com p o s i t e s .  J .  Ph y s .  
C h em .  C  2 0 13 ,  1 1 7  ( 2 0) ,  10 2 7 0 – 1 02 7 6 .  

( 2 6 0 )   Z ha o,  Y . ;  L iu ,  J . ;  Hu ,  Y . ;  C h en g,  H . ;  Hu ,  C . ;  J iang ,  C . ;  J ia n g,  L . ;  C a o ,  
A . ;  Qu ,  L .  H i gh ly  C o mpr e s s i o n - To l e ra nt  Su p erc a pa c i t or  Ba s e d  o n 
P o ly pyr r o l e - M e di at e d  G r a ph en e  F oa m  E l ec t ro d e s .  Ad v.  M at e r.  
2 0 1 3 ,  2 5  ( 4 ) ,  5 9 1 – 5 9 5.  

( 2 6 1 )   D i n g ,  X . ;  Zh ao ,  Y . ;  H u ,  C . ;  Hu ,  Y . ;  Do n g,  Z . ;  Ch en ,  N . ;  Zh an g,  Z . ;  Qu ,  
L .  S p i nn in g  Fa br i ca t io n  o f  Gr ap h en e /p o lyp yr ro le  C o mp o s i t e  F ib e rs  
f o r  A l l - S o l i d - St at e ,  F l ex i b l e  F i br i fo r m S up e rca pa c i t o r s .  J .  M ate r .  
C h em .  A  20 1 4 ,  2  ( 3 1) ,  12 3 5 5 – 1 2 3 60 .  

( 2 6 2 )   L i ,  S . ;  Z ha o,  C . ;  S hu ,  K . ;  W an g ,  C . ;  Gu o,  Z . ;  Wal l a c e,  G .  G. ;  L i u ,  H.  
M e c h an ic a l l y  S t r on g  H ig h  P e r f or m an c e  Lay e r ed  Po ly py rr o l e  N an o 
F i b r e/ g ra ph e n e F i l m  fo r  F l ex ib l e  S o l id  St at e  S up e rc ap a c i to r .  
C a r bo n  N.  Y .  2 01 4 ,  7 9  (1 ) ,  5 5 4 – 5 6 2.  
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( 2 6 3 )   Z hu ,  J . ;  Xu ,  Y . ;  Wan g ,  J . ;  Wa n g,  J . ;  B a i ,  Y . ;  D u ,  X .  M or ph ol o gy 
C o nt r o l l ab l e  Na no - Sh ee t  Po ly py rr o l e –g r aph en e  C o mp o s i t e s  fo r  
H i gh - R at e  S up e rc ap a c i to r .  P h y s .  C he m.  C he m.  P h y s .  2 0 1 5 ,  1 7  ( 30 ) ,  
1 9 8 8 5 – 1 9 89 4 .  

( 2 6 4 )   P a nd ey ,  G .  P . ;  Ra s t og i ,  A .  C .  Po ly ( 3 , 4 -E th y l en e d i o xy th iop h en e ) -
G r a ph en e  Co m po s i t e  E l e c t ro d e s  Fo r  S o l id - S tat e  Sup e r ca pa c i t or s  
w i t h  I on i c  L iq u i d  G el  Po l y m e r  E l e ct ro ly t e .  E CS  Tr a n s .  2 0 1 3 ,  4 5  ( 2 9 ) ,  
1 7 3 – 1 8 1 .  

( 2 6 5 )   L i u ,  Y . ;  W e n g,  B . ;  Ra za l ,  J .  M. ;  Xu ,  Q . ;  Z ha o,  C . ;  Ho u,  Y . ;  S ey ed in ,  
S . ;  Ja l i l i ,  R . ;  W al l a c e,  G .  G . ;  C h en ,  J .  H i gh - P e r for m a nc e  F l e x ib l e  A l l -
S o l id - S ta t e  Su p er c ap ac i t or  f r o m L ar g e F r e e - St an d i n g  G ra ph en e -
P E D O T /P S S  F i l m s .  S c i .  Re p .  2 01 5 ,  5  ( O ct ob e r ) ,  1 7 0 4 5 .  

( 2 6 6 )   R a kh i ,  R .  B . ;  Ch e n ,  W . ;  C h a ,  D . ;  A l s ha r e e f ,  H .  N .  H i g h  P er f o r ma nc e 
S u p er c ap ac i to r s  U s i ng  M e t a l  Ox i d e An ch or e d  G r a ph en e  N an o sh e e t  
E l e ct r od e s .  J .  M at e r .  Ch em .  2 0 1 1 ,  2 1  ( 4 0 ) ,  16 19 7 – 1 6 2 0 4.  

( 2 6 7 )   L i n ,  N . ;  T ia n ,  J . ;  S ha n ,  Z . ;  C h e n ,  K . ;  L ia o ,  W.  Hyd ro th e r m al  S ynt h e s i s  
o f  Hy dr ou s  Ru th e n iu m  O x id e / gr aph e n e S h e e t s  fo r  H i gh -
P e r f o r ma nc e S up e rc apa c i to r s .  E l ec t roc h i m .  Ac ta  2 0 13 ,  99 ,  2 1 9 –
2 2 4 .  

( 2 6 8 )   D e n g,  L . ;  W an g,  J . ;  Zh u ,  G . ;  K an g,  L . ;  Ha o,  Z . ;  Le i ,  Z . ;  Y an g,  Z . ;  L i u ,  
Z .  H .  Ru O 2 / gr aph e n e H yb r i d  Ma t er ia l  f or  H i gh  P e r fo r ma n c e 
E l e ct r oc h e m ic a l  C apa c i t o r .  J .  Po we r  S ou rc e s  20 1 4 ,  2 4 8 ,  4 0 7 – 4 1 5.  

( 2 6 9 )   A m i r ,  F .  Z . ;  Ph a m,  V .  H . ;  D i ck e r so n ,  J .  H .  Fa c i l e  S ynt h e s i s  o f  U l t ra -
S m a l l  R uth e n iu m  O x id e  N an op ar t i c l e s  A n ch o r ed  on  R edu c ed 
G r a ph en e  O x id e N an o sh e e t s  for  H i gh - P er f o r ma nc e 
S u p er c ap ac i to r s .  RS C  Ad v .  2 0 1 5 ,  5  ( 8 3 ) ,  67 6 3 8 – 6 7 6 4 5 .  

( 2 7 0 )   A m i r ,  F .  Z . ;  P ha m ,  V .  H . ;  Mu l l i na x ,  D .  W. ;  D i ck e rs o n ,  J .  H .  En ha nc e d 
P e r f o r ma nc e  o f  H R G O -R u O 2  S o l i d  S ta t e  F l ex ib l e  S up e r ca pa c i t or s  
F a br i ca t ed  by  E l e ct ro ph o r et i c  D e po s i t i on .  Ca rb on  N .  Y .  2 0 1 6 ,  1 07 ,  
3 3 8 – 3 4 3 .  

( 2 7 1 )   W a ng ,  P . ;  L iu ,  H . ;  Xu ,  Y . ;  C h en ,  Y . ;  Y an g,  J . ;  T a n ,  Q.  S up po rt ed 
U l t ra f in e  Ru th en iu m  Ox i d e s  w i th  S p ec i f i c  C apa c i tan c e  up  t o  1 099 
F  g - 1  fo r  a  S up e rc ap a c i to r .  E l ec t r oc h i m.  Act a  20 1 6 ,  1 9 4 ,  2 1 1 – 2 1 8.  

( 2 7 2 )   C h an ,  P .  Y . ;  R u s i ;  Ma j i d ,  S .  R .  R G O - Wr ap p ed  Mn O 2  Co m po s i te 
E l e ct r od e  fo r  Sup e r ca pa c i to r  A pp l i c at i on .  So l id  S ta te  Ion ic s  2 0 14 ,  
2 6 2 ,  2 2 6 – 22 9 .  

( 2 7 3 )   Z hu ,  S . ;  Z han g ,  H . ;  Che n ,  P . ;  N i e ,  L . -H . ;  L i ,  C . - H . ;  L i ,  S . - K .  S e l f -
A s s e m b l e d  T hr e e - D i me n s i on a l  H i e ra r ch ic a l  G r aph e n e Hyb r id  
H yd ro g e l s  w i th  U l t r at h in  β -M n O 2  N an ob e l t s  for  H i gh  P e r f or m an c e 
S u p er c ap ac i to r s .  J .  Ma te r .  Ch em .  A  2 0 1 5 ,  3  ( 4 ) ,  1 5 4 0 – 15 4 8 .  

( 2 7 4 )   Z ha n g,  N . ;  Fu ,  C . ;  L iu ,  D . ;  L i ,  Y . ;  Z hou ,  H . ;  Ku an g,  Y .  T h r e e -
D i m e n s i ona l  P o mp on - l ik e  Mn O 2/ G r aph e n e Hy dr o g e l  C o mp o s i t e  for  
S u p er c ap ac i to r .  E lec t roc h i m .  Ac ta  2 0 1 6 ,  2 1 0 ,  80 4 – 8 1 1 .  
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( 2 7 5 )   Z ha n g,  H . ;  H ua n g,  Z . ;  L i ,  Y . ;  Ch e n ,  Y . ;  W an g,  W . ;  Y e ,  Y . ;  D e n g,  P .  
M i c r o wa ve - A s s i s t e d  in  S i t u  Sy nt h e s i s  o f  R e d uc e d  G r aph e n e 
o x id e / Mn 3 O 4  Co m po s i t es  f o r  S up e r ca pa c i t or  App l i ca t i on s .  R S C A dv .  
2 0 1 5 ,  5  ( 5 6 ) ,  4 5 0 6 1 – 450 6 7 .  

( 2 7 6 )   L i ao ,  Q.  Y . ;  L i ,  S .  Y . ;  Cu i ,  H . ;  W an g,  C .  V e rt i ca l ly - A l i gn e d 
g r ap h en e @ Mn 3 O 4  N anos h e e t s  fo r  a  H i g h -P e r f or m a nc e  F l ex ib l e  A l l -
S o l id - S ta t e  S y m m et r i c  S u p er c ap ac i to r .  J .  M ate r .  Ch em .  A  2 0 16 ,  4  
( 2 2 ) ,  8 8 30 – 8 8 3 6.  

( 2 7 7 )   H u ,  J . ;  Ra m ad an,  A . ;  Lu o ,  F . ;  Q i ,  B . ;  D en g,  X . ;  C h en ,  J .  On e - S t ep  
M o ly bd at e  Io n  A s s i s t ed  E l ec t ro ch e m i c a l  S ynt h e s i s  o f  α - Mo O 3 -
D e c o ra t ed  G r ap h en e Sh e e t s  an d  I t s  Po t en t ia l  A pp l i c at io n s .  J .  
M a te r .  C he m.  20 1 1 ,  2 1  ( 3 8 ) ,  1 5 00 9 – 1 5 0 14 .  

( 2 7 8 )   Z h ou,  K . ;  Zh ou,  W. ;  L i u ,  X . ;  Sa ng ,  Y . ;  J i ,  S . ;  L i ,  W . ;  Lu ,  J . ;  L i ,  L . ;  N iu ,  
W . ;  L i u ,  H . ;  Ch e n ,  S .  U l t ra th in  Mo O 3  Nan o cr ys t a l s s e l f - A s s e m b l ed 
o n  G ra ph e n e N an o sh ee t s  v ia  O xy g e n  Bo nd ing  a s  Su p er c apa c i t o r  
E l e ct r od e s  o f  H i gh  C apa c i tan c e  a nd  L on g  Cy c le  L i f e .  Na no  En e rgy  
2 0 1 5 ,  1 2 ,  5 1 0 – 5 2 0.  

( 2 7 9 )   H o ,  M.  Y . ;  Kh i e w ,  P .  S . ;  C h iu ,  W.  S .  Gr e e n  an d  F a c i l e  S yn th e s i s  o f  
M o ly bd e nu m O x id e -G r a ph en e  Co m po s i t e  E l e c t r od e s  fo r  
S u p er c ap ac i to r  Ap p l i cat i on .  Ma te r .  Sc i .  Fo r um  2 0 1 6 ,  8 6 3 ,  90 – 9 4 .  

( 2 8 0 )   H o ,  M .  Y . ;  Kh i e w ,  P .  S . ;  I s a ,  D . ;  Ch iu ,  W .  S . ;  Ch ia ,  C .  H .  S o l vo th e r ma l  
S y nth e s i s  o f  Mo lyb d en u m  O x id e  on  L i qu id - Ph a s e  E x f o l ia t ed  
G r a ph en e  Co m po s i t e  E l e ct r od e s  f o r  Aq u eou s  Sup e r c apa c i t o r  
A p p l i ca t i on .  J .  Ma te r .  S c i .  M at e r .  E le c t r on .  20 1 7 ,  2 8  ( 9 ) ,  6 9 07 –
6 9 1 8 .  

( 2 8 1 )   G i a rd i ,  R . ;  P or r o ,  S . ;  T op ur i a ,  T . ;  T h o mp s on ,  L . ;  P i r r i ,  C .  F . ;  K i m,  H .  
C .  O n e - Po t  Syn th e s i s  o f  G ra ph e n e - Mo lyb d en um  O xi d e H yb r i d s  and  
T h e i r  A pp l i c at i on  to  Sup e r ca pa c i t or  E l e ct r od e s.  Ap p l .  Mat e r .  T od ay  
2 0 1 5 ,  1  ( 1 ) ,  2 7 – 3 2 .  

( 2 8 2 )   Y u an ,  J . ;  Z hu ,  J . ;  B i ,  H . ;  M en g,  X . ;  L i an g,  S . ;  Zh an g,  L . ;  W an g ,  X .  
G r a ph en e - B a s e d  3 D Co m p o si t e  Hy dr o g el  by  A nc ho r in g  C o 3 O 4  
N an op ar t ic l e s  w i th  Enh an c ed  E l ec t ro ch e m i c a l  P r op e rt i e s .  Ph y s.  
C h em .  C he m .  Ph y s .  2 013 ,  1 5  (3 1 ) ,  12 9 4 0 – 1 2 945 .  

( 2 8 3 )   L i u ,  G .  J . ;  Fa n ,  L .  Q . ;  Yu ,  F .  D a ;  W u,  J .  H . ;  L i u ,  L . ;  Q iu ,  Z .  Y . ;  L iu ,  Q .  
F a c i l e  On e - S t ep  H yd rot h e r ma l  S yn th e s i s  o f  R e d uc e d  G r aph e n e 
o x id e / C o 3 O 4  C o mp o s i t es  f o r  Sup e r ca pa c i t o r s .  J .  M at e r .  S c i .  20 1 3 ,  
4 8  ( 2 4) ,  8 4 6 3 –8 4 7 0 .  

( 2 8 4 )   L i ao ,  Q . ;  L i ,  N . ;  J in ,  S . ;  Ya n g,  G . ;  W an g,  C .  A l l - So l i d - St at e  Sy m m e t r ic  
S u p er c ap ac i to r  Ba s e d  on  C o 3 O 4  N an opa r t i c l e s  on  V e rt i ca l ly  A l i g n ed 
G r a ph en e .  A C S  N an o  2 01 5 ,  9  (5 ) ,  5 31 0 – 5 3 1 7.  

( 2 8 5 )   P i n g  W on g,  C .  P . ;  La i ,  C .  W . ;  L e e ,  K .  M . ;  Ju an ,  J .  C . ;  Abd  Ha m id ,  S .  
B .  Syn th e s i s  o f  R e du c e d  G ra ph en e  O x id e/ t un g st e n  T r io x id e 
N an o co m po s i t e  E l e ct rod e  fo r  H i gh  E l ec t ro ch em i c a l  P er f o r ma nc e .  
C e r a m.  I n t .  2 0 16 ,  4 2  ( 11 ) ,  1 3 1 2 8 – 13 1 3 5.  
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( 2 8 6 )   P i n g  Wo n g,  C .  P . ;  L e e,  K .  M. ;  La i ,  C .  W.  H yd rot h e r ma l  P r ep ar at i on 
o f  R e du c ed  G ra ph en e O x id e / tun g s t en  T r io x id e  Nan o co m po s i t e s  
w i t h  E nh an c ed  E l ec t roc h e m i ca l  P e r fo r m an c e .  J  Ma te r  Sc i  Ma ter  
E le c t r on  2 0 1 7 ,  2 8  ( 1 9 ) ,  1 4 5 5 4 – 1 4 56 7 .  

( 2 8 7 )   Y u an ,  B . ;  Zh en g ,  X .  Y . ;  Zh an g,  C . ;  L u ,  W . ;  L i ,  B .  H . ;  Ya ng ,  Q.  H .  
A s s e m b l y  o f  N i ( OH) 2 - G r ap h en e  Hyb r id s  w i t h  a  H i gh  
E l e ct r oc h e m ic a l  P e r fo rm a n c e  by  a  On e - P ot  H yd r oth e r m al  M e tho d.  
X i n x i ng  Ta n  C a i l ia o /New  C a r bo n  Ma te r .  2 0 1 4 ,  2 9  ( 6 ) ,  4 2 6 – 4 31 .  

( 2 8 8 )   D e n g,  P . ;  Z ha ng ,  H . ;  Che n ,  Y . ;  L i ,  Z . ;  Hu an g ,  Z . ;  X u ,  X . ;  L i ,  Y . ;  Sh i ,  Z .  
F a c i l e  F ab r i c at i on  o f  G r ap h en e /n i ck e l  Ox id e  C o mp o s i t e  w it h  
S u p er i or  S up e r cap a c i ta n c e P er f o r ma nc e  by  U s in g  A lc oh o l s -
R e d uc e d  G r aph e n e a s  Su b st r at e .  J .  A l lo y s  C omp d.  2 01 5 ,  6 4 4 ,  1 6 5 –
1 7 1 .  

( 2 8 9 )   L i ,  Z . ;  Z ho u,  Z . ;  Y un ,  G . ;  Sh i ,  K . ;  L v ,  X . ;  Y an g,  B .  H i gh - P er f o r ma nc e 
S o l id - S ta t e  S up e r ca pac i t or s  B a s ed  on  G rap h en e - Zn O  H yb r i d  
N an o co m po s i t e s .  N anos c a l e  Re s .  Le t t .  2 0 1 3 ,  8  ( 1 ) ,  47 3 .  

( 2 9 0 )   G u o,  Y . ;  Ch an g,  B . ;  W en ,  T . ;  Zha o,  C . ;  Y i n ,  H . ;  Zh ou ,  Y . ;  Wan g ,  Y . ;  
Y a n g,  B . ;  Zh an g,  S .  O ne - P o t  Syn th e s i s  o f  G r ap h en e /z i nc  O x i d e  by  
M i c r o wa ve  I r r ad ia t i on  w i t h  En han c e d  S up e rc ap a c i to r  P e r f or m an c e .  
R S C  A d v.  2 0 1 6 ,  6  ( 2 3) ,  1 9 3 9 4 – 1 9 40 3 .  

( 2 9 1 )   Z ha n g,  H . ;  Z ha ng ,  X . ;  L in ,  H . ;  W an g,  K . ;  Su n ,  X . ;  Xu ,  N . ;  L i ,  C . ;  M a,  
Y .  G ra ph en e  a nd  M agh e m i t e  C o mp o s i t e s  B as e d  Sup e r ca pa c i t o r s 
D e l i ve r in g  H i gh  Vo lu m e t r i c  C ap a c i ta nc e  and  E xt r ao rd in ar y  C y c l ing  
S t ab i l i ty .  E l ec t r oc h i m.  A c ta  2 0 1 5 ,  1 5 6 ,  70 – 7 6 .  

( 2 9 2 )   N ad e r i ,  H .  R . ;  N or ou z i ,  P . ;  Ga n j a l i ,  M .  R . ;  Gho l ip ou r - Ra n j ba r ,  H .  
S y nth e s i s  o f  a  No ve l  M ag n e t i t e /n i t r og e n - Do p ed  R e du c ed  G r aph e n e 
O x i d e Nan o co m po s i t e  as  H i gh  P e r f or m an c e  Supe r c ap a c i to r .  Po w de r  
T e ch no l .  20 1 6 ,  3 02 ,  2 98 – 3 0 8 .  

( 2 9 3 )   L a l wa n i ,  S . ;  Sa hu ,  V . ;  Ma r i ch i ,  R .  B . ;  S in g h ,  G . ;  S h ar m a,  R .  K .  I n  S i tu  
I m m o b i l i z e d ,  M a gn et i t e  N an op la t e l e t s  o ver  H o l ey  G ra ph e n e 
N an or i bbo n s  fo r  H ig h  P e r f or m an c e  So l id  S ta t e  Sup e r ca pa c i t or .  
E le c t r och i m.  A ct a  2 01 7 ,  2 2 4 ,  51 7 – 5 2 6.  

( 2 9 4 )   P e r e r a ,  S .  D . ;  L iy ana g e ,  A .  D . ;  N i j e m ,  N . ;  F e r rar i s ,  J .  P . ;  Cha ba l ,  Y .  
J . ;  B a l ku s ,  K .  J .  Van ad iu m  O x i d e Nan o w ir e - G ra ph e n e B in d er  Fr e e 
N an o co m po s i t e  P ap e r  E l e ct r od e s  fo r  Sup e r ca pa c i t o r s :  A  Fa c i l e 
G r e e n  A pp ro a ch .  J .  Po we r  S ou rc e s  2 0 1 3 ,  2 3 0 ,  13 0 – 1 3 7 .  

( 2 9 5 )   L i ,  M. ;  S un ,  G . ;  Y in ,  P . ;  Ru an ,  C . ;  A i ,  K .  Co nt ro l l in g  th e  Fo r ma t io n 
o f  Ro d l i k e  V 2 O 5  Nan o cry s ta l s  o n  R ed u c ed  G r aph e n e O x i d e f or  H i gh -
P e r f o r ma nc e  Su p er c ap ac i t or s .  A C S  A pp l .  Ma te r .  In te r f ace s  2 01 3 ,  5  
( 2 1 ) ,  1 1 46 2 – 1 1 4 70 .  

( 2 9 6 )   P a n ,  X . ;  R en ,  G . ;  Ho que ,  M.  N .  F . ;  Ba yn e,  S . ;  Z hu ,  K . ;  Fa n ,  Z .  F a st  
S u p er c ap ac i to r s  B a s ed  o n  G ra ph e n e - Br id g e d  V 2 O 3 / V O x  Co r e - Sh e l l  
N an o st ru c tu r e  E l e ct r ode s  w i th  a  Po w e r  D en s i ty  o f  1  M W K g - 1 .  A d v.  
M a te r .  In te r f ace s  2 01 4 ,  1  (9 ) ,  1 40 0 3 9 8.  
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( 2 9 7 )   C h ho w a l l a ,  M . ;  Sh in ,  H .  S . ;  Ed a ,  G . ;  L i ,  L . - J . ;  Lo h ,  K .  P . ;  Zh an g ,  H .  
T h e  Ch e m i s t r y  o f  T wo - D i m e n s io na l  Lay e r ed  T ra n s i t io n  M et a l  
D i c ha l co g e n i d e N an o she e t s .  N at .  C he m.  2 0 1 3 ,  5  ( 4 ) ,  2 6 3 – 2 7 5.  

( 2 9 8 )   J a r i w a l a ,  D . ;  Sa n g wa n,  V .  K . ;  La uh on,  L .  J . ;  Ma rk s ,  T .  J . ;  H er s a m,  M . 
C .  E m e rg i ng  D e v i c e  A pp l i ca t i on s  f o r  Se m i c o ndu c t i n g  T wo -
D i m e n s i ona l  T ra n s i t io n  M e t a l  D i ch a l c og e n id e s.  A C S  Na no  20 1 4 ,  8  
( 2 ) ,  1 1 0 2 – 11 2 0 .  

( 2 9 9 )   T a n ,  C . ;  Z ha ng ,  H .  T wo - D i m e n s ion a l  T r an s i t i on  M e ta l  
D i c ha l co g e n i d e N an o sh e e t - Ba s e d  C o mp o s i t es .  Ch em .  S oc .  R ev .  
2 0 1 5 ,  4 4  ( J u l y  2 00 6 ) ,  27 1 3 – 2 7 3 1.  

( 3 0 0 )   B h i m an apa t i ,  G .  R . ;  L i n ,  Z . ;  M eu ni e r ,  V . ;  Jun g ,  Y . ;  C ha ,  J . ;  Da s ,  S . ;  
X i a o ,  D . ;  S on ,  Y . ;  S t ra no ,  M.  S . ;  Co op e r ,  V .  R . ;  L i an g,  L . ;  Lo u i e ,  S .  
G . ;  R in g e,  E . ;  Z ho u,  W. ;  K i m ,  S .  S . ;  N a ik ,  R .  R . ;  Su mp t e r ,  B .  G . ;  
T e r r on e s ,  H . ;  X ia ,  F . ;  W a ng ,  Y . ;  Z hu ,  J . ;  Ak inw a nd e ,  D . ;  A l e m,  N . ;  
S c hu l l e r ,  J .  A . ;  S c ha ak ,  R .  E . ;  T e rr on e s ,  M. ;  R ob in s o n ,  J .  A .  R ec e nt  
A d van c e s  in  T w o - Di m e n s i on a l  Ma t e r i a l s  b eyo nd  G ra ph en e .  A CS 
N an o  2 01 5 ,  9  ( 1 2 ) ,  1 1 50 9 – 1 1 5 3 9.  

( 3 0 1 )   W a ng ,  H . ;  F en g,  H . ;  L i ,  J .  G r aph e n e an d  G r ap h en e - l ik e  L ay e r ed  
T r a n s i t io n  M e ta l  D i ch a lc o g en id e s  in  E n erg y  Co n ve r s ion  and  
S t o ra g e .  S ma l l  2 01 4 ,  1 0  ( 1 1 ) ,  2 1 6 5 – 2 18 1 .  

( 3 0 2 )   Z ha n g,  X . ;  L a i ,  Z . ;  T an ,  C . ;  Z han g ,  H .  So l ut i o n -P r oc e s s e d  T w o -
D i m e n s i ona l  Mo S 2N ano s h e e t s :  P r ep ar at io n ,  Hy br i d i za t i on ,  an d 
A p p l i ca t i on s .  A ng e w.  Ch em ie  -  In t .  E d .  2 0 1 6 ,  55  ( 3 1 ) ,  8 8 1 6 – 88 3 8 .  
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Chapter 3 

Supercapacitors Performance 

Evaluation 
The charge-transfer mechanisms of  E lectr ical  
Double-Layers  Capacitors  and Pseudocapacitors 
are presented. Then, the characterizat ion 
approach for supercapacitors evaluat ion is 
descr ibed.  The three types of  measurements 
(Cycl ic  Voltammetry,  Constan t Current Charge 
Discharge,  and Electrochemical  Impedance 
Spectroscopy) are expla ined. Final ly,  the key 
metr ics  of  supercapacitors  are  def ined and the 
exper imental  procedures to measure properly 
them and the correlat ions among them are 
h igh l ighted.  

 

Th is chapter was wrote us ing the fo l lowing documents: 

min ireview published by Stol ler  and Ruoff  in  2010 1 ,  review 

published by Zhang and Pan in 2014 2 ,  and two books:  the f irst 

wrote by Conway in 1999 3 ,  and the second edited by Béguin 

and Frackowiak in 2013 4 .  

 

3.1.  Charge-Storage Mechanisms 

As described previously,  supercapacitors  can be d ivided in 

two categories:  Electr ica l  Double -Layers  Capacitors (EDLCs) 

and Pseudocapacitors (PCs) .  To further improve the 

del iverable performance, hybr id supercapacitors which 

combine both EDLCs and PCs.  The charge -storage mechanism 

is  dif ferent according to the supercapacitor categor ies .  

 

3.1 .1 .  Electr ical  Double -Layers  Capacitors  (EDLCs)  

The pioneer in the use of  E DLC for energy storage and 

del ivery was Becker ,  who f i led a US Patent in  1957. 5  He 
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understands the poss ib i l i ty to develop a device which is  able  

to store energy only by charge separat ions (non -Faradaic 

processes occur  inside the ce l l ) .  The f irst  model able  to 

expla in  this  phenomenon was developed by Helmholtz. 6  The 

model was later developed by Gouy -Chapman to describe 

more accurately  the double - layer  structure.  However ,  the 

charge-storage mechanism is  st i l l  ca l led  “Helmholtz  double -

layers” in  t r ibute to Helmholtz  who f i rst  give an explanation 

to this  phenomenon. A representat ion of  the double - layer 

mechanism that  expla ins  the charging -d ischarging procedure 

in EDLCs in shown in F igure  3 .1 .  During the charging,  

e lectrodes have either a posit ive (cathode) or a negative 

(anode)  potent ia l .  Ions  contained in  the e lectro lyte moves 

through the separator (yel low) to counterbalance the 

charges in  the cel l .  Pract ical ly,  cat ions (blue) move to  th e 

anode whi le an ions (green) move to  the cathode.   

 
F i g u r e  3 .  1 .  S c h e m a t i c  r e p r e s e n t a t i on  o f  t h e  c h a r g e - d i s c h a r g e  m e c h a n i s m  i n  
E l e c t r i c a l  D ou b l e  L a y e r s  C a p a c i t or s . 7  

3.1 .2 .  Pseudocapacitors  (PCs)  

Conductive Polymers,  Transit ion Metal  Oxides,  and 

Transit ion Metal  D ichalcogenides are  invest igated as 

pseudocapacit ive mater ia ls.  Indeed, these mater ia ls  store 

energy through Faradaic  processes which are h igh ly 

revers ible surface react ion. These phenomena were f i rst 

introduced by Trassat i  and co -workers . 8  I t  i s  nevertheless 

d if f icu lt  to  descr ibe the mechanisms of  those react ions 
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because they can d if fer according to the e lectro lyte and the 

pseudocapacit ive mater ia ls.   

 

3.2.  Supercapacitors Performance Evaluation  

Supercapacitors performance can be compared according to 

three main parameters:  ce l l  capacitance (also  ca l led total  

capacitance) ,  operat ing voltage,  and equivalent series 

res istance.  However,  this  evaluat ion works essential ly  for 

commercial  supercapacitor,  where the materials  and the cel l  

conf igurat ion and design  are al l  f ixed. The aforem entioned 

parameters become rapidly insuff ic ient  looking for the 

development of  new mater ia ls ,  manufactur ing processes,  

new cel l  des igns.  Indeed,  the three parameters,  which al low 

a  quick comparison, are  transformed in a parameters  network 

strongly coupled together.  An i l lustrat ion of  th is  network is  

shown in Figure 3 .2.  

 
F i g u r e  3 .  2 .  S c h e m a t i c  i l l u s t r a t i on  o f  k e y  m e t r i c s  r e l a t i on s h i p  b e t w e e n  t h e m ,  
t h e  s u p e r c a p a c i t or  f a b r i c a t i on s ,  a n d  t h e  m e a s u r e m e n t s  m e t h od s  2  

Looking to the Figure 3.2,  which  is  not  exclus ive for the inter -

parameters relat ionship ,  i t  can be eas i ly understandable that 
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the comparison based on the del iverable performance may 

become inappropriate with out information regarding the 

tests procedure. Moreover,  academic,  and industr ia l 

research are not focusing on the same spot  inducing 

inconsistencies or mis leading f inal  reports .  

To minimize them, several  standards have been proposed 

with the aim to confor m the evaluat ion procedure.  A 

chronological  review of  these evaluat ion procedures is 

shown in Table 3.1 .  

 
T a b l e  3 .  1 .  C h r on o l og i c a l  r e v i e w  o f  S u p e r c a p a c i t o r s  e va l u a t i on  p r o c e d u r e  
( D O D  i s  U S  D e p a r t m e n t  o f  D e f e n s e ,  D O E  i s  U S  D e p a r t m e n t  o f  E n e r g y ,  I E C  i s  
I n t e r n a t i on a l  E l e c t r o c h e m i c a l  C o m m i s s i on ) ,  a n d  S A E  i s  S o c i e t y  Au t o m o t i ve  
E n g i n e e r s ) .  Ad a p t e d  f r o m  2 .  

As it  can be seen from the organizat ion names,  proposed 

standards are  industry -dr iven. In  an  academic research point 

of  you, research papers are performance -dr iven. In  some 

cases,  part icu lar data interpretat ion and/or cel l  

conf igurat ion a l low to obtain tremendous specif ic 

capacitance.  However,  the test  procedure works  for lab -scale 

and is  not  appl icable  for  industry -scale .  Therefore,  some 

papers h igh l ight  “the good pract ice” for supercapacitors 

performance evaluat ion and are presented in  the next 

sect ion.  

 

3.3.  Measurements of Key Metrics  

Electrochemical  measurements are fo cused on three 

parameters:  current,  potent ia l ,  and t ime. Al l  the key metrics 

used for the supercapacitors performance evaluat ion der ive 
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f rom these values.  The key metrics  are capacitance, 

equivalent  ser ies res istance,  operat ing voltage.  Typical  

measurement s,  which are cycl ic vo ltammetry,  galvanostat ic 

charge-d ischarge,  and electrochemical  impedance 

spectroscopy,  have their  own focus and targeted parameters. 

These three measurements are discussed in th is  sect ion.  

 

3.3 .1 .  Cycl ic Voltammetry (CV)  

Cycl ic vo ltammetry c onsists in  apply ing a l inear ly changed 

e lectr ic potentia l  between the two e lectrodes,  which act  as 

posit ive (cathode) and negat ive (anode) electrodes.  In  a 

three-electrodes configurat ion,  the e lectr ic  potential  i s 

appl ied between the working and the refere nce e lectrodes.  

The setup parameters  for  this  measurement are scan rate 

(a lso ca l led sweep rate) and the potent ia l  window. The scan 

rate  is  the speed of  the potent ia l  change typical ly expressed 

in mV/s or V/s .  

The data acquis it ion during CV contains the in stantaneous 

current induced during the cathodic and anodic sweeps,  the 

t ime, and the scan rate which was f ixed by the operators . 

Typica l  vo ltammograms are plotted usual ly  as current (A or 

mA) vs .  potent ia l  (V)  but somet imes a lso  as  current  vs  t ime 

(s) .  

The shape of  the voltammograms may be di f ferent according 

to  the charge storage mechanism. Indeed,  for EDLCs,  a 

rectangular shape is  observed,  while  intense deviat ion f rom 

rectangular shape due to pronounced redox peaks can be 

observed for  some PCs or hybrid supercapacitors containing 

both EDLCs and PCs.  Both cases are  i l lustrated in  F igure 3 .3 .  

However,  in  some cases,  Faradaic  processes  do not  produce 

s ign if icant change to the instantaneous current and, 

consequent ly,  the resultant  voltammogram shape remains 

rectangular.  Therefore,  it  could  be t r icky to  dist inguish EDLCs 

and PCs based only  on the shape of  the CV curve. To 

overcome this issue,  more quant itat ive  and re l iab le methods 

were developed. They extract  the two different contr ibut ions 
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(EDLCs and PCs)  acco rding to  the t ime dependence of  these 

phenomena.  Indeed, EDL mechanism is  l inear ly dependant  on 

the scan rate ( i  f ( t ) )  while phenomena induced by the 

pseudocapacit ive mater ia ls,  such as semi - inf inite di f fusion 

l imited carbon adsorpt ion/ insert ion at/near th e electrode 

surface,  are proport ional  to the square root of  the scan rate 

( i  f (t 1 / 2 ) ) . 1 1  

 

 
F i g u r e  3 .  3 .  ( a )  E D L C :  C y c l i c  V o l t a m m e t r y  o f  a  t w o - e l e c t r od e  c e l l  u s i n g  a n  
i o n i c  l i q u i d , 9  a n d  ( b )  H y b r i d  s u p e r c a p a c i t or s  ( P A N I / M W C N T s )  m e a s u r e d  b y  C V  
i n  a  t h r e e - e l e c t r od e  c on f i g u r a t i on  u s i n g  1 M  H 2 S O 4  a s  e l e c t r o l y t e . 1 0  

Nevertheless,  surface -redox react ions have a t ime 

dependence roughly l inear,  which can create some 

misleading interpretat ion by overlapping with EDLCs 

phenomena.  

Cycl ic voltammetry is  a useful  technique to determine the 

operat ing voltage or  potential  window by increasing each 

t ime this va lue in a three -electrode configurat ion. In 

addit ion,  the reversibi l i ty of  phenomena contr ibut ing to the 

change of  the instantaneous current  can be i nvest igated by 

cycl ing and observing shape change. 1 2  In  a two-electrode 

conf igurat ion,  the device - l ike performance can be est imated.  

 

3.3 .2 .  Galvanostatic  Charge -Discharge (CCCD)  

Galvanostat ic charge -discharge or Constant Current Charge 

Discharge (CCCD) is  a measurement mimicking the use of 

supercapacitor in  real  appl ic at ions.  Indeed, th is  

measurement  uses a  constant current to charge and 
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d ischarge the device.  Typical ly,  the reported current charge -

d ischarge is  g iven as a current  density  which can be 

gravimetr ic (A/g) or us ing the surface of  the e lectrode 

(A/cm²).  

The parameters  setup includes current ,  potentia l  window and 

the dwel l ing t ime. A dwel l ing period corresponds to a t ime 

between charging and d ischarging whi le the peak voltage 

remains constant .  Th is step can be absent of  the procedure. 

The output graphs are usual ly p lotted as voltage (V) vs .  t ime 

(s) .  A  tr iangular shape is  expected for EDLCs whi le  the 

observed shape for hybrid capacitors could be completely 

d if ferent .  Both cases  are i l lustrated in Figure 3.4 .  

  
F i g u r e  3 .  4 .  G a l va n o s t a t i c  C h a r g e - D i s c h a r g e  c u r ve s  f or :  ( l e f t )  E D L C s  o r  P C s  
w i t h ou t  s t r on g  Fa r a d a i c  p r o c e s s e s  a n d  ( r i g h t )  P C s  o r  H y b r i d  S u p e r c a p a c i t or s  
w i t h  s t r on g  Fa r a d a i c  p r oc e s s e s . 2  

This method is  the most wi dely used for supercapacitor 

character izat ion s.1 3  Indeed, a l l  the three core parameters 

(capacitance,  ESR,  and  operat ing voltage) can be tested with 

th is  method and the other  key metrics  can be ca lcu lated 

using the output data  as described later .  

 

3.3 .3 .  Electrochemical  Impedance Spectroscopy (EIS)  

EIS measures the impedance of  a power ce l l  as a  funct ion of 

the frequency by applying a low -ampl itude a lternat ing 

voltage (typ ica l ly 5 -10 mV) superimposed on a steady -state 

potent ia l .  

The acquired data are usual ly p lotted as both Bode and 

Nyquist  p lots .  A  Bode p lot  shows the variat ion of  the phase 

angle with f requency while a Nyquist  p lot  reports the 
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imaginary part  in  f unct ion of  the real  part  of  the ce l l  

impedances on a complex plane. 1 4 , 1 5  Typica l  Bode and 

Nyquist  graphs for  supercapacitor are shown in F igure 3 .5 .  

 
F i g u r e  3 .  5 .  ( l e f t )  N y q u i s t  p l o t  a n d  ( r i g h t )  B o d e  p l o t s  o f  G A  ( a e r og e l  b u i l t  
w i t h  n o n - h o l e y  g r a p h e n e  s h e e t s )  a n d  H G A  ( a e r og e l  b u i l t  w i t h  h o l e y  g r a p h e n e  
s h e e t s ) 1 6  

In  addit ion to the f requency and impedance,  E IS can be used 

to  evaluate  the charge t ransfer,  mass  transport,  and charge 

t ransfer mechanism. Final ly,  this  technique can be used to 

determine the capacitance,  energy and power densit ies 

bui ld ing an equivalent ci rcuit  to represen t the 

supercapacitor . 1 7 , 1 8  

However,  the operator must  have a good understanding of 

the phenomena present  in  the ce l l  to bui ld an equivalent 

c i rcuit  with a physica l  meaning. Indeed, d if ferent equivalent 

c i rcuits  can f it  the same curve adjust ing the dif ferent 

bui ld ing blocks number and value bu t only one has a physical 

meaning and represent tru ly the supercapacitor  cel l .   

 

3.4.  Key Metrics  

As i l lustrated above in Figure 3.2,  a supercapacitor  can be 

seen as  a network of  key metrics strongly  coupled together 

and with a huge impact  for the del iverable performance of 

the supercapacitor devices.  In  th is  sect ion,  key metrics are 

def ined, and calcu lat ion methods are expla ined.  
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3.4 .1 .  Capacitance  

3 .4 .1 .1 .  Definit ion  

The tota l  capacitance (C T )  i s  the amount  of  the e lectr ica l 

charge (ΔQ) under a given voltage change (ΔV):  

 
CT =

ΔQ

ΔV
 (3 .1)  

Th is va lue corresponds to the total  charge storage abi l ity of 

a  supercapacitor device.  However,  in  a research point  of  

v iew,  a  specif ic capacitance (C T )  referred to the mater ia l  used 

is  preferred.  

 
CS =

ΔQ

ΔV. Π
 (3 .2)  

In  the equation  3.2,  Π is  funct ion of  the relevant  parameters 

to express the performance of  the supercapacitor .  It  can be 

mass,  vo lume,  surface area of  the e lectrode,  or even the size 

of  the e lectrode.  Typica l ly ,  the speci f ic  capacitance is 

expressed accordingly  to  the Π  used:  gravimetric  capacitance 

(F/g) ,  volumetric  capacitance (F/cm³) ,  areal  capacitance 

(F/cm²) ,  l inear capacitance (F/cm),  etc.  However,  the value 

used to t ransform the total  capacitance in specif ic 

capacitance can corresponds to the act ive mater ial ,  

e lectrode, or even device.  The authors must  ment ioned this 

information to avoid mis leading interpretat ion. 1 9  

 

3.4 .1 .2 .  Calculat ion  

3.4.1.2.1.  From CV curve  

Before the data  acquis it ion  necessary to calcu late the 

capacitance f rom CV curve,  the cel l  must  be cycled for at 

least  20 cycles .  Moreover,  i t  is  recommended to u se the 

whole curve to calcu late the tota l  capacitance f rom CV 

curve. 2 0  In  th is  case,  the equation 3.1 evolves in 3 .3 us ing the 

integrat ion of  the CV curve expressed as  current ( i )  vs t ime 

(t ) .  

CT =
ΔQ

ΔV
=

∫ |i|dt
2(V0/υ)

0

2 V0
 (3 .3)  
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where V0 i s  the maximum of  the potent ia l  window and ν is 

the scan rate.  

 

3.4.1.2.2.  From charge -discharge curve  

To evaluate proper ly  the capacitance from CCCD curve,  the 

current  density  must  be ta i lored to  provide charg e and 

d ischarge t ime comprised between 5  and 60 seconds.  

As aforementioned, the current is  constant during 

galvanostat ic charge -d ischarge measurements.  So,  the 

equat ion 3.1 evolves  in 3 .4 .  

CT =
ΔQ

ΔV
=

i Δt

ΔV
 (3 .4)  

To calcu late the capacitance,  the wh ole d ischarging curve is  

typ ical ly used. The equat ion can be expressed as below:  

CT =
i Δt

ΔV
=

idis ΔtV0→2V0

V0
 (3 .5)  

However,  for a more accurate ca lculat ion,  the IR drop, which 

is  inevitable in CCCD measurements,  must  be excluded and 

the express ion becomes:  

CT =
idis ΔtV0→2V0

V0 −  VIR drop
 (3 .6)  

 

3 .4.1.2.3.  From EIS  

The ca lculat ion used the imaginary part  of  the complex 

impedance Im(Z) as  reported in the equation 3.7 . 1 4  

CT = −
1

2 π 𝑓 Im(Z)
 (3 .7)  

where f  i s  the frequency.  The f requency value is  determined 

graphical ly using the frequency at  which the phase angle 

reaches -45° or at  the l owest  frequency appl ied.  

 

3.4 .1 .3 .  Concluding remarks  

Three-electrode configurat ion is  usefu l  for  materials 

understanding,  and evaluat ion with the value of  the specif ic 

capacitance. In  another way,  two -electrode configurat ion 
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can be seen as  a  device prototype in  ad dit ion to be usefu l  to 

compare mater ia ls  performance.  

I t  is  important to underl ine the experimental  setups because 

the dif ference can be sign if icant .  To demonstrate it , 2 1  

gravimetr ic capacitance (C x )  i s  used with an  electrode weight  

of  m (constant for the two electrodes in the two -electrode 

conf igurat ion).  The tota l  capacitance for  a  cel l  i s  expressed 

as CE .  

In  a three-e lectrode conf igurat ion,  the specif ic capacitance 

(C 3 - e l e c t r o d e )  can be ca lcu lated as fol low:  

C3−electrode =
CE

m
 (3 .8)  

For the two-electrode configurat ion,  the ce l l  can be seen as 

two e lectrodes in paral lel .  So,  the total  capacitance can be 

ca lculated as fo l low:  
1

CT2−electrode

=
1

CE
+

1

CE
 

 

(3 .9)  

CT2−electrode
=

CE

2
 (3 .10)  

Calculat ing the speci f ic capacitance using the mass  of  both 

e lectrodes:  

C2−electrode =
CT2−electrode

2 m
=  

CE

4 m
 

 
(3 .11)  

I f  we compare the specif ic capacitance ca lculated for two - 

and three-electrode configurat ion,  knowing that :  

m =  
CE

4 C2−electrode
 

 
(3 .12)  

Introducing 3.11 in 3 .8 ,  we obtain  

 

C3−electrode =
CE

m
=

CE

CE
 4 C2−electrode (3 .13)  

So,  the specif ic capacitance calcu lated us ing a three -

e lectrode conf igurat ion is  four t imes h igher than the one 

ca lculated from a two-electrode configurat ion for  a 
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symmetr ic supercapacitor .  Béguin  and co-workers have 

val idated experimental ly  this  demonstrat ion. 1 0  

 

3.4 .2 .  Equivalent  Series  Resistance  

3 .4 .2 .1 .  Definit ion  

A supercapacitor is  an e lectr ica l  component,  which 

theoretical ly does not have a proper res istance . Actual ly,  

supercapacitors d issipate a part  of  the energy stored due to 

an internal  resistance. This res istance is  ca l led by the 

e lectrochemists ESR for equivalent series  res istance. Of 

course,  the capacitance is  reduced by th is  res istance.  In  a 

f irst  approach, supercapacitors can be seen as a RC c ircu it 

composed of  a series  of  capacitor and a res istor as  shown in 

F igure 3 .6 .  

 
F i g u r e  3 .  6 .  A  s e r i e s  R C  c i r c u i t  u s e d  t o  r e p r e s e n t e d  S u p e r c a p a c i t or s . 2  

3.4 .2 .2 .  Calculat ion  

3.4.2.2.1.  From galvanostatic charge -discharge 

As described previously,  the IR drop is  impossibl e to avoid 

during CCCD measurements.  This variat ion of  potential  can 

be used to ca lculate the ESR by apply ing the Ohm’s law:  

ESR =
ΔV

Δi
 (3 .14)  

Th is method is  widely  accepted by the sc ienti f ic  community 

to evaluate ESR. Nevertheless ,  the current used dur ing the 

CCCD measurement has an impact  on the ESR value. Indeed, 

a  larger  current  tends to  min imize the ESR value as 

demonstrated b y Burke and Mil ler . 1 3  

Another approach is  commonly used in the l iterature.  Th is 

method is  based on the voltage recovery behaviour after  a 
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current  interrupt ion dur ing a discharge process.  The dc 

internal  resistance is  calcu lated from the equat ion 3.14 

where the var iat ion of  current  from i  to 0  whi le  the var iat ion 

of  potential  refers to  the change measured due to the i -

interrupt ion. I f  the data acquis it ion o ccurs  at  ≤ 10 ms,  the 

res istance corresponds to the ESR of  the device. 2 2   

 

3.4.2.2.2.  From EIS  

Two d ifferent procedures are acc epted in the l iterature for 

the determination of  ESR using EIS technique. In  the f irst  

approach, the real  part  of  the complex impedance at  a 

f requency of  1 kHz corresponds to the ESR value. In  the 

second, a l inear interpolat ion of  the low -frequency part  of  

the Nyquist  p lot  i s  drawn. The intersect ion between th is 

straight  l ine and the Im(Z) =  0 corresponds to  the ESR value. 

The two experimental  methods are i l lustrated in  F igure 3 .7 .  

 
F i g u r e  3 .  7 .  N y q u i s t  p l o t  o f  2 . 7  V  /  1  F  M a x w e l l  S C  w i t h  E S R  d e t e r m i n a t i o n  
m e t h od s  h i g h l i g h t e d  i n  r e d .  I n  t h e  i n s e t ,  t h e  f i r s t  a p p r oa c h  t o  d e t e r m i n e  E S R  
i l l u s t r a t e d . 2  
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I t  i s  important to highl ight  that  the ESR value obtained from 

EIS technique is  general ly much smal ler than the one 

obtained from CCCD curves as demonstrated by Ruoff  et  al . .2 3  

 

3.4 .3 .  Operat ing Voltage  

The operat ing voltage (V 0 )  i s  the potent ia l  window in which 

the supercapacitor works normal ly and safely.  Indeed, above 

a  certa in  potential  va lue,  electro lyte  and even some act ive 

materials  can degrade irrevers ibly.  For  example,  due to  the 

water  spl itt ing effect,  the potentia l  window of  a 

supercapacitor us ing an aqueous e lectro lyt e is  str ict ly 

l imited at  a maximum of  1.2 V.  

To determine the operat ing voltage of  a cel l ,  both CV and 

CCCD curves can be used. The procedure is  s imple and 

straightforward. Indeed, start ing with a low voltage value,  an 

incremental  increase of  the voltage i s  performed unti l  a  sp ike 

appears at  the boundary of  the potentia l  window, or more 

dramat ica l ly,  when the cel l  explodes.   

 

3.4 .4 .  Time Constants  

The t ime constant τ  ind icates the abi l ity of  the 

supercapacitor device to respond to a sol icitat ion. Typical  

range for  commercia l  supercapacitors is  0 .5 to 3 .6  s . 2 4  

The ca lcu lat ion of  τ  i s  based on the equivalent c ircu it  RC as 

descr ibed in the sect ion 3 .4 .2 .1 .  Pract ica l ly ,  the t ime 

constant is  the product  of  the ESR and the total  capacitance 

of  the device:  

τ = ESR CT (3 .15)  

The other t ime constant is  the “re laxat ion  t ime constant”,  

denoted τ 0 .  The relaxat ion t ime constant  corresponds to  the 

boundary between the capacit ive and the resist ive parts of 

the RC ci rcuits .  For supercapacitor appl icat ions,  lower va lue 

of  th is  parameter indicates a higher power del ivery 

capabi l ity. 2 5  

S imon et  al .  proposed a stra ightforward procedure to 

determine this  parameter based on EIS measurement . 1 7  They 
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p lot  the imaginary part  of  the complex impedance in  funct ion 

of  the f requency.  The curve contains  a  maximum located at  a 

f requency f 0 .  Then, the re laxat ion t ime constant  can be 

ca lculated with  the fo l lowing equation:  

τ0 =
1

𝑓0
 (3 .16)  

 

3.4 .5 .  Power and Energy Densit ies  

3 .4 .5 .1 .  General  Background  

Power and energy densit ies  are  key metr ics usefu l  regarding 

the f inal  appl icat ion of  the supercapaci tor device.  As 

descr ibed in  Chapter  1,  the Ragone plot  is  used to represent 

these two key metrics.  In  Figure 3 .8 ,  a Ragone p lot  i s 

presented with a diagonal  t ime l ine,  which corresponds to 

the so-cal led  “characterist ic  t ime”. 2 6  This  t ime indicates the 

running t ime of  the supercapacitor at  the rated power.  Th is 

va lue was introduced due to the rate  dependence 

character ist ic of  e lectr ica l  energy storage devices.  

 
F i g u r e  3 .  8 .  S c h e m a t i c  r e p r e s e n t a t i on  o f  a  R a g o n e  p l o t  c on t a i n i n g  t h e  m a i n  
e l e c t r i c a l  e n e r g y  s t o r a g e  d e v i c e s .  T h e  d i a g o n a l  l i n e s  c o r r e s p on d  t o  t he  
c h a r a c t e r i s t i c  t i m e . 2  
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3.4 .5 .2 .  Power density  

The power density of  supercapacitor  is  the character ist ic 

which make this technology advantageous in comparison to 

the batter ies .  The power density is  ca lcu lated us ing the 

fo l lowing equation:  

PD =
V0

²

4 ESR Π
 (3 .17)  

The maximum power del ivery achievable by a supercapacitor 

can be performed only when the load as the identica l 

res istance as  ESR. However,  th is  necessary match between 

the load and the ESR is  dif f icult  to achieve.  

 

3.4 .5 .3 .  Energy density  

Increasing the energy density is  the main aim of  the scientif ic 

community working on supercapacitors .  Indeed, h igher is  this  

va lue,  stronger is  the supercapacitor  in  comparison with the 

battery technology.  

Energy density is  ca lcu lated from CCCD measurements by 

integrat ion of  the whole  curve (charge and discharge).  For 

EDLCs and PCs without apparent Faradaic  processes,  the 

CCCD curve is  a perfect  tr iangle as shown in Figure 3 .9 .  

 
F i g u r e  3 .  9 .  S c h e m a t i c  r e p r e s e n t a t i on  o f  a  C C C D  c u r ve  f o r  E D L C s  o r  P C s  
w i t h ou t  s t r on g  Fa r a d a i c  p r o c e s s e s . 2  

The integrat ion of  the CCCD curves corresponds to the area 

of  the t r iangle.  So,  the express ion of  the energy density is :  
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ED = ∫ V0 dq =
1

2
 V0 Q

Q

0

 (3 .18)  

Isolat ing Q in the equation 3.2 and subst i tut ing it  in  3 .18,  the 

expression becomes:  

ED =
1

2 Π
CTV0

² (3 .19)  

Energy is  expressed in Joule/Π unit .  By div iding by 3600, the 

unit  becomes Wh/  Π and the express ion is :  

ED =
1

7200 Π
CTV0

² (3 .20)  

In the case of  PCs with strong Faradaic  processes (F igure 

3 .10),  the equat ion 3.18 evolves  in  3 .21:  

 

ED =
1

3600 Π
∫ V i dt

tQ

0

 
(3 .21)  

 
F i g u r e  3 .  1 0 .  S c h e m a t i c  r e p r e s e n t a t i on  o f  a  C C C D  c u r v e  f o r  P C s  or  H y b r id  
S u p e r c a p a c i t or s  w i t h  s t r on g  Fa r a d a i c  p r o c e s s e s . 2  

3.4 .5 .4 .  Concluding remarks  

For EDLCs (and PCs with tr iangular CCCD curves),  the rat io 

between the energy density (3 .19) and power de nsity (3 .17) 

i s :  

ED

PD
=

1
2 Π CTV0

²

V0
²

4 ESR Π

= 2 ESR CT = 2 τ (3 .22)  

Therefore,  energy density and maximum are closely  coupled 

by the ce l l  t ime constant .   
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Another indicator of  the supercapacitor  performance is  the 

rat io between the integral  value of  discharging curve and the 

integral  value of  the charging curve. Indeed, the charging 

corresponds to  the stored e lectr ic energy whi le the 

d ischarging indicates the del iverable energy.  The rat io of 

these two values is  ca l led energy ef f ic iency of  the cel l .   

 

3.4 .6 .  Leakage and Maximum Peak currents  

Before to be use in real  appl icat ions,  other  key metrics must 

be known. Leakage and maximum peak currents are two 

important parameters in  an industr ia l  context .  

The leakage current va lue indicates the capabi l ity of  the 

supercapacitor device to mainta in a f ixed value of  potent ial  

when not in  use.  It  i s  typical ly est imated as the compensating 

current  needed after 72 hours to recover a fu l ly -charged 

state of  a supercapacitor .  

The maximum peak current is  ge neral ly expressed on 

commercial  product  and is  calcu lated as fol low:  

imax @1s =
1

2

CTV0

CT ESR + 1
 (3 .22)  

Th is key metr ic i s  evaluated by d ischarging a ful ly charged 

supercapacitor device f rom the operat ing voltage to the half  

of  this  va lue in  1 second.  

 

3.4 .7 .  Cycle l i fe  and Capacitance  Retent ion Rate  

Final ly,  the last  key metr ics are cycle l i fe and capacitance 

retent ion rate.  The f irst  is  one of  the main advantage of  th is  

technology,  which in real  appl icat ion leads to  the so -cal led 

“f it -and-forget” .  Indeed,  with a  cycl ing l i fe  higher than 1 

mill ion  cycles,  supercapacitor devices can be insta l led and 

a lmost forgotten because they would not  be,  theoretical ly , 

the l imit ing device in term of  cycl ing l i fe .  The procedure to 

evaluate this  key metric  i s  e asy,  CCCD curves (or even CV) 

repeated thousands of  t imes.  The obtained value is  then 

compared to the start ing one.  
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Due to  the high capacitance retent ion rate  of  supercapacitor,  

i t  i s  even dif f icu lt  to  evaluate proper ly even by cycl ing 

hundreds of  thousand s of  t ime. Uno and Tanaka demonstrate 

th is  key metr ic by cycl ing a supercapacitor for 3 .8  years  and 

results showed that  the capacitance retent ion rate decreases 

a lmost l inearly  with  the square root of  the number of  

cycles .2 7  

 

3.5.  Conclusions 

The aim of  th is  chapter was to  g ive some information about 

the experimenta l  setups used to ca lculate  the key metrics of 

a  supercapacitor .  As  shown in Figure 3.2,  type of  

measurements is  st rongly correlated to the core parameters . 

Therefore,  it  i s  crucia l  to give  a l l  the measurements 

parameters such as e lectrode conf igurat ions (t wo vs  three),  

mass  of  the act ive  material ,  e lectrodes dimensions,  selected 

e lectrolyte,  etc.   
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Chapter 4 

Graphene-Mo-compounds 

composites for enhanced 

supercapacitors performance 
As thoroughly explained in Chapter 2,  metal  
oxides  and metal  d ichalcogenides  are  interest ing 
to increase specif ic  capac itance of 
Supercapacitors .  In part icular ,  this  chapter  i s  
a imed to in-situ synthes ize  a hybr id 1T -2H-
molybdenum disulphide and, at  the same t ime, 
to reduce graphene oxide by  one -pot 
hydrothermal synthesis .  The supercapacitor 
result ing f rom this  innovat ive  hybrid 
demonstrates outstanding e lectrochemical  
performance,  in comparison to other hybr ids ,  in 
addit ion to a stabi l ity  up to 50.00 0 cyc les .  

 

Part  of  the work descr ibed in  th is  chapter  has  been 

previously publ ished in  ACS Appl ied  Mater ia ls  & Interfaces, 

2016 (8) ,  32842 -32852.  

 

4.1.  Motivations 

Recently ,  Transit ion Metal  D ichalcogenides (TMDs) have 
attracted attent ion due to their  pecul iar  propert ies as 
descr ibed previously  in  the Sect ion 2.3 .2 .3 .  Molybdenum 
Disu lphide,  MoS 2 ,  is  the most  promis ing TMD for  energy 
storage applicat ions which explains  the current  intensive 
invest igat ion for using it  as  mater ia ls  for energy storage 
appl icat ions.  Indeed, the f i rst  patent for us ing MoS 2  as 
cathode mater ia ls  for battery appl icat ions was f i l led in 
1980.1  The attract iv ity of  this  TMD l ies in  its  transit ion metal  
centre,  Mo, which can assume a variety of  oxidat ion states 
f rom +2 to +6 ,2 – 4  and its  unique 2D , graphene- l ike,  layered 
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structure.  It  has h igh intr insic ionic  conduct iv ity that  
guarantees for high capacitance:  it  can show both an 
e lectrochemical  double  layer  (EDL) and a pseudocapacit ive 
behaviour (PC) ,  due to  the Mo redox react ions and ab i l ity  to 
easi ly  promote ions insert ion between layers . 5  

S ince then, research was focused on the synthesis and/or 
product ion of  th is  promising mater ia l .  Typica l ly ,  two 
approaches can be invest igate d: “top -down” or  “bottom -up”. 
In  the f irst  method, the start ing mater ial  i s  bulk MoS 2  f lakes 
stacked together due to Van der Walls  interact ions between 
f lakes.  Then,  the idea is  to exfol iate th is  raw mater ia l  to 
obtain single (or  few) layers of  MoS 2 .  The exfol iat ion can be 
micromechanical  using st icky tapes,  which was the same 
technique used by Geim and Novoselov to iso late  for  the f irst 
t ime Graphene (See sect ion 2 .2 .2.2 .1) . 6  Th is technique  a l lows 
to  produce MoS 2  f lakes  with  random shapes,  s izes,  and 
number of  layers.  Nevertheless,  the qual ity  i s  high whi le  the 
y ield is  very low. However,  the m ain l imitat ion is  the inabi l ity 
to sca le th is  process up for large volume product ion. Another 
way to produce MoS 2  f lakes from bulk material  is  the l iquid 
phase exfo l iat ion. Solvents used are typ ica l ly N -methyl-
pyrro l idone (NMP) and Isopropanol  ( IPA).  Th is  way can be 
e ither only physica l  by means of  sonicat ion,  shearing,  
gr inding,  bubbl ing,  or  may include chemical  react ions to 
faci l i tate the process.  Interest ingly,  the obtained amount of 
exfol iated materials  i s  much higher and can be potential ly be 
sca led up .7  Nevertheless ,  the qual ity i s  much lower which can 
be l imit ing for  pract ical  appl icat ions.  The last  top -down 
approach invest igated is  an e lectrochem ical  exfol iat ion 
assisted by Lith ium. 8  

The “bottom -up” approach can be fo l lowed using three ways: 
Physical  Vapor  Deposit ion,  Chemical  Vapor  Deposit ion,  and 
Solut ion Chemical  Process.  The Physical  Vapor Deposit ion 9 , 1 0  
has  attracted less  attention .  Using h igh  purity  target  of  MoS 2  
(>99.9%) and very low pressure (<5.10 - 9  Torr),  i t  i s  possib le 
to  grow cont inuous u ltra -th in f i lm of  MoS 2  as demonstrated 
by Muratore et al . . 1 0  A most common method for f i lm 
product ion is  the Chemical  Vapor Deposit ion which al lows to 
obtain large area growth  of  the desired materials .  
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Interest ingly,  the deposit ion  is  uniform which makes th is  
approach appeal ing for  the appl icat ions market .  The CVD 
uses chemical  react ions as gr owth mechanism. Typical ly,  
precursors of  MoS 2  can be MoO 3 ,  Mo, or MoCl 5 .  Then, the 
growth mechanism occurs with a sul fur izat ion react ion,  
involv ing H2S as S  precursor,  producing layered MoS 2  
s tructures.  The last  way is  the solut ion chemical  process, 
which is  known as  hydrothermal 1 1 – 2 2  or  so lvothermal 2 3  
synthesis  depending of  the nature of  the solvent used dur ing 
the synthesis .  React ions take p lace typical ly in  a  sta inless -
steel  autoclave in  range of  temperature f rom 120°C to 360°C 
for few hours.  This  in-s itu  synthesis occurs  in  two di fferent 
steps.  The f irst  one is  the decomposit ion of  the Molybdenum 
precursor to form Molybdenum Oxides ( IV or VI)  species.  
Typica l  Mo precursors can be sodium molybdate 
[Na2MoO 4] ,1 3 – 1 6 , 1 8 – 2 2  ammonium tetrath iomolybdate 
[ (NH 4) 2MoS4] ,2 3  ammonium heptamolybdate 
[ (NH 4) 6Mo 7O 2 4 ] ,1 7  phosphomolybdic acid [ H 3PMo 1 2 O4 0] , 2 , 2 4 , 2 5  
molybdenum (V)  ch loride [MoCl 5] .2 6 , 2 7  The second step is  the 
sulfur izat ion of  metal  oxides  to form metal  dichalcogenides.  
Typica l  S  precursor  can be th iourea [H 2NCSNH 2] , 1 4 , 1 9 – 2 1  
th ioacetamide [C 2H 5NS] ,1 7  L-cysteine, 1 3 , 1 5 , 1 6 , 1 8 , 2 7  benzyl  
mercaptan [C 7 H8 S] .2 6   

Despite  of  the chemical  process  is  apparent ly easy;  an 
intr insic l imitat ion should  be taken in considerat ion. I ndeed, 
MoS2  f lakes tend to  wind around themselves and form 
fu l lerene- l ike nanopart icles or nanotube structures dur ing 
the synthesis . 2 6  To obtain  a  layered structure of  molybdenum 
disu lphide,  a modif icat ion of  the condit ions react ion is  
necessary.  An eff icient  way is  to introduce graphene or 
graphene oxide as  substrate. 1 3 , 2 3 , 2 8  Indeed,  graphene wil l  
inhib it  the growth of  MoS 2  f lakes in the third -d imension. 
Moreover,  the a s-prepared graphene-dichalcogenide 
composites are hybrid mater ials  with superior propert ies due 
to  a synergetic effect  between the graphene and the MoS 2  
f lakes.  

As previously descr ibed in  sect ion 2 .3 .3 ,  bulk Transit ion 
Metal  Dichalcogenides exhib it  a wide var iety of  polymorphs 
due to the spat ia l  organizat ion of  the X -M-X layers of  atoms 
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where X is  for a chalcogen and M is  a transit ion metal  of 
groups 4-10. In  this  chapter ,  X  is  for Su lphur  and M is  for 
Molybdenum. Typical ly,  three polymorphs can be 
encountered:  1T  (tr igonal ) ,  2H (hexagonal),  and 3R 
(rhombohedral )  according to the number of  S -Mo-S in  the 
unit  cel l . 2 9 , 3 0  Crystal lographic structure of  polymorphs are 
reported in Figure 4.1 .    

 
F i g u r e  4 .  1 . S c h e m a t i c  r e p r e s e n t a t i o n  o f :  ( a )  H e xa g o n a l  s t r u c t u r e  o f  S  a n d  M o 
l a y e r s  a n d  ( b )  1 T / 2 H / 3 R  p o l y m or p h s  u n i t  c e l l s  o f  m o l y b d e n u m  d i s u l p h i d e ,  
w h e r e  “ c ”  r e p r e s e n t s  t h e  n u m b e r  o f  l a y e r s  i n  a  r e p e a t  u n i t . 3 0  

These three phases have dif ferent propert ies and stabi l ity .  
The most  common phase is  the tr igonal  pr ismatic  2H -MoS 2  
phase,  which is  a  semicondu ctor  with a  monolayer  d irect 

bandgap of    1.67 eV. 3 1  The 3R-MoS 2  phase is  less described 
in l i terature because the metal  coordination is  again  t r igonal 
prismatic ,  l ike 2H-MoS2 .  The 1T-MoS 2 ,  a lso ca l led distorted 
octahedral ,  is  by far  the most interest ing for e lectrode 
materials  in  supercapacitor  appl icat ions because this phase 
is  metal l ic  with a co nduct ivity 10 7  t imes higher than the 2H-
phase in addit ion to other interest ing propert ies such as 
hydrophil icity ,  electr ica l  conduct iv ity  and abi l ity to 
intercalate  dif ferent ions making this polymorph the most 
appeal ing for  high eff iciency supercapacitors .3 2 , 3 3  

The f i rst  synthesis of  the metastable 1T -MoS2  phase was 
reported in  1992 by Wypich  and co -workers  by control led 
oxidat ion of  ternary hydrated K x (H2 O)yMoS2  using K 2 Cr 2 O7  in 
excess.3 4  In  the last  year ,  lot  of  efforts were concentrated to 
improve the synthesis  of  the 1T polymorph.  The desired 
phase can be f ind in  co-existence with the 2H phase in a 
mixture WS 2 /MoS 2  synthesized by anneal ing using rGO -Ni 
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foam coated with  (NH 4 ) 2MoS 4  as precursor . 3 5  A  solvothermal 
synthesis using DMF as solvent start ing from the same 
precursor al lows Lee and co -workers to observe the 
metastable 1T-phase. 3 6  The layered exfo l iated 2H -MoS2  was 
used a lso as  support  for  the 1T phase so lvothermal ly 
produced. 3 7  A control led growth in a so lvent mixture 
(DMF/H2 O) permits Wu and co -workers to coat  carbon f ibre 
c loth with 1T -MoS 2 .3 8  Final ly ,  in  “greener” ways,  synthesis of 
1T polymorph was demonstrated us ing L -ascorbic acid  as 
reductant start ing from LiMoS 2  as precursor 3 9  or  us ing the 
intercalat ion of  NH 4

+ ,  produced by hydrothermal 
decomposit ion of  ammonium bicarbonate,  through bulk MoS 2  
f lakes.4 0  

Despite the many research works published on the energy 

storage propert ies of  gr aphene-dichalcogenide-based 

aerogels,  few studies  compared the performance of  d if ferent 

materials  and  fabricat ion processes  us ing the same 

exper imental  condit ions.  Consequently,  the comparison is  

d if f icu lt ,  and the interpretat ion can be misleading.  

To overcome this i ssue,  th is  chapter  was a imed to the 

ident if icat ion of  a hybr id aerogel  to be exploited as electrode 

material  with super ior performance in terms of  

supercapacitance.  Di fferent  aerogels  are  synthesized us ing a  

s imple and inexpensive  one -pot hydrothermal synthesis 

procedure that  a l lows combining reduced Graphene Oxide 

and Mo–compounds ,  under the form of  oxide (MoO2 )  or 

d ichalcogenide (MoS 2 )  in  the f inal  product  with  a n  attention 

to the use of  environmental  fr iendly reactants and synthesis 

condit ions .  

 

4.2.  Materials  and Methods  

4.2 .1 .  Acronyms 

The fol lowing acronyms wil l  be employed: rGO-MoS 2-p  for 

the composite containing the 2H-MoS2  powder  commercial ly 

avai lab le  added to  the GO d ispers ion  before the 

hydrothermal  synthesis ;  rGO-MoS 2-co  for  the in-s itu  co-

synthesized rGO-MoS 2 ,  MoS2-p  for  2H-commercial ly avai lable 
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MoS2  powder,  MoS 2-s  for  the in-s itu  synthesized MoS 2  

powder,  rGO-MoO 2  for  the in-s itu  co-synthesized rGO-MoO2 ,  

MoO 2  for  the in-s itu  synthesized MoO 2  powder.  

 

4.2 .2 .  Synthesis procedure  

Hybrid  aerogels were obta ined by hydrothermal  react ion 

fo l lowed by a  f reeze-drying procedure . A dispersion of  2 

mg/mL of  commercial ly avai lable Single Layer Graphene 

Oxide -  GO (Cheaptubes Inc. )  in  deionised water  was 

prepared with  a tota l  vo lume of  17 mL.  Then,  the dispers ion 

was sonicated 30 minutes  at  room temperature before to  be 

t ransferred in a Tef lon reactor contained in  a stain less -steel  

autoclave. The hydrothermal synthesis was carr ied  on at  180° 

for 12 hours.  After the react ion,  the reactor was cooled down 

to room temperature.  The result ing reduced Graphene Oxide 

(rGO) hydrogel  was rapidly frozen in l iqu id nit rogen ( -196°).  

Then, the water was removed by subl imation us ing a freeze -

drying procedure. Th is procedure was carr ied on overnight at 

-50°  with  a  pressure of  3x10 - 3  mbar.  The result ing sample is 

the rGO aerogel .   

The rGO-MoO2  hybrid  was obtained by adding to  the pr ist ine 

GO s lurry after the sonicat ion step,  0 .5 g of  phosphomolybdic 

ac id (H3 PMo 1 2 O4 0 )  so lut ion (20 wt .% in ethanol ,  from Sigma 

Aldrich) .  The mixture was fur ther sonicated for 5  minutes to 

ensure a homogeneous d ispers ion of  the MoO 2  precursor 

before the hydrothermal reduct ion.  

The rGO-MoS 2-p  aerogel  was obtained by adding to the 

2mg/mL aqueous d ispers ion the MoS 2  u l traf ine powder (0.6 

mg/mL (w/v)) ,  purchased f rom Graphene Supermarket –  

Graphene Laborator ies Inc.  (NY -USA).  Then, the slurry 

containing both  GO and MoS 2  was subjected to  the same 

react ion and freeze-drying procedure to  obtain  an aerogel 

with MoS 2  nanostructure d ispersed on the 3D -rGO matrix . 

The rGO-MoS 2-co  was produced by an in-s itu  synthesis  of 

MoS2  nanostructure together with the assembly of  the rGO 

aerogel .  106 mg of  phosphomolybdic acid hydrate 
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(H 3PMo 1 2O 4 0 .xH2 O, from Alfa Aesar) were added to the GO 

s lurry as precursor of  Mo. The pH was then adj usted to 6.5 

by addit ion of  NaOH 1M (Sigma Aldr ich) and 170 mg of  L -

Cysteine (S igma Aldr ich) were added as precursor of  S .  The 

s lurry was t ransferred to the autoclave for the hydrothermal 

react ion and subjected to the same freeze -drying procedure 

performed for a l l  the previous aerogels .   

MoO 2  and MoS 2-p and MoS 2 -s  were a lso  obtained by 

hydrothermal  synthesis  and subsequent  freeze -drying to 

study the mater ia ls  without rGO contributions.  The same 

procedures used for the corresponding hybr ids were 

repeated without the GO powder to  obtain MoO2 ,  MoS2-p,  

and MoS 2-s .   

A thermal anneal ing was carr ied out on MoS 2- s  and rGO-

MoS2 -co samples to promote crysta l l izat ion. The anneal ing 

was performed at  800°C for 2h in  N 2  (60 mL/min).  

 

4.2 .3 .  Methods 

4 .2 .3 .1 .  Physicochemical  characterizati on 

The morphology of  the dif ferent aerogels was analysed by 

using a Fie ld Emiss ion Scanning Electron Microscope (FESEM 

Supra 40 manufactured by ZEISS) ,  equipped with Oxford S i (Li )  

detector for Energy Dispersive X-ray analysis  (EDX).  

Transmiss ion E lectron M icroscopy (TEM) measurements were 

performed on a FEI  Tecnai  G2 F20 S -TWIN microscope. Image 

processing was performed by means of  Gatan Microscopy 

Suite software.  

X-ray d if fract ion analys is  (XRD, Panalyt ica l  X 'Pert  MRD Pro Cu 

Ka X-ray source)  in  Bragg/Bren tano conf igurat ion was used 

to  assess the structural  characterist ics of  the hybr id aerogels 

and the pure t ransit ion metal  compounds obtained in the 

same synthesis  condit ions.   

Raman analysis  was appl ied to  study the aerogel  powders 

carefu l ly  pressed on a g lass  microscope s l ide  by means of  a 

Renishaw InVia Ref lex micro -Raman spectrometer (Renishaw 

plc,  Wottonunder-Edge, UK),  equipped with  a cooled CCD 
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camera. The Raman source was a d iode laser ( e x =514.5 nm), 

and samples inspect ion occurred through a microscope 

object ive  (50X),  in  backscatter ing l ight  co l lect ion.  5  mW laser 

power,  10 s of  exposure t ime and 1  to 3 accumulat ions were 

employed to col lect  each spectrum.  

X-Ray Photoelectron Spectrosco py (XPS)  was carr ied out on a 

PHI 5000 VersaProbe (Phys ica l  Electronics)  system, with a 

monochromat ic Al  Kα radiat ion (1486.6 eV energy) as X -ray 

source. A 187.85 eV pass energy value was used for survey 

spectra and 23.5  eV for  HR peaks.  Charge compensat io n was 

accomplished with a  combined e lectron and Ar  neutra l izer 

system. The binding energy sca le  was cal ibrated by assign ing 

an energy value of  284.5 eV to the main C1s contribut ion (C -

C/C-H bonds) and the background contr ibut ion in HR scans 

has  been subtracted by means of  a Shir ley funct ion. 4 1  

Speci f ic  surface area (SSA) measurements  and pore size 

analys is  were carr ied out on samples previously out -gassed 

for  at  least  4 h at  100°C,  to remove water  and other 

atmospher ic contaminants,  by means of  N 2  i sotherms at  -

196°C (Quantachrome Autosorb 1C i nstrument) .  BET SSA 

values were measured by mult ipoint  method in the relat ive 

pressure range of  P/P 0  =  0 .05–0.20;  cumulat ive pore volume 

curves were obtained by applying the QS -DFT method with 

appropr iate kernel  (N 2  adsorpt ion @ -196°C onto carbon sl it  

pores) .  

4.2 .3 .2 .  Electrochemical  preparat ion setup  

The electrodes were fabr icated both for electrochemical 

measurements in  analyt ica l  ce l l  conf igurat ion (three 

e lectrodes and two -electrodes measurements) and in  planar 

symmetr ic e lectrodes devices .  To prepare them, a 

homogeneous solut ion containing the as -synthesized 

aerogel ,  f inely  mixed with  a spacer  and a b inder in  absolute 

ethanol 4 2  used as homogeniz ing  solvent .  The so lut ion was 

carefu l ly drop-casted onto a wel l -pol ished g lassy carbon 

e lectrode (diameter of  0 .3  cm, BioLogic)  or onto F luor ine 
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doped Tin  Oxide g lass (d iameter of  0 .5  cm,  Solaronix,  10 

Ω/sq).   

The obtained s lurry  had the composit ion of  5 mg act ive 

material ,  0 .4 mg acetylene b lack (Alfa Aesar) and 5 µL 

Naf ion® 5% (S igma -Aldrich) .   

The analyt ical  ce l l  setup used the glassy carbon as  current 

co l lector  for  both  two and three electrodes measurements.  

For  the two -electrode configurat ion,  two identical  as -

prepared electrodes were ut i l ised. For the three electrode 

measurements,  the reference electrode used was a Calomel 

e lectrode -  SCE (with  a  potential  of  240 mV vs Standard 

Hydrogen E lectrode –  SHE).  The counter electrode used was 

a  plat inum bar .   

For  the device  measur ements in  a  symmetrical  conf igurat ion,  

two as-prepared electrodes deposited on FTO were faced in 

a  p lanar  conf igurat ion. A  g lass -fr it  membrane (Whatman 

GF/A) was used as  separator .  A thermoplast ic polymer 

(Paraf i lm®)  was melted to  be used as  sealant  to  avo id 

e lectrolyte leakage. A  schematic  representat ion of  the device 

is  reported in F igure 4 .2.   

 
F i g u r e  4 .  2 .  S c h e m a t i c  r e p r e s e n t a t i on  o f  t h e  d e v i c e  u s e d  f or  e l e c t r o c h e m i c a l  
m e a s u r e m e n t s .  C u r r e n t  c o l l e c t o r  w a s  FT O ,  E l e c t r i c a l  c on t a c t  w a s  C u ,  
S e p e r a t or  w a s  a  g l a s s - f r i t  m e m b r a n e ,  s e a l i n g  p o l y m e r  w a s  P a r a f i l m ® .  

To be confrontable,  electrochemical  measurements were 

performed with  the same electro lyte:  1M NaCl in  deionised 

water .  E lectrodes were soaked overnight before the 
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measurements to assure a su itable interface between the 

e lectrolyte and the e lectrodes.   

 

4.2 .3 .3 .  Electrochemical  characterization  

Al l  the measurements were carr ied out on a PGSTATM101 

potent iostat−galvanostat  (Metrohm Autolab ,  Netherlands).  

In  three electrodes ce l ls ,  cycl ic vo ltammetry was performed 

between −0.7 and +0.2 V vs .  SCE at  mult iple scan rates 

between 1 V s - 1  and 3 mV s - 1 .  Galvanostat ic  charge -discharge 

cycles were performed between −0.6 and +0.1 V vs .  SCE at 

current  densit ies  of  0 .25,  0 .5 ,  1  and 2  A g - 1  and AC impedance 

spectroscopy was done at  OCP (open c ircu it  potential  in  the 

f requency range f rom 10 kHz to 5 mHz with 5 m V amplitude. 

In  two electrodes cel l  and symmetr ica l  device conf igurat ions,  

cycl ic vo ltammetry and galvanostat ic charge -d ischarge were 

carr ied  out between −0.5 and +0.5 V at  mult ip le scan rates 

and current densit ies,  AC impedance spectroscopy was 

acquired at  0  V  in the f requency range from 100 kHz  to  5  mHz 

with 5  mV ampl itude and the devices were aged by 

voltammetry for 50 .000 cycles.  

 

4.2 .3 .4 .  Effect  of  mass loading on performance  

The mass deposited could inf luence dramatica l ly the 

del iverable performance. Three e le ctrodes with d if ferent 

mass loading were invest igated. The mater ia l  used for the 

comparison was the in-s itu as-synthesized MoS 2  (MoS2-s ).  

E lectrodes were prepared by drop -cast ing onto g lassy carbon 

or FTO as  reported above for  the three -  and two-electrodes 

analyt ica l  ce l l  measurements.  The same chemical 

composit ion was used and the same counter electrode (Pt 

bar) .  However,  the reference electrode used for th is  

measurement was a homemade Saturated Mercury-

mercurous Sulphate E lectrode (SMSE e lectrode is  680 m V vs.  

SHE) .  Electrodes were soaked in the e lectro lyte,  1M H 2SO 4 ,  

overnight .  Cycl ic  Voltammetry was performed at  d if ferent 
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scan rates between 0.1 mV s - 1  and 1 V  s - 1  in  a  potential 

window comprised between -0 .8 and +0.05 V vs SMSE.  

 

4.3.  Physicochemical  Characte rization 

4.3 .1 .  Morphological  analysis  by  FESEM and atomic 
composit ion by EDX spectroscopy  

Morphological  character izat ions were performed on the as -

synthesized aerogels  obtained after the hydrothermal 

react ion and the freeze -drying process .  F igure 4.3  shows the 

low-magnif icat ion FESEM images of  the aerogels morphology.  

The aerogel  composed of  pure rGO aerogel  (F igure 4 .3 .a) has 

a  s imi lar  three-d imensional  arch itecture compared with  rGO -

MoO 2  (F igure 4.3 .b) ,  rGO-MoS 2-p (Figure 4 .3 .c),  and rGO -

MoS2 -co (F igure 4 .3 .d) .  The presence of  other chemical  

species dur ing the hydrothermal synthesis  does not seems to 

inf luence the se lf -assembl ing process.   

 

 
F i g u r e  4 .  3 .  FE S E M  i m a g e s  a t  l ow  m a g n i f i c a t i o n  f or  ( a )  r G O ,  ( b )  r G O - M oO 2 ,  
( c )  r G O - M o S 2 - p ,  a n d  ( d )  r G O - M oS 2 - c o  
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Higher magnif icat ion al lows the study of  the micro -

architecture for  al l  the as -synthesized aerogels .  F igure 4 .4.a 

exhib its  a  3D porous structure const ituted of  wrinkled and 

cur led-up rGO f lakes,  which can be better appreciated in 

F igure 4.4 .b .  This interconnected three -d imensional  

structure is  ideal  for supercapacitor appl icat ions as reported 

previously 4 3 .  Indeed, as descr ibed ear l ier  th is  st ructural  

organizat ion offers  high specif ic surface area and 

access ibi l i ty by a l iqu id e lectrolyte .  The n it rogen (N2 )  

adsorpt ion  analys is  reported later conf irms the su itable 

propert ies  of  the aerogels for supercapacitor appl icat ions.   

 
F i g u r e  4 .  4 .  l ow - m a g n i f i c a t i on  ( a )  a n d  h i g h - m a g n i f i c a t i on  ( b )  FE S E M  i m a g es  
o f  t h e  p u r e  r G O  a e r og e l .  H i g h - m a g n i f i c a t i on  FE S E M  i m a g e s  o f  r G O - M oO 2  ( c ) ,  
r G O - M o S 2 - p  ( d )  a n d  r G O - M o S 2 - c o  ( e )  s a m p l e s .  

Concerning the composite containing metal  oxides,  rGO -

MoO 2 ,  graphene f lakes are decorated by micropart icles with 

a nanostructured surface (Figure 4.4 .c) .  F igure 4 .4 .d and 

F igure 4 .4 .e are images obtai ned for  graphene -

dichalcogenide composites:  rGO -MoS2 -p,  start ing for a 

commercial ly avai lab le powder (Figure 4.4 .d) ,  and rGO -MoS 2-

co,  using su itable  precursors  for an in-s itu  synthesis (F igure 

4 .4 .e) .  rGO-MoS 2-p d isp lays  a  more heterogeneous structure 
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in  comparison with  the rGO-MoS2-co.  Indeed,  layered 

d ichalcogenides structures are embedded inside the three -

d imensional  porous structure.  Interest ingly,  the commercial  

2H-MoS 2  powder reta ins its  morphology. The FESEM image of 

the start ing material  i s  reported  in Figure 4 .5 .a.  As  it  can be 

seen, the latera l  s ize of  the commercia l  st ructure is  awful ly 

variable with a d imension range between 500 and 1500 nm, 

while the thickness is  below 100 nm.  

The graphene-dichalcogenide  composite in-s itu  synthesized,  

rGo-MoS2-co,  disp lays a completely d if ferent morphology. In 

fact ,  rGO f lakes  and MoS 2  nanostructures became int imately 

connected and undist inguishable,  making the composite 

homogeneous as it  can be seen in Figure 4 .5.b.   

 
F i g u r e  4 .  5 .  FE S E M  i m a g e s  a t  h i g h  m a g n i f i c a t i o n  f o r  ( a )  c o m m e r c i a l l y  
a va i l a b l e  2 H - M o S 2  ( M o S 2 - p ) ,  a n d  ( b )  i n - s i t u  s y n t h e s i z e d  M oS 2  ( M oS 2 - s ) .   

EDX spectroscopy analyses were carr ied  on al l  the samples to 

invest igate the atomic composit ion. Results  are  reported in 

Table 4 .1 .   

 

Sample C (at%) O (at%) Mo (at%) S (at%) Na (at%) 

rGO 81.4 18.6 / / / 

rGO-MoO2 76.9 18.0 5.1 / / 

rGO-MoS2-p 86.0 10.9 1.2 1.9 / 

rGO-MoS2-co 54.9 15.6 7.9 17.4 4.2 
T a b l e  4 .  1 .  A t o m i c  c o m p os i t i on  d e t e r m i n e d  b y  E D X  s p e c t r o s c op y  

The atomic rat io between S and Mo for the rGO -MoS2-co is 

2 .2  which  is  c lose to  the stoich iometric  value. This data 

conf irms the successful  in-s itu  synthesis of  the 
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d ichalcogenides.  Moreover,  the amount of  residual  Na,  which 

arises f rom the NaOH solut io n used to adjust  the pH to a 

va lue of  6 .5 for  the proper use of  L -Cyste ine as S  precursor , 

i s  not  s ign if icant .   

 

4.3 .2 .  Composit ion  analysis  and phase  ident i ficat ion by 
Raman scattering analysis ,  XRD, and XPS  

4 .3 .2 .1 .  Raman Analyses  

Raman spectra for pure rGO aerogel,  gra phene-

dichalcogenide composites,  and the MoS 2-s  powder  are 

reported in Figure 4 .6  in  comparison with the start ing GO 

spectrum. The GO spectrum, curve 1 ,  d isplays typ ical 

photoluminescence at  high energy shif t .  Th is phenomenon is 

due to band-gap emiss ion f rom electron-conf ined sp 2  i s lands.  

The curve 2,  assigned to  rGO,  d isp lays a  s ignif icant  loss  of 

the photoluminescence phenomenon.  Th is  decrease is  the 

result  of  a reduction of  GO in rGO occurred dur ing the 

hydrothermal  synthesis .  Both GO and rGO spectra sh ow 

typical  peaks of  carbon -based mater ia ls:  D peak and G peak. 

The D peak is  located at  1352 cm - 1  and is  devoted to the 

defects of  sp 2  domains.  These defects,  contain ing also 

vacancies and d istort ions of  sp 2  domains,  provoke the 

decrease in s ize of  in  plan e-sp 2  domains.  The G peak is 

located at  1595 cm - 1  and is  devoted to a f irst -order inelast ic 

process involving the degenerate iTO and iLO phonons at  the 

G point  (E 2 g  mode).  The peak observed at  1595 cm - 1  is  broad 

due to a super imposit ion of  the D’  peak,  at  1625cm - 1  

assignable to defects scattering.  The broad band between 

2600 cm - 1  and 3300 cm - 1  contains a super imposit ion of  three 

different  scattering modes:  G’  at  2685 cm - 1 ,  D + D’ 

combinat ion at  2950 cm - 1 ,  and the second-order  of  the D’ 

peak at  3250 cm - 1 .  The G’ peak is  ascr ibable  to a double 

resonance inter -val ley scatter ing process involv ing two iTO 

phonons at  the K point . 4 4  

The I D/ I G  rat io is  usual ly calcu lated  to evaluate the qual ity of  

the graphene-based material .  The calcu lat ion was performed 
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for al l  the spectra after  an  appropriate  subtract ion of  the 

photoluminescence background (where present) .  The rat io 

for the pr ist ine GO (curve 1) was 0.75 and increased s l ight ly 

for the rGO (curve 2) to reach a value of  0 .81.  The non -

desired increase of  the rat io dur ing the hydrothermal 

synthesis i s  due to  the form at ion of  a 3-dimensional  

interconnected network of  rGO f lakes  whi le the start ing 

material  was quasi -s ingle  GO f lakes.  The obtained rGO 

contains defects due to hexagonal  p lanes d istort ions. 4 5  

By introducing commercia l ly avai lable 2H -MoS 2  to  produce 

the rGO-MoS2 -p ,  curve 3 ,  the rat io increased to reach a value 

of  0 .88 whi le  the rat io  for the in-s itu  product ion of  rGO-

MoS2 -co was 0 .97. This s ign if icant increase suggests  the 

creat ion of  new defects in  the in -p lane sp 2  domains 

ascribable to a st rong reciprocal  interference  between the 

two species,  rGO and MoS 2 .1 3 , 1 8  

Figure 4.6 reports the f ingerprint  region for MoS 2  mater ia l.  

Indeed, character ist ic peaks are  typical ly  found at  279 cm - 1  

(E11 g ) ,  336 cm - 1  (LA) ,  377 cm - 1  (E12 g )  and 404 cm - 1  (A1 g ) .  

However,  only characterist ic peaks of  the 2H -MoS2  are 

observable for the rGO-MoS 2-p (curve 3)  and the MoS 2-s  

(curve 5) sample. 3 3  The peak at  404 cm - 1  is  ascribed to the 

out-of-p lane vibrat ion of  the S atoms ly ing in the opposite 

d irect ion a long the c -axis  whereas the peak at  377 cm - 1  is  

associated to the opposite v ibrat ion of  the Mo atom versus 

two S atoms. 1 8  The rGo-MoS2-co  spectrum does not contain 

typ ical  peaks ass ignable  to MoS 2 .  This resu lt  is  in 

contradict ion with the EDX analysis  reported previously. 

Then, it  can be supposed that  the dichalcogenides 

concentrat ion is  under the l imit  of  detect ion of  the apparatus 

used and/or the nanostructures  are h ighly dispersed in the 

3D-rGO matr ix preven t ing their  observat ions.  At  this  point ,  i t  

was not  possible  to  ident ify the phase type (1T,  2H,  or both) 

of  the MoS 2  in-s itu  co-synthesized dur ing the hydrothermal 

synthesis .   
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F i g u r e  4 .  6 .  R a m a n  s p e c t r a  c o l l e c t e d  a t  λ = 5 1 4 . 5  n m  e x c i t a t i on  w a ve l e n g t h :  
c u r v e  1  G O ,  c u r v e  2  r G O ,  C u r ve  3  r G O - M o S 2 - p  c u r ve  4  r G O - M oS 2 - c o ,  c u r v e  5  
M o S 2 - s ;  ( a )  m a g n i f i c a t i on  o f  M oS 2  E 1 2 g  a n d  A1 g  m o d e  p e a k s  r e g i on  i n  c u r ve  
3  a n d  5  ( b ) .  

Increasing the laser intensity,  these peaks can nevertheless 

be produced and observed, as reported in Figure 4 .7 .a .  In 

addit ion to a crystal l i sat ion of  the MoS 2 ,  the laser generates,  

in  presence of  a ir ,  a  part ia l  oxidat ion of  the Mo -based 

material  to  form the molybdenum oxide.2 1  The typical  Raman 

peaks of  MoO 2  are located at  663,  820,  993 cm - 1  and can be 

observed for both  MoO 2  and rGO-MoO2  sample as reported 

in F igure 4 .7 .b . 2 5 , 4 6  

Regarding both MoS 2-s  and rGO-MoS2-co in Figure 4 .7 .a,  

weak E 1 2 g  and A 1 g  mode are observable.  The re lat ive ly low 

intensity  suggests that  the nanostructures  are  defect ive and 

d isordered.  Moreover,  the absence of  E1 1 g  and LA modes 

indicate the anchorage of  the few -layer  MoS 2  f lakes onto  the 

rGO 3D-structure. 1 8  
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F i g u r e  4 .  7 . R a m a n  s p e c t r a  c o l l e c t e d  a t  λ = 5 1 4 . 5  n m  e x c i t a t i on  w a v e l e n g t h :   
c o m p a r i s on  o f  r G O - M o S 2 - c o  a n d  M o S 2 - s  ( w i t h  l a s e r  i n d u c e d  o x i d a t i on )  w i t h  
M o S 2 - p  ( a )  r G O - M o O 2  a n d  M o O 2  ( b ) .  

4.3 .2 .2 .  XRD measurements  

The Figure 4 .8.a reports XRD spectra for the prist ine GO, the 

rGO aerogel  and  the rGO-MoO2  composite.  The prist ine GO 

d isp lays  a  broad feature at  2 θ  ~26° ascr ibable  to the (001) 

peak characterist ic of  GO. The d if fract ion spectrum of  rGO 

d isp lays two d ifferent bands at  2θ 26° and 43° ass ignable to 

the (002) and (101) peaks,  respect ively. 1 6 , 4 7  The d if ference 

between the GO and the r GO spectra conf irms that  GO is  

properly reduced during the hydrothermal synthesis .  For 

sake of  comparison,  the spectrum of  the rGO -MoO 2  

composite is  reported. This spectrum shows the typ ica l  peaks 

of  the monocl inic phase MoO 2  according to JCPDS card N° 32 -

0671.2 5  A super imposit ion  of  the (111) peak characterist ic  of  

MoO 2  crystal l ine  microstructures with a broad peak centred 

at  2θ 26° conf irms the formation of  a graphene -

molybdenum oxide composite .   
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F i g u r e  4 .  8 .  X R D  d i f f r a c t i o n  p a t t e r n s  o f  ( a )  p r i s t i n e  G O ,  r G O  a n d  r G O - M o O 2  
a n d  ( b )  M o S 2 - p ,  r G O - M o S 2 - p  a n d  r G O - M o S 2 - c o  

Figure 4 .8 .b  compares the d if fract ion pattern  of  the 

commercial ly avai lab le 2H -MoS2 ,  MoS 2-p ,  with the graphene -

dichalcogenide composite s:  rGO-MoS2-p  and rGO-MoS2 -co.  

The spectrum of  MoS 2-p conf irms the 2H -phase of  the MoS 2  

according to  JCPDS card  N°87-2416 as  it  was expected. 

Interest ingly,  th is  crysta l l in ity i s  maintained dur ing the 

hydrothermal synthesis conf irming the embedding of  the 

d ichalcogenides nanostructures  in  the 3D -rGO matrix .  The 

spectrum for  the in-s itu  synthesis of  MoS 2  together with the 

reduct ion of  GO shows a  completely dif ferent pattern. 

Indeed, only 4 broadened peaks at  2θ  =  14,  34,  40 and 

58°corresponding to  the (002),  (100),  (103) and (110) 

d if fract ion planes of  MoS 2  2H phase ,  respect ive ly.  Moreover,  

the (002)  feature of  rGO is  weak and broad, suggest ing an 

inhib it ion of  the long range ordered arrangement of  rGO and 

MoS2  layers,  as a lready reported in l i terature. 1 6  

The spectrum of  the annealed MoS 2-s  is  compared to the as -

synthesized MoS 2-s  in  F igure 4 .9 .   

The as-synthesized MoS 2  spectrum reveals a h ighly  defect ive 

structure containing nano -sized domains  a long the basal  

p lanes as already observed previously. 4 8  Through the 

anneal ing process,  a  crysta l l izat ion of  the  nanostructures 

take place and longer range ordered structure can be 

observed. Sharp and intense feature at  2    14° and 33° are 

ascribable to the (002) and (100) peaks  of  MoS 2  2H phase 
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( JCPDS card N°87-2416) ,  respect ively.  Due to the presence of 

non-reduced oxygen funct ions,  an  oxidat ion occurred as s ide 

react ion. Indeed, character ist ic features of  MoO2  monocl in ic 

phase peaks,  at  2    26° and 37°,  assignable to the (111) 

and (200) peaks,  respect ive ly in  accordance with JCPDS card 

N°32-0671. 

 
F i g u r e  4 .  9 .  X R D  s p e c t r a  f o r  a s - s y n t h e s i z e d  a n d  a n n e a l e d  M o S 2 - s  s a m p l e .  

 

4.3 .2 .3 .  XPS analysis  

XPS measurements  are  part icu larly  usefu l  f or  studying the 

chemical  composit ion of  mater ia ls .  Indeed, the sampling 

depth for this  analys is  i s  lower than 10 nm which al lows to 

invest igate the surface composit ion. It  i s  part icu larly 

suitable for supercapacitor appl icat ions,  where the 

performance is  inf luenced by surface or near -surface 

phenomena.  F igure 4 .10.a p lots the C1s region,  studied at 

h igh  resolut ion,  for  the prist ine GO, the rGO, and the 

graphene-based composites.  The reduct ion of  GO dur ing the 

hydrothermal  synthesis  can be  undoubtedly conf irmed by 

analys ing the spectra  of  the pr ist ine material  and the rGO as -

synthesized. Indeed,  an almost complete disappearance of 

carbon-oxygen bonds is  observed alongside with the 

apparit ion of  the π-π* feature typ ica l  of  few-layer graphite. 4 9  

These phenomena can be observed for both rGO -MoO 2  and 

rGO-MoS2 -p samples.  The HR spectrum for the in-s itu  co-

synthesized rGO-MoS 2  is  s ignif icant ly d if ferent.  Indeed, the 
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reduct ion of  carbon-oxygen bonds is  st i l l  present  whi le  the 

π -π* is  not  observed.  

Th is feature is  d irect ly re lated to electronic band structure 

of  the graphit ic material ,  which is  inf luenced by the 

arrangement of  atoms in the basal  plane and by the stacking 

order of  layers .  Th is  ban d is  characterist ic of  graphit ic 

material  because th is  e lectronic  inter -band transit ion excited 

by the photo-emitted C1s core -e lectron, 5 0  corresponding to 

a higher b inding energy (≈ 6 .2 eV shift  compared to the C -C 

component of  the C1s regi on) due to a lower k inet ic  energy.   

Two hypotheses might  expla in the absence of  the  π -π* 

feature in  sample rGO-MoS2 -co .  In  accordance with the 

h igher  I D/ I G  rat io  calcu lated from Raman analysis,  a  poss ib le 

explanat ion could be the higher defect ivi ty of  the honeycomb 

latt ice.  The second hypothesis is  related to  a possible 

a lterat ion of  the stacking order as a lready reported in 

l i terature 5 1 .  Indeed, the energy of  the  π → π* transit ion 

decreases  according to  the number of  layers  of  graphene. As 

observed by FESEM analysis,  rGO and MoS 2  species are 

undist inguishable  and have a layered structure.  I t  can be 

assumed that  an a lternat ion of  these two components could 

provoke the stacking order in  few-layer graphene, leading to 

1-3 layers s l ices  of  perfect ly ordered mater ia l .  The value of 

the energy downshift  of  this  typ ical  feature is  around 2eV, 

which leads to a π -π* feature in the C1s region sh ifted to ≈ 

289 eV.  Interest ingly ,  the rGO-MoS 2-co sample has the h igher 

contribution ( in relat ive  intensity) of  the C=O feature.  Th is 

change could be due to over lapping of  th is  peak with a 

s ign if icant contr ibution of  the downshifted π-π* feature due 

to perfect  stacking of  graphene  layers  conf ined to only 1 -3 

layers  s l ices.  

Mo3d/S2s and the S2p regions are the most promising for the 

MoX2  phases identi f icat io n. They are reported in F igure 

4 .10.b and F igure 4 .11,  respect ively .       
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F i g u r e  4 .  1 0 .  H R  X P S  s c a n s  o f  t h e  C 1 s  r e g i on  f or  e a c h  s a m p l e  ( a ) .  M o3 d / S 2 s  
H R  s c a n s  f or  s a m p l e  r G O - M o O 2  r G O - M o S 2 - p  a n d  r G O - M oS 2 - c o  ( b ) .  

 
F i g u r e  4 .  1 1 .  XPS  sc an s  o f  the  S 2 p  r eg io n s  f o r  s a mp le  r G O - M oS 2 - p  and  
s a mp le  r G O - M oS 2 -c o .   
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Molybdenum has d if ferent oxidat ions number.  The 

deconvolut ion of  the Mo3d region,  reported in  F igure 4 .10,  

for the rGO-MoO2  sample d isplays  three doublets.  These 

features can be ass igned to the three d if ferent molybdenum 

states.  However,  the XRD analys is  d isplayed only  monocl in ic 

MoO 2 ,  d isplaying an oxidat ion state  of  +4.  We can 

nevertheless assume that  a surface oxidat ion occurred on the 

top of  sample producing an external  layer  of  MoO 3  on the top 

of  MoO2  part ic les .  The signal  deconvolut ion gave then the 

three intermediate oxidat ion st ate phases,  a long a few 

nanometres  scale,  which is  comparable to  the inelast ic mean 

f ree path of  molybdenum oxide according to the l i terature. 5 2  

For the graphene -dichalcogenide composite ,  the Mo3d/S2s 

region contains  relevant  informat ion due to  the 

superimposit ion of  the Mo3d region with the S2s core - level  

peak. For the sample containing the commercial ly avai lable 

MoS2 ,  the peaks  posit ion  for  the Mo3d doublet  (229.3  eV, 

232.4 eV) and the S2s peak (226.5  eV)  are  compat ible with 

the MoS 2  chemical  st ructure. 5 3  The secondary Mo3d doublet 

i s  ass ignable to MoO 3  phase due to a surface oxidat ion of  the 

sample,  as descr ibed above. The absence of  the secondary 

doublet  in  the S2p region excludes the presence of 

molybdenum oxysulf ides. 5 4   

The spectrum deconvolut ion for  the rGO -MoS2-co  is  more 

complex.  Indeed, the Mo3d r egion contains  two doublets:  the 

f irst  at  228.7eV; 231.8eV, and the second at  229.6eV; 

232.7eV.  The separat ion is  around 0.9eV and can be 

ascribable to  the presence of  both 1T and 2H MoS 2  

polymorphs according to the l iterature. 3 3 , 5 5  The f i rst  doublet  

can be ass igned to  the 1T phase while the second is  due to 

the 2H phase.  The S2p region,  Figure 4.11,  contains also  two 

doublets  which  is  coherent with the Mo3d region.  The th ird 

Mo3d doublet  (233.3  eV, 236.5  eV)  cannot  be assigned to  any 

of  MoS 2  polymorphs.  Moreove r,  the absence  of  its  

corresponding doublet  in  the S2p region indicates a chemical 

specie ass ignable to molybdenum oxide (VI) .   
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The XRD spectrum of  the rGO -MoS2-co was not meaningful  

about the presence of  a polymorph or both. The absence of  

s ignal  ind icates  an absence of  long-range organizat ion. 

However,  the presence of  both  polymorphs s ignals in  the S2p 

region has revealed the co -existence of  both 1T and 2H 

phases.  Polymorphs are probably organized in a short -range 

ordering of  atoms, g iv ing e ither 1T or 2H  conf igurat ion 

local ly .   

For sake of  comparison, as -synthesized MoS 2  f lakes without 

the rGO matrix spectra for the Mo3d/S2s and S2p regions are 

reported in F igure 4 .12. Interest ingly,  s imi lar  deconvolut ions 

are  obtained indicat ing  that  the feature observed  on the 

photoelectron spectrum is  not inf luenced by the presence of 

GO f lakes during the hydrothermal synthesis .    

 
F i g u r e  4 .  1 2 . H R  s p e c t r a  o f  t h e  M o S 2 - s  s a m p l e  i n  ( a )  M o 3 d / S 2 s  a n d  ( b )  S 2p  
r e g i on s  

4.3 .2 .4 .  TEM analysis  

Results  obtained by XPS analysis  indicate an interest ing 

nanostructure containing both 1T and 2H -MoS2  polymorphs.  

However,  the structure analysis  by FESEM analys is  was not 

able to g ive information about it .  To overcome th is issue,  

TEM was used with the object ive to underst and the nanoscale 

structure of  the rGo -MoS 2-co composite.  A  low -magnif icat ion 

image and its  corresponding selected area dif f ract ion (SAED) 

pattern are reported in  F igure 4.13.a and 4.13.b,  

respect ively.  As  a lready reported above for FESEM analys is ,  

rGO and MoS 2  f lakes are undist inguishable.  The same 

observat ion can be made for the TEM analys is  with low -
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magnif icat ion. Then, the SAED pattern displays dif fused 

d if fract ion r ings.  They cannot be assigned to well -def ined 

crysta l l ine structure (few- layer graphene or 1T/2H-MoS2) .  

Regarding the rGO f lakes,  the in -p lane structure is  expected 

to be defect ive. 5 6  Moreover,  the f lakes have a surface 

wrinkled at  the nanoscale .  Then, SAED pattern is  expected to 

show diffused r ings  instead of  the hexagonal  symmetry 

typ ical  of  graphene material .   

 
F i g u r e  4 .  1 3 .  L ow  m a g n i f i c a t i on  T E M  i m a g e  ( a )  o f  r G O - M o S 2 - c o  s a m p l e  a n d  
S A E D  p a t t e r n  ( b )  o f  t h e  s a m e  r e g i on .  

For  sake of  deeper invest igat ion ,  TEM images at  dif ferent 

magnif icat ion and SAED patterns obtained for pure rGO and 

MoS2 -s  (without rGO) are  shown in Figure 4.14.a  and 4.14.b ,  

respect ively.   

 
F i g u r e  4 .  1 4 .  L ow - m a g n i f i c a t i o n  ( a ) ,  S AE D  p a t t e r n  ( b )  a n d  h i g h  m a g n i f i c a t i on  
T E M  i m a g e s  o f  r G O  f l a k e .  L o w - m a g n i f i c a t i on  ( a ) ,  S A E D  p a t t e r n  ( b )  a n d  h i g h  
m a g n i f i c a t i on  T E M  i m a g e s  o f  M o S 2  f l a k e s .  
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A s ingle layer  of  rGO was characterized by TEM . The SAED 

pattern (b)  disp lays a  symmetry which  l ies  with  the hexagonal 

symmetry of  the graphene. However,  the rGO f lake is  

defect ive  as it  can be seen from the low -magnif icat ion image 

(a) .  Therefore,  the symmetry is  not  perfect .  Indeed, arcs are 

observed instead of  spots .  Results obtained are in 

accordance with the model bui lt  for reduce d Graphene Oxide 

f lakes.5 6  The h igh-resolut ion image (c)  clear ly indicates a  few 

layers  st ru cture of  rGO, with a interplanar d istance of  3 .4 Å.  

Concerning the MoS 2-s,  the character ist ic (002) r ing was 

c learly vis ible in  the SAED pattern (e) .  Its  presence conf irms 

the regular stacking of  the S -Mo-S layers in  th is  direct ion. 

The measured interplanar d istance is  0 .62 nm corresponds to 

a  typ ical  layered MoS 2  according to  the l iterature. 5 7  

However ,  th is  r ing was not detected for  the composite .  Then , 

the presence of  rGO f lakes  should affect  the regular stacking 

of  the dichalcogenide layers.  To evaluate th is  hypothesis ,  a  

h igh-resolut ion image, and its  corresponding fast  Fourier 

t ransform (FFT) were invest igated and are  shown in Figure 

4 .15.  The FFT pattern does not  show any s ign  of  per iodicity 

at  a  d istance corresponding the expected interplanar [002].  

The interp lanar distance further conf irms th is resu lt .  Indeed, 

the d irect  measurement on the high -resolut ion images does 

not g ive the typical  va lue of  0.62 nm through a l l  the images 

as  measured for the pure MoS 2 .  The l ined prof i le i s  reported 

in F igure 4 .15.   

To resume the phase identi f icat ion part ,  the rGO -MoS2 -co 

contains  both  1T and 2H polymorphs.  Th e simultaneous 

presence of  the rGO f lakes dur ing the in-s itu  synthesis of 

MoS2  affects  the stacking.  These results are  l ike ly benef ic ia l 

for mater ia ls  for supercapacitor  appl icat ions,  as  i t  wi l l  be 

presented in  the next  part  with the e lectrochemical 

character izat ion.  
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F i g u r e  4 .  1 5 .  ( a )  p r e s e n t s  a  h i g h - m a g n i f i c a t i on  i m a g e  o f  t h e  h y b r i d  a l on g s i de  
a  f a s t  F o u r i e r  t r a n s f o r m  o f  t h e  r e g i on  h i g h l i g h t e d  i n  r e d  a n d  a  H R T E M  v i ew  
o f  t h e  r e g i on  h i g h l i g h t e d  i n  b l u e ,  a l l ow i n g  f o r  a  d i r e c t  m e a s u r e m e n t  of  
i n t e r p l a n a r  d i s t a n c e  t h r ou g h  ( b )  a  l i n e  p r o f i l e  .  

4.3 .2 .5 .  BET –  Speci f ic Surface  Area Measurements  

Speci f ic surface area is  a predominant factor for  the 

materials  performance in supercapacitor appl icat ions.  N 2  

adsorpt ion/desorption isotherms at  -196°C are used to 

measure the BET specif ic  surface area and the cumulat ive 

pore volume of  al l  as -synthesized samples.  The obtained data 

are reported in F igure 4 .16.a and 4.16.b,  respect ive ly.   

S ignif icant dif ferences are observable between  the samples.  

They can be divided in two categor ies according to the type 

of  i sotherms obtained. Indeed, rGO (curve 1) and rGO-MoS2-

p (curve 2)  d isp lay an adsorption branch composed of  Type 

I (b) at  low re lat ive pressure connected to  a Type I I  at  h igh 

relat ive pressure.  Isotherms  are  associable to the f i l l ing  of 

micropores in the f irst  part  connected to the f i l l ing  of 

mesopores. 5 8  The hysteresis  loops of  both sample are 

character ist ic of  a  H4 Type.  The lower  l imit  of  the desorption 
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branch is  located at  a  relat ive pressure value of  0 .4  indicat ing 

the presence of  mesopores accessible by the outer surface 

only through narrower neck.  Regarding th e pore size 

d istr ibution,  F igure 4 .16.b shows that  half  of  the total  pore 

volume is  devoted to micropores .  Th is pore s ize is  probably 

due to  a  part ial ly random stacking of  graphene sheets .  The 

introduction of  commercia l ly avai lab le 2H -MoS2  seems to not 

inf luence s ignif icant ly  the porous organizat ion of  the 3d -

matr ix s ince the curves of  both rGO and rGO -MoS2 -p are close 

to  each other .  However,  the specif ic surface area is  

s ign if icantly lower for the composite in comparison with the 

pure rGO (305 m 2  g - 1  with respect  to  460 m 2  g - 1 ) .  The SSA 

d if ference is  due to  MoS 2 ,  which  has  a  high molar mass but a 

poor surface area.  

Both rGO-MoS 2-co (curve 3) and rGO-MoO2  (curve 4)  disp lay 

a  dif ferent type of  isotherm. Indeed, the Type I I  i s  typical  of 

materials  containing mesopores.  Then, a s ign if icant decrease 

of  BET specif ic surface area is  observed with 80 and 50 m 2 g - 1  

for  rGO-MoS 2-co and rGO-MoO 2 ,  respect ive ly.  The two 

samples  dif fer  from the two others  by the presence of  the 

phosphomolybdic ac id in the reactor.  Then,  i t s  presence 

probably interferes with  the self -assembl ing of  the rGO 

structure restr ict ing the f inal  microporosity  of  both 

composites.  

 
F i g u r e  4 .  1 6 .  B E T  S S A  o f  r G O ,  r G O - M oS 2 - p ,  r G O - M o S 2 - c o  a n d  r G O - M oO 2  ( a )  
c u m u l a t i v e  p or e  v o l u m e  of  r G O ,  r G O - M o S 2 - p ,  r G O - M o S 2 - c o  a n d  r G O - M oO 2  ( b )  
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Notwithstanding the lower specif ic surface area caused by 

the absence of  micropores,  the e lectrochemical  performance 

of  rGO-MoS 2 -co are sign if icant ly h igher than the other 

samples  as d iscussed in  the elect rochemical  character izat ion 

part .   

 

4.4.  Electrochemical Evaluation  

4.4 .1 .  Three- and two- electrode analyt ical  cel l  
configurat ion  

Cycl ic voltammograms (CV) for al l  the synthesized mater ia ls  

are  reported in  Figure 4 .17.a.  A l l  the materials  disp lay 

character ist ic cycl i c vo ltammogram of  supercapacitors .  In  

part icular ,  the rGO-MoS2 -co has a box- l ike CV typ ica l  of  ideal  

capacit ive  materials.  The maximum charge stored for th is 

material  was evaluated at  34 mC.  The evolut ion of  the 

specif ic capacitance with the scan rate is  r eported in Figure 

4 .17.b.  The rGO-MoS2-co sample has s ign if icant ly better 

performance in  comparison with the other  materials  

analysed.  The storage abi l ity was part icu lar ly good that  the 

measurements above 400 mV s - 1  were not poss ible due to a 

current  l imitat ion of  the instrument used.  

 
F i g u r e  4 .  1 7 .  E l e c t r oc h e m i c a l  b e h a v i o u r  o f  t h e  f o u r  e l e c t r od e s  r G O  ( b l a c k ) ,  
r G O - M o O 2  ( r e d ) ,  r G O - M o S 2 - p  ( g r e e n )  a n d  r G O - M o S 2 - c o  ( b l u e )  i n  1  M  N a C l :  ( a )  
C V  a t  1 0  m V  s - 1 ,  ( b )  s p e c i f i c  c a p a c i t a n c e  v s .  s c a n  r a t e  

Galvanostat ic charge/discharge measurements are shown in 

F igure 4 .18.a.  The chronopotent iograms are l inear meaning 

the good capacit ive  behaviour of  the invest igated samples.  

Moreover,  the t ime for the charge and the d ischarge are 

a lmost equal,  implying the symmetric  behaviour  in  the used 
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potent ia l  window. The rGO -MoS 2-co sample d isplays a 

specif ic capacitance up to 416 F g - 1  dur ing the discharge at  a 

current  density  of  1  A g - 1 .   

E lectrochemical  Impedance Spectroscopy (E IS) i s  a useful  

technique for the character isat ion of  electrochemical 

devices.  Measurements performed at  open circuit  potential  

(OCP).  The equivalent ci rcuit  was def ined for al l  the 

invest igated mater ia ls  for both three and two e lectrodes 

analyt ica l  ce l l  conf igurat ion. The equivale nt ci rcuit  was 

R(RQ)Q. The Nyquist  p lot  obtained f rom EIS is  reported in 

F igure 4 .18.b1. The in-s itu  graphene-dichalcogenide 

composite,  rGO-MoS2-co,  displays s ign if icant better 

performance in comparison with the other samples.  Indeed, 

the deviat ion f rom th e imaginary axis  (Z”) are more 

important for  the other  samples.  The rGO-MoS2 -co,  on the 

contrary,  d isplays a s lope nearly 90 °,  which is  typ ical  of  an 

ideal  polar izable electrode.  Using the low -frequency data,  

the maximum specif ic  capacitance can be determi ned us ing 

the fo l lowing equat ion (4 .1):    

 Z’’  =(2πωC) - 1  (4 .1) 

where ω is  the frequency,  and C is  the capacitance. F igure 

4 .18.b2 reports the specif ic  capacitance in funct ion of  the 

f requency for al l  the samples.  Results are  in  perfect  accord 

with the others previously  presented. Indeed, the rGO-MoS2-

co  sample owns except ional  performance.  Moreover,  the 

capacitance calcu lated from CV and a lternated current (AC) 

impedance are  robust  with  348 F  g - 1  at  5  mV s - 1  and 325             

F  g - 1  at  5 mHz, respect ively .    

Us ing the equations ( 4.2-4.5) ,  real ,  imaginary,  and total  

capacitance. These information are  essent ia l  to  design 

materials  for supercapacitor appl icat ions in  accordance with 

the complex capacitance model of  impedance with respect  to 

f requency. 5 9 – 6 1  
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F i g u r e  4 .  1 8 .  ( a )  c h a r g e - d i s c h a r g e  c y c l e s  a t  1  A  g - 1  a n d  ( b . 1 )  N y q u i s t  p l o t  a nd  
( b . 2 )  c a p a c i t a n c e  v s .  f r e q u e n c y  p l o t  

 

 

 

(4 .2)  

  (4 .3)  
 

 

(4 .4)  

 

 

(4 .5)  

C’ ,  real  part  of  the complex capacitance,  determines the 

stored energy in the materials .  C”,  imaginary part ,  quant if ies 

the energy lost  by dissipat ion. Both C’  and C” are plotted in 

funct ion of  frequency in  F igure 4.19.a and 4.19.b , 

respect ively.  For  sake of  comparison, C’  and C”  are 

normal ized with ,  C 0 ,  the proper h ighest  capacitance of  the 

sample.  In  this  way,  results  are presented avoiding the ef fect 

of  non-neglectable specif ic capaci tance d if ference. Samples 

d isp lay a  purely resistor behaviour  but  a dif ferent frequency,  

F igure 4 .19.a.  Indeed,  for rGO and rGO -MoS 2-co,  at 

f requencies higher than 1 Hz and, for rGO -MoS2-p and rGO-

MoO 2 ,  at  frequencies h igher than 10 Hz .  A format ion of  a 

smal l  p lateau is  observable only for the in-s itu  co-

synthesized graphene -dichalcogenide composite,  rGO -MoS2-

co.  Th is p lateau, reached up to 62.5 s,  descr ibes a purely 

capacitor  behaviour of  the mater ia l .  The re laxat ion t ime 

constant (τ 0 )  can be determined f rom the C” vs frequency 

plot  in  F igure 4 .19.b.  Th is  t ime descr ibes  how fast  the 
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e lectrode can be discharge d, which is  a key character ist ic of 

supercapacitor .  The f requency domains  can be div ided in  two 

parts according to  τ 0 :  resist ive (when t imes is  shorter than 

τ 0 )  and capacit ive (when t imes is  longer than τ 0 ) .    The 

relaxat ion t ime constant  was measured to b e 4 .3  s  for  rGO-

MoS2 -p and rGO-MoO 2 .  As-synthesized rGO and rGO -MoS2 -co 

disp layed a s l ight ly longer τ 0 .  

Bode plots are reported in Figure 4 .19.c and 4.19.d.  The rGO -

MoS2 -co demonstrates outstanding supercapacit ive  

performances in comparison with the other synthesized 

samples.  Indeed, th is  sample disp lays the lowest  impedance 

module and the maximum p hase at  low frequencies  (84.2°).  

F inal ly,  the uncompensated resistance at  the working 

e lectrode was evaluated. Both i - interruption and AC 

impedance were carr ied  on the rGO-MoS2-co  sample. 

Obtained results  are consistent  with 14.4  and 17.3 Ω ,  

respect ively.    

 
F i g u r e  4 .  1 9 .  C o m p l e x  c a p a c i t a n c e  ( a )  r e a l  p a r t ,  ( b )  i m a g i n a r y  p a r t ,  B o d e  
p l o t s  o f  ( c )  m o d u l e  a n d  ( d )  p h a s e  a s  a  f u n c t i on  o f  f r e q u e n c y  f or  t h e  f ou r  
d i f f e r e n t  m a t e r i a l s .  A c q u i r e d  a t  O C P  i n  1  M  N a C l .  

The Ragone plot ,  presenting the specif ic power in funct ion of  

the specif ic energy,  for the four mater ia ls  i s  shown in F igure 

4 .20.  Results used to  bui ld the Ragone p lot  were ca lculated 

f rom CV curves,  at  di f ferent scan rates,  in  the two -electrodes 

analyt ica l  ce l l .  F inal ly ,  Table 4 .2 contains  a l l  the capacitance 

values for the four materials  calcu lated  from CV, charge-

d ischarge,  together with  the electrochemical  performances 

evaluated by AC impedance.  In  addit ion,  specif ic  energy ( W 
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h kg - 1 )  and power (W  kg - 1 ) ,  determined f rom the discharge 

cycle  at  10 mV s - 1 ,  are a lso presented.  

 
F i g u r e  4 .  2 0 .  R a g on e  p l o t  o f  r G O  ( b l a c k ) ,  r G O - M o O 2  ( r e d ) ,  r G O - M o S 2 - p  ( g r e e n )  
a n d  r G O - M o S 2 - c o  ( b l u e )  i n  t w o  e l e c t r od e s  c e l l .  

4.4 .2 .  Planar symmetric  config urat ion 

Mater ia ls  were tested in  device - l ike  conf igurat ion to 

evaluate their  stabi l i ty .  Measurements were carr ied  on in a 

symmetr ic device.  Three mater ia ls  were tested:  pure rGO, 

MoS2 -s ,  and the rGO -MoS2 -co composite .  Cycl ing stabi l i ty 

measurements perform ed over  50.000 cycles  at  2  V  s - 1  are 

reported in F igure 4.21. Cycl ic  voltammograms were 

recorded at  a scan rate  of  5  mV s - 1  every 1 .000 cycles to 

invest igate the aging effect  on the devices  performance. The 

performance of  the rGO-MoS 2-co increased sl ight ly  during 

the f i rst  6 .000 cycles.  After reached this maximum, an almost 

perfect  stabi l izat ion is  observable for the composite .  This 

behaviour is  comparable of  pure rGO aerogel .  For sake of 

comparison, pure MoS 2 -s  sample was invest igated. Th is 

sample d isplays  a s ign if icant  decrease after  13.000 cycles. 

Nevertheless,  the capacitance is  stable over  the 50.000 

cycles.   
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F i g u r e  4 .  2 1 .  E l e c t r oc h e m i c a l  s t a b i l i t y  o f  r G O  ( b l a c k )  a n d  r G O - M o S 2 - c o  ( b l u e)  
a n d  p u r e  M o S 2  ( o r a n g e )  o v e r  5 0 . 0 0 0  c y c l e s  i n  s y m m e t r i c a l  d e v i c e  
c o n f i g u r a t i on ,  ( i n s e t )  c y c l i c  v o l t a m m e t r y  a t  5  m V  s - 1  a t  c y c l e  n u m b e r  1 ,  2 5 0 0 0 
a n d  5 0 0 0 0  f or  t h e  t h r e e  d e v i c e s .  

4.4 .3 .  Effect  of  mass loading on performance  

The mass loading inf luences s ignif icant ly the capacit ive 

performance of  the mater ia l  as  shown in Figure 4 .22.a and 

4.22.b,  respect ively.  Indeed, a box - l ike shape for the heavier 

sample,  black curve,  is  observable  whi le  for the blue curve,  

corresponding to the l ighter sample,  shows important 

deviat ion  of  the ideal  shape.  The deviat ion can be ascribable 

to protons adsorption (f rom H 2SO4 )  on the d ichalcogenide 

surface,  as already reported in the l iterature. 6 1  The proton 

d if fusiv ity  within  the d ichalcogenide induces a larger 

capacitance at  s low scan rates due to the larger polar izabi l ity 

f ramework of  S 2  as compared to O 2 . 6 2  This  an ionic framework 

a l lows an eas ier migrat ion of  mobi le cat ions,  implying faster 

and larger capacitance than in neutral  electro lytes.   
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F i g u r e  4 .  2 2 .  ( a )  C y c l i c  v o l t a m m e t r y  r e c o r d e d  a t  1 0  m V  s - 1  a n d  ( b )  e s t i m a t e d  
c a p a c i t a n c e  a t  m u l t i p l e  s c a n  r a t e s  f or  t h r e e  d i f f e r e n t  m a s s e s  o f  p u r e  M o S 2 .  

The pseudo-capacitance behavio ur was invest igated for a 

potent ia l  window between at  -0 .1 and +0.05 V vs .  normalized 

hydrogen electrode(NHE).  The current  is  plotted in  funct ion 

of  the square root of  the scan rates and shown in Figure 4 .23. 

Measured currents are  l ine ar ly  dependent  of  the ν1 / 2  

conf irming the pseudo -capacitance of  the mater ia l .  Results 

are consistent with the one recorded by Acerce et al .  for  1T-

MoS2  phase.3 3   

To resume the e lectrochemical  characterizat ion part ,  rGO-

MoS2 -co d isplays  the better  performance for supercapacitor 

appl icat ions despite a  BET specif ic surface area one order  of 

magnitude lower t han the other samples.  Good capacit ive 

propert ies  res ide in  the win -win interact ion between the 3D -

rGO matrix and the pseudo -capacit ive mater ia l  in-s itu  

synthesized. The optimum interact ion between rGO and MoS 2  

f lakes a l lows a larger contact  between the e l ectrolyte 

avai lab le and the redox sites,  which overcome the decrease 

of  the EDL act ive surface result ing in an outstanding 

supercapacit ive material .   
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F i g u r e  4 .  2 3 .  P l o t s  o f  c u r r e n t  v s .  s c a n  r a t e  a n d  v s .  s q u a r e  r o o t  o f  t h e  s c a n  
r a t e  a t  - 0 . 1  V  v s .  N H E  f or  s a m p l e s  o f  0 . 3  m g  ( a )  a n d  1 . 5  m g  ( c )  a n d  a t  + 0 . 0 5  
V  vs .  N H E  f or  s a m p l e s  o f  0 . 3  m g  ( b )  a n d  1 . 5  m g  ( d ) .  
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4.5.  Conclusions 

This chapter was focused on the comparison of  graphene -

based aerogels  for supercapacitors appl icat ions.  The 

hydrothermal synthesis uses phosphomolybdic ac id and L -

cysteine as Mo and S  precursors,  respect ively.  The in-s itu  co-

synthesized rGO-MoS 2-co  disp lays an  interest ing morphology 

with rGO and MoS 2  f lakes  int imately mixed forming a  3D 

porous framework. The XPS char acterizat ion demonstrates 

the simultaneous presence of  both  1T and 2H polymorphs, 

which induces higher e lectrochemical  performance. The 

measured specif ic  capacitance was up to 416 F g - 1  was 

s ign if icantly  higher  than composite  prepared with 

commercial ly ava i lab le 2H-MoS 2  powder,  rGO-MoS2-p ,  or 

with the corresponding metal  oxide,  rGO -MoO2 .  The 

graphene-dichalcogenide composite in-s itu  synthesized is  

interest ing due to i ts  hybrid behaviour with EDL charge 

storage mechanism assured by the large specif ic surface  area 

and the Faradaic act ive sites  of  the pseudo -capacit ive 

material  provided by MoS 2 .  A synerget ic  effect  occurred in 

the composite inducing cycl ing stabi l i ty  up to 50.000 cycles 

while the as-synthesized pure MoS 2  showed fai lure after 

13.000 cycles.    

To summarize,  a s imple one -pot green hydrothermal 

synthesis  a l lows to  produce graphene -dichalcogenide 

composite,  rGO -MoS 2-co,  with both 1T and 2H polymorphs 

organized in short - range crystal l ine domains.  The f inely 

mixed rGO and dichalcogenide f lakes permit  h igh exposed 

interface between electrolyte  and act ive  mater ia ls  a l lowing 

the near  surface redox react ions,  resu lt ing in the 

enhancement  of  the supercapacit ive performance of  the 

material .   
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( 1 9 )   W a ng ,  D . ;  Z ho u,  K . ;  Y an g ,  W. ;  X in g ,  W . ;  Hu ,  Y . ;  G on g,  X .  Su r f ace  
M o di f i c at io n  o f  G r aph en e  wi th  La y er e d  Mo ly bd e nu m D i s u l f id e  an d 
T h e i r  Sy n e rg i s t i c  R e i n for c e m e n t  o n  R ed u c i ng  F i r e  H a za rd s  o f  Ep ox y 
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C o nt r o l l ed  Mo S 2 Na no do t s  Sup po rt e d  on  R e du ce d  G ra ph en e  Ox ide 
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T h e  Ch e m i s t r y  o f  T wo - D i m e n s io na l  Lay e r ed  T ra n s i t io n  M et a l  
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A d van c e m e nt  on  th e Op t i c a l  P ro p er t i e s  o f  T w o -D i m e n s io na l  
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C h a lc o g en id e s  1 T - Mo S 2 ,  2 M - W S 2  an d  1 T - M o 1 / 2 W 1 / 2 S 2 :  
E l e ct r oc h e m ic a l  S tud y  o n  T h e ir  I n t e r ca l at ion  R ea c t i on s .  Ma te r .  
R e s .  B u l l .  1 9 92 ,  2 7  ( 5 ) ,  5 4 5 – 5 5 3 .  
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R e a c t i on .  RS C  Ad v .  2 0 17 ,  7  ( 9 ) ,  5 4 80 – 5 4 8 7.  
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H yd ro g e n  E vo lu t io n .  AC S  Ap p l .  Ma te r .  I n t e r f a ce s  20 1 6 ,  8  (4 6 ) ,  
3 1 7 0 2 – 3 1 70 8 .  

( 3 8 )   W u,  M . ;  Zh an ,  J . ;  Wu ,  K . ;  L i ,  Z . ;  Wa n g,  L . ;  G e n g,  B . ;  Wa ng ,  L . ;  Pa n ,  
D .  M e ta l l i c  1 T  M o S 2 N an o sh e e t  A rr ay s  Ve r t i ca l ly  Gr o w n on  
A c t i vat ed  C ar bo n  F ibe r  C l ot h  f or  E nh an ce d  L i - I on  St or a g e 
P e r f o r ma nc e .  J .  Mat e r .  C h em .  A  20 1 7 ,  5 ,  1 4 0 6 1– 1 4 0 6 9 .  

( 3 9 )   M e n g,  N . ;  Ch e ng ,  J . ;  Z ho u,  Y . ;  N i e ,  W. ;  Ch en ,  P .  G r e en  Sy nt h e s i s  o f  
L ay e r e d  1 T - Mo S 2 / r ed uc e d  Gr ap h en e  O x id e  N an o co m po s i t e  w ith  
E x c e l l e nt  C at a ly t i c  P er f o r ma n c e s  f or  4 - N i t ro ph e no l  R ed u ct io n.  
A p pl .  Su r f .  Sc i .  2 0 1 7 ,  39 6 ,  3 1 0 – 3 18 .  

( 4 0 )   W a ng ,  D . ;  Z ha ng ,  X . ;  B a o ,  S . ;  Zh an g,  Z . ;  F e i ,  H . ;  Wu ,  Z .  Ph a se 
E ng i n e er in g  o f  a  M ult i pha s i c  1 T / 2H M o S 2  C a t a l y st  f or  H i gh ly  
E f f i c i ent  Hy dr o g en  E vo lu t ion .  J .  M at e r .  C he m.  A  2 0 1 7 ,  5  ( 6 ) ,  2 6 8 1 –
2 6 8 8 .  

( 4 1 )   S h i r l e y ,  D .  A .  H ig h - R e so l ut io n  X - Ra y  Ph ot o e mi s s i o n  Sp e c tr u m o f 
t h e  V a l e n c e B and s  o f  Go l d .  P h y s .  R e v .  B  1 97 2 ,  5  ( 1 2 ) ,  4 7 0 9 – 47 1 4 .  

( 4 2 )   A g r a wa l ,  R . ;  C h en ,  C . ;  H a o,  Y . ;  So n g,  Y . ;  Wa ng ,  C .  G r ap he ne  f o r 
S up e rca pac i to r s ;  A .  Ra s h id  b in  M oh d Yu s o f f ,  E d . ;  Wi l ey - V C H V e r l ag 
G m b H  & C o .  K G aA ,  2 0 15 .  

( 4 3 )   Y u x i  X u ,  K a i xu an  Sh eng ,  C .  L . ;  Sh i ,  G .  S e l f - As s e m b l e d  G r aph e n e 
H yd ro g e l .  A CS  Na no  2 01 0 ,  4  (7 ) ,  4 32 4 – 4 3 3 0.  

( 4 4 )   R o pp ol o ,  I . ;  C h i ap po n e,  A . ;  B ej tk a ,  K . ;  C e l a s co ,  E . ;  Ch io do n i ,  A . ;  
G i o r g i s ,  F . ;  Sa ng e r m an o,  M . ;  Po rr o ,  S .  A  Po w e r f u l  To o l  fo r  
G r a ph en e  Fu nc t ion a l i zat i on :  B e nz op h eno n e M ed i at ed  U V - G ra f t i n g .  
C a r bo n  N.  Y .  2 01 4 ,  7 7 ,  2 2 6 – 2 3 5 .  

( 4 5 )   C a n ça do,  L .  G . ;  Jo r io ,  A . ;  F e r r e i r a ,  E .  H .  M . ;  S ta va l e ,  F . ;  Ac h et e ,  C .  
A . ;  C apa z ,  R .  B . ;  M ou t in ho ,  M .  V .  O. ;  L o mb a rdo ,  A . ;  Ku l ma l a ,  T .  S . ;  
F e r r ar i ,  A .  C .  Qu ant i f y in g  D e f e ct s  i n  G r ap h en e  v i a  Ra m an 
S p e c tr o s co py  at  D i f f er en t  Ex c i t at i on  En e r g i e s .  N an o Le t t .  2 0 11 ,  1 1  
( 8 ) ,  3 1 9 0 – 31 9 6 .  

( 4 6 )   B h a sk a r ,  A . ;  D e epa ,  M. ;  Ra o ,  T .  N . ;  V ar ad ar a j u ,  U .  V .  E nh an c ed  
N an o s ca l e  Co nd uc t ion  C a pa b i l i t y  o f  a  M oO 2 / Gr a ph en e  C o mp o s i t e  
f o r  H i gh  P er f o r ma nc e  A n od e s  in  L i th iu m  Ion  B a tt e r i e s .  J .  P o we r  
S ou rc e s  2 0 1 2 ,  2 1 6 ,  1 6 9– 1 7 8 .  
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( 4 7 )   F u ,  C . ;  Zh ao,  G . ;  Zh an g,  H . ;  L i ,  S .  E va l ua t i on  an d  C ha ra c t er iz at i on 
o f  R edu c e d  G rap h en e  O x i d e N an o sh e e t s  a s  An od e  M at e r ia l s  f or  
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S u p er c ap ac i to r s .  A C S  Ap p l .  Ma te r .  I n t e r fa ce s  20 1 5 ,  7  ( 3 1 ) ,  1 73 8 8 –
1 7 3 9 8 .  

( 5 4 )   B e n o i st ,  L . ;  G onb e au ,  D . ;  P f i s t er - G u i l l ouz o ,  G . ;  S ch m id t ,  E . ;  
M e u ni e r ,  G . ;  L e va s s eur ,   a .  X - R ay  Ph ot o el ec t ro n  Sp e c tr o s co py  
C h a ra ct e r iz at i on  o f  A m o r pho u s  M o lyb d enu m  Ox y s u l f id e  T h i n  F i l m s.  
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o f  Mo S 2  N ano s h e e t s .  J .  A m .  C he m.  So c .  20 1 5 ,  13 7  ( 7 ) ,  2 6 2 2 – 26 2 7 .  
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Y .  2 0 1 2 ,  5 0  ( 9 ) ,  32 1 0 – 32 2 8 .  

( 5 7 )   L i u ,  Y . ;  J ia o ,  L . ;  Wu ,  Q . ;  Z ha o,  Y . ;  Ca o ,  K . ;  L iu ,  H . ;  Wa ng ,  Y . ;  Y u an,  
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( 6 0 )   T a b e rn a ,  P .  L . ;  S i m on ,  P . ;  Fau va rq u e,  J .  F .  E l e c t r o ch e m i ca l  
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Chapter 5 

Effect of L-ascorbic acid on the 

hydrothermal synthesis of rGO 

and rGO-MoO2 aerogels 
L-ascorbic  acid (Vitamin C)  i s  att ract ive  as  green 
reduc ing agent  to reduce GO to rGO. In  this  
chapter,  V itamin C is  used to hydrothermal ly  
synthesize reduced graphene oxide aerogel 
decorated with molybdenum oxide part ic les .  The 
addit ion of  this  v itamin induces a better 
reduct ion of  graphene oxide and a higher 
reproducibi l i ty  of  the des ired chemical  reduct ion 
y ie ld.  The presence of  molybdenum oxide 
part ic les permits  to increase the spec if ic  
capac itance exploit ing Faradaic  processes.  

 

5.1.  Motivations 

Graphene Oxide (GO),  produced by the Hummers method 1  or  

s imi lar  method recent ly developed 2 ,  has attracted attention. 

Indeed, it  is  re lat ive ly cheap, using graphite as start ing 

material ,  and it  i s  easi ly  dispersib le in  water due to the 

presence of  the carbon -oxygen moiet ies onto f lakes surface. 3  

However,  these chemical  funct ional it ies  should  be restored 

to obtain propert ies c lose to the graphene. Several  modus 

operandi  were developed for the reduct ion of  GO together 

with the l imitat ion of  defects/vacancies  in  the honeycomb 

latt ice structure.   

Some physical  approaches were invest igated such as  thermal 

anneal ing 2 ,  microwave 4 ,  and photoreduct ion. 5  Hydrothermal 

reduct ion,  us ing water both as so lvent and reducing agent,  

has  a lready shown promising results . 6 , 7  To  further  improve 

the reduction process,  many chemicals were added such as 
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hydraz ine (N 2 H4 )  8 – 1 0  sodium bisulf ite  (NaHSO 3 )  1 1 ,  sodium 

borohydride (NaBH 4)  1 2 ,  hydr iodic ac id (HI)  1 3 ,  sodium iodide 

(NaI)  1 4 ,  hypophosphorous acid (H 3 PO 2)  and iodine (I 2 )  1 5 ,  

hydroquinone (C 6 H6 O 2)  1 1 , 1 6 ,  pyrogal lo l  (C 6 H6 O 3 )  and 

potass ium hydroxide (KOH). 8  

The result ing hydrogel  forming by se lf -assembly process 

during the reduction of  graphene oxide can nevertheless be 

completely  dif ferent .  Indeed, hydrazine and sodium 

borohydride induce a strong bubbling dur ing the react ion 

causing a broken hydrogel  as descr ibed by Hu and co -

workers . 1 7  

The aerogel  produced by f reezing of  the as -synthesized 

hydrogel  i s  general ly  characterized by the C/O rat io and its 

e lectr ical  conductivi ty  to compare the reduct ion process 

ef f iciency.  For example,  HI  d isp lays better performance than 

NaHSO3
1 1  in  addit ion with interest ing propert ies such as good 

f lexibi l i ty and enhanced tensi le  st rength. 1 8  

In  the last  decade,  green chemistry has  attracted much 

attent ion.  In  fact ,  susta inable  developments  are  appeal ing in 

both eth ic and economic points of  v iew . Indeed, this 

approach permits to decrease sign if icant ly the costs of  both 

product ion and disposal/recycl ing processes.  Consequently, 

the use of  aromatic compounds such as pyrogal lo l  and 

hydroquinone are prohib ited because these reactants are not 

environmental  fr iendly.  To overcome th is  i ssue,  use of  green 

reductant is  envisaged 1 9 , 2 0  such as  l ign in  reported by Ye and 

co-workers . 2 1  

Phenylalanine (C 9H 1 1NO2 ) ,  an amino acid,  was a lso 

invest igated as reducing agent to produce superhydrophobic 

rGO-based aerogels . 2 2  However ,  the water so lubi l ity  of  this 

compound is  s ign if icantly lower than other green reactant 

such as ascorbic ac id (AA),  which  stereoisomer L  i s  the water-

so luble V itamin C .  Moreover,  the dehydroascorbic ac id, 

which is  the oxid ized ascorbic acid  formed during the 

hydrothermal  s ynthesis ,  is  also  environmental  f r iendly. 2 3  
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Th is chemical  compound has already demonstrated its 

suitabi l ity for reducing GO nanosheets at  room temperature 
2 3  or  at  h igher temperature (80 -100°C)8 , 2 4 .  In  another 

invest igat ions,  Zhang 2 5  and Hu 1 7  used L-AA to  reduce GO 

suspensions at  a relat ively low temperature (40 °C) for 16 

hours to obtain rGO -based hydrogel .  Th is process  needs 

nevertheless a washing step,  before the f reeze -drying 

necessary to obtain the rGO-based aerogel,  to remove the 

excess of  L -AA and the oxidized by-product .  L-AA can also  be 

used as reducing agent for the a lready se lf -assembled rGO-

based hydrogel  produced by hydrothermal  synthesis as 

reported by Nguyen 2 6  and Zhou 2 7 .   

The hydrothermal synthesis ensures a suitable reduction of 

GO 2 8 – 3 0  but ,  by addit ion of  L -AA, the reduction process is  

more eff ic ient  and more reproducib le .  In  addit ion,  the 

result ing rGO demonstrates better performance. 3 1 – 3 3  

L -ascorbic ac id has already been i nvest igated for the 

synthesis of  materials  with pseudocapacit ive propert ies such 

as  core-shel l  Cu@Cu 2O 3 4 ,  MnC 2 O4
3 5 ,  Pt 3 6 ,  SnO 2

3 7 ,  and Ag 3 8  

nanopart icles .    

Molybdenum Oxide is  a pseudocapacit ive material  

interest ing for  redox react ions because Mo has several 

oxidat ion number as  reported previously. 3 9  Nevertheless,  L -

AA was invest igated only one t ime as  reducing agent  for rGO -

MoO 2  hybr id for energy storage.  The microspheres were 

prepared at  200°C and 500 T orr  in  30 minutes and post -

t reated by anneal ing at  500°C. 4 0  

Th is work is  a imed to study the ef fect  of  L-ascorbic acid on 

the hydrothermal synthesis of  rGO and rGO -MoO2  hybrid for 

e lectrodes in supercapacitor  appl icat ions.  

 

5.2.  Materials and Methods  

5.2 .1 .  Preparation of rGO aerogel  

The rGO aerogel  was prepared using the one -pot 

hydrothermal synthesis reported  previously. 6 , 2 8 , 2 9 , 4 1  Br ief ly, 

Graphene Oxide f lakes  (Cheap Tubes Inc.,  USA)  was d ispersed 
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in  deionized H 2O at  a concentrat ion of  2 mg/mL for a tota l 

vo lume of  17 mL.  After  30 minutes  of  sonicat ion at  room 

temperature,  the solut ion was t ransferred in a stainless -steel 

autoclave and undergoes a  hydrothermal  react ion for  12 

hours at  180°C. The as-prepared hydrogel  was frozen in l iqu id 

n itrogen.  F inal ly ,  a  f reeze -drying procedure at  -50°C under 

vacuum permits to remove the water by subl imation to 

obtain the rGO aerogel.  

 

5.2 .2 .  Preparation of rGO -vitC aerogel  

L-Ascorbic acid  (Sigma Aldr ich) was added to the GO 

d ispers ion before the sonicat ion us ing the same procedure 

reported in the previous sect ion (Sect ion 5 .2 .1) .  The 

concentrat ion of  L -AA is  equal  to  the GO, 2 mg/mL ,  for  a  total 

vo lume of  17 mL.  

 

5.2 .3 .  Preparation of rGO -MoO 2-vitC  aerogel  

The hybr id aerogel  was synthesized us ing a  precursor  of  Mo 

in the same react ion condit ion as the pure rGO aerogel .  The 

precursor used was Phosphomolybdic ac id (H 3PMo 1 2 O4 0 ) 

so lut ion (20 wt .% in  ethanol),  purchased from Sigma Aldrich. 

0 .5  g  of  the precursor was ad ded to  the 17 mL of  deionized 

water contained GO and L -AA at  2 mg/mL after the sonicat ion 

procedure. The molar rat io  between Mo and C obtained was 

1/100. The suspension was sonicated for 5 minutes to ensure 

a  homogeneous dispersion of  the Mo precursor befo re the 

hydrothermal synthesis .  After the hydrothermal react ion,  the 

same freeze-drying procedure was performed to  obtain the 

rGO-MoO 2-vitC aerogel.   

 

5.2 .4 .  Materials characterization  

The L-AA addit ion dur ing hydrothermal  synthesis  could 

modify  the result ing poro us f ramework of  the aerogels .  To 

invest igate th is  effect ,  BET -Specif ic  Surface Area 

measurements (SSA) and Pore Size analys is  were carr ied out 

by means of  N 2  isotherms at  -196°C. The instrument used was 
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a  Quantachrome Autosorb 1C . Before the analys is,  samp les 

were degassed for 4 h  at  100 °C to remove atmospher ic 

contaminants and water adsorbed on the sample surface. The 

BET-SSA were evaluated between 0.05 and 0.20 of  re lat ive 

pressure P/P 0 .  The cumulat ive  pore volume curves were 

ca lculated using the QS -DFT method and carbon s l it  pores 

model .   

The samples  morphology was studied using FESEM analysis  

with a Zeiss Supra 40 Microscope equipped with an energy -

d ispers ive X-ray (EDX)  analyser.  

X-Ray Photoelectron Spectroscopy (XPS)  was carr ied out on a 

PHI 5000 VersaProbe (Physica l  Electronics)  system, with a 

monochromat ic Al  Kα radiat ion (1486.6 eV energy) as X -ray 

source. Different pass energy values were used for survey 

(187.75 eV) and HR spectra (23.5 eV).  Dur ing the 

measurements,  charge compensation was obtained by a 

combined e lectron and Ar neutra l izer  system. The b inding 

energy scale was ca l ibrated by us ing the main C1s 

contribution (C-C/C-H bonds,  284.5 eV) as reference value. 

Concerning the analysis  of  HR scans,  the background 

contribution was model led with a Shir ley funct ion. 4 2  CasaXPS 

software was used for peak deconvolut ion,  semi -quant itat ive 

analys is  and ca lculat ion of  uncertaint ies  by means of  Monte 

Carlo rout ines.  Concerning the peak f itt ing procedure ,  two 

types of  l ine  shapes were explo ited:  GL(m) and LF(α,  β,  w, 

m).  

X-ray Diff ract ion analys is  was performed us ing Cu Kα 

radiat ion (λ=0.15406 nm) with  a PANalyt ical  X ’Pert  Powder 

apparatus.  Spectra were col lected between 2θ of  10 -60° at  a 

scanning rate of  0 .85°/min.  XRD analysis  a l lows to  invest igate 

the reduction fol lowing change in the interlayer  distance 

f rom GO to rGO. Moreover,  the crystal lographic phase of  

MoO 2  was also determined us ing this  technique.  
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5.2 .5 .  Electrodes preparation  

Electrodes were prepared by drop -cast ing   onto a  well -

pol ished g lassy carbon (d iameter of  0.3  cm, BioLogic)  of  a 

s lurry with the fol lowing composit ion:  5 mg of  act ive 

material ,  0 .4 mg of  acetylene black (Al fa Aesar) and 5 µL 

Naf ion® 5% (S igma -Aldrich) d ispersed in absolute ethanol . 4 3  

E lectrochemical  measurements were carr ied out in  both two- 

and three-electrode symmetr ic conf igurat ion.  For  the device -

l ike  conf igurat ion,  Fluor ine doped Tin  Oxide g lass  ( Solaronix) 

was used as current co l lector.  The diameter was 0 .5  cm and 

the res istance was 10 Ω/sq .  The two prepared electrodes 

were faced and separated us ing a g lass -f r it  membrane 

(Whatman GF/A ).  The device was sealed us ing a 

thermoplast ic polymer (Paraf i lm ®) .  

For  the three-e lectrode measurements,  the reference 

e lectrode used was a homemade SMSE (680 mV vs.  SHE) or a 

SCE (240 mV vs.  SHE).  A p lat inum bar was used as  counter 

e lectrode.   

E lectrochemical  measurements were performed using 1 M 

NaCl for the comparison of  rGO and rGO -vitC while other 

measurements were carr ied out in  Na 2SO 4  us ing deionized 

water  with a res ist iv ity of  18.2 MΩ cm - 1 .  E lectrodes were 

soaked overnight with  the e lectrolyte before the 

measurements.  

 

5.2 .6 .  Electrochemical  characterization  

Electrochemical  measurements were carr ied  out on a 

Metrohm Autolab PGSTATM101 potent iostat−galvanostat .  

Cycl ic voltammetry (CV) was pe rformed at  mult iple scan rates 

while Galvanostat ic charge -discharge measurements were 

performed at  three d if ferent current densit ies:  85,  170 and 

350 mA g - 1 .  The cycl ing stabi l ity  was performed in device - l ike 

conf igurat ion by cycl ic vo ltammetry at  2 V s - 1  up  to  50.000 

cycles.  Every 1 .000 cycles ,  an acquis it ion  at  a s low scan rate 

was analysed to est imate the capacitance. Then, AC 



Effec t  o f  L -ascorb ic  ac id  o n  the  hyd ro the rma l  syn thes i s           Chap ter  V  

-197-  

impedance spectroscopy was performed at  0 V in the 

f requency range f rom 10 kHz to 10 mHz with 5 mV ampl itude.  

 

5.3.  Results and Discussion 

5.3 .1 .  Chemical-phyisical  characterizat ion  

5 .3 .1 .1 .  rGO and rGO-vitC 

FESEM images at  dif ferent  magnif icat ion are  shown in Figure 

5 .1 .a and 5.1 .b for rGO and rGO -vitC,  respect ively.  The 

observed morphologies are c lose for both aerogels . 6 , 2 9   The 

porous f ramework seems to be composed of  pores with 

d iameter f rom nanometre to  micrometre.  They  contain 

extremely wrinkled rGO f lakes in a 3D interconnected 

structure,  which avoid the restacking of  graphene sheets.  

However,  FESEM cannot be used to  evaluate  quantitat ive ly 

the pore s ize distr ibut ion and the result ing specif ic  surface 

area. N 2  adsorption/desorpt ion isotherms permits the study 

of  the aerogels  porosity.  Isotherms and cumulat ive pore 

volumes are reported in Fig ure 5 .2 .a  and 5.2.b,  respect ively .   

 
F i g u r e  5 .  1 .  FE S E M  i m a g e s  o f  r G O  a n d  r G O - v i t C  a e r o g e l s  a t  l o w  ( a )  a n d  h i g h  
( b )  m a g n i f i c a t i o n  ( c )  X P S  s p e c t r a  i n  t h e  C 1 s  r e g i o n  f o r  r G O  a n d  r G O - v i t C  
s a m p l e s .   
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F i g u r e  5 .  2 .  N 2  a d s or p t i on / d e s o r p t i on  i s o t h e r m s  o f  ( l ow e r )  r G O  a n d  ( u p p e r )  
r G O - v i t C  ( a ) ;  c u m u l a t i ve  p o r e s  v o l u m e  o f  r G O  a n d  r G O - v i t C  ( b )  

N 2  adsorpt ion/desorption curves  at  77 K  are  s ignif icant ly 

d if ferent  for  rGO and rGO -vitC.  Indeed,  the rGO curve shows 

an adsorpt ion branch composed of  Type I (b)  at  low relat ive 

pressure,  ass ignable to micropores f i l l ing,  and Type I I  at  h igh 

relat ive pressure,  assignable to mesopores f i l l ing. 4 4  The 

hysteresis  i s  a type H4. The lower l imit  of  the desorption  

branch is  observable  at  a  relat ive  pressure close to a va lue 

of  0 .4 ,  ind icat ing that  mesopores are  access ible f rom the 

outer  surface only through narrower necks.  On the other 

hand, rGO-vitC curve d isplays a Type I I  i sotherm with a 

l imited hysteres is  loop. The BET -Specif ic Surface Area for 

rGO and rGO-vitC are  460 m 2 g - 1  and 335 m 2 g - 1 ,  respect ive ly. 

Th is di f ferent is  s ign if icant and ascr i bable to the pores s ize . 

Indeed, rGO shows micropores and narrow mesopores (pore 

width  <3nm) whi le rGO-vitC d isp lays  a  large d istr ibution of 

mesopores in  the range f rom 2 to  more than 20 nm. The 

hydrothermal  decomposit ion  of  L -ascorbic  ac id seems to 

produce small  gas bubbles (e.g .  H2 )  that  induces a more open 

3D structure.     

As described previously in  th is  thesis,  XPS is  shown in Figure 

5 .1 .c .  This technique is  an important tool  for the evaluat ion 

of  the GO reduct ion by comparison of  the C/O atomic rat io . 2  

F inal ly,  th is  technique provides informat ion of  the residual 

carbon-oxygen moiet ies by deconvolut ion of  the C1s region.  
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Sample C  (at%) O (at%) C/O ratio 

GO 65.3 ± 0 .4 *  33.4 ± 0 .3 *  1 .95 ± 0 .02 

rGO 84.3 ± 0 .3 15.7 ± 0 .3 5 .4  ± 0 .1 

rGO-vitC 88.3 ± 0 .3 11.7 ± 0 .3 7 .5  ± 0 .2 
T a b l e  5 .  1 .  a t o m i c  c on c e n t r a t i on  va l u e s  f or  C  a n d  O  e l e m e n t s  c a l c u l a t e d  f r o m  
X P S  s p e c t r a  i n  t h e  C 1 s  r e g i on .  *  c o m m e r c i a l  G O  a t o m i c  c o n c e n t r a t i on  va l u e s  
d o  n o t  a d d  u p  t o  1 0 0 %  d u e  t o  1 . 3  % A t  o f  N  a s  r e s i d u a l  c on t a m i n a t i o n  o f  t he  
o x i d a t i on  p r o c e s s  o f  g r a p h i t e  i n  c o m m e r c i a l  G O .  

Interest ingly,  no contaminat ion was observed for rGO and 

rGO-vitC samples above the detect ion l imit  (≈  0.1% at ) .  The 

contamination present in  the commercia l ly  avai lab le GO was 

removed dur ing the hydrothermal  synthesis and/or  the 

f reeze-drying process.  Semiquant itat ive analys is  was 

ca lculated by peak integrat ions in the C1s and O1s regions, 

using tabulated Relat ive Sensit ivity Factors  (RSF)  specif ied  by 

the instrument manufacturer .  Obtained values are reported 

in Table 5 .1.  The C/O atomic rat io is  s ign i f icantly  higher for 

rGO-vitC (≈7.5)  in  comparison with rGO (≈5.4)  indicat ing a 

better reduct ion of  GO. By the way,  both samples display 

h igher  C/O atomic rat io in  comparison with  pr ist ine GO (≈1.9) 

as expected. HR spectra are reported for rGO and rGO -vitC in 

F igure 5 .1.  The h igher C/O atomic rat io  of  rGO-vitC is 

ascribable to  the sign if icant decrease of  C=O and C(O)O 

moiet ies  even if  a  s l ight  increase in C -OH groups is 

observable.   

5.3 .1 .2 .  rGO-MoO 2 -vitC 

FESEM images of  the rGO-MoO2-vitC are reported in F igure 

5 .3 .a-5.3 .c .  The low magnif icat ion image shows that  the 

aerogel  morphology of  the hybrid is  c lose to rGO -vitC sample.  

Moreover,  a homogeneous dispersion of  micrometric  MoO 2  

part icles ,  which have h igher - intensity features,  onto rGO 

f lakes are obtained.  Looking c loser to molybdenum oxide 

part icles (F igure 5 .3 .b) ,  a  nanostructured surface is  

observable.  

The XRD pattern is  reported in Figure 5.3 .f .  The rGO -MoO 2-

v itC aerogel  shows typ ical  peaks of  MoO 2  monocl ine phase,  

in  accordance with JCPDS card No.  32 -0671.   
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HR spectra  in  the C1s and Mo3d regions are  shown in  F igure 

5 .3 .d and 5.3 .e,  respect ive ly.  XPS technique is  used to 

conf irm the suitable reduct ion of  GO together with the 

invest igat ion of  the  micropart icles chemical  composit ion. 

The Mo3d region contains  3 featu res which  can be 

deconvoluted in d if ferent  peaks ascribable  to Mo (IV),  Mo 

(V) ,  and Mo (VI) .  Character ist ic peaks of  crystal l ine MoO 2  are 

observable  with the sp in-orb it  doublet  are  located at  229.4 

eV and 232.5 eV, and satel l i te peaks  at  230.9 eV and 234.1  

eV.  Results are in agreement  with  the works reported by 

Scanlon and co-workers. 4 5  Broad asymmetr ic peaks  located 

at  231.8 eV and 234.6 eV can be ass igned to Mo (V) species 

even if  the peak spl itt ing observed is  2.8 eV instead of  ≈ 3.1 

eV, which is  usual ly reported  in l i terature.  It  i s  nevertheless 

important to  not ice  that  the interpretat ion of  Mo (V) 

components  is  compl icated and subject  of  debate in 

l i terature.  The interpretat ion reported here is  based on the 

peak deconvolut ion of  the Mo3d region for mixed -oxide 

states  us ing mult ivar iate approach. 4 6  F inal ly,  the doublet  at 

h igher b inding energy (232.7 eV, 235.9 eV) is  character ist ic 

of  MoO 3 ,  corresponding to  a  Mo (VI)  oxidat ion state. 4 7  To 

summarize,  XPS results  indicate the concomitant  presence of 

d iverse oxide phases with d iverse oxidat ion states .  Th is 

phenomenon was a lready observed previously. 2 9 , 4 8  XRD 

d isp lays only  monocl ine MoO 2  phase which means  that  the 

bulk is  composed by this  phase.  However,  XPS analys is  

(surface analys is  technique) shows the presence of  Mo (V)  

and Mo (VI).  Micropart icles embedded in the rGO aerogels 

are  composed of  molybdenum oxide with  an  oxidat ion state 

f rom IV (core) to (VI) ,  due to surface oxidat ion by air .  A 

schemat ic  representat ion is  shown in  F igure 5 .3 .c .   
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F i g u r e  5 .  3 .  F E S E M  i m a g e s  a t  l ow  ( a )  a n d  h i g h  ( b )  m a g n i f i c a t i on  o f  t h e  r G O -
M o O 2 - v i t C  s a m p l e .  ( c )  FE S E M  i m a g e  o f  M o O 2  p a r t i c l e  w i t h  a  s c h e m a t i c  
r e p r e s e n t a t i on  o f  t h e  g r a d i e n t  o f  M o  o x i d a t i o n  s t a t e .  X P S  H R  s p e c t r a  o f  C 1 s  
( d )  a n d  M o3 d  ( e )  r e g i on s  f o r  r G O - M o O 2 - v i t C  s a m p l e .  ( f )  X R D  s p e c t r u m  o f  t he  
h y b r i d  a e r og e l .  

 

5.3 .2 .  Electrochemical  characterization  

5 .3 .2 .1 .  Effect  of  the L -Ascorbic Acid addition  

For sake of  study,  a comparison of  the e lectrochemical 

performance in a three-electrode conf igurat ion  of  rGO and 

rGO-vitC  is  necessary.  As  reported in  F igure 5 .4 .a,  the 

suitable potent ia l  window differs for both samples.  The rGO 

shows a deviat ion from the box - l ike voltammogram of  pure 

EDLC due to the presence of  non -reduced carbon-oxygen 
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moiet ies such as –C=O, -C(O)O, -C-OH, as reported previously 

by XPS. Interest ingly,  the voltammogram for rGO -vitC shows 

a pure EDL behaviour conf irming the enhanced reduct ion of  

GO by addit ion of  L -AA during the hydrothermal synthesis . 

Despite the more su itable reduct ion,  rGO -vitC has a lower  

storage capabi l ity than rGO as ind icated by the smal ler area 

on the CV curves.  The rate  capabi l ity  is  reported in Figure 

5 .4 .b for both samples.  Specif ic capacitance is  h igher for rGO 

than rGO-vitC with a  maximum of  55 F  g - 1  and 23 F g - 1 ,  

respect ively.  Th is s ign if icant d if ference is  ascribable to  a 

lower BET-specif ic surface area for the sample prepared 

using L-AA as reducing agent .  However,  the better rate 

capabil ity conf irms the pure EDLC behaviour of  rGO -vitC,  

indicat ing the ef fect  of  L -AA on the GO red uction.   

 
F i g u r e  5 .  4 .  ( a )  C y c l i c  V o l t a m m og r a m s  a c q u i r e d  a t  1 0  m V  s - 1  f o r  r G O  ( g r a y )  
a n d  r G O - v i t C  ( b l a c k ) .  ( b )  s p e c i f i c  c a p a c i t a n c e  a t  m u l t i p l e  s c a n  r a t e s .  
E xp e r i m e n t s  c a r r i e d  ou t  w i t h  1  M  N a C l  a s  e l e c t r o l y t e  i n  a  t h r e e - e l e c t r o d e  
c o n f i g u r a t i on .   

Galvanostat ic  charge -d ischarge measurements  were 

performed on the rGO -vitC sample.  Chronopotentiograms are 

shown in F igure 5.5 .  Both cathodic  and anodic behaviour 

were invest igated at  3  current  densit ies .  For cathodic 

measurement,  potent ia l  window starts f rom OCP ( -0 .55 V vs .  

SMSE)  to the lower potent ia l  l imit .  The anodic  measurement , 

instead, starts from OCP to the higher potentia l  l imit .  Curves 

are perfect ly l inear conf irming the pure EDLC behaviour.  An 

IR drop of  8 Ω  i s  measured.  
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F i g u r e  5 .  5 .  G a l va n o s t a t i c  c h a r g e - d i s c h a r g e  m e a s u r e m e n t s  f or  r G O - v i t C  i n  1 M 
N a 2 S O 4  i n  a  t h r e e - e l e c t r od e  c on f i g u r a t i on .  

5.3 .2 .2 .  Effect  of  L-Ascorbic  Acid on the 
hydrothermal synthesis  of  rGO-vitC and rGO-
MoO 2-vitC 

Phosphomolybdic ac id is  u sed as Mo precursor during the 

hydrothermal synthesis with L -AA as reducing agent .  Cycl ic 

vo ltammetry performed at  mult ip le scan rates in  three -

e lectrode symmetric  conf igurat ion is  shown in F igure 5 .6.a 

and 5.6 .b for  rGO-vitC and rGO-MoO 2-vitC,  respect ive l y.  

 
F i g u r e  5 .  6 .  C y c l i c  V o l t a m m o g r a m s  p e r f or m e d  a t  m u l t i p l e  s c a n  r a t e s  i n  t he  
r a n g e  f r o m  1  V  s - 1  t o  7 . 5  m V  s - 1 .  M e a s u r e m e n t s  w e r e  c a r r i e d  o u t  i n  a  t h r e e -
e l e c t r o d e  c o n f i g u r a t i on  w i t h  s y m m e t r i c a l  e l e c t r od e s  i n  1 M  N a 2 S O 4 .  

Two information can be extrapolated f rom the CV curves.  The 

shape of  rGO-MoO 2-v itC shows deviat ion from the pure EDLC 

behaviour mainly at  low scan rates.  Indeed, redox react ion 

occurs  at  a potent ia l  about  -0 .2V with the anodic  peak at  -

0 .17 V and cathodic peak at  -0 .27 V .  Consequently,  measured 
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current  is  considerably increased leading to higher speci f ic 

capacitance. rGO-MoO2 -v itC has a maximal  storage capabi l ity 

of  210 F  g - 1  at  5  mV s - 1 .  These redox features  progressive ly 

d isappear  when the sweep rate is  faster .  S ubsequent ly,  the 

ca lculated specif ic capacitance at  high scan rate is  c lose to 

the rGO-vitC sample because the contribution of  the 

pseudocapacit ive mater ia l  is  negl ig ib le .    

 

5.3 .2 .3 .  Cycl ing stabi l ity  evaluat ion for  rGO-vitC 
and rGO-MoO 2 -vitC  aerogels  

The cycl ing stabi l ity  of  the rGO-MoO2 -v itC mater ia l  was 

evaluated by cycl ic vo ltammetry at  2 V s - 1  up to 50.000 cycles 

in  a two-electrode configurat ion. Every 1 .000 cycles,  a cycl ic 

vo ltammetry at  s low scan rate fol lowed by an AC impedance 

measurement were performed. E IS  spectra were used to 

monitor the equivalent c ircu it  of  the system in the case of 

structural  changes in the material .  The capacitance retention 

for both samples are reported in Figure 5 .7 .a and 5.7 .b, 

respect ively.  Nyquist  plots  are  plotted in the inset s on the 

same f igure of  the cycl ing stabi l ity.  Complex capacitance 

p lots,  ca lculated according to  Taberna and co -workers 4 9 ,  are 

reported in Figure 5.7 .c -5 .7 .f .   

The capacitance was perfect ly retained for  both  materials . 

However,  some di fferences are observable from AC 

impedance spectra after 3 .000 cycles for rGO -vitC and 8.000 

cycles  for  rGO-MoO 2-vi tC.  Two hypotheses may expla in th ose 

d if ferences:  act ivat ion processes and/or  better wettabi l ity,  

which induce a  larger  exposed surface between the 

e lectrodes and the e lectrolyte.  During these f irst  cycles,  

values of  C’  and C” increased in the low frequency domain, 

but  together  the uncomp ensated res istance ( Ru ) ,  the 

relaxat ion t ime constant ( τ 0 )  and the overal l  capacitance 

were constant  unt i l  the end of  ageing ,  meaning that  the 

charge/discharge capabi l it ies are  perfect ly  maintained.  
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F i g u r e  5 .  7 .  A l l  t h e  a g e i n g  e xp e r i m e n t s  w e r e  c a r r i e d  ou t  i n  d e v i c e  w i t h  1  M  
N a 2 S O 4 .  r G O - v i t C  e xp e r i m e n t s  a r e  r e p or t e d  o n  t h e  l e f t - h a n d  s i d e  ( b l u e  
s h a d ow s )  a n d  r G O - M o O 2 - v i t C  e xp e r i m e n t s  a r e  p r e s e n t e d  on  t h e  r i g h t - h a nd  
s i d e  ( r e d  s h a d o w s ) .  A C  i m p e d a n c e  s p e c t r a  w e r e  c a r r i e d  ou t  a t  0  V  e v e r y  1 0 0 0 
c y c l e s .  ( a - b )  C a p a c i t a n c e  r e t e n t i o n  a n d  N y q u i s t  p l o t s  i n  t h e  i n s e t ,  ( c  – d )  r e a l  
p a r t  o f  t h e  c o m p l e x  c a p a c i t a n c e  s p e c t r a  ( C ’ )  a n d  ( e - f )  i m a g i n a r y  p a r t  o f  t h e  
c o m p l e x  c a p a c i t a n c e  s p e c t r a  ( C ’ ’ )  w i t h  t h e  r e l a x a t i o n  t i m e  c on s t a n t  o f  t h e  
d e v i c e .   

For sake of  completeness,  the ageing ef fect  on the rGO -

MoO 2-vitC aerogel  was invest igated after 50.000 cycles by 

means of  FESEM analys is .  Images of  the electrodes at 

d if ferent  magnif icat ion are  shown in F igure 5 .8 .  At  low 

magnif icat ion,  the morphology is  iden tical  to  the as-

synthesized rGO-MoO 2-v itC aerogel.  At  higher magnif icat ion, 

concomitant  presence of  MoO 2  part icles and acetylene black 

( from the s lurry preparat ion) are identif iab le .  These 
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observat ions conf irm the suitable synthesis  of  rGO -MoO2  

aerogels us ing L-AA as  reducing agent during the 

hydrothermal  react ion.  

 
F i g u r e  5 .  8 .  FE S E M  i m a g e s  o f  t h e  e l e c t r od e  m a t e r i a l  c on t a i n i n g  r G O - M o O 2 -
v i t C ,  a c e t y l e n e  b l a c k  a n d  N a f i o n ®  a f t e r  5 0 . 0 0 0  c y c l e s .  

5.4.  Conclusions 

This chapter reports the use of  L-Ascorbic  Acid (V itamin C) as 

reducing agent for the hydrothermal synthesis of  rGO and 

rGO-MoO 2  aerogels .  Both  XPS and e lectrochemical  analyses 

demonstrate a  more su itable  reduction of  GO in comparison 

to the reduction process performed without L -AA. The 

specif ic capacitance for rGO -vitC aerogel  is  lower  than the 

rGO aerogel .  However,  the rate capabil ity i s  s ignif icant ly 

improved due to the better reduct ion of  GO, which el iminate 

the carbon-oxygen moiet ies  onto the surface of  rGO f lakes.    

The concomitant  hydrothermal  reduction with  the formation 

of  MoO2  part icles was invest igated. Part ic les are 

micrometr ics .  E lectrochemical  measurements demonstrate 

s ign if icantly  better performance of  the rGO -MoO 2-vitC 

hybrid in comparison with the rGO -vitC.  Interest ingly,  a 

perfect  capacitance retent ion was a lso observed up to 50.000 

cycles  using cycl ic  vo ltammetry.  Moreover,  FESEM images of 

the aged s lurry conf irms the perfect  stabi l ity of  the as -

synthesized rGO-MoO 2-v itC hybr id aerogel .  

To conclude, L -AA demonstrat es its  eff iciency as reducing 

agent to produce Graphene -Metal  Oxide composites for 

energy storage appl icat ions.  

In  the next  chapter ,  th is  mater ia l  wi l l  be used as act ive 

material  for  micro-supercapacitor appl icat ions.    
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Chapter 6 

Micro-Supercapacitors 
Materials  prepared in  Chapter  5  are appl ied as  
act ive  material  to  fabr icate PDMS -based micro-
supercapacitors through a s imple 
photol ithographic  process .  Moreover,  the  use of  
PEDOT:PSS as conduct ive binder is  invest igated. 
I t  induces the formation of  a spr ing - l ike rod 
conf iguration with the embedded act ive 
mater ial .  This  spatial  conformation results  from 
the f i l l ing of  the  interdigitated channels  by 
capi l larity.  As -fabricated dev ices show high 
f lexibi l i ty  and good cycl ing stabi l ity.  

 

Part  of  the work descr ibed in  th is  chapter  has  been 

previously published in Mater ia ls  Research Express,  2016 (3) ,  

065001.  

 

6.1.  Motivat ions 

The crucial  need of  portable  e lectronic equipment  st imulates 

the development of  advanced energy storage systems. 

Moreover,  the demand for on -chip systems and micro -power 

energy storage units  has considerably increased in the past 

years .  Micro-supercapacitors (MSC) are min iaturized devices 

that  can f i l l  the gap for portable energy storage devices 

thanks to the new in Micro E lectro Mechanical  Systems 

(MEMS) technologies.  Several  works  have a lready 

demonstrated the feasib i l i ty of  MSC applicat ions with are al  

specif ic capacitance in the range of  1 -100 mF cm - 2 . 1 , 2   

The del iverable performance is  st rongly  correlated to  the 

materials  used for the electrodes.  Carbon -based mater ia ls  

have attracted much attent ion thanks to their  outstanding  

propert ies  such as  good electronic conductivity ,  h igh 
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chemical  stabi l ity,  low cost  and easy process ing.  Act ivated 

carbon, carbon nanotubes,  graphene, and graphdiyne have 

a lready been invest igated. 3 – 9  However,  these mater ia ls  offer 

capacit ive  performance by charge separat ion mechanism. I t  

i s  wel l  known that  the del ive rable performance can be 

further increased by addit ion of  pseudocapacit ive  materials  

l ike metal  transit ion oxides such as Ru,  Mn, Mo; 1 0 – 1 2  or 

conductive polymers. 1 3 , 1 4  These materials  are u sual ly 

deposited to form thin f i lm from nanometres  to few 

micrometres of  th ickness.  The carbonaceous mater ial ,  

instead, is  usual ly grown or deposited to form a th ickness 

between micrometres to mil l imetres.  Graphene and act ivated 

carbon have already demonst rated the capacity  to  be 

deposited successful ly to create micro -supercapacitors with 

h igh  Aspect  Rat io  (AR)  as shown by L i  and co -workers . 5  The 

aspect  rat io is  a key character ist ic for min iaturized devices 

because higher is  the value of  AR, higher is  amount of  act ive 

material  that  can be deposited without incre asing the device 

footpr int .   

In  th is  chapter ,  micro -supercapacitors are fabr icated us ing a 

L ithographic,  Galvanoformung, Abformung (L IGA) - l ike 

process 1 5  employing standard MEMS technologies.  The 

polydimethylsi loxane (PDMS ) is  a  good candidate for  the 

fabr icat ion of  interdigitated structures  with h igh aspect 

rat io .  Indeed, PDMS has good mechanical  propert i es al lowing 

f lexibi l i ty  and deformabil ity,  which  l imits the accumulat ion 

of  tensi le st ress  or  any plast ic deformat ion. 1 6  

The hydrothermal synthesis  i s  used in  th is  work to reduce 

Graphene Oxide in a  rGO-based aerogel .  Th is  3 -dimensional  

conf igurat ion offers h igh surface area for the EDL 

formation. 1 7 , 1 8  Together with th is  reduct ion,  the synthesis of 

metal  oxide part ic les al lows to add Faradaic -act ive chemical 

species which enhance th e speci f ic capacitance. 1 9  

Molybdenum Oxide was chosen as pseudocapacitve materials  

due to  the wide range of  oxidat ion number of  Mo centre. 2 0  
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Moreover,  rGO f lakes prevent from the formation of  the 

Molybdenum Oxide (VI)  which is  more insulat ing. 2 1   

D if ferent s lurr ies were prepared using poly(3,4 -

ethylenedioxythiophene) (PEDOT) as conduct ive b inder.  The 

concentrat ion rat io  between rGO and MoO 2  is  invest igated to 

demonstrate the ro le  of  the composit ion.  

The depos it ion of  act ive mater ia l  i s  often compl icated but,  in  

th is  case,  a se lf - f i l l ing by capi l lar i ty i s  studied for the 

deposit ion of  rGO/MoO 2  aerogel . 2 2   

 

6.2.  Materials and Methods 

6.2 .1 .  Preparation of rGO and rGO -MoO 2  aerogel s   

Both aerogels were prepared us ing the method reported in 

the Sect ion 5 .2.3 of  the Chapter 5.  Acronyms used in th is  

chapter  are  rGO  and rGO-MoO 2  for  rGO-vitC  and rGO-MoO 2-

v itC,  respect ively.   

 

6.2 .2 .  Characterizat ion of rGO and rGO-MoO 2  aerogels  

The samples  morphology was studied using FESEM analysis  

with a Zeiss Supra 40 Microscope equipped with an energy -

d ispers ive X-ray (EDX)  analyser.  

Raman analyses  were carr ied out  by means of  a  Renishaw 

InVia Ref lex micro -Raman spectrometer (Renishaw plc ,  

Wottonunder-Edge, UK),  equipped with a cooled CCD camera.  

The parameters for the data col lect ion fol lows:  514.5 nm was 

the diode laser excitat ion  wavelength,  50x was the 

microscope object ive magnif icat ion,  5 mW and 10 s were the 

power laser  and the exposure t ime respect ively,  the number 

of  accumulat ions ranged between 1  and 3.  Aerogels were 

pressed carefu l ly  on a glass  microscope used as substrate  to  

be as  f lat  as poss ib le  to  opt imize  the laser  focus on the 

sample.      
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6.2 .3 .  PDMS-based Micro-Supercapacitor  fabricat ion  

Standard Si  wafers f inished with 1 µ m of  SiO 2  were used for 

the fabr icat ion of  the master .  The micro -supercapacitor 

(MSC) design  contains in terdig itated structures with 55 µm 

and 5 mm long channels .  The distance between each channel  

was 20 µm. The process f low for the real izat ion of  the PDMS -

based MSC is  reported in F igure 6 .1 .  A standard 

photol ithography,  using HPR 504 (Microchemicals )  as 

photores ist ,  was used to pattern the repl ica of  the 

interdigitated structures.  The SiO 2  was etched in 6:1 Buffered 

Oxide Etch (BOE) so lut ion fol lowed by the str ipping of  the 

photores ist .  The SiO 2  repl ica was then c leaned in  a  piranha 

solut ion (H2 SO4  (99%):H 2O 2  (33%) from Sigma Aldr ich,  3:1 vol . 

rat io) .  

 
F i g u r e  6 .  1 .  P r o c e s s  f l ow  f o r  t h e  f a b r i c a t i on  o f  t h e  M S C :  ( a )  p h o t o l i t h og r a p h i c  
s t e p  t o  d e s i g n  t h e  i n t e r d i g i t a t e d  p a t t e r n  on  t h e  S i O 2  l a y e r ;  ( b )  S i  r e p l i c a  a f t e r  
b u l k  m i c r o m a c h i n i n g  i n  D R I E ;  ( c )  P D M S - b a s e d  i n t e r d i g i t a t e d  s t r u c t u r e s  a f t e r  
d e m o u l d i n g ;  ( d )  P D M S - b a s e d  M S C  w i t h  a c t i v e  m a t e r i a l  a n d  c o l l e c t or s ;  ( e )  r e a l  
d e v i c e ;  ( f )  d e v i c e  u n d e r  m e a s u r e m e n t  u s i n g  t h e  c h a r a c t e r i z a t i on  s e t u p .  

A Deep React ive Ion Etching (DRIE) was performed fo r bulk 

micromachin ing in an Oxford Plasmalab100. Parameters used 

were:  60 sccm SF 6  gas  f low, 6  sccm O 2  gas f low, 5 W RF power, 

950 W ICP power,  10 m Torr  chamber pressure,  -118 °C and 10 

sccm of  backplate He f low.  The anisotropic S i  etching was 100 

µm deep.  Result ing interdigitated structures have an aspect 
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rat io (AR) of  2 :1,  which a l lows 2.5 µL maximum for the 

loading of  each electrode.  

Prior to depose the Tef lon - l ike  coating that  helps the PDMS 

de-mould ing 2 3 ,  a  treatment  with  piranha solut ion was 

performed on the Si  repl ica.  The deposit ion occurred in a 

DRIED Oxford Plasmalab100  with  the fol lowing parameters: 

100 sccm of  C 4 F8  gas  f low, 1500 W of  ICP power,  11  W of  RF 

power at  20 °C .   

Next ,  Sy lgard 184 PDMS (Dow Corning) was poured into a 

mould in Al  fabr icated by mi l l ing and f ixed with a mounting 

wax. The rat io between the o l igomer and the cur ing agent 

was 5:1 (w/w).  The mould was placed under vacuum for 10 

min  at  1  mbar  to  guarantee a  suitable f i l l ing  of  the 

interdigitated structures.  Final ly ,  a  thermal cross l inking step 

at  90°C for 10 minutes  was performed to form the PDMS. The 

PDMS-based Micro-Supercapacitor was de-moulded f rom the 

S i  repl ica and the ch ip is  ready to be f i l led with the act ive 

material .   

 

6.2 .4 .  Paste  preparat ion and deposit ion   

Different  formulat ions were prepared:  (1) PEDOT -

solut ion:rGO (5:1)  w/w; (2)  PEDOT -solut ion:rGO decorated 

with MoO 2  (5:1)  w/w;  (3)  PEDOT -solut ion:rGO (20:1) w/w;   (4) 

PEDOT-solut ion: rGO decorated with MoO 2  (20:1) w/w; (5) 

prist ine PEDOT used as a reference  for the electrochemical  

measurements.   

PEDOT-solut ion is  the acronym for PEDOT:PSS. The 

commercial ly avai lab le  solut ion (Cle vios  PH1000,  Heraeus 

Conductive  Polymers Divis ion) contains poly(3 ,4-

ethylenedioxythiophene) doped with poly(styrene 

sulfonate) .  The formulat ion preparat ion and the deposit ion 

were performed in  a c leanroom with  control led  temperature 

and humidity  to  avoid  possib le  modif icat ions of  the 

hygroscopic PEDOT. The e lectr ica l  conductiv ity of  the PEDOT 

solut ion,  used as b inder,  was enhanced before to  be mixed 

with the act ive materials  (rGO and rGO -MoO 2  aerogels) .  The 
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PEDOT:PSS was mixed with ethylene glycol  [10% vol .]  and 

dodecyl  benzene su lfonic acid (DBSA) surfactant (Sigma 

Aldrich) .  F inal ly ,  the viscosity was decreased adding water to 

a  weight  rat io  of  10:1.5 of  H 2O:PEDOT solut ion according to 

the desired concentrat ion.  

Before to be used for micro -supercapacitor appl icat ions,  rGO 

should be t reated. The as -synthesized micron -s ized powders 

was dispersed in ethanol before to  be thoroughly mixed at 

30.000 rpm for 5 minutes  us ing an Ultraturrax Homogeniser . 

Ethanol  was evaporated by heat ing the so lut ion at  80°C.  The 

result ing powder was carefu l ly co l lected and weighed before 

to  be mixed with the PEDOT -solut ion.  

Prior to test  the PDMS -based supercapacitors ,  prepared 

formulat ions were tested in p lanar conf igurat ion.  E lectrodes 

were prepared by doctor b lading.  Circular  e lec trode with a 

d iameter of  1 cm was deposited on current co l lectors,  

prepared in a 4  cm 2  g lass microscope s l ide.  The glass was 

previously cleaned us ing acetone and isopropanol  pr ior to be 

sputtered with p lat inum. The sputtering procedure was 

carr ied on for 180 s with a current of  50 mA. The separator 

used was a d isc  of  1 cm diameter cut  in  a c leanroom paper. 

The e lectro lyte was 1M NaCl in  water .  Paraf i lm®, 

thermoplast ic polymer,  was used as seal ing agent .  

PDMS is  hydrophobic whi le  a l l  prepared pastes  are 

hydrophil ic  which induces f i l l ing d if f icu lt ies .  To overcome 

th is  i ssue,  the hydrophil icity of  the interd ig itated structures 

was increased by oxygen plasma. The apparatus and the 

condit ion used were STS 320PC React ive Ion Etch ing system 

for 120 s ,  at  a power of  100 W, at  a tota l  pressure of  50 mTorr 

under an oxygen f low rate of  50 sccm.   

To conf irm the change of  surface propert ies .  Contact  angle 

measurements were performed using water  droplet  on an 

OCAH 200 instrument (DataPhysic Instruments GmbH),  

equipped with  a CCD camera and an automat ic dosing system 

for the l iquids.  Mil l iQ™ H 2O (droplet  volume 1.5 μL)  was used 

for the analys is  by means of  the sess i le droplet  method in 
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stat ic mode. Drop prof i les were f itted through the E l l ipse 

(h igh  CA)  and Tangent  Leaning ( low CA) method and contact 

angles between f itted funct ion and basel ine were ca lculated 

by the SCA20 software.  

The f i l l ing of  the di f ferent rGO -based s lurr ies occurred by 

capi l lar ity .  The low viscosity formulat ion was carefu l ly 

released on each electrode pads (5 µl  per e lectrode ).   

The solvent was removed overnight in  a c leanroom. This s low 

evaporat ion of  water  al lows a minimizat ion of  the mechanical 

stress ,  which can induce adhesion problems, in  comparison 

with evaporat ion process us ing heat ing and/or vacuum. Some 

bridges of  act ive mater ia ls  can be observed between micro -

channels .  They must be removed to avoid short  ci rcuits 

during electrochemical  measurements.  An Oxygen p lasma 

procedure permits to  remove these br idges.  The apparatus 

used was STS 320PC React ive  Ion Etch ing system  for 360 

seconds,  at  a power of  100 W, a pressure of  5 0 mTorr and an 

oxygen f low rate of  50 sccm.   

The deposit ion of  current co l lectors  is  required on the f i l led 

PDMS-based MSC.  These pads were based on bal l -mi l led 

natural  graphite mixed with PVDF in DMSO. The weight rat io 

was 1:10 to ensure the good adhesion  and good e lectr ic 

contact  between the interdigitated structures and the metal  

probes of  the micro -manipulators used for the 

e lectrochemical  character izat ion.  The e lectrolyte was 

conf ined onto the PDMS -based MSC using a patch of 

c leanroom paper with ta i lor ed dimension (See F igure 6 .1 .f ) .  

 

6.2 .5 .  Electrochemical  characterization   

Cycl ic vo ltammetry,  Galvanostat ic charge/discharge,  and AC 

impedance spectroscopy measurements were performed on a 

Metrohm Autolab potent iostat  /  galvanostat  M101 . The 

potent ia l  window use d was -0 .5 V to 0 .5 V and the scan rates 

tested were:  5,  10,  50 and 100 mV s - 1 .  Charge/discharge were 

performed using current densit ies between 1.6  µA cm - 2  and 

15.6 µA cm - 2  in  a  potential  window of  0 .4  V.  The use of  two 
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needles supported on micromanipulato rs al lows a good 

ohmic contact  between device current col lectors and 

instrument .  The cycl ing stabi l ity was evaluated over 20.000 

cycles at  5 mV s - 1 .  AC impedance was performed at  OCP 

between 50 Hz  and 5 mHz with an  ampl itude of  10 mV.  Al l  the 

exper iments were performed in a two -electrode 

conf igurat ion after  the soaking of  electrodes in  1M NaCl .   

 

6.3.  Results  and discussion 

6.3 .1 .  Evaluation of  the  slurry ’s  supercapacit ive 
performance in planar configuration  

Different  s lurr ies  were prepared and are l i sted in  the Sect io n 

5 .2 .5 .  Their  supercapacit ive  performances were evaluated 

prel iminar i ly in  p lanar conf igurat ion. Only  the  best  s lurry was 

then used for the micro -supercapacitor conf igurat ion.  

Cycl ic Voltammetry measurements  were performed at 

d if ferent scan rates.  The cu rves are reported in Figure 6 .2.  

The specif ic  capacitance ca lculated according to best  

pract ice method establ ished by Ruoff  and Sto l ler  are 

reported in Table 6.1 . 2 4   

 
F i g u r e  6 .  2 .  C y c l i c  v o l t a m m e t r y  i n  a  p l a n a r  c on f i g u r a t i on  m e a s u r e d  a t  
d i f f e r e n t  s c a n  r a t e s  f o r  a l l  t h e  p r e p a r e d  s l u r r i e s  a n d  t h e  e v o l u t i o n  o f  t h e  
s p e c i f i c  c a p a c i t a n c e  w i t h  t h e  s c a n  r a t e s .   
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Electrodes* 
C s p   

(F  g - 1 )  

E s p   

( J  g - 1 )  

E s p  

(Wh Kg - 1 )  

composit ion  (1)  65.70 32.91 9 .14 

composit ion  (2)  94.06 47.12 13.09 

composit ion  (3)  23.86 11.95 3 .32 

composit ion  (4)  39.87 19.97 5 .55 

prist ine PEDOT 0.96 0 .48 0 .13 

 

*   c o mp o s i t io n  ( 1 ) :  2 0 % r G O  (d i sp e r s e d  in  a  s o lu t ion  co nt a in in g  1 5 % w t 

o f  PE D O T )  

    co m po s i t i on  (2 ) :  2 0%  r G O  d e c or at e d  w i th  M o O 2  ( d i s p er s e d  i n  a  

s o l ut i on  c on ta in in g  1 5% w t  o f  PE D O T )  

    co m po s i t i on  ( 3 ) :  5 %  r G O  (d i sp e r s e d  in  a  s o lu t ion  co nt a i n i n g  1 5 % wt 

o f  PE D O T )  

    co m po s i t i on  ( 4 ) :  5%  r G O d e co ra t ed  w i th  Mo O 2  (d i s p er s e d  in  a  

s o l ut i on  c on ta in in g  1 5% w t  o f  PE D O T )  
T a b l e  6 .  1 .  S p e c i f i c  C a p a c i t a n c e  a n d  e n e r g y  e s t i m a t e d  a t  5  m V  s - 1  f o r  e a c h  
c o m p o s i t e  m a t e r i a l  

The use of  a conduct ive polymer as  binder does not 

contribute to the total  meas ured capacitance as shown with 

the reference curve (p ink).  As expected, s ign if icant 

d if ferences are observable for  the dif ferent s lurr ies.  

Measured values shown in Table 6 .1 d isplay an increase of  

a lmost  50% of  the specif ic capacitance  when the MoO 2  is  

present in  the 3D-porous framework. Moreover,  i t  is  poss ible 

to  tr ip le the specif ic capacitance by increasing the rGO 

content by a factor  4 .     

The hybr id supercapacitor contain ing rGO f lakes decorated 

with spherica l  micrometric part icles of  MoO 2  d isp lays the  

best  performance. The concomitance of  an  e lectr ic double 

layer capacitance and a  Faradaic act ive  material  given by rGO 

and MoO2 ,  respect ive ly,  resu lts in  a s ignif icant increase of 

the del iverable  performance.  The pseudocapacitance of  the 

MoO 2  i s  clear ly observable looking at  the CV curves shape. 

Indeed,  a  deviat ion of  the box - l ike  curves,  typical  of  EDLC, 

can be observed with  the presence of  anodic  and cathodic 
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peaks.2 5  The observed phenomenon seems to be s imilar  to 

the one observed previously  in  a  two symmetrical  e lectrodes 

conf igurat ions for other mater ia ls  such as Ag /Ag + . 2 6 , 2 7  

 

6.3 .2 .  Invest igat ion of the PDMS -based Micro-
Supercapacitor  morphology and f i l l ing procedure  

To confirm the su itable fabr icat ion procedure ,  PDMS 

prototypes were invest igated by opt ica l  microscopy. The 

image of  the PDMS-based MSC is  reported in F igure 6 .3 .  A 

f inal  aspect  rat io of  2:1  is  obtaine d. The accessib le surface  

for the slurry deposit ion is  0 .32 cm 2 .  

 
F i g u r e  6 .  3 .  P D M S  p r o t ot y p e .  I n  t h e  i n s e t ,  a  c r o s s - s e c t i o n  i s  s h ow n  w i t h  t h e  
a c t u a l  d i m e n s i on s  o f  m i c r o c h a n n e l s  a n d  s e p a r a t or s .  

The deposit ion of  the rGO -MoO2  hybr id aerogel  mixed with 

the PEDOT-solut ion occurs by capi l lar ity .  As descr ibed 

previously,  a plasma oxygen treatment was performed to 

enhance the hydrophil icity of  the PDMS -based MSC. The 

contact  angle  demonstrates the change of  surface behaviour 

as  shown in Figure 6 .4 .  Images of  the f i l l ing procedure are 

reported in Figure 6.5 .   
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F i g u r e  6 .  4 .  H 2 O  C o n t a c t  a n g l e  m e a s u r e d  on  t h e  s u r f a c e  o f  P D M S 
m i c r o c h a n n e l s  a )  b e f or e  a n d  b )  a f t e r  O 2  p l a s m a  t r e a t m e n t ;  H 2 O  c on t a c t  a n g le  
m e a s u r e d  a s  r e f e r e n c e  on  a  f l a t  P D M S  s u r f a c e  c )  b e f o r e  a n d  d )  a f t e r  O 2  
p l a s m a  t r e a t m e n t  

 
F i g u r e  6 .  5 .  f i l l i n g  o f  P D M S - b a s e d  M S C  b y  c a p i l l a r i t y  
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After  the deposit ion  of  the act ive material  and the drying 

overnight  in  a  c lean room to avoid m echanical  st ress ,  current 

co l lectors  were fabricated using a  graphite -PVDF paste.  The 

locat ion of  both droplets used for the deposit ion  by 

capi l lar ity  and the pads for the current col lectors  are the 

same. The graphite -based paste  permits to have a good 

e lectr ical  contact  between the interd igitated electrodes and 

the needles  of  the micromanipulators  used for  the 

e lectrochemical  measurements.  

  

6.3.3.  Morphological  and chemical  invest igations of  the 
Micro-Supercapacitors  f i l led with rGO -MoO2  

The suitabi l ity  of  the f i l l ing procedure by capi l lar ity was 

invest igated by FESEM. A cross -sect ional  image of  the f i l led 

MSC is  shown in F igure 6 .6 .  An  uncompleted f i l l ing is  c lear ly 

observable  and can be ascr ibable  to a shrinkage of  the 

composite dur ing the drying process.  The a mount  of  s lurry 

deposited is  nevertheless suitable for use in supercapacitor 

appl icat ions.   

 
F i g u r e  6 .  6 .  C r o s s - s e c t i o n a l  i m a g e  b y  F E S E M  o f  t h e  f i l l e d  M S C  

The dr ied  s lurry can be descr ibed as  a composite formed by 

PEDOT-shel l  wrapped around the rGO -MoO2  part ic les .  F igure 

6 .7  shows a MoO 2-cluster with a large surface exposed to the 

e lectrolyte .  This  aspect  is  fundamental  for faradaic  react ions 



Micro-supercapacitors                       Chapter  V I  

-225-  

a l lowing the enhancement of  the supercapacit ive 

performance.  

 
F i g u r e  6 .  7 .  F E S E M  i m a g e  o f  a  M oO 2 - c l u s t e r  w r a p p e d  i n  a  P E D O T - s h e l l .  T h e  
e x p os e d  s u r f a c e  i s  l a r g e  a l l ow i n g  g o od  i n t e r a c t i o n  w i t h  t h e  e l e c t r o l y t e .   

Interest ingly,  the PEDOT tends to form a spr ing - l ike rod 

conf igurat ion after  the drying procedure at  roo m 

temperature as shown in Figure 6 .8 .  Th is spat ia l 

conf igurat ion al lows h igh  surface exposit ion  to electro lyte  

which is  a crucia l  factor in  supercapacitor appl icat ions.   

 
F i g u r e  6 .  8 .  H i g h  m a g n i f i c a t i on  FE S E M  i m a g e  o f  t h e  d r i e d  P E D O T  f o r m i n g  
s p r i n g - l i k e  r o d  s t r u c t u r e s .   

A further conf irmation of  the suitabi l ity  of  the f i l l ing  by 

capi l lar ity  was demonstrated by Raman analysis .  A top-view 

of  the f i l led micro -supercapacitor is  shown in Figure 6 .9 .a.  

Raman analyses were performed on  the sample in three 
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d if ferent  regions marked with  1 ,  2 ,  and 3 to demonstrate the 

presence of  rGO-MoO 2  inside the channel .     

The spectrum col lected in region 2  shows the character ist ic 

features of  rGO-MoO 2  conf irming the su itable  deposit ion  by 

capi l lar ity  in  micro-supercapacitors .  The MoO 2  features are 

superimposed to weak peaks typ ica l  of  PDMS: 711 cm - 1  (S i -C  

symmetr ic st retch ing) ,  1409 cm − 1  (CH3  asymmetr ic bending) , 

2895 cm - 1  (CH3  symmetr ic stretching),  and 2954 cm - 1  (CH3  

asymmetric st retch ing) . 2 8  

 

 

 
F i g u r e  6 .  9 .  ( a )  op t i c a l  m i c r o s c o p e  i m a g e  o f  P D M S  i n t e r d i g i t a t e d  s t r u c t u r e  
( 5 X  ob j e c t i ve ) ,  f i l l e d  b y  r G O - M o O 2  b a s e d  s l u r r y ;  ( b )  R a m a n  s p e c t r a  c o l l e c t e d  
i n  1 ,  2 ,  3  r e g i on s  o f  f i g u r e  ( a ) ,  c o r r e s p o n d i n g  t o  P D M S  s e p a r a t o r s  ( 1 , 3 )  a n d  
r G O - M o O 2 - b a s e d  s l u r r y  f i l l e d  m i c r o c h a n n e l  ( 2 )   

6.3 .4 .  Electrochemical  measurements  of  the  MSC f i l led 
with the  rGO -MoO 2  aerogel .   

Cycl ic voltammetry measurements were performed on MSC 

f i l led with the rGO-MoO 2  aerogel .  Curves are reported in 

F igure 6 .10. The inset  shows the rate capabi l ity of  the 

materials .  Areal  specif ic capacitance (Footprint  area) i s 

reported in the inset .   
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F i g u r e  6 .  1 0 .  C y c l i c  v o l t a m m e t r y  a t  d i f f e r e n t  s c a n  r a t e s  f o r  M S C  f i l l e d  w i t h  
r G O - M o O 2  a e r og e l .  I n  t h e  i n s e t ,  t h e  r a t e  c a p a b i l i t y  e xp r e s s e d  i n  a r e a l  
c a p a c i t a n c e  ve r s u s  t h e  s c a n  r a t e  

The maximum areal  specif ic capacitance was obtained a scan 

rate of  5 mV s - 1  with a va lue of  14 mF cm - 2 ,  which corresponds 

to a speci f ic energ y of  7 J  cm - 2 .  A l l  the ca lcu lated values are 

reported in Table 6.2 .   

 

Scan rate 

(mV s - 1 )  

C f p  

(mF cm - 2 )  

E f p  

(mJ cm - 2 )  

E f p  

(mWh cm - 2 )  

100 2.9 1 .5 0 .4 

50 4 .2 2 .1 0 .6 

10 9 .2 4 .6 1 .3 

5 14.0 7 .0 1 .9 
T a b l e  6 .  2 .  Ar e a l  s p e c i f i c  c a p a c i t a n c e  a n d  s p e c i f i c  e n e r g y  c a l c u l a t e d  u s i n g  
c y c l i c  v o l t a m m e t r y  a t  d i f f e r e n t  s c a n  r a t e s  

The FESEM analysis  reported in the previous sect ion 

under l ines a part ial  f i l l ing of  the microchannels .  The f i l l ing 

rat io of  the s lurry in  the maximum access ible  volume is  

est imated around 30%. This  part ial  f i l l ing restr icts  the 

device’s  del iverable  performance.  Notwithstanding this 

l imitat ion,  the performance measured is  in  agreement  with 

va lues reported in l i terature. 1 , 2  I t  i s  necessary to  not ice that 

a  comparison between different works is  tr icky as supported 

by recent publ ished review. 2  Indeed, the Ragone p lot  
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typ ical ly used for e lectrochemical  devices has sense only  for 

the mater ia l .  In  this  case,  areal  capacitance value is  more 

s ign if icant for  the comparison of  the del iverable 

performance f rom devices.   

Galvanostat ic charge/discharge experiments were performed 

at  d if ferent  current densit ies .  Curves are  reported in Figure 

6 .11.  Areal  specif ic capacitance values are  inserted on the 

same f igure .  A large IR drop can be observed.  I t  might  be due 

to  an ineff icient  ohmic junct ion between the current 

co l lector  and the needle  from micromanipulators .  

Cycl ing stabi l ity i s  a  key characterist ic for  supercapacitors 

and, even more importantly,  for micro -supercapacitors .  The 

stabi l ity of  the PDMS -based MSC was tested up to 20.000 

cycles.  The Figure 6 .12 shows  the capacity retention in 

funct ion of  the cycles number with in inset  the CV curves for 

the 1 s t ,  10.000 t h  and 30.000 t h  cycles .   

 
F i g u r e  6 .  1 1 .  G a l va n o s t a t i c  c h a r g e / d i s c h a r g e  m e a s u r e m e n t s  a n d  t he  
c a l c u l a t e d  va l u e s  o f  a r e a l  s p e c i f i c  c a p a c i t a n c e  i n  f u n c t i o n  o f  t h e  c u r r e n t  
d e n s i t y .   
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F i g u r e  6 .  1 2 .  C y c l i c  s t a b i l i t y  i n v e s t i g a t i on  m e a s u r e d  a t  2  V  s - 1  u p  t o  2 0 . 0 0 0 
c y c l e s .  I n  t h e  i n s e t ,  C V  c u r v e s  m e a s u r e d  a t  5  m V  s - 1  e ve r y  1 0 . 0 0 0  c y c l e s .  

The device  demonstrates  a  perfect  stabi l ity up 12.000 with 

even a s l ight  increase of  the capacity probably du e to  a 

better penetrat ion of  the l iquid e lectrolyte with in the PDMS 

channels  and, consequently,  a larger interface between the 

e lectrolyte and the act ive  material .  Then,  two s ign if icant 

fai lures can be observed after 18.000 cycles and 20.000 

cycles ,  respect ively.  Many factors  can expla in these fai lures 

such as e lectrolyte  evaporat ion and sa lts deposit ion upon the 

e lectrodes.  Improvement can be envisaged with the use of  a 

cover or a  packaging to avoid sa lt  evaporat ion.   

E lectrochemical  Impedance Spectroscop y (E IS) was also 

carr ied  on the device.  The result ing Nyquist  p lot  i s  shown in 

F igure 6 .13 with  the equivalent c ircuit  in  the inset .  The 

uncompensated  resistance R u  was measured by i - interruption 

and the result  i s  consistent with the EIS measurement with 

14kΩ and 17.1kΩ, respect ive ly.  The capacit ive behaviour  of  

the material  was conf irmed by the shape of  the Nyquist  p lot 

with a depressed semi -c ircle at  h igh  frequencies and a steep 

increase of  the imaginary impedance at  low frequencies.  The 

constant phase element in series  CPE2 g ives r ise to the 

capacitance and its  phase angle is  82.8° ( n  =  0 .92) .   
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F i g u r e  6 .  1 3 .  N y q u i s t  p l o t  a n d  i t s  c o r r e s p o n d i n g  e q u i va l e n t  c i r c u i t  o f  t h e  
P D M S - b a s e d  m i c r o - s u p e r c a p a c i t or s  r e c o r d e d  a t  O C P  b e t w e e n  5 0  H z  a n d  5  m H z  
w i t h  a n  a m p l i t u d e  o f  1 0  m V .  P a r a m e t e r s  o f  t h e  e q u i v a l e n t  c i r c u i t  a r e  t he  
f o l l ow i n g :  R u  =  1 7 . 1  k Ω ;  R 1  =  1 4 . 0  k Ω ;  C P E 1  Y 0  =  6 3 . 4  µ M h o a n d  n  =  0 . 7 9 3;  
C P E 2  Y 0  =  6 4 1  µ M h o a n d  n  =  0 . 9 2 .   

I t  i s  poss ible to extrapolate the areal  specif ic  power using 

the fo l lowing formula:   

 Psp =  
∆V²

Afp. 4Req
 (6 .1)  

 

where Re q  i s  the equivalent  ser ies res istance that  was 

exper imental ly est ima ted by charge-d ischarge cycles  to a 

va lue of  1 .3  kΩ .  

The areal  specif ic power was around 1  mW cm - 2  which is  

consistent with  the values reported in  l i terature. 1 , 2  However,  

obtained values are s ignif icant ly lower than the calcu lated  

values f rom measurements in  p lanar  conf igurat ion.  Indeed, 

del iverable performance for  MSC is  about  four t imes lowe r. 

As observed previously with FESEM image (Figure 6 .6) ,  the 

microchannels are f i l led only part ia l ly with around 30%  of 

f i l l ing.  So,  i f  the f i l l ing was completely eff icient  (100% f i l led),  

obtained values would be extremely consistent  with  the ones 

measured f rom the p lanar conf igurat ion.   

PDMS is  f lex ib le which is  an important characterist ic for 

micro-supercapacitor  appl icat ions.  Bending tests  were 

performed to invest igate  the f lexib i l i ty of  the PDMS -based 
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micro-supercapacitors .  Cycl ic vo ltammetry curves are  

reported in  F igure 6 .14.  As  shown in  the inset  (top),  two 

d ifferent conf igurat ions were tested:  concave and convex. 

The second inset  shows a performance  comparison between 

the dif ferent conf igurat ions.  Obtained values of  areal 

specif ic capacitance are  s ig nif icant ly d if ferent according to 

the conf igurat ion. Indeed, the concave conf igurat ion 

provokes a decrease of  40% of  the del iverable performance 

in comparison with  the f lat  conf igurat ion. The convex 

conf igurat ion,  instead, induces an increment of  about 25%  in 

respect  to  the in it ial  conf igurat ion.  These sign if icant 

d if ferences are main ly ascr ibable  to the wettabi l i ty  of  the 

e lectrodes by the electrolyte.  Indeed, the spr ing- l ike rods 

conf igurat ion,  described previously (Figure 6 .8),  has a larger 

interface with the e lectrolyte in  the convex conf igurat ion 

because the interd ig itated microchannels tend to  get  wider 

and the electro lyte can wet more eff iciently the act ive 

materials .  In  an opposite way,  the concave conf igurat ion 

induces a stretch ing of  the interdig it ated microchannels 

decreasing the access ib i l i ty for the e lectro lyte and, 

consequent ly,  the del iverable  performance.  

 

6.4.  Conclusion 

In  th is  chapter ,  an innovat ive PDMS -based micro-

supercapacitor was fabricated through a photol ithographic 

process.  The rGO-MoO 2  hybrid material  was in-s itu  

synthesized us ing an easy one -pot hydrothermal  procedure 

start ing from Graphene Oxide and phosphomolybdic  ac id as 

Mo precursor .  The act ive material  d isplays  both  EDL (from  
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F i g u r e  6 .  1 4 .  S t u d y  o f  t h e  f l e x i b i l i t y  o f  t h e  M S C  i n  t h r e e  c on f i g u r a t i o n s .  C y c l i c  
v o l t a m m e t r y  c u r v e s  f or  a l l  t h e  c on f i g u r a t i o n s .  I n  t h e  t op  i n s e t ,  a  s c h e m a t i c  
r e p r e s e n t a t i on  o f  t h e  s p a t i a l  c on f i g u r a t i o n .  T h e  b ot t o m  i n s e t  s h ow s  t h e  a r e a l  
s p e c i f i c  c a p a c i t a n c e  i n  f u n c t i o n  o f  t h e  c on f i g u r a t i on .   

rGO) and pseudocapacit ive (f rom MoO 2 )  behaviours.  Th is 

hybrid was dispersed in a PEDOT [ poly(3,4-

ethylenedioxythiophene ]  solut ion used as  conductive  binder.  

The f i l l ing of  micro -supercapacitors was performed by 

capi l lar ity .  Only  a  part ia l  f i l l ing  was poss ib le  which l imits  the 

del iverable performance. However,  the stabi l ity of  the 

material  i s  h igh even without a  packaging reducing the 

e lectrolyte evaporat ion.  

More interest ingly,  the composite formed by rGO f lakes 

decorated by MoO 2  micrometr ic s t ructures wrapped by 

PEDOT polymer demonstrates a good f lexibi l i ty .  

F inal ly,  electrochemical  performances measured for the 

uncompleted f i l led PDMS -based micro -supercapacitor are 

consistent with the most relevant papers  in  l i terature.   

Further improvements can be envisaged such as:  improving 

the f i l l ing percentage,  reducing e lectrolyte evaporat ion,  

increasing the f lexib i l i ty.  Nevertheless,  results  showed in 

th is  chapter are encouraging for micro -supercapacitor 

appl icat ions.   
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Chapter 7 

Graphene-based Supercapacitors 

for Wearable Applications 
 

Among the devices used as supercapacitors,  the ones based 

on a standard p lanar conf igurat ion can be l imited for some 

recent ly proposed appl icat ions such as  wearable 

e lectronics . 1  In  the past  decade, wearable technologies,  a lso 

cal led “e -text i les” or “smart  text i les” ,  have attracted much 

attent ion. Indeed, these technologies could be used almost 

cont inuously because,  during a l l  our  l ives,  everyone is  in  

contact  with text i les for up to 90% of  the t ime. Consequently, 

the market is  predicted to reach $5bn in product  revenue at 

the end of  the next  decade. 2  However,  the integrat ion of 

energy storage devices  into text i les remains the main  issue. 3   

In  the last  5 years ,  f lex ib le and fabr ics - integrated 

supercapacitors have emerged as valuable alternat ive to 

standard bulky batteries. 4 , 5  The f irst  works used the 

t radit ional  p lanar conf igurat ion of  supercapacitors 

subst itut ing the t radit ional  fo i l  current co l lectors  by metal 

gr ids or conduct ive  fabr ics . 6 – 8   The manufactur ing of  v iab le 

devices for wearable appl icat ions is  nevertheless st i l l  

problematic .  To overcome th is i ssue,  considerable efforts are 

devoted to bui ld wire -shaped/f ibre-shaped electrodes 9 – 1 2  to 

achieve ful ly- integrated wearables supercapacitors . 8   

Th is chapter is  div ided in two parts that  focus ed on the f ibre-

shaped supercapacitors and the scalable product ion of  e -

text i les by mimicking an  industr ial  process,  respect ive ly.  
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Part A: Wired-shaped 

Supercapacitors 
Recently,  wearable  technologies have attracted 
much attention. An in -situ hydrothermal  
synthesis  of  reduced graphene oxide aerogels  
onto a copper wire  is  invest igated.  The as -
synthesized sample shows a pecul iar morphology 
of  the aerogel  wadded around the current  
col lector.  The fabricated device demonstrates 
outstanding electrochemical  prop ert ies  in 
comparison with state -of -the-art  works.  
Moreover,  f lex ibi l i ty  tests are performed, and 
results  are promising to move forward wearable 
appl icat ions.  

 

Part  of  the work descr ibed in  th is  chapter  has  been 

previously published in Carbon, 2016 (105),  6 49-654.  

 

7.1.  Motivations 

Wire-shaped supercapacitors have attracted much attention 

in the last  couple of  years due to their  f lex ibi l i ty and 

integrabi l ity  to  text i le  fabr ics .  They can be divided in  two 

categor ies according to  their  conf igurat ion (Figure 7 .1):  

coaxial  f ibre- l ike 9  supercapacitors and two -ply f ibre- l ike 

supercapacitors . 1 1 , 1 3   Both use gel  e lectro lyte to act  both as 

ion conductor and separator to  avoid physical  contact 

between the electrodes.   

 
F i g u r e  7 .  1 .  S c h e m a t i c  r e p r e s e n t a t i on  o f  ( a )  c oa x i a l  f i b r e - l i k e 9  a n d  ( b )  t w o-
p l y  f i b r e - l i k e  s u p e r c a p a c i t o r s 1 3  
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Several  carbon -based materials  were invest igated to  increase 

the energy density without  deter iorate  the power density  of 

the devices.  Indeed, carbon -based mater ia ls  such as carbon 

b lack,  glassy carbon, and carbon nanotubes d isplay h igh 

specif ic surface area,  stabi l ity over wide electrochemical 

window alongside their  ea rth abundance and low production 

cost .9 , 1 2 , 1 4 , 1 5  These mater ia ls  were neverthele ss 

progressive ly abandoned for graphene or graphene - l ike 

materials .  Indeed, graphene has h igh electr ical  conductivi ty,  

h igh  f lexib i l i ty and outstanding chemical  and mechanical 

propert ies . 1 6 – 1 8   

Graphene is  also  real ly  attract ive thanks to  its  strong C -C 

bond which al lows to be f lexib le and mechanical ly robust 

enough to al low integrat ion into  t ext i le .1 9  Graphene has been 

a lready studied for wire -shaped supercapacitor appl icat ions.  

However,  product ion procedures used up to  now are very 

complex,  such as:  a graphene core f ibre coated using 

e lectrochemical  dep osit ion of  graphene layer or using 

graphene cyl indrica l  electrodes deposited on Cu mesh around 

a  f ibre decorated by radia l ly grown ZnO nanowires. 1 3 , 2 0 , 2 1   

Nowadays,  3D-graphene-based structure with  porous 

f ramework is  preferred in supercapacitor appl icat ion  to 

monolayer graphene due to  i ts  higher specif ic  surface area. 

Moreover,  the synthesis  procedure is  eas ier,  c lean and 

susta inable,  and, more important ly,  a  scalabi l ity can be 

envisaged in the next  future.  Notwit hstanding the 

outstanding propert ies of  the mater ia l ,  the deposit ion  of  the 

porous structure around the wire to obtain a suitable 

interface remains a  key chal lenge.  

To face th is chal lenge,  a concomitant in-s itu  reduct ion of 

graphene oxide 2 2  with a se lf -assembly procedure of  rGO 

f lakes  around a  copper wire was here reported.  The result ing 

e lectrodes can be assembled  in a two-wire configurat ion 

achieving h igh performance f lexib le  supercapacitors .  The 

result ing deposit ion of  act ive mater ia ls  on  current co l lector 
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during the hydrothermal syn thesis permits  to  avoid the use 

of  binder,  result ing in better electrochemical  performance.  

 

7.2.  Experimental  Section  

7.2 .1 .  Graphene aerogel  synthesis  

A 200 µm-diameter copper wire was used as support  for the 

aerogel  synthesis .  The wire was cleaned in acidic so lut ion for 

2  minutes,  1M HCl,  to  remove the nat ive  oxide layer on 

surface.  The cleaned wire  was then washed repeatedly  in 

deionized water.  The pure rGO aerogel  synthesis was the 

same as  used previously (see Chapter 4).  Brief ly,  2 mg/m L of 

Graphene Oxide powde r (Cheap Tubes Inc. )  were dispersed in 

19 ml .  After a 30 min of  sonicat ion,  the homogeneous  GO 

d ispers ion was transferred in  the hydrothermal  Tef lon 

reactor .  Synthesis occurs in  a sta in less -steel  autoclave 

during 12 hours at  a temperature of  180 °C.  F inal ly ,  the 

aerogel  on Copper wire (rGO@Cu) was f reeze -dried 

overnight .  

 

7.2 .2 .  Wire-shaped Supercapacitor assembly  

For  supercapacitor measurements,  a ge l  e lectro lyte was 

used. The gel  was prepared by heat ing the 

Polyvinylpyrrol idone (PVP, S igma Aldr ich) containing 1M NaI 

in  water (Sigma Aldrich) .  The as -prepared rGO@Cu wires 

were dip-coated into the gel  solut ion and al igned onto a glass 

s l ide  after  a  part ial  ge l i f icat ion during 5 minutes at  80 °C. 

Then,  wires were careful ly  assembled in a two -electrode 

conf igurat ion. Fi nal ly ,  the gel i f icat ion was completed with a 

heat ing at  80°C for 5 minutes.  

 

7.2 .3 .  Characterizat ion  

The morphology of  rGO self -assembled aerogel  on  copper 

wire  was invest igated.  The homogeneity of  the rGO -based 

coating was careful ly monitored as wel l  as the asse mbled 

device by means of  Field Emission Scanning Electron 

Microscopy (FESEM) with a Zeiss Supra 40 microscope . 
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Cross-sect ional  preparat ion of  the samples by Focused Ion 

Beam (F IB) mil l ing a l lows the invest igat ion of  the interface 

between the rGO aerogel  and the Cu-wire .  The mil l ing 

occurred with a 30 kV accelerat ion voltage and 2  nA current 

of  Ga +  ions .  A  current  of  600 pA for  used for the cleaning. 

Both sample preparat ion and imaging process were 

performed on a Zeiss  Auriga dual -beam FIB-FESEM 

workstat ion.   

Raman spectroscopy at  a  wavelength of  514.5 nm (Ar -Kr laser 

source) was carr ied on with a Renishaw inVia Ref lex micro -

Raman spectrophotometer ,  equipped with a cooled CCD 

camera.   

The surface chemical  composit ion was invest igated by means 

of  X-ray Photoelectron Spectroscopy (XPS) .  The apparatus 

used was a  PHI 5000 Versaprobe scanning X -ray 

photoelectron spectrometer (monochromat ic Al  K -a lpha X-

ray source with 1486.6  eV energy,  15 kV voltage and 1  mA 

anode current ) .  The energy for survey spectra and HR peak s 

were 187.85 eV  and 23.5  eV, respect ively.  The spot  for the 

acquisit ion  was 100 µm. Al l  samples were analysed us ing a 

combined e lectron and argon ion gun neutral izer system to 

reduce the charging effect  during the measurements.  The 

analys is  was carr ied ou t us ing the Mult ipak 9 .6 software. The 

core- level  peak energies were referenced to C1s peak at 

284.5 eV (C-C/C-H sp 2  bonds) and the background 

contribution in HR scans has been subtracted by means of  a 

Shir ley funct ion. 2 3  A  1-minute sputter  c leaning was 

performed us ing the Ar +  source with a 2 kV ions accelerat ing 

voltage (10 µA ion current) .   

BET (Brunauer-Emmett-Tel ler )  Specif ic  Surface Area was 

measured using a Quadrasorb SI  (Quantachrome).  The N2  

adsorpt ion/desorption  isotherms were performed between 

0.1  and 0.3 of  relat ive pressure (P/P 0 ) .  The pore s ize 

d istr ibution was est imated using the Density Funct ional  

Theory (DFT)  model .  
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E lectrochemical  measurements were performed in a two -

electrode configurat ion. Cycl ic Voltammetry measurements 

were performed with a Metrohm Autolab PGSTAT128 

potent iostat/galvanostat .  Galvanostat ic  charge/discharge 

measurements were obtained with  an  Arbin  Instrument 

Test ing System model BT -2000.    

 

7.3.  Results and Discussions  

A schematic representat ion of  the hydrothermal  synthesis,  

start ing from GO dispersion in water ,  an d the supercapacitor 

assembl ing are reported in F igure 7 .2 .a and 7.2 .b,  

respect ively.  Pr ist ine GO sheets undergo a reduction dur ing 

the hydrothermal synthesis .  The rGO f lakes  tend to wind 

around the copper wire by a self -assembling process forming 

a  uniform coating.   The result ing rGO@Cu wire  was then dip -

coated into a PVP-based NaI electro lyt ic  so lut ion. Final ly,  

two rGO@Cu wires were manually assembled to form a two -

electrode symmetr ic  conf igurat ion separated by the gel  

e lectrolyte.   

 

 

F i g u r e  7 .  2 .  S c h e m a t i c  r e p r e s e n t a t i on  o f  t h e  ( a )  h y d r ot h e r m a l  s y n t h e s i s  a nd  
t h e  ( b )  s e l f - a s s e m b l i n g  o f  r G O  f l a k e s  a r o u n d  t h e  c op p e r  w i r e  f o l l o w e d  b y  t h e  
s u p e r c a p a c i t o r  a s s e m b l i n g  p r o c e d u r e .   
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7.3 .1 .  Morphological  invest igat ion  

The as-synthesized rGO@Cu w ire was invest igated by FESEM 

before and after the dip -coated step into the e lectrolyt ic 

so lut ion. Low-magnif icat ion images are shown in F igure 7 .3 .a 

and 7.3 .b .  The  self -assembling of  rGO f lakes results in  a 

homogeneous coating of  the Cu wire.   

For sake of  invest igat ion,  the same hydrothermal process was 

carr ied on T i  and Ni  wires to study the effect  of  the support. 

FESEM images are shown in Figure 7 .4 for both samples.  The 

morphology for both samples are completely  d if ferent . 

Indeed,  the coat ing is  not  hom ogeneous and,  more 

importantly ,  on ly part ial .  

 

F i g u r e  7 .  3 .  L ow  m a g n i f i c a t i o n  FE S E M  i m a g e s  o f  t h e  r G O @ C u  s a m p l e  i n  ( a )  

4 5 ° - t i l te d  a n d  t op  ( b )  v i e w .  

The structurat ion of  the rGO around the wire is  more l ike a 

sponge. Moreover,  t he porous structure is  s igni f icantly 

d if ferent  than the rGO@Cu sample.  These observat ions 

suggest  a non-negl igible effect  of  the metal l ic  support  on the 

se lf -assembl ing of  rGO f lakes.  The copper seems to al low a 

good organizat ion of  the f lakes around it  in  addit ion with its 

catalyt ic act ion during the hydrothermal process as d iscussed 

by Huang and co-workers .24 
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F i g u r e  7 .  4 .  4 5 ° - t i l t  FE S E M  i m a g e s  o f  ( a , c )  T i  a n d  ( b , d )  N i  w i r e s  a f t e r  t h e  
h y d r o t h e r m a l  p r o c e s s .  

7.3 .2 .  Cross-sect ional  study  

The self -assembling of  rGO f lakes around the copper wire was 

invest igated us ing cross -sect ion images.  As reported in 

F igure 7.5,  the structural  organizat ion of  rGO f lakes creates 

an interconnected p orous framework. A h igher magnif icat ion 

is  shown in the inset .  Th is image displays a 3D -structure 

const ituted by wrinkled and cur led -up rGO f lakes.  The se lf -

assembl ing mechanism occurs due to new interact ions 

created during the hydrothermal  synthesis  as re ported by Xu 

et al .2 5  Indeed, the prist ine GO is  hydrophil ic  due to its  the 

oxygen moiet ies implying a good dispers ion in water .  Dur ing 

the hydrothermal  process,  a  reduction of  the oxygen 

funct ional it ies occurs  in  addit ion to the restoring of  the π-π* 

interact ion. These concomitant phenomena al low the se lf -

assembl ing of  rGO f lakes  in  a 3D aerogel  structure.  Th is 

hydrothermal synthesis was used for the f irst  t ime to grow 

such porous 3D structure wrapped around a copper wire.  The 

mass  loading was mea sured to be about 200 μg/cm  of  act ive 

material .  
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The interface between the Cu wire and the rGO -based porous 

structure is  a cr it ica l  aspect .  For sake of  understanding,  

several  cross-sect ions were prepared by F IB mil l ing.     

 

F i g u r e  7 .  5 .  C r o s s - s e c t i on  i m a g e  o f  t h e  i n t e r c on n e c t e d  3 D  a r c h i t e c t u r e  o f  t h e  
r G O  a e r og e l  a t  ( a )  l ow  a n d  ( i n s e t )  h i g h  m a g n i f i c a t i o n .  ( b )  C r o s s - s e c t i on  
i m a g e  o f  a  F I B - m i l l e d  r e g i o n .   

The F IB-mi l led technique al lows to obtain cross -sect ion 

samples without applyi ng mechanical  st ress .  Th is aspect  is  

cr it ical  because the presence of  a mechanical  stress could 

affect  the adhesion between the act ive material  ( rGO -based 

aerogel )  and the substrate  (Cu wire).  A F IB -mil led  region 

showing the interface is  shown in  F igure 7 .5 .   The image 

demonstrates  clear ly  the good adhesion of  the rGO aerogel 

onto the copper  wire.  Interest ingly,  an  oxid ized layer of 

copper,  with a th ickness in  the range of  400 –  700 nm, was 

formed during the hydrothermal  synthesis .  Th is  layer  may 

faci l i tate  the adhesion of  the rGO@Cu. The composit ion of 

the oxid ized copper layer and the proof  of  GO reduction wi l l  

be  discussed in the XPS sect ion.  

 

7.3 .3 .  Study of  the chemical  composit ion by XPS  

XPS analyses were performed on the same segment used for 

the FESEM character izat ion.  Th is sample is  clear ly the most 

interest ing for  the study of  the chemical  composit ion. 

Indeed,  it  contains  the rGO aerogel ,  which al lows to study 

the reduction process,  and an exposed surface of  Cu,  where 

rGO has been peeled off ,  a l lowing the  study of  the oxidized 

layer.  The h igh-resolut ion XPS spectra of  the C1s region for 

both prist ine GO and the rGO aerogel  are  shown in Figure 



Chap ter  VI I                                            W earab le  Sup ercapaci to r s  

-246-  

7 .6 .a and 7.6 .b ,  respect ive ly.  During the hydrothermal 

synthesis ,  a  reduction  of  the oxygen moiet ies should occur 

together with the establ ishment of  the π-π* interact ion .  The 

comparison of  the pr ist ine GO and rGO spectra conf irm the 

expected phenomena.  Indeed, the contr ibutions of  the 

carbon-oxygen bonds were dramat ica l ly  reduced after  the 

hydrothermal  synthesis .  A sem i-quant itat ive  study of  the HR 

C1s peak further conf irms these observat ions.  In  fact ,  the (C-

O + C=O %)/(C-C sp 2  %) rat io decreases  s ignif icantly  from 

(65.6/34.4)% to (34.1/59.1)% confirming a h igher sp 2  

contribution. Th is change in the chemical  composit io n is  

important for supercapacitor appl icat ions because the 

conductivity  of  the carbon -based matr ix  is  direct ly  l inked to 

the level  of  sp 2  contr ibution. The π–π* transit ion is  an 

important feature because i t  i s  the f ingerpr int  of  extended 

delocal ized e lectrons.  This HOMO -LUMO transit ion is  

recognisable  in the rGO spectrum whi le  it  i s  absent  in  the 

prist ine GO one. 2 6  Th is transit ion is  observable through its 

satel l i te peak that  is  located at  ~6  eV f rom main C1s peak for 

aromat ic compounds. 2 7  

 

 

F i g u r e  7 .  6 .   X P S  s p e c t r a  o f  ( a )  G O  p ow d e r  a n d  ( b )  r G O @ C u  w i r e .  

The hydrothermal react ion induces the format ion of  an 

oxidized Cu layer at  the surface of  the wire as showed 

previously with  the FESEM analysis .  The HR spectrum in the 

Cu2p peaks region is  reported in Figure 7 .7 .a .  The un -
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sputtered sample d isplays  a doublet  for  the Cu2p  which  is 

character ist ic of  the presence of  Cu 2 +  species.  The Cu2p 3 / 2  

peak shows contrib ut ion of  both  Cu +  and Cu 2 +  with  energy 

values of  932.5 eV and 934.2 eV,  respect ive ly.  The same 

interpretat ion can be made for the Cu2p 1 / 2  peak,  which is  

separated by 19.8 eV f rom the main peak. Nevertheless ,  the 

contribution of  metal l ic  copper is  not  obser vable because the 

oxide layer is  th icker than 10nm that corresponds to the 

penetrat ion depth of  the XPS beam. This observat ion is  in 

perfect  agreement with the FESEM analys is .   

For sake of  invest igat ion,  a surface c leaning by Ar +  sputter ing 

was performed for 1 minute.  Interest ingly,  a l l  the 

contributions of  the Cu 2 +  were completely removed. Then, 

the Cu2p 3 / 2  contains only one peak ascr ibable to the Cu + .  To 

further conf irm the previous a l legat ions,  XPS analys is  was 

a lso performed in the Cu LMM Auger region. The spectra 

before and after the c leaning process are shown in F igure 

7 .7 .  The d if ference between the two spectra  is  more 

s ign if icant .  Indeed, the as -prepared sample shows a 

character ist ic satel l i te  peak at  h igher b inding energy before 

the main peak around  570 eV and a  shoulder at  lower  b inding 

energy.  These three features are the f ingerpr int  of  the CuO. 

The sputtered sample disp lays only the main peak located at 

570.6 eV,  which corresponds to  the Cu 2O. 

To summarize,  the surface of  the copper wire  is  covere d by a 

th ick layer of  Cu 2 O and then a th in layer of  CuO (<10 nm). 

Th is part ia l  oxidat ion of  the Cu wire  can be ascr ibed to  the 

hydrothermal react ion condit ions and interfacia l  redox 

react ions between the GO sheets and the act ive Cu surface. 

Indeed,  th is  chemical  react ion was already reported for the 

in-s itu format ion of  high ly ordered f i lms start ing from GO 

using p lanar metal l ic  substrates. 2 8 , 2 9  
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F i g u r e  7 .  7 .  X P S  H R  p e a k s  o f  C u 2 p  ( a )  a n d  C u  L M M  A u g e r  p e a k s  ( b )  o f  
h y d r o t h e r m a l l y  r e d u c e d  r G O @ C u  s a m p l e  b e f o r e  ( b l u e  l i n e )  a n d  a f t e r  Ar +  i on  
s p u t t e r i n g  ( r e d  l i n e ) .  

 

7.3.4.  Chemical  composition analysis  by Raman  

Raman spectroscopy was used to confirm th e XPS results.  

Prist ine GO and rGO@Cu spectra are reported in F igure 7.8.  

Spectra were centred in the character ist ic region of  

carbonaceous materia l .  Indeed, the f i rst  order D  and G peaks 

are  located at  1359 cm - 1  and 1598 cm - 1 ,  respect ively.  The 1D 

peak is  ascribable to the defects in  the in plane -sp 2  domains 

in graphene mater ial .  These defects,  which can be distort ion 

or vacancies,  are induced f rom the oxidat ion t reatment.  The 

G peak is  sharp  for pure graphene material .  However,  i t  i s 

broader  for  reduced G raphene oxide due to  a f irst -order 

inelast ic  scattering process involv ing the degenerate  iTO and 

iLO phonons at  the G point  (E 2 g  mode).  The rat io 1 D /1 G  is  

c lose for samples before and after hydrothermal  synthesis .  A 

s ign if icant decrease was expected after the hydrothermal 

synthesis due to a reduction of  the oxygenated moiet ies.  

Nevertheless,  the se lf -assembling of  rGO f lakes induces a 

wr inkle of  the f lakes causing the increase of  the defects .  The 

suitable reduction can be conf irmed by the disappearance of 

the photoluminescence background after the hydrothermal 

synthesis .  Indeed. Th is large band, present in  the pr ist ine GO 

spectrum, is  devoted to band-gap emiss ion from electron -

conf ined sp 2  i s lands and to  oxygen -related defect  states . 
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These observat ions are i n  l ine  with the XPS previously  

descr ibed.   

 

F i g u r e  7 .  8 .  R a m a n  s p e c t r a  o f  p r i s t i n e  G O  ( b l a c k  c u r v e )  a n d  r G O @ C u  ( r ed  
c u r v e ) .   

7.3 .5 .  Specific  Surface  Area  

The BET speci f ic surface area was measured d irect ly on the 

rGO@Cu wire sample to  avoid poss ible mis leading results .  

Indeed,  the rGO coating on top of  the covered wire has  a 

part icular 3D porous framework. Th is conf igurat ion could be 

deter iorated dur ing the peeled off  step necessary for 

removing the material  f rom the substrate.  The N 2-

adsorpt ion/desorption isotherms are shown in F igure 7 .9 

with the pore s ize  distr ibution p lot  ca lcu lated with  the DFT 

model in  the inset .  The BET specif ic  surface area  was 

measured to 185 m2  g - 1 ,  which is  s ignif icantly lower than the 

pure rGO (460 m2  g - 1 ) .  Th is decrease is  ascribable to the 

presence of  the copper wire and, as observed f rom FESEM 

images,  the more packed structure of  the rGO aerogel .  The 

average pore d iameter is  in  the meso/macroporous region 

with a  monomodal pore size d istr ibution centred bet ween 1 

and 5 nm. This distr ibut ion of  porosity is  benefic ia l  for 

supercapacitor appl icat ions.  Indeed, mesopores provide 

more act ive sites for interact ions between e lectrode and 

e lectrolyte.   
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F i g u r e  7 .  9 .  N 2 - a d s o r p t i o n / d e s o r p t i on  i s ot h e r m s .  T h e  i n s e t  d i s p l a y s  t h e  
c o r r e s p on d i n g  D FT  p o r e  s i z e  d i s t r i b u t i on  p l o t  

7.3 .6 .  Electrochemical  Characterization  

The two wires-electrodes were assembled manual ly us ing 

PVP-NaI as gel  e lectrolyte.  A cross -sect ion of  the device is  

shown in Figure 7 .10.a.  The sample was cut  using sc issors 

because the interested area was too large (≈ 400 x 100 µm 2)  

to be prepared using the FIB -mi l l ing technique. 

Consequent ly,  a  mechanical  stress  was induced in  the 

sample.  Notwithstanding th is stress ,  the interface between 

the rGO and the Cu wire is  mainta ined. F igure 7.10.b shows 

the interface between the act ive material  and the gel  

e lectrolyte.  Even with  an  important  mechanical  st ress  caused 

by the cut  of  the sample,  the interface is  perfect ly  preserved. 

These results are promis ing.  However,  the integrat ion of  the 

supercapacitors to text i les fabrics is  the key chal lenge for 

wearable supercapacitors .  To demonstrate the integrabi l ity 

of  the rGO@Cu sample,  a prototype was fabricated. It  was 5 

cm long and was inserted to cotton t hreads.  The prototype is  

shown in F igure 7 .10.c with  an inset  showing an optical  

microscope image, which conf irms the suitable insert ion.   
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F i g u r e  7 .  1 0 .  ( a )  FE S E M  i m a g e  o f  t h e  c r o s s - s e c t i on  o f  t h e  a s s e m b l e d  d e v i c e ,  
( b )  h i g h e r  m a g n i f i c a t i on  o f  t h e  r G O / P V P  i n t e r f a c e  ( i n d i c a t e d  b y  t h e  w h i t e  
s q u a r e  i n  ( a ) ) .  ( c )  P i c t u r e  o f  t h e  p r o t o t y p e  s h ow i n g  t h e  r G O @ C u  w i re  
i n t e g r a t e d  t o  c ot t on  t h r e a d s .  

Electrochemical  performance of  the wire -shaped 

supercapacitors was evaluated by cycl ic vo ltam metry in a 

two-electrode conf igurat ion. The potent ia l  window used was 

1 V and the scan rates tested were 5 to 100 mV/s and 1 to 10 

V/s as shown in F igure 7 .10.d and 7.10.e,  respect ive ly.  The 

shape of  the curves  does not  disp lay  any contribution of  

oxygen moiet ies ind icat ing the su itable reduction of  the 

graphene oxide dur ing the hydrothermal  synthesis .  The 

consistent response of  rGO@Cu even at  scan rates up to 10 

V/s  shows the fast  charging/discharging dynamic of  the 

system. Nevertheless ,  for the h igher  sca n rates,  an  important 

s lope is  observable.  Th is deviat ion f rom the box - l ike shape 

character ist ic of  EDLC is  ascr ibable to the oxid ized layer on 

the top of  the copper wire,  used as current co l lector.   

Galvanostat ic charge/discharge measurements were 

performed to invest igate  the e lectrochemical  behaviour of 

the devices.  The wire -shaped supercapacitors were subjected 

to d if ferent current densit ies between 0.5 and 2 A/g (Figure 

7 .11.a),  to  d if ferent  voltage windows between 0.5 and 1  V  at 

a  current density  of  0 .5  A/g (Figure 7 .11.b).  The cycl ing 

stabi l ity  was a lso studied up to  10.000 cycles  as  shown in 

F igure 7 .11.c.   
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F i g u r e  7 .  1 1 .  G a l va n o s t a t i c  c h a r g e / d i s c h a r g e  m e a s u r e m e n t s  p e r f o r m e d  a t  ( a )  
d i f f e r e n t  c u r r e n t  d e n s i t i e s  a n d  ( b )  i n  d i f f e r e n t  v o l t a g e  w i n d ow .   

The prof i le of  the charge/discharge curves in F igure 7 .11 

indicates a res ist ive behaviour.  Indeed, the typ ica l  tr iangular 

shape of  EDLC was not observed due to a voltage drop at  the 

beginning of  the d ischarge. The performance of  th e rGO@Cu 

sample is  appreciable looking at  it s  stabi l ity over h igh 

current  densit ies .  The potential  window was tested at  a 

current  density of  0.5 A/g.  No distort ion of  the curves  was 

observed, which confirms the good charging/discharging 

process of  the wearable  supercapacitors .   

The energy storage capabil it ies were ca lculated from the 

cycl ic vo ltammetry curves,  according to the procedure 

reported by Yu et al . . 4  The l inear specif ic capacitance was 

measured to be 12.5 mF/cm. The mass loading of  the rGO 

aerogel  on copper wire  was 200 µg/cm. Then,  the gravimetric 

specif ic capacitance was 62.5 F/g at  a scan rate of  5 mV/s. 

The evolut ion of  the gravimet r ic  speci f ic capacitance in 

funct ion of  the scan rate is  shown in  F igure 7 .12.   

The decrease of  the performance with the increase of  the 

scan rate is  well -known. This effect  is  ascribable to a 

l imitat ion of  the ions d if fu s ion in  the porous framework when 

the analys is  is  fast . 3 0  A comparison with  the most  relevant 

paper in l i terature is  shown in  F igure 7 .13 for  both 

gravimetr ic and l inear specif ic capacitance. Obtained value 

for the gravimetric  specif ic  capacitance is  in  the average of 

the l i terature.  However,  the l ine ar specif ic  capacitance 
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d isp layed by rGO@Cu sample is  s ignif icant ly higher than the 

reported works in  l i terature.   

 

 
F i g u r e  7 .  1 2 .  E v o l u t i on  o f  t h e  g r a v i m e t r i c  s p e c i f i c  c a p a c i t a n c e  i n  f u n c t i on  of  
t h e  s c a n  r a t e s .  T h e  i n s e t  s h ow s  a  z o o m  f o r  t h e  l ow e r  s c a n  r a t e s .  

 

F i g u r e  7 .  1 3 . c o m p a r i s on  o f  t h e  ( t op )  g r a v i m e t r i c  a n d  ( b o t t o m )  l i n e a r  s p e c i f i c  
c a p a c i t a n c e  o f  r G O @ C u  w i t h  t h e  m o s t  r e l e va n t  p a p e r s  i n  l i t e r a t u r e . 3 1 – 3 7  

The stabi l ity of  wearable supercapacitors is  often l imitat ive 

for future appl icat ions.  The Figure 7 .14 reports  the capacity 

retent ion of  rGO@Cu up to 10.000 cycles.  The stabi l ity is  

outstanding with only  5% of  the ini t ial  capacitance loss  after 

10.000 cycles.   

The bending of  the sample generates mechanical  stress that 

can deteriorate the performance. Therefore,  bending tests 

were performed with an angle of  70°,  120°,  and 160° .  Results 
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are  remarkable with  a lmost  99% of  capacitance retent ion 

after  1000 cycles in  comparison with  the un -bended sample.   

For  sake of  completeness,  capacitance was measured during 

fo ld ing/unfolding cycles .  

 
F i g u r e  7 .  1 4 .  ( a )  C y c l i c  s t a b i l i t y  a t  a  c u r r e n t  d e n s i t y  o f  1  A/ g  ( i n s e t  d i s p l a ys  
t h e  c h a r g e / d i s c h a r g e  c u r v e s ) .  ( b )  C a p a c i t a n c e  r e t e n t i on  a f t e r  1 0 0 0  c y c l e s  a t  
7 0 ° ,  1 2 0 ° ,  a n d  1 6 0 ° .  

These cycles were performed between the un -bended sample 

(0°)  and a  bending of  120°.  Th is  test  can be d isc riminant for 

real  market appl icat ions.  The f igure 7 .15 reports the capacity 

retent ion up to  100 fold ing -unfold ing cycles .  A decrease of  

the performance around 27% is  observed.  Th is  va lue seems 

to be e levated but ,  comparing to the l iterature,  the result  is  

promising.  Indeed, s imilar  devices d isp lay 35% loss after only 

11 cycles (Gogotsi  and co -workers 3 8 )  or  30% after only 50 

cycles (Xu and co-workers 3 9 ) .  

 
F i g u r e  7 .  1 5 .  c a p a c i t a n c e  m e a s u r e m e n t s  d u r i n g  1 0 0  f o l d i n g / u n f o l d i n g  c y c l e s  
f r o m  0 °  t o  1 2 0 °  o f  t h e  t e x t i l e - i n t e g r a t e d  f i b r e - s u p e r c a p a c i t o r .  I n s e t s  s h ow  
d i g i t a l  p h o t og r a p h s  o f  t h e  f l a t / b e n d e d  d e v i c e s .   



W earab le  Supe rcap ac i to r s  Chap ter  VI I  

-255-  

7.4.  Conclusions 

This f i rst  part  of  the chapter demonstrated the easy 

fabr icat ion of  wearable supercapacitors  us ing a green and 

susta inable  hydrothermal  synthesis .  The se lf -assembly of  

rGO f lakes around the copper  wire  created a homogeneous 

coating.  The interface between the act ive material  ( rGO) and 

the current col lector (Cu wire) was suitable for integrat ion 

to  cotton threads.  Good specif ic  capacitance and stabi l ity  up 

to  10.000 cycles  were obtained for rGO @Cu. Indeed, 

obtained values for l inear  specif ic capacitance overcome the 

most relevant works  published in l i terature.  Moreover,  the 

f lexibi l i ty with dif ferent bending angles and, more 

importantly ,  the capacitance retent ion over 

fo ld ing/unfolding condit ion s were demonstrated. To 

conclude, integrabi l ity and f lexibi l i ty of  rGO@Cu wire 

e lectrodes drive them to be good candidates for energy 

storage systems for smart  text i les appl icat ions.   
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Part B: Scalable and cost-

effective integration of 

Exfoliated Graphene-based 

Supercapacitors in Textile 
Another approach deal ing with a scalable 
fabr icat ion of  e lectrochemical ly  exfol iated 
graphene-based wearable supercapacitors is  
invest igated. The deposit ion method is  
mimicking an industr ial  procedure with a 
deposit ion rate  of  100 m/min on both ny lon and 
cotton fabrics .  The graphene -based wearable 
supercapacitors demonstrate high 
e lectrochemical  performance. Obtained results 
are promising but ,  more important ly,  the 
explored approach is  scalable  and cost -effect ive.  

 

7.5.  Motivat ions 

As described above, the key chal lenge for energy storage 

devices is  the integrat ion to text i les keeping their  

outstanding performances. 3  However,  the deposit ion 

technique is  a non -negl ig ible factor because it  inf luences 

both the adhesion and the interface between the act ive 

materials  and the current col lectors,  the porous framework 

and,  consequently,  the f i nal  e lectrochemical  performances.  

The deposit ion technique used should be tai lored according 

to  the physicochemical  propert ies of  the act ive mater ia l  and 

the substrate employed.  

Graphene and its  derivat ives graphene oxide and reduced 

graphene oxide have a ttracted attention with  their 

remarkable intr ins ic  propert ies such as  high conductivity,  

f lexibi l i ty ,  h igh tensi le  st rength,  optica l  transparency,  and 

low density. 4 0 , 4 1  Numerous techniques h ave been already 

invest igated to  coat  text i les with graphene or its  derivat ives 

materials  such as d ip coating 4 2 – 4 4 ,  vacuum f i lt rat ion 4 5 , 4 6 ,  
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brush coat ing 4 7 – 4 9 ,  d irect  e lectrochemical  deposit ion 3 5 ,  

e lectrophoresis 5 0 , 5 1 ,  interfacial  t rapping method 5 2 ,  wet 

t ransfer of  monolayer 5 3 ,  screen pr int ing 5 4 , 5 5 ,  or  se lf -

assembl ing method 5 6 , 5 7 .  However,  these are t ime consuming 

and/or mult i - stage manufactur ing processes;  not  suitable for 

large scale production. Therefore,  t here is  a need for a 

s imple,  low-cost ,  and scalable process for the fabr icat ion of  

next  generat ion wearable e -text i les .  

Moreover,  despite the plethora of  research regarding 

graphene-based text i les  supercapacitors ,  works  reported in 

l i terature have focused mainly on reduced graphene oxide as 

act ive  mater ia l .  Nevertheless ,  development on 

e lectrochemical  exfo l iat ion al lows to obtain  cheap graphene 

with a good qual ity .  Furthermore,  these synthesis procedures 

have attracted attent ion due to the environmental - fr iendly 

condit ion and possib le sca labi l ity in  addit ion to the rapidity  

of  the process. 5 8 , 5 9    

The a im of  the second part  of  this  chapter  is  to study 

graphene-based wearable  supercapacitors produced by 

means of  a  padding method.  Th is technique is  mimicking an 

industr ia l  process and a l lows to  produce 100 m of  e -text i les 

in  only one minute. In  addit ion to the s imple,  large scale and 

cost-effect ive product ion used,  the act ive materia l  used is  

the anodic exfol iated graphene which represents an 

innovat ion in this  growing research f ield.   

 

7.6.  Materials and Methods 

7.6 .1 .  Materials  

Graphite f lakes  and Ammonium Sulphate used for the anodic 

exfol iat ion were purchased from Sigma Aldrich .  Two text i les 

fabr ics  were tested:  100% cotton [“Cotton”]  and nylon (1% 

E lastane) [“Nylon”] .  Both were manufactured internal ly in 

the Univers ity of  Manchester text i le laboratory.   Poly(v inyl  

a lcohol)  [Mw: ~130,000] and Lith ium Chlor ide  (pur ity ≥ 

99.0%) were purchased f rom Sigma Aldrich.   
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7.6 .2 .  Exfol iat ion of  Graphene and Graphene dispersion 
preparat ion  

The exfo l iated graphene was prepared by anodic exfol iat ion 

of  graphite in  (NH 4 )2 SO4  using the method already reported 

by Parvez .5 9  Br ief ly,  the exfo l iat ion was performed in a two -

electrode system using P lat inum as the counter e lectrode 

and a  graphite f lake as the working electrode. A direct 

current (DC) voltage of  +10 V for 3 minutes was appl ied to 

d issociate and disperse the graphite f lakes into the 

e lectrolyte so lut ion. The exfol iated product  was col lected by 

vacuum f i lt rat ion and washed repeatedly with  deionised 

water .   

The obtained powder was then dispersed in 

Isopropanol/water (50:50 V.)  by sonicat ion for 16 hours. 

Thus,  a d ispers ion of  1 mg/mL of  Exfol iated Graphene was 

obtained.  

 

7.6 .3 .  Continuous pad -drying of  text iles with graphene -
based Ink  

Texti le fabr ics were padded by means of  “one dip-one nip” 

process through exfo l iated graphene dispersions to a wet 

p ick-up of  ~80% on the weight of  the fabr ic.  The pressure 

between two nip  ro l lers was mainta ined constant at  1 bar to 

achieve ~80% pick up. The pick -up% was ca lculated us ing 

fo l lowing formula:   

P i ck  up % =
(𝑇ℎ𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒 𝑐𝑜𝑎𝑡𝑒𝑑 𝑓𝑎𝑏𝑟𝑖𝑐 – 𝑡ℎ𝑒 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑓𝑎𝑏𝑟𝑖𝑐)

𝑇ℎ𝑒 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑓𝑎𝑏𝑟𝑖𝑐
×1 0 0  

The exfo l iated graphene padded fabr ics were subsequent ly 

dried at  100°C f or 10 minutes  and used without  further 

t reatments for  e -text i le  appl icat ions.  Th is procedure was 

repeated up to  5 t imes to assure a suitable deposit ion of 

graphene ins ide the text i le fabr ics .  

 

7.6 .4 .  Physicochemical  characterization  

A Kratos Axis  Ultra  system spe ctrophotometer  was used to 

perform the XPS analysis  on the surface of  the exfo l iated 

graphene to assess its  qual ity .    
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Phi l ips XL  30 Fie ld Emiss ion Gun Scanning E lectron 

Microscope (SEM) was used to  analyse  the surface 

topography of  the Exfo l iated  Graphene coated fabrics .  

A topological  analys is  was performed using Atomic Force 

Microscopy. The apparatus used was Digital  Instruments 

Nanoscope I I IA .  The nanosheets were deposited on a S iO 2/S i  

substrate.  High Resolut ion –  Transmiss ion E lectron 

Microscopy was used to invest igate the exfol iated graphene. 

The instrument  used was a  Tecnai  F30 operat ing a 300kV 

f itted with a h ighly coherent Schottky f ie ld emission gun . 

Raman analysis  was appl ied to study both the exfol iated 

graphene powder  and the exfol iated graphene coated text i les 

by means of  a  Renishaw InVia Ref lex micro -Raman 

spectrometer (Renishaw plc .  Wottonunder-Edge, UK) 

equipped with  a  cooled CCD camera.  The Raman source was 

a d iode laser (λ e x  =  514.5 nm),  and samples inspect ion 

occurred through a microscope o bject ive (100X),  in 

backscattering l ight  col lect ion.  The parameters  used for  the 

spectra acquisit ion were 5 mW laser power,  10 s of  exposure 

t ime and 3  accumulat ions.  The sample of  exfol iated graphene 

powder  was careful ly  pressed on a  g lass  microscope sl id e 

while the e-text i les was attached in order to be as f lat  as 

possible .   

The sheet res istance of  conductive e -text i les was measured 

with four-point  probe measurements us ing a Ke ithley 2440 

source-measure unit .  Sheet resistance was ca lculated from 

the average of  ten measurements.  

Cycl ic Voltammetry (CV)  and Galvanostat ic  charge/discharge 

(GCD) measurements  were performed using a  PGSTAT302N 

potent iostat  (Metrohm Autolab,  The Nether lands) .  Al l  

e lectrochemical  measurements were performed us ing PVA -

L iCl  as neutr al  ge l  e lectrolyte in a two -electrode cel l  and 

symmetr ica l  conf igurat ion. Specif ic Capacitance was 

ca lculated using the best  pract ice methods establ ished by 

Stol ler  and Ruoff . 6 0  
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7 .7.  Results and Discussions  

7.7 .1 .  Characterizat ion of Exfol iated Graphene  

To assess the surface chemical  composit ion of  the exfol iated 

graphene, XPS analys is  was carr ied on the sample.  The HR 

spectrum of  the C1s region centred at  284.5 eV is  reported 

in F igure 7 .16. The curve can be deconvoluted in 4 dif ferent 

bands.  The most intense feature corresponds to the C sp 2  

which can be rel ied to the conductiv ity of  the carbon -based 

material .  A  sate l l i te peak was observable  at  ~6 eV from the 

C1s main peak and corresponds to the π → π* interact ion. 

This interact ion is  a f ingerprint  of  carbon aromat ic r ings and 

is  ascr ibable to the delocal ized e lectrons in  the material . 2 6 , 5 6  

The two other f igures are  ass igned to oxidized carbon such  

as C-O and C=O. The presence of  these groups is  devoted to 

the oxidat ion process al lowing the exfol iat ion of  graphite in 

exfol iated graphene.   

 
F i g u r e  7 .  1 6 .  X P S  s p e c t r u m  o f  t h e  a s - e x f o l i a t e d  g r a p h e n e  i n  t h e  C 1 s  r e g i on  

In  addit ion to the XPS analys is  assess ing the surface 

composit ion,  AFM analysis  was performed to determine the 

f lakes  thickness.  The image is  reported in Figure 7.17.  Flakes 

th ickness was 2 nm,  which  corresponds to  few - layers 

graphene.   
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F i g u r e  7 .  1 7 .  A F M  i m a g e  o f  s o l u t i o n - e x f o l i a t e d  g r a p h e n e  n a n o s h e e t s  

Then,  the f lake s ize  was determined by means of  SEM 

analys is .  The average  lateral  s ize measured was 7 .9 µm. The 

SEM image and the relat ive size d istr ibut ion are reported in 

F igure 7 .18.   

 
F i g u r e  7 .  1 8 .  d i s t r i b u t i on  o f  t h e  f l a k e  s i z e  b y  S E M  a n a l y s i s .   

High Resolut ion Transmiss ion Electron Microscopy (HRTEM) 

image is  shown in Figure 7 .19,  with the Selected Area 

E lectron Diffract ion (SAED) pattern. Typica l  6 -fo ld symmetr ic 

d if fract ion can be observed from the SAED pattern. The {1 -

210}  plan is st ronger than the {0-110} indicat ing the h igh 

crysta l l in ity o f  a b i layer graphene sheet. 5 9 , 6 1   
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F i g u r e  7 .  1 9 .  H R - T E M  i m a g e  o f  t h e  a s - p r e p a r e d  e x f o l i a t e d  g r a p h e n e  d e p o s i t ed  
o n  S i  w a f e r  ( l e f t ) ,  S A E D  s p e c t r u m  f oc u s e d  o n  t h e  e x f o l i a t e d  g r a p h e n e  ( r i g h t -
t o p )  a n d  d i r e c t  m e a s u r e m e n t  o f  t h e  i n t e r p l a n a r  d i s t a n c e  t h r o u g h  a  l i n e  
p r o f i l e  ( r i g h t - b ot t o m ) .  

7.7 .2 .  Exfol iated Graphene coated on Text iles  

7 .7 .2 .1 .  Morphological  characterizat ion by SEM  

Figure 7 .20 disp lays the S canning Electron Microscopy image 

of  the morphology of  the Exfo l iated Graphene coated on 

Cotton (F igure A and B) and Nylon (F igure C and D) us ing the 

Padding method. Exfo l iated Graphene f lakes  tend to wind 

around the f ibre of  Cotton with a good homogeneity  and 

make a  cont inuous conductive  shel l  (F igure 7 .20.A) .  F igure 

7 .20.B d isp lays  some defects  present  on the f ibre  surface. 

F igure 7 .20.C and 7.20.D, panel  C and D show the Nylon based 

e-text i le with the same magnif icat ion than panel  A and panel  

B,  respect ively.  A d if ferent morphology is  observable for  the 

Nylon fabrics in  comparison with the Cotton fabr ics .  Indeed, 

in  the case of  Nylon fabrics,  Exfo l iated Graphene f lakes 

seems to  be more packed around the fabrics and to  form a 

homogeneous conduct ive layer o n the surface of  the text i le 

while the act ive material  was dispersed around each f ibre for 

the Cotton sample.   
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F i g u r e  7 .  2 0 .  S E M  i m a g e s  o f  e x f o l i a t e d  g r a p h e n e  d e p os i t e d  on  ( A , B )  C o t t on  
a n d  ( C , D )  N y l on  f a b r i c s .  

7.7 .2 .2 .  Structural  chara cterizat ion by Raman  

 
F i g u r e  7 .  2 1 .  R a m a n  s p e c t r a  f o r  ( A )  c o t t on -  a n d  ( B )  N y l on - b a s e d  e l e c t r od e s .  

Figure 7 .21.A shows  the Raman spectra,  re lated to the 

exfol iated graphene deposited by means of  the Padding 

method (Exfol iated Graphene @ Cotton, green curve) , 

p lotted in comparison with the bare cotton alone (red curve) 

and the exfol iated graphene powder used as act ive material  

for the preparat ion of  the e -text i les samples (blue curve).   

Typica l  peaks  of  cotton (red curve)  are  ob servable  in  the 

f ingerprint  region 1000 –  1500 cm - 1  and centred at  2728 cm -

1  and 2890 cm - 1 .  In  the f ingerpr int  region,  bands are 

A B 
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ascribable to the C-C bond stretching while peaks at  ~2728 

cm - 1  and ~2890 cm - 1  can be ass igned to  the C -H stretch ing 

modes in  CH2  groups.  These assignments  are in  complete 

accordance with  the study reported previously  by Uddin et 

al . . 6 2  The exfo l iated graphene spectrum (b lue curve) shows 

four  bands centred at  1350 cm - 1 ,  1580 cm - 1 ,  2685 cm - 1 ,  and 

2930 cm - 1 .  The f irst  two features (1350 cm - 1 ,  1580 cm - 1 )  are 

the most intense and correspond to the f i rst  order D peak 

and G peak respect ive ly.  The intensity of  the D peak is  due 

to the size reduction of  in  plane-sp 2  domains and can be 

induced by the creat ion of  defects ,  vacancies,  and d istort ion 

of  the sp 2  domains after oxidat ion. 6 3 , 6 4  The oxidat ion 

occurred during the anodic  exfo l iat ion of  graphite.  The G 

peak,  which is  due to  the doubly  degenerate  zone centre E 2 g  

mode is  normal ly sharp and intense for pure graphene. 6 5  

Conversely,  the blue curve of  F igure 7.21.A shows a broad 

band result ing from the superposit ion of  the G peak and the 

D’ mode (1625 cm - 1)  due to  defect  scattering. 6 3 , 6 6  The band 

at  2685 cm - 1  corresponds to the 2D peak  (h istor ica l ly G’ )  and 

conf irms the qual ity  of  the anodic  exfo l iated material .  The 

last  feature at  2930 cm - 1  i s  ascr ibable to the D + D’  peak 

typ ical  of  oxidized graphene which  is  induced by the anodic 

exfol iat ion of  graphite as descr ibed above. The green curve, 

corresponding to the spectrum of  cotton coated by the 

exfol iated graphene by means of  the Padding technique, 

shows the typ ical  peaks of  graphene mater ia ls  (1350 cm - 1 ,  

1580 cm - 1 ,  2685 cm - 1 ,  and 2930 cm - 1 )  in  addit ion to the bands 

assigned to  the cott on matr ix (1000 –  1160 cm - 1  region,  1460 

cm - 1 ,  2700 –  3000 cm - 1  region).  Those are the more intense 

bands for  a  cotton matr ix  and it  i s  assumed that  the less 

intense features are h idden by the scatter ing modes of 

exfol iated graphene.  The Raman characteriza t ion al lows to 

conf irm that  the exfo l iated graphene was suitably  deposited 

on the cotton fabr ics .  The F igure 7 .21.B shows  the Raman 

spectrum of  the exfo l iated graphene (blue curve) ,  which is 

a lready d iscussed above, the spectrum of  bare nylon fabr ic 

(red curve)  and the composite  ‘Exfol iated Graphene @ Nylon’ 
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(green curve).  The Raman spectrum of  nylon depicts  weak 

features at  800 –  1300 cm - 1  range which are  ascr ibable  to  the 

C-C skeletal  backbone structure.  The intense feature at  1440 

cm - 1  corresponds to the  CH 2  bending while the doublet  at 

1635 cm - 1  is  characterist ic of  C=O stretching mode in nylon. 

The broad peak centred at  2920 cm - 1  i s  ascr ibable  to  the C-H 

stretching in CH 2 .6 7 – 6 9  The spectrum of  the nylon -based e-

text i le (green curve)  shows  the representat ive features of 

graphene overlapping the more intense peaks re lated to the 

bending of  CH 2  groups and the C-H stretch ing of  the Nylon 

matr ix (1440 cm - 1  and 2918 cm - 1 ) .  As reported before for the 

cotton fabrics,  the Raman analysis  conf irms that  the 

exfol iated graphene wa s su itably deposited on the nylon 

fabr ics by means of  the padding technique.   

 

7.7 .2 .3 .  Electr ical  propert ies  of  exfoliated graphene 
coated on text iles  

The e lectr ica l  propert ies of  Exfo l iated Graphene coated e -

text i les by means of  Padding method have been tested. 

F igure 7 .22 reports the sheet res istance values for Cotton 

(b lue curve)  and Nylon (red curve) fabrics .  Three samples 

were tested for each fabr ic:  reference sample (no padded),  

sample padded 1 t ime,  and sample padded 5 t imes.   

 
F i g u r e  7 .  2 2 .  S h e e t  r e s i s t a n c e  i n  f u n c t i on  o f  t h e  p a d d i n g  r e p e t i t i on  

The sheet resistance of  cotton fabr ic is  s ignif icant ly higher 

than nylon one for  a l l  the samples.  As  expected, the sheet 

res istance decreases  with  the increase of  the padding 
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repet it ion. The measured values after 5 repet it ions were 700 

kΩ.cm and 1.9 MΩ.cm for Nylon and Cotton, respect ive ly.  No 

further decrease was observed after 5 repeti t ions (data not 

reported).   

 

7.7 .3 .  Electrochemistry  

After  carefu l  characterizat ion of  the Exfol iated Graphene 

obtained by anodic exfol iat ion of  Graphite and the result ing 

e-text i les ,  electrochemical  test ing was carr ied out in  a 

symmetr ica l  two electrode configurat ion. Ind iv idual 

e lectrodes were prepared by means of  the Padding method 

without any addit ional  polymeric bind ers or conductive 

addit ives.  The padded fabric has a dimension of  10 cm x 10 

cm approximat ively and was cut  in  small  rectangular pieces 

with an area of  1 cm².  The mass loading was 0 .8  and 1.7 

mg/cm² for Cotton and Nylon,  respect ive ly.  In  th is  work,  a 

ge l  e lectro lyte was used to avoid complex packaging 

manufactur ing and the possib i l i ty of  e lectro lyte leakage 

which is  one of  the main concern for e -text i le appl icat ions.  

For  an  evident  reason of  user ’s  safety,  only pH neutra l 

e lectrolyte could  be used for Super capacitors  in  contact  with 

the user’s  body even if  the Specif ic Capacitance is  lower than 

for st rong acid ic  or bas ic e lectrolytes. 7 0   L ith ium Chlor ide was 

used because both cat ions and anions are small  and al low to 

obtain more concentrated e lectro lyte without phase 

separat ion and di f fus ion l imitat ion.   

Cycl ic Voltammograms (CV) are reported in Figure 7 .23.A and 

7.23.B for Cotton and Nylon respect ive ly.  The re sponse of  the 

ce l l  shows an a lmost rectangular shape for  the Exfo l iated 

Graphene coated on Cotton and Nylon fabrics which is  typical  

for EDLC. The Nylon based e -text i les seems to  be more 

res ist ive  at  high scan rates.  However,  the obtained current 

density for  the Nylon fabrics  are  three or four  t imes bigger 

than for Cotton at  the same scan rates.  The main  concern 

about the deposit ion by means of  padding direct ly on text i le 

i s  the inherent res ist iv ity of  the fabr ics  when compared to 
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metal l ic  current  col lector s typica l ly  used for Supercapacitors 

appl icat ions.  Figure 7 .23.C and 7.23.D show the galvanostat ic 

charge /  d ischarge measurements  for Cotton  and Nylon based 

e-text i les respect ive ly.  The shape of  both chrono -

potent iograms is  a lmost  l inear which  reveal  the good 

capacit ive  behaviour  at  d if ferent  d ischarge current densit ies.  

However,  chrono -potentiograms are  sl ight ly  asymmetrical  

with a s lower charge than discharge and it  i s  even more 

noticeable for the Nylon -based e-text i les.  At  low current 

density,  the super capacitor seems to charge itse lf  s lowly 

probably  due to  a  l imitat ion of  dif fus ion phenomena through 

the packed layers of  Exfol iated Graphene on the surface of 

Nylon fabr ics as it  was discussed above with the SEM analys is  

(F igure 7 .20) .   

 
F i g u r e  7 .  2 3 .  e l e c t r o c h e m i c a l  c h a r a c t e r i z a t i on  u s i n g  C y c l i c  V o l t a m m e t r y  a n d  
G a l va n o s t a t i c  C h a r g e / D i s c h a r g e  m e a s u r e m e n t s :  ( A , C )  C ot t on  a n d  ( B , D )  
N y l on .   

The Specif ic  Capacitance was ca lculated us ing the best 

pract ice method establ ished in  l i terat ure f rom both cycl ic 

vo ltammograms and chrono -potentiograms. 6 0  Results are 

reported in Figure 7.24.  
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The Specif ic Capa citance calcu lated using both  techniques 

(CV and GCD) correspond almost perfect ly .  Nylon -based e-

text i le exhib its h igher areal  Specif ic  Capacitance than 

Cotton-based sample.  The d if ference is  much important with 

a factor s l ight ly above 5 at  10 mV/s (90 mF/ cm² for Nylon 

versus 17 mF/cm² for Cotton) or even with an order of 

magnitude larger for ga lvanostat ic  charge /  discharge 

measurement at  0 .1 mA/cm² (85 mF/cm² versus  8 mF/cm²).  

 
F i g u r e  7 .  2 4 .  E v o l u t i o n  o f  t h e  a r e a l  s p e c i f i c  c a p a c i t a n c e  c a l c u l a t e d  f r o m  C V  
a n d  G C D  f o r  b o t h  C ot t on  a n d  N y l on  t e xt i l e s .   

However,  this  di f ference decreases dramat ical ly to a lmost no 

s ign if icant d if ference between the samples for Specif ic  

Capacitance calcu lated both f rom chrono -potentiograms (9 

mF/cm² for Nylon versus 7 mF/cm² for Cotton).  Interest ingly,  

the Specif ic Capacitance for the Cotton sample is  almost 

constant at  the tested scan rates and current densit ies .  These 

d if ferences of  behaviour could be accredited to a  dif ference 

of  morphology of  the sample.  Indeed, exfo l iated graphene 

f lakes tend to wind around each f ibre of  the Cotton fabric 

while they tend to form a layered structure on Nylon surface. 

By consequences,  the access ibi l i ty  of  the act ive  mater ial  by 

the ions f rom the e lectro lyte is  easier in  the case of  Cotton 

and the capacit ive  behaviour  is  s l ight ly  dependant  of  the 

scan rate or the current density used for  the measurement .  

In  the other  way,  ions need more t ime to form the double 

layer in  the case of  Nylon -based e-text i le  because of  the 

minor accessib i l i ty of  act ive mater ial  by ions f rom the 
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e lectrolyte.  Then, the Specif ic Capacitance decreases 

dramat ica l ly when the scan rate or the current  density  is  

increased due to a di f fusion l imitat ion of  e lectrolyte through 

the act ive materials .   

 

7.7 .4 .  Cycl ing Stabil ity  

The cycl ing stabi l i ty  i s  one of  the main concern for comparing 

Supercapacitors between each other regarding forward to 

pract ical  appl icat ions.  It  i s  wel l  known that  ideal  E lectr ical  

Double Layers  Capacitors  should  demonstrate  extremel y high 

Capacity retention after repeated charge /  discharge cycles.  

To evaluate  our devices,  cycl ic  stabi l ity tests were performed 

at  a current density  of  1 mA/cm² up to 15.000 cycles.  The 

capacity  retent ion for Cotton and Nylon -based text i les are 

reported  in  Figure 7 .25  with a b lue and a red curve 

respect ively.   

 
F i g u r e  7 .  2 5 .  C y c l i c  s t a b i l i t y  p e r f o r m e d  a t  1  m A/ c m ²  u p  t o  1 5 . 0 0 0  c y c l e s  f or  
C o t t on  a n d  N y l on - b a s e d  e - t e xt i l e s  

The Cotton -based e -text i le disp lays an important increas e of 

the Capacity  during the f irst  500 cycles Th is  phenomenon can 

be descr ibed as  the condit ioning of  the assembled cel l  due to 

the permeat ion of  the electro lyte  throughout the porous 

act ive  mater ia l . 6 0  The capacity  cont inues to increase but  with 

a s l ighter s lope unti l  reach the maximum around 5000 cycles. 

After  th is  point,  the device  shows a fai lure and the Capacity 

Retention decreases gradual ly unt i l  a  va lue of  85 % at  15.000 

cycles.  Th is fa i lure could be due to the delamination of 
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Exfol iated Graphene f lakes that  where not perfect ly 

deposited around the f ibre as  described previously as defects 

in  SEM analysis  (See F igure 7 .20) .   Indeed,  this  fa i lure  was 

not observed for the  Nylon-based e-text i les which contains 

more packed f lakes  of  Exfo l iated Graphene.  Due to  this  

organizat ion,  the f lakes are less  sensit ive  to the delaminat ion 

process.  Start ing from the f irst  cycles  for  th is  sample,  the 

condit ioning of  the ce l l  i s  observable.  Notwithstanding,  the 

Capacity  cont inues to  increase almost l inear ly and reach a 

va lue around 150 % of  Capacity Retent ion in comparison with 

the start ing value. Th is  increase could be due to  the dif f us ion 

of  ions f rom electrolyte through the packed layers of 

Exfol iated Graphene.  Then,  the device  disp lays an almost 

constant behaviour.  Th is  lack of  fai lure with the aging of  the 

device val idates the possible appl icat ion of  th is  technique to 

produce large  scale nylon-based e-text i les .   

 

7.8.  Conclusions 

The second part  of  th is  chapter i l lustrated a s imple,  cost -

ef fect ive  and scalable product ion process  of  graphene -based 

wearable text i les.  The exfol iated graphene deposit ion  on 

both nylon and cotton substrates wa s su itably real ized using 

a  padding method.  Th is method is  mimicking an  industr ial  

process and a l lows to produce up to 100 m/min of  graphene -

based wearable  text i les .  Exfo l iated graphene f lakes tend to 

wind around the text i les  f ibres  which  create a good int erface. 

Even if  the sheet resistance of  both fabrics  is  non -negl ig ible,  

integrated text i le supercapacitors show good speci f ic 

capacitance and high  stabi l ity over  15.000 cycles.  For  a l l  the 

e lectrochemical  measurements,  nylon -based supercapacitors 

demonstrate better performance than cotton -based ones.  

The d if ference could be due to  the intr insic  lower  sheet 

res istance of  the fabric .  To summarize,  the padding method 

used here can be envisaged for  an  up -scal ing of  graphene-

based wearable supercapacitors from l aboratory to industr ia l 

sca le in  th is  growing market .    
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D e o xy g e na t i on  o f  E x fo l ia t ed  G rap h i t e  O x id e  u nd e r  A lk a l ine  
C o nd it i on s :  A  G r e en  R ou t e  t o  G ra ph en e  P r ep ar a t i on .  Ad v.  M at e r.  
2 0 0 8 ,  2 0 ,  4 4 9 0 – 4 49 3 .  
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( 2 7 )   O n o e,  J . ;  Na ka o,  A . ;  T ak e u ch i ,  K .  X P S  S tu dy  o f  a  Ph ot op ol y m e r i z ed  
C  6 0  F i l m .  Ph y s .  Re v .  B  1 9 9 7 ,  5 5 ,  1 0 0 5 1.  

( 2 8 )   C a o ,  X . ;  Q i ,  D . ;  Y i n ,  S . ;  B u ,  J . ;  L i ,  F . ;  G oh,  C .  F . ;  Z ha n g,  S . ;  Ch e n ,  X .  
A m b i en t  Fa br i ca t ion  o f  L ar g e - A r ea  G r ap h en e F i l m s v ia  a  
S y nc hr on ou s  R ed u ct io n  a nd  A s s e m b ly  S t r at e gy .  A dv .  M at e r .  2 0 1 3 ,  
2 5 ,  2 9 5 7 – 29 6 2 .  

( 2 9 )   F a n ,  Z .  J . ;  Ka i ,  W. ;  Y a n ,  J . ;  W e i ,  T . ;  Z h i ,  L .  J . ;  Fe n g ,  J . ;  R en ,  Y .  M .;  
S o n g,  L .  P . ;  W e i ,  F .  F ac i le  S ynt h e s i s  o f  G ra ph e ne  Na no s h e et s  v ia  Fe  
R e d uc t io n  o f  E x fo l ia t ed  G rap h i t e  O x id e .  A CS  N an o  2 01 1 ,  5 ,  1 9 1 –
1 9 8 .  

( 3 0 )   W a ng ,  Q. ;  Wa n g,  X . ;  Xu ,  J . ;  O uy an g,  X . ;  H ou,  X . ;  Ch en ,  D . ;  W an g,  
R . ;  Sh e n ,  G .  F l e x i b l e  Co a x i a l - Ty p e F ib e r  Sup er c ap a c i to r  Ba s e d  on  
N i C o 2 O 4  N an o sh e e t s  E l ec t ro d e s .  N an o E ne r g y  20 1 4 ,  8 ,  4 4 –5 1 .  

( 3 1 )   C h e n ,  X . ;  Q iu ,  L . ;  R en ,  J . ;  Gu an ,  G . ;  L in ,  H . ;  Z ha n g,  Z . ;  C h en ,  P . ;  
W a ng ,  Y . ;  P e n g,  H .  N ove l  E l e c t r i c  Do ub l e -L aye r  Ca pa c i t or  w i th  a  
C o a x i a l  F ib e r  S t r uc tu r e .  A dv .  M at e r .  20 1 3 ,  2 5  (4 4 ) ,  6 4 3 6 – 64 4 1 .  

( 3 2 )   Y a n g,  Z . ;  D e ng ,  J . ;  C h en ,  X . ;  R e n ,  J . ;  P e n g,  H .  A  H i gh ly  St r et c hab l e ,  
F i b e r - Sha p ed  Sup e r ca pa c i to r .  An ge w .  C he mi e  -  In t .  Ed .  2 0 1 3 ,  52  
( 5 0 ) ,  1 3 45 3 – 1 3 4 57 .  

( 3 3 )   M e n g,  Q. ;  W u,  H . ;  Me n g ,  Y . ;  X i e ,  K . ;  W e i ,  Z . ;  Gu o,  Z .  H i gh -
P e r f o r ma nc e  A l l - C ar bo n  Y a rn  M i cr o - Su p er c ap a c i to r  f o r  an 
I n t e g ra t ed  En e r gy  Sy s te m .  Ad v .  M ate r .  2 0 1 4 ,  2 6  ( 2 4) ,  4 1 0 0 –4 1 0 6 .  

( 3 4 )   D i n g ,  X . ;  Zh ao ,  Y . ;  H u ,  C . ;  Hu ,  Y . ;  Do n g,  Z . ;  Ch en ,  N . ;  Zh an g,  Z . ;  Qu ,  
L .  S p i nn in g  Fa br i ca t io n  o f  Gr ap h en e /p o lyp yr ro le  C o mp o s i t e  F ib e rs  
f o r  A l l - S o l i d - St at e ,  F l ex i b l e  F i br i fo r m S up e rca pa c i t o r s .  J .  M ate r .  
C h em .  A  20 1 4 ,  2  ( 3 1) ,  12 3 5 5 – 1 2 3 60 .  

( 3 5 )   C h e n ,  Q. ;  M en g,  Y . ;  H u ,  C . ;  Z ha o,  Y . ;  S ha o,  H . ;  Ch e n ,  N . ;  Qu ,  L .  
M n O 2 - Mo d i f i e d  H i e ra rc h i ca l  G ra ph en e  F i be r  E l e ct ro c h e mi c al  
S u p er c ap ac i to r .  J .  Po wer  So u rce s  20 1 4 ,  2 47 ,  3 2– 3 9 .  

( 3 6 )   R e n ,  J . ;  Ba i ,  W. ;  G uan ,  G . ;  Zh an g,  Y . ;  P e ng ,  H .  F l ex ib l e  an d 
W e a ve ab l e  Ca pa c i t o r  W i r e  Ba s e d  o n  a  Ca rb on  N an o co m po s i t e 
F i b e r .  A d v.  Mat e r .  2 0 13 ,  25  ( 41 ) ,  5 96 5 – 5 9 7 0.  

( 3 7 )   K o u ,  L . ;  H uan g ,  T . ;  Z h eng ,  B . ;  Han ,  Y . ;  Zha o,  X . ;  G o p a l s a my ,  K . ;  S un ,  
H . ;  G ao ,  C .  C oa x ia l  W et -S p un  Y ar n  Sup e r ca pa c i to r s  f o r  H i gh -E n er gy  
D e n s i ty  and  Sa f e  W e ar a b l e  E l e c t r on i c s .  N at .  C om m u n.  2 0 1 4 ,  5 ,  
3 7 5 4 .  

( 3 8 )   J o s t ,  K . ;  S t e n g er ,  D . ;  P e r e z ,  C .  R . ;  M c Do noug h ,  J .  K . ;  L ia n ,  K . ;  
G o g o t s i ,  Y . ;  D i on ,  G.  K n i t t ed  an d  S cr e e n  P r i n t ed  C ar bo n - F i b er  
S u p er c ap ac i to r s  f o r  App l i ca t i on s  in  W e ar ab l e  E l e ct r on ic s .  En e rg y  
E nv i r on .  S c i .  2 0 1 3 ,  6 ,  26 9 8 – 2 7 0 5.  

( 3 9 )   X u ,  H . ;  H u ,  X . ;  S un ,  Y . ;  Y a n g,  H . ;  L iu ,  X . ;  Hua ng ,  Y .  F l ex i b l e  F ib e r -
S h ap e d  S up e r cap a c i to rs  B a s e d  o n  H i e ra r ch ica l ly  N an o s tr uc tu r ed  
C o m p o si t e  E l e c t r od e s .  N an o Re s .  2 0 1 5 ,  8 ,  1 148 – 1 1 5 8 .  
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( 4 0 )   N o vo s e lo v ,  K .  S . ;  G e i m ,  A .  K . ;  M or oz o v,  S .  V . ;  J i a ng ,  D . ;  Z ha ng ,  Y . ;  
D u bon o s ,  S .  V . ;  G r i g or ie va ,  I .  V . ;  F i r s o v ,  A .  A .  E l e ct r i c  F i e ld  E f f e ct  
i n  A to m i c a l ly  Th in  Ca rbo n  F i l m s .  S c i enc e .  20 0 4 ,  30 6 ,  6 6 6 –6 6 9 .  

( 4 1 )   N o vo s e lo v ,  K .  S . ;  F a l ′k o,  V .  I . ;  Co lo m b o,  L . ;  G e l l e r t ,  P .  R . ;  S c h wa b,  
M .  G. ;  K i m ,  K .  A  R oa d ma p f or  G r aph e n e .  Na tu r e  2 0 1 2 ,  4 9 0  ( 7 41 9 ),  
1 9 2 – 2 0 0 .  

( 4 2 )   Z ha n g,  Z . ;  X i ao ,  F . ;  X i ao ,  J . ;  W an g,  S .  F un ct i on a l i z ed  C ar bo na c eo u s 
F i b e r s  fo r  H i gh  P e r fo rm a n c e F l e x ib l e  A l l - S o l id - S ta t e  A sy m m e t r ic  
S u p er c ap ac i to r s .  J .  Ma te r .  Ch em .  A  2 0 1 5 ,  3  ( 2 2) ,  1 1 8 1 7 – 1 18 2 3 .  

( 4 3 )   Y e ,  X . ;  Z ho u,  Q . ;  J ia ,  C . ;  T an g,  Z . ;  Wa n,  Z . ;  W u,  X .  A  Kn i t ta b l e 
F i b r i f or m  S up e r cap a c i to r  Ba s e d  o n  Na tu ra l  Cot t on  Th r ea d  Co at e d 
w i t h  G ra ph e n e a nd  C a rb on  Na no pa rt i c l e s .  E lec t r oc h i m .  Act a  2 0 16 ,  
2 0 6 ,  1 5 5 – 16 4 .  

( 4 4 )   Y u ,  N . ;  Y i n ,  H . ;  Z ha ng,  W . ;  L iu ,  Y . ;  Ta n g,  Z . ;  Zh u ,  M .  Q.  H i gh -
P e r f o r ma nc e  F ib e r -S h ap e d  A l l - S o l i d - Sta t e  A s y m m e tr i c  
S u p er c ap ac i to r s  B a s ed  o n  U l t r at h i n  M nO 2  N ano s h e e t/ c ar bo n  F ib e r  
C a th od e s  f or  W ea ra b l e  E l e ct r on ic s .  Ad v.  E ne r gy  M at e r .  2 0 16 ,  6  ( 2 ) ,  
1 – 9 .  

( 4 5 )   D u ,  P . ;  H u ,  X . ;  Y i ,  C . ;  L iu ,  H .  C . ;  L iu ,  P . ;  Z ha ng ,  H .  L . ;  G on g,  X .  S e l f -
P o w e r ed  E l e ct ro n ic s  b y  In t e gr at io n  o f  F le x i b l e  S o l id - S ta t e 
G r a ph en e - B a s e d  Supe r c ap a c i to r s  w i th  H i gh  P e r fo r m an c e 
P e r o vs k i t e  Hyb r id  So l ar  C e l l s .  Ad v .  Fu nct .  Ma te r .  2 0 15 ,  2 5  (1 6 ) ,  
2 4 2 0 – 2 4 2 7.  

( 4 6 )   S e v i l l a ,  M . ;  F e rr e r o ,  G .  A . ;  Fu e rt e s ,  A .  B .  Gr ap he n e - C e l lu l o s e  T i s s u e 
C o m p o si t e s  fo r  H i g h  Pow e r  Su p e rc ap a c i to r s .  E ne r g y  S to r ag e  Ma te r .  
2 0 1 6 ,  5 ,  33 – 4 2 .  

( 4 7 )   L i u ,  W . ;  Ya n ,  X . ;  L an g,  J . ;  P en g,  C . ;  Xu e ,  Q .  F l e x i b l e  an d  C on du ct i ve  
N an o co m po s i t e  E l e ct r od e  Ba s e d  on  Gr ap h en e S h e et s  a nd  Co tt on 
C l o th  fo r  Su p er c ap ac i tor .  J .  Ma te r .  C he m.  20 1 2 ,  22  ( 33 ) ,  1 72 4 5 .  

( 4 8 )   L i u ,  L . ;  S h en ,  B . ;  J ia ng ,  D . ;  G u o,  R . ;  K on g,  L . ;  Y a n ,  X .  Wa t chb an d -
L i k e  Su p e rc ap a c i to r s  w i t h  B ody  T e mp e r atur e  Ind u c i b l e  Sh ap e 
M e m o r y  Ab i l i ty .  Ad v .  En e rg y  Mat e r .  2 01 6 ,  6  ( 16 ) .  

( 4 9 )   G u o,  M . - X . ;  B ian ,  S . - W. ;  S h ao,  F . ;  L iu ,  S . ;  P en g ,  Y . - H .  H yd ro th e r ma l  
S y nth e s i s  a nd  E l e c t r o ch e m i ca l  P e r fo r m an c e o f  
M n O 2 /g r aph e n e/ po ly e s t e r  Co m po s i t e  E l e c t ro d e  M at e r ia l s  fo r  
F l e x ib l e  S up e r ca pa c i t ors .  E l ec t r oc h i m.  Act a  2 01 6 ,  2 0 9 ,  48 6 – 4 9 7.  

( 5 0 )   Z ha n g,  X . ;  G e ,  M . ;  Z he n g ,  Y . ;  Zha n g,  K . - Q . ;  L i n ,  Z .  F ib rou s  an d 
F l e x ib l e  Su p er c apa c i tor s  C o m pr i s in g  H i e ra r ch i c a l  Na no s t ru ct ur e s  
w i t h  Ca rb on  Sp h er e s  an d  Gr ap h en e O x i d e Nan o sh e e t s .  J .  M at e r .  
C h em .  A  20 1 5 ,  3 ,  1 2 7 6 1– 1 2 7 6 8 .  

( 5 1 )   L i ,  P . ;  L i ,  J . ;  Zh ao,  Z . ;  Fan g ,  Z . ;  Y an g,  M . ;  Y ua n ,  Z . ;  Zh an g,  Y . ;  Zh an g,  
Q . ;  H on g,  W . ;  Ch en ,  X . ;  Y u ,  D .  A  G en e r a l  E l e ct ro d e D e s i gn  St ra t e gy  
f o r  F l e x ib l e  F ib e r  Mi cr o - P s e udo c ap ac i to r s  Co m b in in g  Ul t r ah i gh  
E n er gy  a nd  P o w e r  D e l i ve r y .  Ad v .  S c i .  2 0 1 7 ,  4  (8 ) ,  1 7 0 0 00 3 .  
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( 5 2 )   W o lt o rn i st ,  S .  J . ;  A l a me r ,  F .  A . ;  M cD an na ld ,  A . ;  J a in ,  M. ;  So tz in g ,  
G .  A . ;  A da m s on ,  D .  H .  Pr e pa ra t io n  o f  Co ndu c t i ve  
G r a ph en e / g ra ph i t e  In fu s e d  Fa br i c s  U s in g  an  In t e r f a c e  Tr ap p i n g 
M e t ho d.  Ca r bo n  N .  Y .  20 1 5 ,  8 1  ( 1 ) ,  3 8 – 4 2 .  

( 5 3 )   N e ve s ,   a  I .  S . ;  B o in ton ,  T .  H . ;  M e lo ,  L .  V ;  Ru s s o ,  S . ;  d e  S c hr i j ver ,  
I . ;  Cr a c i un ,  M.  F . ;  A l ve s ,  H .  T ran s pa r e nt  Con du ct i ve  G ra ph en e 
T e x t i l e  F ib e r s .  S c i .  R ep .  2 0 1 5 ,  5 ,  9 8 66 .  

( 5 4 )   Z o p f ,  S .  F . ;  M an s e r ,  M .  Sc r e e n -P r in t ed  M i l i t a ry  T e x t i l e s  f o r  
W e a ra b l e  E n er gy  St or ag e .  J .  E ng .  F ib e r .  Fa b r .  2 0 1 6 ,  1 1  ( 3 ) ,  1 – 8 .  

( 5 5 )   J o s t ,  K . ;  P e r e z ,  C .  R . ;  McD o no ug h,  J .  K . ;  Pr e s s e r ,  V . ;  H e on ,  M . ;  D i on ,  
G . ;  Go g ot s i ,  Y .  Ca rb on  C o a t ed  T e xt i l e s  f or  F l e x i b l e  E n er gy  S to r ag e .  
E ne r g y  E nv i r on .  S c i .  2 01 1 ,  4  (1 2 ) ,  50 6 0 – 5 0 6 7.  

( 5 6 )   L a m b er t i ,  A . ;  G i go t ,  A . ;  B i an c o ,  S . ;  F on tan a ,  M . ;  C a st e l l in o ,  M. ;  
T r e s s o ,  E . ;  P i r r i ,  C .  F .  S e l f - A s s e mb ly  o f  Gra ph e n e A e ro g e l  on 
C o pp e r  W i r e  f or  W ea rab l e  F i b er - S ha p ed  S up e rc a pa c i t or s .  Ca r bo n 
N .  Y .  2 0 1 6 ,  10 5 ,  6 49 – 6 54 .  

( 5 7 )   L i ,  M. ;  Pa n ,  F . ;  C ho o,  E .  S .  G . ;  L v ,  Y . ;  Ch e n ,  Y . ;  Xu e,  J .  D e s i gn e d 
C o n s tr uc t io n  o f  a  Gr aph e n e and  I ro n  O x i d e F re e s t a nd in g  E l e c t r ode 
w i t h  En ha nc e d  F l ex ib le  E n er g y - St or ag e  P e r fo r m an c e .  A CS  Ap p l .  
M a te r .  In te r f ace s  2 01 6 ,  8  (1 1 ) ,  69 7 2 – 6 9 8 1.  

( 5 8 )   P a r ve z ,  K . ;  L i ,  R . ;  Pun i re d d ,  S .  R . ;  H e rn an d ez ,  Y . ;  H i n k el ,  F . ;  Wa ng ,  
S . ;  F e n g,  X . ;  Mu l l e n ,  K .  E l e c t r o ch e m i ca l ly  E x f o l i a t e d  G ra ph en e  as  
S o lu t io n -P r oc e s s a b l e ,  H i gh ly  C on du ct i ve  E l ec t ro d e s  f or  O rg an i c  
E l e ct r on ic s .  A C S  Nan o  20 1 3 ,  7  ( 4 ) ,  35 9 8 – 3 6 0 6.  

( 5 9 )   P a r ve z ,  K . ;  Wu,  Z . ;  L i ,  R . ;  L i u ,  X . ;  G ra f ,  R . ;  F e n g,  X . ;  M u l l en ,  K .  
E x f o l ia t io n  o f  Gr ap h i t e  i n to  G ra ph en e  in  Aq u eou s  S o l ut i on s .  J .  Am . 
C h em .  Soc  20 1 4 ,  1 36 ,  60 8 3 – 6 0 9 1.  

( 6 0 )   S t o l l e r ,  M.  D. ;  R uo f f ,  R .  S .  B e s t  Pr a ct i c e  M et ho d s  f o r  D et e r m in ing  
a n  E l e ct ro d e  M at e r ia l ’ s  P e r f o r ma nc e  f o r  U l t ra c ap a c i to r s .  En e rg y  
E nv i r on .  S c i .  2 0 1 0 ,  3  (9 ) ,  1 2 9 4 – 1 3 01 .  

( 6 1 )   W a ng ,  J . ;  Man g a,  K .  K . ;  B a o ,  Q . ;  Lo h ,  K .  P .  H i gh - Y i e ld  Sy nt h e s i s  o f  
F e w - L a y er  G ra ph en e  F l a k e s  th r ou gh  E l e ct ro l y t e  E xp an s io n  o f  
G r a ph i t e  in  Pr op y l e n e  C a r bon at e  E l e c t r o ly t e .  J .  A m .  C he m .  Soc .  
2 0 1 1 ,  1 3 3 ,  8 8 8 8 – 88 9 1 .  

( 6 2 )   U d d in ,  M .  J . ;  C e s a no,  F . ;  S c ar an o,  D . ;  B on ino ,  F . ;  A go s t in i ,  G . ;  
S p ot o ,  G . ;  Bo rd i g a ,  S . ;  Ze c c h in a ,  A .  Co tt on  T e xt i l e  F ib r e s  Co at e d  by 
A u / T i O 2  F i l m s :  Sy nth es i s ,  C ha ra c t er i za t i on  a nd  S e l f  C l e an in g  
P r op e rt i e s .  J .  Ph ot och em .  Pho to b i o l .  A  Ch em .  20 0 8 ,  19 9  ( 1 ) ,  64 – 7 2 .  

( 6 3 )   R o pp ol o ,  I . ;  C h i ap po n e,  A . ;  B ej tk a ,  K . ;  C e l a s co ,  E . ;  Ch io do n i ,  A . ;  
G i o r g i s ,  F . ;  Sa ng e r m an o,  M . ;  Po rr o ,  S .  A  Po w e r f u l  To o l  fo r  
G r a ph en e  Fu nc t ion a l i zat i on :  B e nz op h eno n e M ed i at ed  U V - G ra f t i n g .  
C a r bo n  N.  Y .  2 01 4 ,  7 7 ,  2 2 6 – 2 3 5 .  

( 6 4 )   B a r ak e t ,  M . ;  W a lt on ,  S .  G . ;  W e i ,  Z . ;  Lo ck ,  E .  H . ;  Rob i n so n ,  J .  T . ;  
S h e e ha n,  P .  R e du ct i on  o f  G r aph e n e Ox id e by  E l e ct r on  B e a m 
G e n e r at e d  P la s m a s  Pr od u c ed  i n  M e th an e / ar g on  M ix tu r e s .  Ca r bon  
N .  Y .  2 0 1 0 ,  48  (1 2 ) ,  3 382 – 3 3 9 0 .  
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( 6 5 )   F e r r ar i ,  A .  C . ;  M ey e r ,  J .  C . ;  S ca rd a c i ,  V . ;  Ca s i rag h i ,  C . ;  L az z er i ,  M . ;  
M a ur i ,  F . ;  P i s ca n e c ,  S . ;  J i a n g,  D . ;  N o vo s e lo v ,  K .  S . ;  R oth ,  S . ;  G e i m,  
A .  K .  Ra m an S p e ct ru m  of  G r aph e n e an d  G ra ph en e  L ay e r s .  Ph y s .  Re v .  
L e t t .  2 0 06 ,  9 7  ( 1 8 ) ,  1 – 4.  

( 6 6 )   G i g o t ,  A . ;  Fo nt an a ,  M . ;  S e rr ap e d e,  M . ;  C a st e l l i n o ,  M . ;  B i an c o ,  S . ;  
A r m an d i ,  M . ;  B on e l l i ,  B . ;  P i r r i ,  C .  F . ;  T r e s s o ,  E . ;  R i vo l o ,  P .  M ix e d 
1 T - 2 H  P ha s e  Mo S 2 / r educ e d  Gr ap h en e O x id e a s  A c t i ve  E l e c t r od e  fo r  
E nh an c ed  Su p er c apa c i t i ve  P er f o r ma nc e .  A C S  Ap p l .  Ma te r .  
I n te r fa ce s  2 0 1 6 ,  8 ,  3 2 84 2 – 3 2 8 5 2.  

( 6 7 )   P e r ka s ,  N . ;  S hu s t er ,  M. ;  A m ir ia n ,  G . ;  K o l ty p in ,  Y . ;  G e da nk en ,  A .  
S o no c h e mi c a l  I m m ob i l i z a t i on  o f  S i l ve r  N ano pa r t i c l e s  on  Po ro u s 
P o ly pr opy l e n e.  J .  Po l ym .  Sc i .  Pa r t  A  Po l y m.  C h em .  2 0 0 8 ,  46  ( 5 ) ,  
1 7 1 9 – 1 7 2 9.  

( 6 8 )   K a ta g i r i ,  G.  Ra m a n S p e ct r o s co py  o f  G ra ph i t e  and  C ar bo n  M at e r ia l s  
a nd  I t s  R e c en t  A p p l i c at i o n .  Ta n so  1 9 9 6 ,  1 7 5 ,  30 4 – 3 1 3 .  

( 6 9 )   C h o,  L .  L .  Id en t i f i c a t ion  o f  T e xt i l e  F i b e r  b y  Ra m an 
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Concluding Remarks 
 

Graphene has attracted attent ion of  the sc ient if ic  

community s ince its  f i rst  i so lat ion by Geim and Novoselov in 

2004.  Its  outstanding pr opert ies  are appeal ing for many 

appl icat ions and, in  part icu lar,  for  energy storage 

technologies.  

The development of  more eff ic ient  energy storage 

technologies is  crucia l  regarding the current wor ldwide energy 

scenar io and the use of  renewable  technologies  to  produce 

e lectr ic ity .  Supercapacitors  are  e lectrochemical  energy storage 

devices with appeal ing characterist ics such as fast  charge -

d ischarge and long cycl ing l i fe .  However,  they struggle about 

the energy density that  can be stored into the devices.  To 

overcome this  i ssue,  the research act ivi t ies of  th is  Ph.D.  thesis 

were focused on the increase of  the energy density of 

graphene-based supercapacitors without affect ing their  power 

density.  

In  the f i rst  experimental  sect ion,  di f ferent  hybr id 

supercapacitor s based on hydrothermal ly reduced graphene 

oxide decorated with t ransit ion metal  oxide (Molybdenum 

Oxide –  MoO2 )  or  t ransit ion  metal  dichalcogenide 

(Molybdenum Disul f ide –  MoS 2 )  were compared.  Both 

pseudocapacit ive mater ia ls  were synthesized start ing from 

phosphomolybdic ac id,  as Mo precursor,  and in the case of 

MoS2 ,  L-cyste ine was used as S precursor .  The concomitant 

synthesis  of  MoS 2  and reduction of  GO induce the format ion of  

an aerogel  structure contain ing indist inguishable two -

dimensional  materia ls .  I nterest ingly,  the MoS 2  structure is  

composed of  both 1T (metal l ic)  and 2H (semiconductor) 

phases.  The 1T phase is  metastable,  but  nanodomains are 

stabi l ized by the rGO f lakes interconnected through the 3D 

aerogel  network.  The electrochemical  propert ies of  th is  

polymorph act ive mater ia l  are promising due to  the increase of  

one order  of  magnitude in  the speci f ic capacitance resulted 
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f rom the comparison with the bare rGO.  Moreover,  the cycl ing 

stabi l ity of  this  mater ia l  was demonstrated up to 50.000 cycles.  

In  the second experimental  sect ion,  the effect  of  L -

ascorbic  ac id  (Vitamin C)  as  reducing agent  for the concomitant 

reduct ion of  graphene oxide and the synthesis of  molybdenum 

oxide start ing from phosphomolybdic acid was invest igated. A 

s ign if icant improveme nt of  reproducibi l i ty of  the GO reduction 

grade was demonstrated. In  addit ion,  an enhancement of  the 

e lectrochemical  performance and a  higher stabi l ity of  the 

hybrid  supercapacitors  were demonstrated.  Then,  th is  mater ia l 

was used to  fabricate PDMS -based micro-supercapacitors .  

Indeed, min iatur ized supercapacitors are attract ive to address 

the crucia l  need of  portable  electronic devices.  The fo l lowed 

photol ithography procedure permits to obtain PDMS -based 

devices with  high  f lexibi l i ty .  The act ive  s lurry was c omposed by 

reduced graphene aerogels decorated by molybdenum oxide 

micropart ic les produced by one -pot  hydrothermal  synthesis 

using L -ascorbic  ac id as  reducing agent .  In  th is  s lurry,  

PEDOT:PSS was used as conduct ive binder.  The f i l l ing of  the 

micro-supercap acitors occurred by capi l lar ity .  The so 

fabr icated devices show interest ing performance consistent 

with most relevant works in  l i terature.  

In  the last  exper imental  sect ion,  wearable 

supercapacitors were invest igated with the a im to transfer 

supercapacitors  from convent ional  conf igurat ions to text i les 

appl icat ions.  Fi rst ,  a  f lexib le  supercapacitor was produced 

using one-pot hydrothermally synthesised reduced graphene 

oxide aerogel  self -assembled on a copper wire.  The integrat ion 

in cotton fabrics was demonst rated.  Moreover,  the 

e lectrochemical  performance of  the f lexible supercapacitors 

was superior  to  the re levant works  published in  this  f ield.  A 

second approach was invest igated with  the scalable  and cost -

ef fect ive product ion of  wearable supercapacitors .  The  act ive 

material  was e lectrochemical ly exfol iated graphene produced 

f rom graphite.  The deposit ion technique is  mimicking a text i le 

industr ia l  p lant  with a deposit ion speed of  100 m/min and 
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works on both  nylon and cotton fabrics .  The areal  speci f ic 

capacitance was signif icantly better for nylon fabrics in 

comparison with cotton fabr ics at  low current density.  

Moreover,  the cycl ing stabi l ity of  both wearable 

supercapacitors was demonstrated up to 15.000 cycles.  

Despite  the focus of  the sc ientif ic  community  an d the 

interest ing results obtained worldwide,  graphene -based 

supercapacitors are st i l l  st ruggl ing to be integrated in real  

appl icat ions.  The major issue is  the price of  the graphene that 

cannot compete with act ivated carbon which is  currently used 

in industry.  Hopeful ly ,  due to  the “rush gold” for  large -scale 

synthesis of  h igh  qual ity graphene, the pr ice wil l  become 

rapidly compet it ive.  Hybr id supercapacitors showed speci f ic 

capacitance better than the pure Electr ical  Double -Layers 

Capacitors ,  thus demonstr at ing that  the former are  more 

versat i le than the latter  for the improvement of  the energy 

density as desired.  However,  graphene -based EDLCs provided 

outstanding e lectrochemical  performance at  h igh  current 

density or high scan rate,  where hybr id  supercapac itors 

d isp layed decrease of  performance. Th is  observat ion should be 

taken in  considerat ion to  develop supercapacitors with 

enhanced energy density  without  affect ing the power density 

character ist ic of  this  technology.  

Supercapacitors technologies have outs tanding cycle l i fe 

al lowing them to be used for “f it -and- forget” appl icat ions.  

Nevertheless,  current supercapacitors  demonstrate high 

e lectrochemical  performance in a l imited range of  

temperature,  pressure,  and deformabil i ty .  The game -changer 

development wil l  be the scalable  and cost -effect ive product ion 

of  graphene-based supercapacitors with a lmost unl imited 

propert ies  of  f lexib i l i ty ,  to lerance to  e longation/compression 

cycles and operat ion in harsh environments (e .g .  in  a  range of 

temperature f rom –  200°C up to 300°C) ,  thus a l lowing the 

explo itat ion of  these e lectrochemical  energy storage devices 

wherever it  i s  necessary.   



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


