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PREFACE

In Chapter ] the current worldwide energy scenario is
thoroughly presented, along with the recent development in
renewable technologies. Therucial need of energy storage
devices is presented. Electrical storage technologies, with a
focus on electrochemical storage, are reviewed.

Chapter 1l deals with the fundamentals of
Supercapacitors such as operating principles and cell
architectures. Moeover, the history of Graphene is reported
with the recent development on its synthesis and production.
Materials used to enhance the performance of Graphene
based Supercapacitors are presented.

Chapter Il is focused on the electrochemical
characterizaton of Graphenebased Supercapacitors with the
different measurements available for the performance
evaluation and the key parameters.

In Chapter IV a comparison study was performed among
several graphene composites containing metal oxides or
metal dichalogenides. However, this chapter was aimed to
in-situ synthesize a hybrid 1-PH-molybdenum disulphide
together with the reduction of graphene oxide by ofpot
hydrothermal synthesis. The supercapacitor resulting from
this innovative hybrid demonstrates outanding
electrochemical performance with a stability up to 50.000
cycles.

Chapter V deals with the hydrothermal synthesis of
reduced graphene oxide aerogel decorated with molybdenum
oxide particles. This work was carried out to demonstrate the
feasibility of the concomitant hydrothermal processes using
the L-ascorbic acid(Vitamin C) as reducing agent. The
addition of this green reducing agent induces a better
reduction of graphene oxide and a higher reproducibility of
the desired chemical reduction yieldThe presence of
molybdenum oxide particles permits to increase the specific
capacitance using Faradaic processes.




As-synthesized materials are tested in micro
supercapacitors in Chapter VI PDMSbased micre
supercapacitors were fabricated through a simple
photolithographic process. Moreover, the wuse of a
conductive binder, PEDOT:PSS, is investigated. The binder
induces the formation of a springke rod configuration with
the embedded active material. This spatial conformation is
determined by the fillingof the interdigitated channels by
capillarity. Asfabricated micresupercapacitors show high
flexibility and good cycling stability.

Finally, Chapter VII presents the integration of
supercapacitor devices to textiles fabrics. Two different
works are presated: synthesis and characterization of am
situreduced graphene oxide aerogels onto a copper wire; and
fabrication of exfoliated graphendased wearable
supercapacitors. The first part shows a peculiar morphology
of the aerogel wadded around the curréncollector. The
fabricated device demonstrates outstanding electrochemical
properties in comparison with statef-the-art works.
Moreover, flexibility tests are performed and results are
encouraging. In the second part, high performance exfoliated
graphere-based wearable supercapacitors are studied. The
padding method allows to produce 100 meters of textile
fabrics coated with electrochemical exfoliated graphene.
Obtained results are promising but, more importantly, the
approach used is scalable and ceafffective.

The experimental part of this thesis has been carried out
in the Center for Sustainable Future Technologies (Istituto
Italiano di Tecnologia, Torino), in the Department of Applied
Science and Technology (Politecnico di Torino), in the School
of Chemistry and the National Graphene Institute (The
University of Manchester, UK)Lhe work was mainly focused
on the synthesis and development of active materials prior
to be tested for electrode in supercapacitor applications.
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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 taddress the growing
energy demands. Then, the crucial need of
energy storage devices is highlighted. Electrical
storage technologies are reviewed. Moreover,
the maturity of these technologies is discussed.
Finally, electrochemical energy storage devices
are presented alongside their reciprocal
correlations.

1.1. Worldwide Energy Demand

Energyis used all the time and everywhere. Humankind does
not even think about its continuous daily use. The worldwide
consumption of marketed energy was 5490 British
Thermd Units (BTU) in 2012 and is expected to expand to
629.10'> BTU in 2020 and even 815.1% BTU in 2040. This
increase corresponds to a value of 48% from 2012 to 20640.
Something even more worrying is the worldwide
consumption level against the production as reported in
Figure 1.1 and Figure 1.2respectively. Indeed, the
consumption of primary energy is higher than the production
for several coutries around the world. If we look globally,
the worldwide total primary energy consumed for 2016 was
13,903 Mtoe (Million Tonnes of Oil Equivalent) and the
production was 13,910 Mtoe, which means that globally we
produce more energy than that we consumedlNevertheless,
the trend from 2015 to 2016 displays an increase of 1% of the
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primary energy consumed worldwide while the production
decreased 0f0.4% for the same periodyhich reinforces the
need of developing new efficient technologiés.

Breakdown by country (Mtoe) - 2016

Below 50 [Ms0wi0  [l100ws00 5002000 [l Above 2000 Source Enerdata
Figure 1.1 primary energy consumption for 20%6

Breakdown by country (Mtoe) - 2016

Below 50 00100 100500  [ls00w 1000 [l Above 1000 Source Enerdata

Figure 1.2 primary worldwide energy production for 2016
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Undeniably, the actual situation isapently unsustainable
whether in a social, environmental, or even economic point
of view. Indeed, the current trends on carbon dioxide (O
emissions related to the energy consumption will more than
double by 2050 if the current trends will be not suitabl
substituted.® The CQis produced using mainly fossil energy.
The main energy sources, which lead the total world energy

consumption,
in

reported

are

Figure 1.3.
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Figure 1.3. Total world energy consumption by energy source, 129C0
(quadrillion Btu). Dotted lines for coal and renewabléww projected effects
of the U.S. Clean Power Pl&n.

However, most of the renewables technologies cannot be
suitably exploited in comparison with the fossil fuels because
the energy cannot be stored or transported to the finate

place. To overcome this issue, the energy produced by means
of renewable technologies, such as solar and wind turbine,

should be converted teelectricity49 f SOG NJK OA (i &
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fasted-growing form of enduse energy consumption and the
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prediction reveals a doubling of the worldwide electricity
demand by 2050 and tripling by the end of the century.

Electricity is easily transportable in an efficient way.
Consequently, its production is highly centralized and, often,
a long distance away from the endser. This centralized
production must be taken account some drawbes of using
renewable technologies. Indeed, these technologies have a
complete dependence of the metrological variables such as
the wind force and the illumination for example. These
variables directly influence the amount of energy that can be
produced which makes difficult the stabilization of the power
network. Moreover, it is well known that the demand in
electricity fluctuates importantly during the day. To
overcome this problem, engineers have the choice between
two solutions: (i) over-dimensioning of the production and
transmission equipment or (ii) use energy storage
technologies to store energy when the pradtion is higher
GKFy GKS dza SNXQa RSYFYR |yR NXft Sl
increases>® The two solutions are illustrated in Figure 1.4.
Without electrical energy storage, the ratio between the
end-user demand peak and the average of power generated
level can reach a value of 10, which means that the
equipment for production and transmission must be designed
to release the energy requested by the etuber for the peak
period.® In this case, the production equipment becomes
bulky and, more importantly, expensive. This increase of
costs will be, of course, addetb the bill of the final user.
Then, lowcost energy storage technologies become
necessary. These storage devices can store the energy when
the end-user demand is low (during the nigtitme) and will
release it when the enduser demand increases (during ak
time). Furthermore, the capacity of the energy storage
0§SOKy2ft23ASa RSWLSYyRa 2F GKS 3INKR
conventional turbine unit with an important capacity size
(MW) could be substituted by a fagesponding energy
storage device with less capéy.®
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Without storage With storage

Demand for

Power
Generated

Houfs Hours

Figure 1. 4. Schematic representation of the balancing generation and
demand via load levelling.

1.2. Electricity Storage Technologies
Energy storage technologies are a crucial tool for the
integration of renewable energy into the grid. Indeed, as
described earlier, these technotpes allow to stabilize the
energy production level, which is one of the main concern for
wind turbine and solar plant. Despite the important cost,
which can be prohibitive for regions without developed
technologies, support of the government, and/or legost
financing; energy storage systems are expected to increase
significantly their deployments in emerging markets in the
next decade’
Storagetechnologies are using for a plenty of applications
such as seasonal storage, frequency regulation, demand
shifting for examples. They can absorb energy and store it
until its release become necsary, which means that they
can bridge a temporal gap between energy supply and
demand. If these technologies are coupled with adequate
energy infrastructures, they can also be @eographical
bridge between the energy supply and demafAddemand for
storage is, of course, different in functionof the
geographical topology or situation. Indeed, non
interconnected island systems must have larger storage
capability than country with large hydro capacity reservoir
such as Swedefor exampk.?

-5-
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Electrical storage devices can be defined using two factors:
the amount of energy that can be stored and the rate of
charging/discharging of the energy storage devidesThe
ideal energy storage device would be able to combine both
factors. In addition to these typical characteristics, storage
devices must be reliable and have a lotite expectancy with
minimal maintenance cost. However, no energy storage
technologies currently available can meet all these
requirements simultaneously:'%* The main concern for a
complete integration of energy storage devices is the cost of
the apparatus. Indeed, the improvement of the overall
performance is not as high as expected and, then, does not
motivate the industry to integrate costly equipment if the
return on investment does not reach a valuable levél.

To overcome this issue, development of new energy storage
technologies and/or advance in existing technologies are
necessary. In Figure 1.5, the maturity of the energy storage
technologies currently inestigated is reported

4 Flow batteries

Fl\c’WhEﬂ {h\gh speed] Lithium-based batteries

Molten salt \0 Flywheel (low speed)

lce storage Sodium-sulphur (Na5) batteries

Superconducting magnetic Supercapacitor
energy storage (SMES)
Adiabatic CAES
Hydrogen Compressed air energy storage [CAES)
@ Synthetic natural gas Residential hot water

heaters with storage \ Underground thermal

energy storage (UTES)

/ Thermochemical N
Cold water storage
NPt storage

Pumped Storage Hydropower (PSH)

-
>

Capital requirement x technology risk

Research and development Demonstration and deployment Commercialisation
Current maturity level

0 Electricity storage Thermal storage

Figure 1.5. Representation of the maturity for both elgécity and thermal
storage technologies?

The graph reports the capital investment required multiplied
by the technology risk in function of the current maturity
level. Higher the technology is in the figure, higher is the
capital required for the technology and/or higher is the risk
took for the investigation of the feasibility. Three current
maturity levels are dfined: R&D, Demonstration and

-6-
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Deployment, and Commercialisation. Looking in details on
electricity storage technologies, Pumped Storage
Hydropower (PSH) is the only one that reached a
commercialisation level. Close to the commercialisation,
Compressed AirEnergy Storage (CAES), Flywheel, and
Batteries technologies can be found. In the R&D phase, Flow
batteries, and Supercapacitors are currently under
investigation and required large investment to reach the
proof of concept level.

The electricity grids wddwide currently use largescale
energy storage devices for 140 gigawatts (GWQf course,
PSH technologies took the almost majority of thberket with
99% due to its proved maturity. The remaining 1% is divided
between CAES, Flywkg and Electrochemical devices such as
batteries, redox-flow and supercapacitors technologies as
reported in Figure 1.6%

Lithium-ion 100

Lead-acid 70
— Nickel-cadmium 27
Sodium-sulphur Flywheel 25

PSH 140 000 “_ Redox-flow 10

Figure 1.6. Composition of the electricity grids worldwide in megawatts

Even if thePSH technology is the most mature technology
and almost exclusively used to date, it is important to note
that the performance requirements depend of the
application and expectations regarding the power and
energy ratings, the ratio of power to energy, theharging
time, the discharging time, the cycling life, etc. are
different.®> In the following sections, PSH, CAES, Flywheel
and electrochemical storage technologies will be shortly
described.
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1.2.1. Pumped Storage Hydropower (PSHpz21
Pumped Storage Hydropower (PSH) is the most mature
technology for electricity storage technody as already
reported above. It is also the larger energy storage system in
operation. This technology represents approximatively 3% of
0KS @¢g2NXRQa G201t AyadlftftSR L32gSN
total storage capacity. In some countries, hydroelectricisy
the majority source. Norway (98,9%) uses almost completely
this production method. Other countries such as Brazil
(83.7%) and Venezuela (73.9%) can be cited as example of
these countries using hydroelectricity as the primary source.

This storage technlmgy stores potential energy using height
differences between two reservoirs as reportenl Figure 1.7

Long distance transmission lines

Powerhouse

Figure 1.7. a pumped storage hydropower plamayout2?

As it canbe seen in Figure 1.7, a PSH system can be described
with three key units: (1) two reservos located at different
elevation. Larger is the height difference between the two
reservoirs, higher will be the amount of energy stored by the
system because the stored energy is proportional to the
elevation difference. The amount of the stored energyailso
proportional to the water volume of the upper reservoir; (2)
a pomp unit used to pump water from the lower reservoir to
the higher reservoir during the ofpeak period; and (3) a
powerhouse unit which uses a turbine for the generation of
electricity allowing the conversion of the potential energy to

-8-
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electricity during the peak hours. This pump unit represents
the difference from ordinary hydroelectric power system
because it allows the PSH to pump water from the lower
reservoir to the upper reservojracting as an electromotor.

The efficiency of PHS systems are evaluated arouneB5%
depending on the evaporation and the conversion losses. Its
relatively high efficiency is an advantage which can be
summed to the other characteristics of PHS, whicle darge
power capacity (typically 104000 MW), large storage
capacity, and a long life (360 years), at a lowest energy cost
($0.12-1.4/kWh/cycle). Furthermore, despite the large power
volumes and energy management in this installatiothe
system can react with a response time lower than 1 minute
enabling the use of this technology for the control electrical
network frequency and in provision of reserve generation.
The above characteristics are a testament of the
affordability, robustress, and scalability of this energy
system technology. However, this system has also huge
drawbacks. Certainly, the most important drawback is the
lack of available sites for building two large reservoirs and
one (or two) irrigation dam(s). The constructioof this plant
lies to serious environmental issues such as removing trees
and vegetations in a surface typically around-20 km2 of
land before to the reservoir being flooded. Of course, all the
construction is expensive, which is also one of the main
concern. The capital cost varies from $100 million to $3
billion US, which is of course prohibitive for a lot of
countries/regions. The last major constraint is the lead time
which is typically around 10 years.

To reduce the <cost and the environmental issye
improvements of PSH technology were investigated and will
be constructed. Indeed, some PSH plants will use flooded
mine shafts, undergroundaves, and/or oceans as reservoirs.
The best example is in Okinawa Yanbaru island in Japan with
a 30 MW seawateproject, which was completed in 199%.22

A picture of the site is shown in Figure 1.8.
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Figure 1.8. Okinawa Yanbaru (Japan), the first seawater Pumped Storage
Hydropowe#?

1.2.2. Compressed Air Energy Storage GAES}*z
17,19z21,23,24

CAES is, with PHS system, one of the two electrical storage
technologies currently suitable for largecale power and/or
high energy storage applications. To date, it exists only two
CAES sites in the world. The first is in Huntorf (Germany) and
was installed in 1978. It has a capacity of 290 MW for 2 hours.
The second is in McIintosh (AL, USA), with a capacity of 110
MW for 26 hours. The site located in the US can switch from
full generation to full compression in only 5 minutes, and
back to full generation in less than 15 minutes. Even if it
exists only two sites opened worldwide, both have
demonstrated economic feasibility anhhigh reliability.
As described for the Mclintosh plant, CAES system must be
able to compress and to expanse air. Indeed, this technology
stores energy by compressing air, with a pressure typically
around 4.0¢ 8.0 MPa, when the demand is low. To extract
the stored energy from its topological confinement,
compressed air is drawn from the storage vessel, heated, and
then expanded through a higphressure turbine.
Typically, a CAES plant consists in five key units as shown in
Figure 1.9. The first key unisia motor/generator which can
switch engagement to the compressor or turbine trains. The
secondis obviously the air compressor with two or more
stages to achieve economic viability. The plant contains also:
(3) a turbine train which contains both highand low-
pressure turbines; (4) a topological confinement for the

-10-
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compressed air, typically underground rock caverns, salt
caverns, porouganedia reservoirs; (5) equipment controls.

1. Excess or off-peak power 4. The electricity produced is
is used to compress air delivered back onto the girt

Figure 1.9. a compressed air energy storage pléayout!®

CAES have attractive qualities close to PHS systems such as
high-power capacity (50¢ 300 MW), long storage period
(over a year), relatively long life (approximately 40 years),
and a hgh efficiency typically between 60 and 80 %.
Moreover, CAES is more attractive than PHS because the
capital cost is significantly lower ($40800/kW) and the
environmental issue is limited since the storage is
underground.

However, CAES plants suffer tdfe same major barrier than
PHS with the research of the appropriate geographical site to
odzAf R GKS LIyl az2NS20SNE Ay
solution for energy production/consumption, CAES lies with
the requirement of combusting fossil fuels for tlexpansion
cycle, which means that this technology is not carbon
neutral. Last but not least, system design is difficult due to
the heat transfer during the cycling. Indeed, the air
compression is an exothermic process while the expansion is
endothermic. Toovercome this issue, advanced research is
focusing on three modifications: isothermal storage,
adiabatic system, or diabatic storage systems.

To conclude, CAES plants cannot solve alone the problems of
excess electricity production. However, this techogl is
attractive, feasible, and can save investments in power plant
capacities.

-11-
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1.2.3. Flywheel15218,20,23,25,26
Flywheel technology is simpler than PHS and CAES as it can
be seen in Figure 1.10.

Unlity —m Dus Load
" v

Motor:
generator

Flywheel

Magnetic
bearings

Vacuum
housing

Hub
Courtesy of beacon power 6 kWh unit

Figure 1.10. A Flywheel technology layout (left) and a flywheel storage
system of 6 kWh unit from beacon power, courtesyBafacon power (right?27

The storage is in this device is driven by the angular
momentum of a spinning mass. The electromotor rotates at
high speed where electrical energy is converted to kinetic
energy; when the speed decreases, kinetic energy is
converted intoelectrical energy to release the stored energy.
The total energy of a flywheel system is dependent on the
size and speed of the rotor while the power rating is
dependent on the motofgenerator.

Interestingly, the input/output power is limited only by the
power converter that means that flywheels can provide very
high peak power. Devices are relatively small and light, which
allow the technology to find its market when batteries would
be too large or heavy. The systems can be fully
charged/discharged for everal hundreds of thousands of
times. Its efficiency is in the range of 3095 %. The life of
the device is not function of the depth of discharge.
However, the capital cost for flywheel is high with a value in
the range of $1000¢ 5000 kWh and devicesuffer of self
discharging rate typically around 55% and 100%/day.

To conclude, flywheels become interesting for market
applications when longerm storage is not required such as

-12-
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frequency smoothing. For example, the most common
application is to act asa power quality device to bridge
temporal gap between the shift from one power source to
another. This system can supply highly reliable electric
power for seconds to minutes at a time.

1.2.4. Electrochemical Energy Storage
Portable energy storage technologiesre required for
several applications from miniaturized dimensions (phones,
laptops, etc.) to large scale such as transport. Of course,
storage systems described previously are not portable (PHS,
CAES) or only for some sizestricted devices in the casefo
Flywheels. To overcome this issue, electrochemical energy
storage devices were developed and currently under
investigation to improve their performances.
It is difficult to have a correct overview of the energy storage
devices performances using only kb with number. To
compare easily storage systems, D. Ragone has developed in

GKS cnQa I RAFINIY HKAOK NISLINSESYy
the ratio of mass to energy and power. This diagram is called
F FGSNI KAY Fa awlk3az2aysSQa LI 20¢ 2N

Figure 1.1128
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Figure 1.11. Energystorage Ragone Pka?

The Ragone plot displays Specific Power (W/kg) in function
of SpecificEnergy (W/h.kg) using the mass to rationalize
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t 26SN FyR 9y SNHSE ® ¢syisRaSchitRal adpé&cPA OS Q
for portable energy storage units. For stationary units such

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

the mass as the critical criteria. In these cases, it is more
important to look at the life expectancy, and thetal costs®

Looking at Figure 1.11, four different technologies can be
seen: Capacitors, Supercapacitors, Bates, and Fuel Cells.
Four different technologies and four completely different
Specific Power and Specific Energy. Capacitors, and
{ dzZLJSNJOF LJF OAG2NB&B o+ faz2z OFfftSR a9f !
have Specific Power with several orders of magnitude higher
than Batteries and Fuel Cells. However, their Specific
Energies are significantly lower than the two other devices.
So, depending on the applications, engineers will choose one
system or another. Although the energy storage and the
conversion mechanisms are  defrent, there are
St SOGUNROKSYAOI f AAYALFNWRGASasE 27
Electrochemical energy storage devices which calso be
used as alternative power sources are considered as the
principal actor to overthrow a worldwide issue: the vehicle
fuel economy. Indeed, the fuel consumption rate will
consume all the global petroleum resources within 50 years
according to the scientific estimations. During the same
period, the global numbeonf vehicles will increase from 700
million to 2.5 billion. To reduce the fuel consumption,
electrical vehicles are developed, such asalleéctrical range
(AER) or hybrid electrical vehicles (HEVs). The efficiency of
both technologies is depending on theienergy storage
systems. Due to their performances, portability, and
scalability, Batteries and Supercapacitors are considered as
the most viable applications for transport applications
because they can supply the output of the engine during the
acceleraton and cruise and for energy recovering during
braking23:30.31

-14-



Energy: Demand and Stoga Technologies Chapter |

1.2.4.1. Batteries?.18,29,3%41
Batteries are one b the most costeffective technologies
available and they are the most common on the market. They
generate electrical energy using redox reaction to convert
chemical energy. The first commercial battery was
AYUNRRdIdzZOSR o6& {2yeé [ 2Nl Nwédshazy Ay
Lithium-ion battery. The principle of operation of this
battery is reported in Figure 1.12. In this figure, the anode,
LiyC, will intercalate Lithiumions, Li, during the charging
cycles. During the discharge, theathode, LiCoQ, will
intercalate the Lithiumions removed from the anode. The
electrons migrate in the same direction flow than the Lithium
ions through an outer electrical circuit.
The insertion of Lithium ions that enables the redox reaction
is controlled by the diffusion throughbulk electrodes
materials. This diffusioitontrolled mechanism is the reason
for the low power density of batteries technology. The
intercalation/deintercalation of ions through bulkaterials
will also have an impact on the electrode volumes during the
charge/discharge cycles. Sometimes, this change of volume
can produced shorcircuit with terrible consequences such
as fires and explosions. The safety is probably one of the
main concernfor Lirion battery and a lot of efforts are made
in this direction2¢44 To date, battery manufacturers can
produce highquality lithium-ion cells with less than one
reported safety incident forevery one million lithiumion
cells produced.

4
O o 5 .Ll °
o o
———— i
° ° N s
ry o °
Li,C v

Figure 1.12. Lithium ions migrate back and forth between the anode and
cathode through the electrolyte upon discharging/charging; electrons doing
so similarly through the outer electricalircuit.4?
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Why Lithiumion batteries are so important for portable
applications? Motivations came from Lithium, of course. It is
the third lightest element known, which means low influence
of the total mass in a market where the device wéat is a
crucial aspect. Moreover, the oxidation potential*Lli is the
highest of all known elements with 3 V above the standard
hydrogen potential. Therefore, Libn batteries offer a good
perspective for developing high energy and higbwer
batteries. These batteries offer versatility, suitable lifetime for
a wide range of applications.

However, it exists something alarming for this technology.
Undeniably, Lithium can be viewed as the gold of the next
century because it is a material with a relatiydlow abundance

on earth. This low abundance coupled with a complete shift

from oil-dependent internal combustion engine to -ion
batteriesLINR2 LISt £ SR 4 St SOUNROE @GSKAOf Sa
impact. Indeed, if there will be enough lithium on planet to

feed the whole automobile market, the price will become
unaffordable for the final buyers or for the EV manufacturers.

The Lithium price is expected to be multiplied by five within

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

price increasd to a valueof 9.1 $/kg with is less than expected

by the scientific community?

New materials developments are needed and a lot of research
groups around the world are focused on this thematic to find

thS ySg G 1AfftSNE YIFEGSNRALIFIEA O2y OSNYA
cathode, anode, and electrolyte. For example, it is possible to

find investigations on Sodiusion batteriest®48  Lithium

Sulphur batterie4%5! metal-air batteries?.

1.2.4.2. Supercapacitors: competitors or allies
of batteries™1,18,29,31234,53256
G9f SOUNROKSYAOL f [ F LI OAG2NBE S a
[ LI OAG2NBAET £ f GKS&S | LISt GAz2

technology. Diferent manufacturers gave the name according
a2 0KS O2YYSNIOAL € RSOAOSY a{ dzLJS N
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9f SOGUGNRO [/ 2YLI ye& -/obL9/ QA GI2WHR ¢ a 'Fi2NNIt
Research Institute (PRI). In this thesis, the appellation

G { dzLJISNJOI LJF OA G 2 NJ&A ¢ alkhthefdoauBendza SR i K N.
Supercapacitors must be differentiated from two other types

of capacitors: electrostatic capacitors (typically made of two

metal electrodes, in a parallel configuration, separated by a
dielectric) and electrolytic capacitors (like ele&otytic
capacitors but they use conductive electrolyte salt in direct
contact with the electrodes instead of the dielectric).

As it canbe seen in Figure 1. 11, Supercapacitors fill the gap
between conventional capacitors and batteries. Indeed, they
can sbre more energy than that of conventional capacitors,
and can deliver more power than that of batteries
Supercapacitors use highly reversible electrostatic charge
storage mechanism which allows to be charged/discharged
over an almost unlimited number ofycles. Unfortunately,
Supercapacitors suffer from the low energy density in
comparison with batteries which leads to an ambivalent
solution for the choice of the electrochemical energy storage
devices required for an application. Indeed, using only
batteries, the storage must be oversized to manage the peak
demand while, using supercapacitoosly, the storage must be
oversized to store a sufficient amount of energy to deal with
the intermittence of the renewable energy sources. Therefore,
batteries and suprcapacitors are not in competition one
against the other, but they can be seen as allies to overcome
the current challenges of energy storage / power delivery
systems due to the existing synergy between these two
technologies.

This thesis work is focusean the synthesis and development
of new materials to increase Supercapacitors performances. In
the next chapter, Supercapacitor technology will be described
in addition with materials used for electrodes fabrication.
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Chapter 2

Graphene-based supercapacitors

In this chapter, fundamentals of supercapacitors
are described. Then, historical background of
graphene is reported. The outstanding
properties of this material are highlighted
alongside the scalable production methods.
Finally, the stateof-the-art of graphenebased

supercapacitors are reviewed and the
comparison between Electrical Doubleayers

Capacitors and Hybrid Supercapacitors
containing conductive polymers, transition

metal oxides, and transition metal
dichalcogenides is presented.
2.1. Supercapacitors: general background

Supercapacitors can be found in different cell architectures:
coin cell, stacked, wound, or pouch cell configurations as
shown inFigure 2.1

Figure 2.1. (a, b, c) coin celarchitecture!l, (d) wound supercapacitdr and
(e) pouch cell supercapacitér
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Even if the configurations are different, components are the
same for all supercapacitors. The most important
components are: electrodes, electrolyte, current collectors,
separator.

Electrodes represent the corefathe supercapacitor as the
active material composing them, mainly defines the device
deliverable performances, thus becoming the focus of
attention for materials scientists. Electrodes are generally
carbonaceous materials such as activated carbon, amoysho
carbon, carbon nanotubes, carbon aerogels, and, of course,
graphene. Materials must have high porosity and be
electrically conductive.

Electrolyte consists of dissolved chemicals in a solvent that
can be aqueous or organic. Recently, ionic liquids halso
attracted much attention due to their large operating
voltage. Electrolyte contains cations and anions that allow
charge separation in Electrical Double Layers Capacitors and
can participate to the Faradaic processes in Pseudocapacitors
(e.g. intercadtion).

Separator is a physical barrier used to avoid any contact
between the two electrodes of the supercapacitors. This
contact would produce shortircuit that can have terrible
consequences such as explosions and fire for examples.

Current Collectors are typically a metal foil (Copper,
' f dzYAYyAdzYZ DbAO1Stz {GlFlAytSaa {0S
deposited. This current collector must have high electrical
conductivity. This part of the supercapacitors is also used to
connect the supercapacitors to the eladctal circuit in which
itis applied.

2.2. ' OADPE A IWbdd-Famdds Teenaged
0A single carbon layer of the graphite structure,

describing its nature by analogy to a polycyclic
aromatic hydrocarbon of quasi infinite sizé

This simpledefinition resumes two centuries of research
works, which finally lead to the first isolation of a monolayer
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2F 3IANF LIKSYyS>T YIRS o6& DSAYQa NXSasStk
(2004), and to the Nobel prize awarded to A. Geim and K.S.
Novoselov in 2010.

Graphene,the carbonbased wonder material, is now 13

years old and has attracted attention from all around the

g2 NX R YI 1Ay 3 AGalisYFdzal ¢SS YNHER NE
understand why the first isolation of a graphene monolayer

was such an achievement for the science deyghent, it is

important to understand the general historic background of

this material.

2.2.1.Historical Backgrourdsz7?
The pencil commonly used today since the childhood, finds
its origin in the 16" century, inEngland, with the discovery
of Plumbag&d ¢ KAOK A& GKS [FGAY | LILIST §
They also understood the writing capabilities of this material
making Plumbagothe basis of the European development in
substitution for quill and ink. It is only twoeaturies later
that Carl Sheele, Swedish chemist, demonstrates the real
composition ofPlumbago Indeed, the material discovered by
the English was Carbon, not lead. Then, in an appropriated
way, Abraham Gottlob Werner, German geologist, has
suggestedto K y3S (GKS yIYS 2F GKS YI 04SN
GKAOK YSlIya a2 oNAGSE Ay DNSS] o
In 1859, Benjamin Brodie, British chemist, has oxidized the
AN LIKAGS AY G@3INF LIK2y £ dzaAy3ad aidNRy
with a molecular weight of 33 g/mol was actually graptee
oxide 8 In fact, due to the oxidation, graphite sheets surface
was covered with hydroxyl and epoxides group&raphene
oxide suspension was observed for the first time using
Transmission Electro Microscopy in 1948 by G. Ruess and F.
Vogt.t® Ulrich Hofmann and HannBeter Boehm observed for
the first time monolayers of reduced Graphene Oxide in
MpcHP ¢KS GSNIY GDNY LIKSySé¢ KIFa o06SS
Boehm and ceworkers. Grapheneis the combination of
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GDNI LIKAGSe 6AGK GKS adzFFAE NSTFSNI
hydrocarbonst?

In 1985, Harry Kroto, Robert Curl, and Richard E. Smalley
havediscovered a molecule containing 60 atoms of carbon in

a spatial configuration of a soccer balfullerenel? They

received the Nobel prize in Chemistry in 1996.

The first mper on mechanical exfoliation of graphite was

LJdz6 f AA KSR o6& | SAYNAROK VYdzNJI Q& 3INRA
ultra-thin graphite obtained by peeling off layers using
transparent tape to study carrier dynamics in graphit®The

year after, 1991, helical microtubules of graphite carbon with
K2ySeo02Yo fFGdGdAOSY NISFR a4/ FNb2Yy bl
by Sumio lijimal?

According to a theoretical point of view, Phil Wallace
NISLI2ZNIG SR GKS o6FyR adNWzOGdzNIS 27F |
understand the electronic properties of bulk graphite.

Practically, the isolation of graphene was envisaged by
Rodney Ruoff and Reginald Little before the work published

by Geim and ceworkers16.1”However, the first isolation was
demonstrated only in 2004 using arptical microscope even

if the graphene was present in our daily life, such as in our

pencil trace for examplé?

2.2.1.1.1' T AOA 'RAmbHémyy AO E O ' ©ADPEAT /
Andre Geim has completed his Ph.D. in 1987 at the Institute
of Solid State Physics, Chernogolovka (U.S.S.R.). His Ph.D.
0KSaAaQa limvestigaSionsof methamisms of transport
relaxation in metals by a helicon resonanceethods ® | S
RSTAYSR AGa ( KzBrabhedprojedt Y 3 StOHthda S a &
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
positions. He movedrom U.S.S.R. to Nottingham (UK) [two
times], Bath (UK) and Copenhagen (Denmark). During these
years, he changed his researcher philosophy moving from the
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research of a new phenomenon to the development of new
experimental systems.

In 1994, he became Asstate Professor at the University of
Nijmegen (The Netherlands) working on the mesoscopic
superconductivity. Alongside to its research niche, he started

with  some collaborators the secalled dFriday Night
Experiments ® ¢ KSasS LINR2SOGa Igadshak ¥ O2d
one night with 6 months long for the shorter one. Most of
GKSY g1 & I ol ymRifeyaSlRfailumids Nd SA@gS NXi KSt S
three of them were hits: levitation, geckaape,® and
graphene.

The levitation of nommagnetic materials is probably the
funniest work. To wdy the diamagnetism, Geim and €o

workers use expensive instrumentation. To redudée
experimentscost they were forced to work during the night.

To make the story brief, one night, they put water in an
electromagnet at its maximum power and, surprisigglthe

water drop does not finish on the floor but levitates between

the magnets. To demonstrate that the ew@resent
diamagnetism is not negligible; and everything (and
everybody) is magnetic; Geim and its collaborator Michael

Berry show the same phenomm®n with a frog. The levitated

frog is shown inFigure 2.2. The physidsehind the stability

of diamagnetic levitation is reported in the review published

by Geim in Physic§oday?° In 2000, Geim and Berry were
reO23yAl SR o0& GKS L3I b2oSt tNAIT S 7
behaviour. So, Andre Geim was the first to won both Nobel

and Ig Nobel Prize.

Figure 2. 20 [ S@AGE GSR TNR 3 R dzNJA y 3 G KS G CNARLI
demonstrating the magné A &Y 2F ay2yYIF3IySGiA0 GKAy3Ias
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In 2001, Andre Geim earned a Full Professor position at The

' YAGSNEAGE 2F al yOKSaldSN® | Aa aNJ
rooms filled with ancient equipment with no value. After

earning some grants and building a fully functional
laboratory, its first Ph.D. student arrived in 2002. Da Jiang,
Chinese student, will work on the mesoscopic properties of

AN WIKAGS aFba GKAY |a L2aarofSeT
prepare such sample.

2.2.1.2. The Scotch Tapdegend 21

Da Jiang started his Ph.D. thesis with a tablet of pyrolytic
graphite with the following dimensions: 1 inadf diameter (+
2.5 cm) and several mm of thickness. After months of hard
work with a polishing machine, Da has declared that he
obtained the minimal thickness possible. The sample, placed
at the bottom of a Petri dish, was observed carefully by
means of an optic microsge. Result was unequivocal with a
thickness around 10 um. This project was a failure and, as it
happens often, frustration entails nervousness and teasing
remarks. Moreover, the unfortunate student threw away all
the powder he does not use during the polisig, which
means that no other sample is available to continue the work.

In the lab, Oleg Shklyarevskii was present and bring over a
tape from a litter bin. This tape has graphite flakes attached
on it because the tape was used to prepare a clean surface
for STM (Scanning Tunneling Microscope) analysis. This
technique was used for years but no one has never had the
idea to look at thegraphite leftovers (See Figure 2.3.a). The
result was surprisingly much thinner than the sample
prepared using the polishi@ Y I OK A y Bothshifg2vias @
dead, long live Scotch tapé&!®

Promising results were obtained and, to go further, more
people are needed. Kostya (Konstantin S. Novoselov) jumped
at the opportunity to start this new project. The first
measurements were pedrmed on graphite flakes
transferred by Novoselov onto glass slides using tweezers.
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Then, Geim hd the idea to transfer the materials to oxidised
Si wafers, that give interference colours useful for the
indication of the thickness. Indeed, some fragmentsene
optically transparent with a thickness of few nanometres as
shown in Figure 2.3.bThis result is the first discovery but
not the eureka moment.

Figure 2.3. (a) picture of the leftover graphene on tape and (b) microsgop
image of asisolated graphene

2.2.1.3. EUREKA Moment
¢tKS a{O020G30K ¢ LIJS¢ YSGK2R A& 3IASYSNX
isolation and identification of graphene. This method is
reportedin Figure 2.4However, the objective was to find some
breakthrough results.

N\

Figure 2.4. Schematic representation of the scotch tape method to isolate
graphene and to transfer it.

Surprisingly, ultrathin graphite shows low resistance using
silver paint to make electrical contacts. These results were
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interesting and further measurements were carried out. The
first handmade device used 20 nm of graphite crystal in the
centre part. Results were outstanding with the
demonstration of an electric field effect. This is the eureka
moment, when both Geim and N@selov understood the
potentiality of this preliminary measurement with a hand
made device.

Indeed, using the statef-the-art microfabrication facilities,
graphene willdemonstrate its incomparable properties. Even
with this discovery, reported works werrejected two times
08 Dbl GddzNS 22dzNy It 06SOF dza S Zthel OO 2 NJF
work does not constitute a sufficient scientific advasace
before to be accepted by Sciencé.

2.2.1.4. Graphene: The mother of all Graphitiés
DNJ LIKSyYy S A& 2FGSy O2yaiRSNISR (-}
3 NJ LIK Aofl, inOra recisely, of all $pcarbon allotrpes
because, starting from this single layer of carbon, it is
possible to build all the other carbonaceous materials such
as fullerene by wrapping (0D), carbon nanotubes by
rolling(1D), and uninterestingly graphite by stacking (3D) as
shown in Figure2.5.

Figure 2.5. A graphene layer (light blue) that can be used to build all the
graphitics. In green, the formation of a fullerene by wrapping a part of the
graphene layer. In red, the formation of carbon nanotubes by rollingaat

of the graphene layer. In dark blue, formation of graphite by stacking of
graphene layers.
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2.2.1.5. Outstanding properties of Graphene
Graphene has attracted attention due to tremendous
characteristics that are superior to any other matati
known.?? Thesecharacteristics are briefly desitred in this
section.

2.2.1.5.1. Room-T Electron Mobility23
In 2011, Geim and cworkers fabricated a device containing
a graphene layer encapsated in hexagonal boromitride.
This encapsulation isolates graphene from ambient
atmosphere and allows the observation of an anomalous Hall
effect and a pronounced negative bend resistance. Both
observations are due to a roo+temperature electron
mobility of about 2.510° cm?/V.s of graphene layer which is
superior to the theoretical limit of 200° cm?2/V.s estimated
previously by Morozov and colleagués.

2.2.1.5.2. MechanicalProperties?2>
Leeet al. deposited a freestanding graphene layer onto a 5
by-5-mm array of circular wells patternedndo Si substrate.
¢ KA a GadzalJSYRSRE INF LIKSYy S LIS NJY A
mechanical properties by nanoindentatian an atomic force
microscopy. A SEM image of the graphene is shown in Figure
2.6, A; noncontact mode AFM image in B; schematic
representation of tKS Yy I y2AYRSyYy Ul GdAaz2y 2y
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 intrinsic strength of 130 GPa.

2.2.1.5.3. Other properties
Balandin reported and compared thhermal conductivity of
carbonaceous material. Graphene has demonstrated a
thermal conductivity higher than 3,000 MWK.26 Graphene
demonstrated also high transparency as reported by Geim
and colleagues. The optical absorption of a single layer of
graphene is about 2.3%s shown in Figur@.7.27
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Figure2. 6 06! 0 aadzalJSYyRSRé¢ 3INIFILIKSyYyS RSLIZaAldSR 2
holes with a diameter comprised between 1 ym and 1.5 pm. Area | show a

hole partially covered by graphene, Il totally covered by graphene, and Ill is
fractured from indentation. Scalebare: 3 um; (B) Noitontact AFM image;

(C) schematic representation of the nanoindentation procedure; and (D) AFM

image of a fractured graphene layé®b.

.
o
T

light transmittance (%)

25 50
distance (um)

Figure 2.7. Photograph of a 5um aperture partially covered by graphene
and its bilayer27

a09dzSyQa NXS&SEFNOK 3INRdIzLI RSY2y ai NI
impermeable to gazes including Heliuth
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2.2.2.Production Methods
2.2.2.1. Introduction

The synthesis of graphene, due to its tremendous properties,
focused attention of both scientific community and political
power since 2004. Today, therere various pathways to
synthesize graphene with different quality levels, controlled
dimensions (flakes lateral size), number and type of defects.
The final application is, of course, strgly coupled with the
graphene quality and cost of production. Figur2.8
summarizes graphically the current scalable synthesis
technique and the possible final applicatigi.

A
Mechanical exfoliation

(research,
CVD prototyping)
(coating, bio, transparent
" 9 conductive layers, ‘

- .

> * electronics,

o"$¢ % , Pphotonics) e
®» » o,®

*»

SiC «g¢t
(electronics,
RF transistors)

L X 7 Liquid-phase exfoliation
*H’ ¥ (coating, composites,

g ¥ % ;
s inks, energy storage,

% ™ 7. bio, transparent conductive layers)

Quality
; ©
: a
o
b 3
R
% a1

Molecular
assembly

(nanoelectronics)

A J

Price (for mass production)

Figure 2.8. lllustration of the current scalable and available synthesis
technique and their possible applications in function of the graphene quality
and the relativemass productionprice .22

Synthesis approaches argpically divided in two categories:
GORBoYyE | YyR-AAE2I BKYS Y2aid NSt SOy
are discussed in this section.
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222.2. 041809 x1T 6 ADPDPOI AAEAO
¢t KS REHIYE | LILINRIF OKSa aidl NI FNRY 3
widely available raw material. They are advantages due to
their highyields, but they struggle looking forward to a large

scale production?®

2.2.2.2.1. Mechanical Exfoliation0z32
The mechanical exfoliation is the most famopsoduction
technique since the scotchtape legend awarded with the
Nobel prize in 2Q0 for Geim and Novoselov (See Section
2.2.1).'8 This micromechanical cleavage of ghipe opens
the door to the graphene wrld. This approach is
nevertheless restricted to fundamental research due to the
very limited quantity of graphene that can be produced.
Some improvement has been developed by mounting a single
micropillar on an AFM a#ilever. Kim and cewvorkers applied
a sheer force about 300 nN/pum? to break the intéayer Van
der Waals interactions which have an energy of about 2
eV/nm233 However, it remains challenging to bring this
technique to a viable largescale production.

2.2.2.2.2. Liquid-phase exfoliation?2.29.30,32
This approach is promising for a largeale production of
high quality graphenée? Graphite is exposed to a solvent
with a surface tension which induces an increase of the
exposed graphite crystallites. By sonication, Van der Waals
interactions break down and muHlliayers of graphene star
to form a suspension. After sufficient exposure time to
ultrasound, monoe and fewlayers graphene are dispersed in
suspension3®:36
Direct exfoliation can be carried out in
polyvinylpyrrolidoné?, but N-methylpyrrolidone (NMP)® or
dimethylformamide (DMF)® are typically used because the
yield isknown to behigher. Liuet al. further improved the in
DMFbased liqguid-phase exfoliationby using supercritical
DMF3° Recently, electrochemical exfoliation has been

-34-



Graphenebased Supercapacitors Chapter Il

investigated using aqueous electrolyte. Results are promising
and avoid the use of toxic organic selwt such as NMP and
DMF40.41

Another approach to exfoliate graphite in ligwghase is to
combine intercalation of chemical species or use of a
surfactant followed by the sonication stefs.

It is however importam to keep in mind thatthis approach
has some significant drawbacks such as {gpwld, use of
expensive intercalation reactants. Finally, the graphene
conductivity might be decreased due to residual traces of the
surfactant.

2.2.2.2.3. Unzipping of Carbon Nanotubse
22,30,32,43

As aforementioned in the paragraph 2.2.1.4, graphene can be
O2yaARSNISR I a 0 KISsp? cafon Wi MdEpes.2 T |
Indeed, it is possible to build fullerenes, carbon nanotubes,

and more easily (and without any interest) graphite starting

from graphene layers. Interestingly, graphene can be
reversibly produced from carbon nanotubes by unzipping
them as shownin Figure 2.9

Figure 2.9. Unzipping ofCNTs to produce Graphene Nanoribbons (GNRs).

DNJ LIKSy S bl y2NAOGO2Y a I NJS i a i KA
3 NJ LIK38 gn8 £€an be produced by unzipping of SWCNTSs.

This production pathway allows to control the level and type

of chemical functionalization, and, more importantly, to

obtain high quality of the graphene edggs*¢

Recently, Tanaka and eworkers have demonstrated that the
unzipping of CNTs to obtain graphene nanoribbons is more
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efficient if it starts from DWCNTs instead of SWCNTs or
MWCNTsY!

2.2.2.24. 4EA O' OAPEAT A | gEAA xAU
Graphene is a wonderful material for a lot of research fields.
However, its synthesis and preparation are costly and time
expensive. Moreover, for some applications, the handling of
graphene layers is not straightforward. For example, a typical
example is the hydrothermal synthesis of graphehased
supercapacitors. Due to the absence of carborygen
moieties on the surface of the single layer of carbon,
graphene is hydrophobic, andconsequently not easily
RAALIISNEAOGES Ay 41 GSNP ¢2 2@0SNIO2YS
2EARS g6l &8¢ A& 2FiSy O2yaArARSNISRO
First, graphene oxide is a cheap material, which can be
prepared starting from graphite and using strong oxidizing
chemical reactants. Seval methods are reported in
literature, but the most famous is probably the Hummers
method.*® After the oxidation sep, the chemical structure of
the carbonaceous material contains many oxygen
functionalities such as epoxy, ketones, carboxylic acids. The
chemical model of GO was developed by L-&ifnowski and
shown in Figure2.10.
The asprepared material is alreadyteractive from a general
chemical poin of view® or focusing on energy storage
applications?9

i e e — 1 ;
_-ll.'__r_-_ 5 _r— ll_‘}H'-\_\_-- i — 4
e i il i:';'-"__'-' g T 5:- =
— —|_-\:.r-_ .-\'::_—_.L".gi-l—l:l:"—_\_#ﬁ_' -l:lH—";-lﬂ-_ -\?_‘-‘,--\-.'11_ _th-'
£ "-'" o -"'H?—' Loow Jo ;‘Eﬁ—EH-u —
'S S B Ty T e S ¥
ey . S | u'.":,;-"f =T on T o
[ e T
- -Li-\"r'i'\-\. 1 I:“__IE-— b, HE-_AHIJ_E__ O
HO [ u] ':!'? - -\-"': ¥ "-’EI-_\_—-_HJ—"
:' .-u

Figure 2.10. LerfKlinowski model for the representation of GO.
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However, it is crucial to restore the 3phybridization of
carbon atoms to restore the electrical properties of the

graphene layer. A lot of approaches have been investigated

to reduce GO to rGO (or grapherike material) with theuse

of H2S, hydrazine, or

other chemical

reactams.
Notwithstanding their efficiencies, new reduction pathways
have to be developed to reduce the use of toxic chemical

reactants and to obtainmore ecofriendly reducton of GO.

Two recent reviews report the different approaches for a
green reduction of GO!°52 ¢ 2

oxide wa € X
graphite to rGO.

Graphite

Brodie method

in 1859 \

Hofmann method

in 1937 \

Tour method

in 2010 \

Hydrogen sulphide )

Sodium
borohydride

Hydrohalic acids

Sodium citrate

Staudenmaier method
/, in 1898
Hummers method

/‘ in 1958

NOLLYaIX0

Hydrazine
Alkaline solutions
, Ascorbicacid

, Plant extracts

/ Microorganisms

RGO

Figure 2.11® { OKSYI G4 A O

from graphite to obtain GO and successively rGO. The arrows colours for the

Af £ dza NI GAz2Y

adzyyYl NAT S
C R.Hldzbdlgdrts the different step from

2 ¥

idKS

i KS

reduction dep arein accordance with their sustainability (red: bad; yellow:

medium; green: good¥yl
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2.2.23.0"1 666 ADPDOT AAEAO
This synthesis pathway starts from carbon precursors to
produce in-situ the graphene. These approaches have
generally a better control of the level and types of defects
and canproduce highquality graphene with a good yield.

2.2.2.3.1. Chemical Vapor Deposition
22,29,30,4353255

Chemical Vapor Deposition (CVD) is probably the most
famous technique used for thaibottom-upé synthesis of
graphene.The main factors are the type and thickness of the
metal catalyst hydrocarbon precursors, and the synthesis
temperature®® The transition metal catalysts are usually
copper, nickel or rutheniun?’/s®l The most used by far is
copper because of its low solubility to carbon which allows
to improve the control of the graphene growt®. Moreover,
Ruoff and ceworkers have demonstrated that the deposition
of graphene on Cu is selfmited to a single layeP’ The
hydrocarbon precursor is usually methane (gHlue to its
high energy activation for the adsorption and
dehydrogenation on metal catalyst which delays these
phenomena until the temperature reaches 1000°€.

Gas precursors are adsorbed on the surface of a metal
catalyst followed by a pyrolytic decomposition, which leads
to the formation of adsorption sites promoting the growth of
a continuous thin film as illustrated in Figa2.12.%3

The CVD technique has demonstrated higtalability with
the production of square meters of graphene on copper foils
using a rolto-roll setup.The 3Ginch graphenefilm is shown

in Figure 2.13.55 However, this technique is ratively
expensiveand this is an obstacleo its industrial application

In addition, the underlayer metal catalyst removal antthe
graphene transfer increase the total cost.
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(a) LPCVD

Figure 2.12. Schematic representation of the grakv of a singlelayer of
graphene using (a) LoWressure CVD, (b) AmbieRPressure CVD, and (c)
Oxygenfree AmbientPressure CVDB*4

Figure 2.13. 30-inch graphene film prepared using the CVD technique and
roll-to-roll transfer 85

A first approach is to use different gasgrursor to decrease
the reactiontemperature. Nandamurket al. investigated the
use of acetylene as precursor and decrease significantly the

-390-



Chapter 11 Graphenebased Supercapacitors

temperature reaction®® Other approaches are focused on the
reaction condition. Yuan and Wang developed a Plasma
Enhanced Chemical Vapor Deposition (PECVD) whlbdws

to decrease the reaction temperature due to the production
of gaousradicals acting as precursor%’:68
Othersdevelopments were investigated such as Microwave
PlasmaEnhancedCVD (MWPECV®) and RadieFrequency
CVD (REVDJYO but they struggle in comparison with the
Ambient Pressure CVD. Indeed, this rhed is relatively low
cost and, more importantly, scalable. Reinet al. have
demonstrated this feasibility with a graphene film with a size
of about 1 cm2 on Ni substratél An improved APCVD was
studied by Jang and eworkers. Theystarted from benzene
as precursor which allows to reduce reaction temperature
between 100 and 300°C. Moreover, by removing oxygen using
repeated pumping and purging steps (Oxygdiree APCVD),
they increased the quality of the produced single layer
graphene®4

2.2.2.3.2. Epitaxial growth?22.29.43
This techniques based orSilicon Carbide (SiC) wafewsich
are widely employed inhigh-power electronics. By annealing
at high temperature and under vacuum the wafer, a
graphitization of the support occurs due to the sublimation
of Si’?Indeed, the sublimation rate of Si is higher than¥’4
Consequently, the carbon remains and rearranges itself to
create graphtic layers. These polycrystalline layers were
initially randomly oriented?’5 76
However, thanks to Othared coworkers, it is now possible
to control the number of layers depositetf. The deposition
can take place either on Si or C fac®sDeng and ceworkers
investigated the use of commercially available
polycrystalline SiC granules. After the annealing process,
they obtained freestanding singtkayer of graphene’?

This technique allows the production of higjuality
graphene with a crystallite size of about 100 [&h.
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Nevertheless, its application is not compatible for large scale
production in some sector such as electronics due to the high
cost of the wafer and the operating conditions.

2.2.2.4. Global perspective for graphene production
Thefirst isolation of a single layer of carbon with tremendous
properties has attracted a worldwide attention. Many
countries have invested huge amount of money in the
research and upgraded theesearch centre to dispose of the
state-of-the-art technologies®! The Figure2.14 reports the
substantial investments in the maioountries. Interestingly,
some of them have already invested before that Geim and
Novoselov received the Nobel prize in Physics.
9 Sy AT GKS a1AffSN LI AOIMGAZ2YE
found to date, many enterprises are born to produce large
area graphene films and to improve the actual production
technique 82
LYiSNSadAy3Ifer GKAE G3I2f R wdzaKé A
of the graphene price. Geim estimated the price around
1000%$/cm2 in 2008 In 2014, 2D Carbon Tech produced a
graphene film with a dimension of 10x10cm?2 at the price of
Cmnnn O0F wmpnbO0O® LG O2NNSA&ALI2ZYRA U2
times the price in ony 6 years. However, the price is still not
competitive in comparison with ITO conductive film, which is
about 300450 ¥/m2. Hopefully, a breakthrougachievement
will arrive to decrease dramatically the price of graphene and
make possible its largscale gplication.
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America
Carbon electron

RF application project Eritéfn appended £ 21.5 million

$ 22 million o explore the commercialization
f graphene

Geim and Novoselov
won the Nobel Prize
n Physics

Korea plans to invest totally $ 250
million on graphene project

ritain identified Britain
raphene as one of The National Graphene
he four emerging Institute (NGI) completed

echnologies,invested

Korea funded
graphene project
$ 18.7 million

orea announced that
The European Commission ranked J he Graphene Union is T

hina invested 210 million
to promote the development
of graphene industry

graphene as one of the “Future Emerging set up by 41 research
Technologies Flagship Projects” and will | institutes and six
invest € 1 billion over the next decade mpanies
overnment invested
5 42.3 million

Figure 2.14. Worldwide investment in the field of graphene since its first
isolation in2004 55

2.3. Graphenebased Supercapacitors

Since its first isolation in 2004, Graphene has attracted
attention for electrochemical energy storage applications
due to its high specific surface area, high conductivity,
flexibility, and outsanding mechanical properties. Several
reviews have been focused on the presentation of graphene
based materials for supercapacitors applicatio#/§?4

However, the comparison of performance between materials
become rapidly difficult due to diverse factors such as:
specific capacitance expressed in function of the weight, the
area or the volume of electrode; supercapaars tested in a
symmetric or asymmetric configuration; electrolyte used can
be gel, agueous, organic, and/or ionic liquids; measurements
performed in a twe or three-electrodes cell.

Therefore, in the following sections, research works will be
presented for symmetric supercapacitors in twelectrode
cell configuration. Finally, the specific capacitance,
expressed in F/g, are compared.
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2.3.1.Electrochemical Double Layer Capacitors
Two research groups have pioneered the development of
pure EDLGwnith graphene asactive materials. Groups were
leaded by Ra® and Ruoff®. In 2008, both published
independent research works. The first reports the
preparation of graphene by three different approaches: (1)
thermal exfoliation of graphitic oxide, (2) by heating a
nanodiamond at 1650°@h inert atmosphere, and (3) thermal
decomposition of camphor on Ni particles. The thermatlyO
demonstrated the best performance with 117 F/g in 1MSO
and 75 F/g using an organic electrolyte. These performances
are significantly higher than SingM/alled Carbon Nanotubes
(SWCNT) and MuKkWalled Carbon Nanotubes (MWCNT) with
60 and 14 F/g in the same condition, respectivétyw dz2 T ¥ Q a
research group has reported the chemical reductiof GO
suspension using hydrazine. A TEM image of the obtained
graphene is shown inFigure 2.15 with a schematic
representation of the typically cell used for the
electrochemical measurement. At a same scan rate of the
wlk2Q& NXSaSINOK ¢g2NJ odzi Ay ol &aao
specific capacitance of 102 F/g was measured while the
maximum value was obtained by charge/discharge
measurement with 135 F/g at0 mA/g. Using an ionic liquid
as electrolyte, TEA BF a specific capacitance of 99 F/g is
measured both using CV at 20 mV/s and charge/discharge at
10 mA/g?®

Electrode

Current Collector

Stainless steel plate

Figure 2.15. (a) TEM image of the chemicatheduced graphene oxide using
hydrazine as reducing agengnd (b) schematic representation of a typical
two-electrode cell configuratior?$
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Thenext year, Wang and cwvorkers published the solidjas
reduction of GO using hydrazine. After 3 days of reduction, a
more suitable reduction was obtained leading to higher
specific capacitance with 205 F/g &at00 mA/g?’ Lv and
collaborators demonstrated the production of rGO in lew
temperature (200°) and higlvacuum condition mateal
synthesized using this more suitable and safer way shows a
specific capacitance of 279 F/g at 10 m\?As.

Since these pioneering researches, many approachese
investigated to further improve the performance of
supercapacitors alongside to the doping of graphene or the
fabrication of composite. These research topics are
presented in the following sections.

2.3.1.1. Thermal reduction of GO
LY HamnX wdz2FTFFQa NS aSneN@iproacNR dzL) F
for the reduction of GOand its use as electrodes in
supercapacitor applications. The first way is a thermal
treatment in an oil bath at 150°C for 12h allows the reduction
of GO dispersed in polycarbonate. After a filtration, the
material wastested and shown 127 F/g at 5 mV?S.

Lei and ceworkers considered a new approach with the use

of a mesoporous carbon sphes-GO dispersion as template

for the grown of 3D rGO structure. Unfortunately, this
approach displayed only 40 F/g at 10 mAYY. Mishra and
Ramaprabhu reported a thermal exfoliation of GO under
hydrogen atmosphere leading to a moderate supercapacitive
behaviour with 80 F/g at 10 mV/s. To further increase the
performance, they used H®k to reintroduce carboroxygen
functionalities which enhance the performance, with 125 F/g

Fd GKS &l YS adunvtiondlizédI®I LIKSEH S & o |
used as support for the synthesis of graphemetal oxides
composites that will be presented in the sechid®.3.2.2101

“KAQAa NISaS| NOK I Nfaedrhdl rNdbictianNgi GAR | F |
followed by an annealing step. The controlled reduction

allows to maintain several carbeaxygen functionalities
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which add pseudocapadMe contributions to EDL
capacitance, thudeading to a higher specific capacitance.
The measured value was 417 F/g at 5 mA/g in 6M KOH
electrolyte!®? 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 electrolyté&3

Yoon and collaborators studied the production afon-
stacked GO assembly before the thermal reduction. Theyt
precipitated GO using cold hexane, which is a rmolar
aprotic antisolvent for the hydrophilic GO. Therefore, a non
stacked structure is obtained due to the hydrogen bonding
between the oygen moieties onto GO. After the evaporation
of hexane, crumped flakes are dried using a typical thermal
treatment. The resulting rGO porous framework has a high
specific surface area (1435.42hg) and high pore volume
(4.11 cn¥/g) crucial for supercapacotr applications. 240 F/g
were measured at 2 A/g in 6M KOH electrolyt®. Jard Q a
research group had also investigated the formation of
crumped graphene. They used an aerosol precursor to
atomize GO followed by an evaporation triggering a self
assembly procedure. After the thermal reduction, crumpled
graphene shows lower specific pacitance with 156 F/g at
100 mA/g in 5M KOH electrolyt&¥?s

Ervin and collaborators reported the use of GO as ink for
inkjet printing. Interestingly, the deposition can be realized
without binder until considerable thickness. After the
thermal reduction, 192 F/g was measure using CV at a scan
rate of 20 mV/s in adic condition (1M HSQ).106 A
freestanding 3D structure of mesoporous partially reduced
GO was realized by Let al.. They activated/redced GO
produced by means of the Hummers method using CO in a
horizontal quartz tube reactor. The performance was
significantly improved with 291 F/g at 1 A/g using an ionic
liquid aselectrolytel®” In another work, Lu and colleagues
investigated a vacuurassisted thermal exfoliation
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reduction of GO. The rGO produced bthis industrial
compatible approach has suitable performance in ionic liquid
as electrolyte with 284 F/g at 1 A/{f8

Tamilarasan and Ramaprabhu used graphene produced by
thermal reduction of GO to fabricate an adblid-state
supercapacitor. They synthesized a robust electrolyte using
PAN/[BMIM][TFSI]. Specific capacitance calculated frovh C
curves at 10 mV/s was 127 FA§? Sun et al. produced
graphene oxide paper. Aér a thermal shock, porous
graphene paper was obtained. In 1M 8Q, a specific
capacitance of 100 F/g at 100 mV/s was obtainéf.

Wang and collaborators reported the carbonization of freeze
dried coagulated GO/polyethyleneimine solution to obtain a
macroporous graphene network. This -psepared active
material showed a specific capacitance of 160 F/g at 100
mA/g in 6M KOHZ! Pachfuleet al. investigated the use of
MOF74 as a template. The MOF structure was first grown at
room temperature. Then, a pyrolysis was carried out to
obtain carbon nanorods. Finally, carbon nanostructures were
exfoliated and thermally activated using KOH to obtain
graphene nanoribbons. Thechematic representation of the
synthesis pathway is reportedin Figure 2.16. The
electrochemical characterization performed using 1M3D

as electrolyte displayed interesting performance with 193
F/lg and 198 F/g from CV and chardescharge
measurementsrespectively!?

Figure 2.16.schematic representation of the synthesis pathway from MOF to
graphene nanoribbong!?

As reported previously, KOH activation is usually used to
AYLNR PGS (GKS St SOGNROKSYAOI tf LISNJ?2
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group reported the KOH activation of thermalhgduced GO

in a PVAcrosslinked membrane. Interestingly, thexsed GO
doped ion gel membrane as gel electrolyte to fabricate an all
solid-state supercapacitor. The performance was promising
with 190 F/g at 1 A/d¢!® Huang et al. used an
electrochemically exfoliated graphene mixed with cebaé

to form a 3D framework. Then, a thermal process with KOH
was carried out resulting in the formation of a micrand
mesoporous activated carbon covering graphene flakes. This
particular structure demonstrated suitable performance with
300 F/g at 5 mV/d4 2 I y3Qa NS&SIFNOK 3INR dzLJ
controlled orientation of GO using sodium alginaterming
WAl fad 0 NJAsBAHUMQ @lginddeh mixture was then
carbonized and activated using KOH. An outstanding
performance was measured at 10 A/g with 240 F/g in aqueous
electrolyte !> Abdelkader and collaborators investigated
another way to activee graphenebased material. They
reported an electrochemical activation at low temperature in
molten salts. The 3yraphene structure shown good
electrochemical behaviour with 275 F/g at 100 mA/g in basic
aqueous electrolytelt®

YNF ySNIQa&a NS&aSIFNOK 3INRdzLI LI NI AF £ f
using a thermal pocess. The obtained rGO microgel was
filtered under vacuum to form a membrane followed by a
freezing in liquid nitrogen to form ice crystals. These ice
crystals were removed, avoiding the collapse of the
structure, by sublimation at low temperature and low
pressure. The resulting structure was further thermally
reduced prior to be used as electrode for supercapacitor
applications. The synthesis procedure risported in Figure
2.17. In acidic aqueous solution, the -agnthesized sample
showed suitable perfonance with 284 F/g at 1 A/g'’
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d Partially reduced GO sheets c
entrapped between ice crystals 5,

Pressure

Tempemure 30 porous graphene film

Figure 2. 17. Schematic representation of the mechanism to produce 3D
porous microstructurét?

Jha et al. reported the use of focused solar light for a
concomitant reduction and exfoliation of GO. Indeed, the
focused radiation has a power of 5.4 W and induce an
increase of he temperature up to 204C. Chargealischarge
measurements showed good electrochemical behaviour with
266 F/g at 1 A/g in 6M KOH as electrolyté.

2.3.1.2. Microwave reduction of GO
Ruoff and collaborators used a commercial microwave oven
to both reduce and exfoliate GO within 1 minute.
Interestingly, this fast way is suitable for electrode
manufacturing with 191 F/g measured at 150 mA/g in 5M KOH
electrolyte!'® The same group later investigated a
microwaveassisted exfoliation of GO followed by an
activation of the rGO in concentrated KO This procedure
is typically used for the activation of carbon materigl The
activatedrGO showed good electrochemical behaviour with
165 F/g at 1.4 A/g and 173 F/g at 2.1 A/g ngiBMIM BE*20
or EMIM TFSP? as electrolyte, respectively.

The same research group reported a similar approach to
fabricate compressible electrode allowing a higher density
and small pore size leading to performan@mhancement.
The compressed electrode showed suitable electrochemical
behaviour with 158 F/g at 1.22 A/g in BMIM B¥3 Simon
and collaborators investigated the stability of a microwave
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assisted exfoliated rGO sample in ionic liquid in a
temperature window from-50° to 80°. Sample demonstrated
outstanding performance in the whole range of tempeuae.

At room temperature, 130 F/g at 1 mV/s was measured using
(PIPR3-FSI) 5(PYR4-FSI) 5 as electrolytel?4

Shulga et al. studied the use of microwavassisted
exfoliated rGO as active material for supercapacitor
application. They performed the electrochemical analysis
using 1M HSQ as electrolyte using a GO membrane as
separator. Measured specific capacitance was 280 F/g at 1
A/g.t?5> Subramanya and Bhat reported a oip®dt green
approach for the efoliation of graphite using a Wased
catalyst before the microwave reduction of epoxidized
graphite and the catalyst regeneration. The measured
specific capacitance was 219 F/g at 1 A/g in EMIM.BE

2.3.1.3. Hydrothermal reduction of GO
Liuet al. described a hydrothermal reduction of GO produced
by means of the Hummers method using hydrazine as
reducing agent. EDLC displayed a better energy density even
at high currentdensity with154 F/g at 1 A/g using an ionic
liquid as electrolyte (EMIM B.127
A seltassembly procedure was studied by Shi and colleagues
through a onepot hydrothermal reduction of GO. Briefly,
they dispersed the hydrophic GO in water at different
concentration and placed the suspension inTaflon reactor
contained in a stainlessteel autoclave. Reactor was heated
at 180°C varyingreaction time. As shown in Figure 2.18, the
resulting rGObased hydrogel structure istsctly correlated
to the concentration of the GO dispersion and the reaction
time. The more suitable parameters are 2 mg/mt GO for a
hydrothermal reduction during 12 hours at 180°C. These
parameters lead to a specific capacitance of 175 F/g at 10
mV/s. Moreover, the rate capability was demonstrated with
a calculated value of 160 F/g at 1 A/g measured by
charge/discharget?®
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Figure?2. 18. Resulting hydrogels prepared (a) with different concentrations
or (b) different reaction tim#&28

l'f aKFNSSTQa NXSaShkNOK 3AINRdIzZLI Ay @Sa
adjustment after the hydrothermal synthesis.
Electrochemical performance was superior for the rGO
adjusted to a neutral pH with 230 F/g at 1 A/g. The
characterization was cared out using 6.9M KOH as
electrolyte!?® Gao et al. used wetspun GO to fabricate
oriented graphene hydrogel films wusing hydrothermal
synthesis. Measurement in acid condition shows high specific
capacitance with 208 F/g at 200 mA/G°t A NINJA Q& NS &S|
group used the suitable interaction between copper and
graphene to develop a flexible supercapacitor by self
assembly. Clean copper wires were placed in the autoclave
with the GOdispersion before the hydrothermal reaction.
During the reaction, rGO flakes tend to wind around the
copper wire with suitable adhesion for flexible
supercapacitors. The gravimetric performance using PVP/Nal
as gel electrolyte is low with 62.5 F/g at 5 msvHue to a
collapsed porous framework. However, devices
demonstrated high flexibility and stabilityunder working
conditions 3!

Significant decrease of the supercapacitive performance
were observed at high discharge rate by Shi and colleagues.
This prenomenon is dueto a huge number of residuals
carbonoxygen moieties onto the rGO flakes. To overcome
this issue, they investigated the further chemical reduction
of the selfassembled using hydroiodic acid (HI) or hydrazine
as reducing agent. A noteworthyenhancement of the
performance was observed with 187 F/g and 220 F/g at 1 Al/g
for HI and hydrazine, respectively2 Kim et al. used the
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hydrothermal reduction assisted with hydrazin produce
extremely durable and flexible supercapacitors operating at
high temperature (>100°C). They dope&PHD: electrolyte
with  PBlI 2,20-m-phenylene5,50-bibenzimidazolé to
improve the ion transport. At 160C, a gravimetric
capacitance of 170 F/g was measured at 1 A/g. Moreover, a
stability up to 100,000 cycles with a retention of 92% was
demonstrated?!33

Chong and collaboratorsynthesized rGO usg the same
modus operandof the previous work. However, they further
Fdzy OG A2yl £ Al SR NJD h dzaAy3a - YAy 2l
interaction. This noncovalent functionalization induces
electron transfer from the amine group of aminopyrene
(electron donating grouppand graphene (electron acceptor).
In 6M KOH, rG@unctionalized shown good performance with
160 F/g at 5mV/s3* Park et al. described the
functionalization of GO with Nafion® (perfluorinated resin)
followed by the complementary reduction using hydrazine.
The rGO produced was then used as electrodes insalid-
state flexible supercapacitors showing suitable performance
with 118 F/g at 1 A/¢t3®

Zhaoet al. introduced the use of ureas reducing agent for
the hydrothermal synthesis of rGO. Urea is a good candidate
for environmental friendlyweducing agent due to the absence
of toxicity or safety concerns. As synthesized rGO showed
suitable performance with 226 F/g at 100 mA/g in 6M K&
Another green alternative forthe production of rGO was
LINR LJ2aSR o6& . Ff1dza WNd»dQa NISaSlk NOK
alkaline hydrothermal deoxygenation using concentrated
KOH solution. Measured gravimetric capacitance was 145 F/g
at 1 A/g using LiTFSI as electroly4¥.

Duan et al. investigated the use of -Hascorbic acid,the
Vitamin G as reducing agent for the hydrothermal synthesis
of rGO hydrogel. They reported a speciftapacitance of 186
F/g at 1 A/g using PVALSQ as gel electrolytet®® Du and ce
workers studied the reduction 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 electrolyfé.

An et al. reported the hydrothermal reduction ofGO
suspension using -Bscorbic acid. To further improve the
electrochemical performance, they neaovalently
functionalized rGO hydrogel using alizarin, which is a multi
electron redox centre derived from anthraquinone.
Measured gravimetric capacitance was 285 F/g at 1 A/g in
acidic aqueous electrolyté4® Another approach was
AYy@SadAalr GdSR 0@ 5 dzITyeQ deduNdsl GO IbWIO K 3
hydrothermal synthesis in presence ob®k. After the natural
cooling down to room temperature, a podreatment to
further reduce the holey graphene framework by
hydrothermal reaction in 1M sodium ascorbate at 100°C for
2 hours. High secific capacitance measured in 6M KOH was
310 F/g at 1 A/d*! Bo et al. reported the use of a green
reducing agent for the reduction of GO by hydrothermal
synthesis. Indeed, they used caffeic acid, which is an organic
compound containing botheylic and phenolic moieties. The
resulting hydrogel showed modest electrochemical
performance with 136 F/g at 1 A/g in neutral electrolyte (1M
KCl)142

Fenget al. studied the hydrothermal reduction of GO using
ammonia and hydrazine as reducing agent. Thes- a
synthesized rGO flakes were then filtered through a
membrane to form a continuous film. This active layer was
carefully putted in contact with the current collector using
vertically oriented graphene flakes produced by means of a
PECVD technique. Elecwlemical performance was
measured in 6M KOH and a gravimetric capacitance of 186
F/g was calculated from chargeéischarge curveat 10
mV/st4 [ A Q& NJS & S I NJO K 3 NJR dzLJ -fréel 6 NJA Ot
freestanding 3D hydrogel by filling the 4separed rGO
hydrogel with an aqueous Nal solution. A specific capacitance
of 169 F/g at 1.5 A/g was measured using a basic
electrolyte 144
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5dz y Q& NS &SFNOK 3INRdAzLI NS LI2Z NI SR (K
and functionalization of GO usinhgydroquinone during the
hydrothermal synthesis. The 3porous framework
demonstrated superior electrochemical performance with
441 F/g at 1 A/g in 1M £8Q.1*5 Zhanget al.investigated the
hydrothermal synthesis of concentrate6O gel onto PTFE
tapes. The asprepared rGO@PTFE was then freexmed to
obtain a rGGbased aerogel. The active material was peeled
off to be tested in a twecell supercapacitor configuration
using PVA/HSGs as gel electrolyte. A gravimetric capacitance
of 282 F/g wasmeasured at500 mA/gl4® Fanet al. studied
the dispersion of mesoporous carbowith GO before the
hydrothermal process in autoclave. The-psepared hydrogel
was then freezedried to obtain aerogel. Using PVA/KOH as
gel electrolyte, good performance was observed with 272 F/g
at 100 mA/gt4’ Figueiredoet al. synthesized carbon xerogel
by hydrothermal reduction of a mixture of glucose and GO.
The resulting hydrogel was thoroughly washed and dried
under ambient conditions. The resulting xerogel was
activated wusing concentrated KOH. Performance was
evaluated using acidic electrolyte. Gravimetric capacitance
of 223 F/g was calculated from chargischarge curve at 100
mA/g.148

2.3.1.4. Graphene production by exfoliation
An and colleagues smartly transformed an apparent
drawback of graphitic material to an advantage. Indeed, it is
well-known that graphite ad graphene are hydrophobic and
cannot be properly dispersed in water. However, using a+on
covalent functionalization of the upper layer of the graphitic
structure with PCA (dpyrenecarboxylic acid), it is possible to
obtain a graphene dispersionia ~ -stacking mechanism. A
schematic representation of this intercalatien
functionalisationexfoliation is shownin Figure 2.19 As
exfoliated graphene displayed promising performance with
120 F/g at 2 A/g in 6M KOellectrolyte 14°
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A similar approach was investigated by Talapatt@al. to
produce thin EDLC.Using the same electrolyte, they
measured a gravimetric capacitance of 202 F/g at 10 m\#fs.
aNffSyQa NSaSINOK 3INRdzLI NS LI2 NG SR
in aqueous solution of inorganic salts. In only53minutes
applying a drect current voltage of +10 V, oxidation of
graphite flakes occurs with ions intercalation between flakes.
An expansion of graphite occurs, and flakes start to detach
from each other leading to an exfoliate graphene solution.
After a careful washing of th electrochemically exfoliated
graphene flakes, they are rdispersed in DMF to further be
coated onto a flexible support using a paintbrush. Specific
capacitance of 57 F/g using a gel electrolyte (PVA&) was
measured by CV curves at a scan rate ofm\@/s.4!

Figure 2.19. Schematic representation of the exfoliation mechanism using
PCA49

The same group later investigated the use of apn&idant to
reduce the defect formation during the electcdhemical
exfoliation. A major efficiency was obtained using TEMPO
((2,2,6,6tetramethylpiperidin-1-yl)oxyl) as antioxidant.
However, a lower specific capacitance was obtained with 22
F/g at 2 mV/s using the same electrolyte as previously
reported.t>?!
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Konget al. studied the use of acidic and basic solution to
minimize the graphene oxidation during the electrochemical
exfoliation. They sed a twoelectrode configuration using
graphite rods both as cathode and anode. Applying
alternatively £1 V, exfoliation process occurs quickly. Using
chargedischarge measurement at a current density of 1 A/g
in acidic condition, a gravimetric capacitamof 325 F/g was
obtainedl!®? Tascén et al. developed a straightforward
method for the electrochemical exfoliation of graphite to
produce graphene using halidbased aqueous electrolyte.
They measured good electrochemical performance using
acidic electrolyte with 50 F/g at 100 mA/g3 Dryfe et al.
reported a onestep simultameous electrochemical
exfoliation and functionalization of graphene. They
exfoliated graphite rod by means of a chronoamperometry
method applyingg 4 V vs Ag during 2 hours in presence of 4
nitrobenzenediazonium tetrafluoroborate which induces a
chemical tinctionalization. A gravimetric capacitance of 19
F/g was measuredat 100 mV/s in basic electrolyte (6 M
KOH)154

Hersam and collaboratorsreported the production of
graphene by high shear mixing. They started from graphite
dispersed in ethyl cellulose and ethanol. The highear
process occurs during 2 hours at 10,230 rpm in an ice water
bath. After centrifugation steps and flocculation using NacCl
solution, the asexfoliated graphene was washed carefully
and deposited by inkjet printing. SoHlsttate supercapacitor
showed aspecific capacitance of 64 F/g at 500 mA/g with
PVA/KPQ; as gel electrolytet®® Frayet al.intercalate Lt and

H* using high temperature procedure. The -abtained
graphene sheetsanoscrolls hae suitable electrochemical
performance of 213 F/g at 1 A/g using an ionic liquid as
electrolyte (TEA B#.156 Amiri et al. reported a microwave
asdsted functionalization of graphite using AEChs Lewis
acid followed by the addition of HCI. After am-situ
exfoliation, asprepared graphene was tested as active
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material. Gravimetric capacitance of 354 F/g at 5 mV/s was
obtained using 6M KOH as eleotyte.>’

2.3.1.5. Reduction using plasma
Qiu et al. investigated the simultaneous reduction and
exfoliation of GO under a dielectric barrier discharge (DBD)
plasma. The aproduced graphene sheets were tested in a
two-cell configuration using 6M KOH as electridyA specific
capacitance of 290 F/g at 50 mA/g was measufédFan and
co-workers produced graphene by means of a plasma
assisted procedure at roomtemperature. The bet
performance was obtained using GHs gas during the plasma
process. A gravimetric capacitance of 192 F/g at 1 A/g was
measured using basic electrolyt®? Boet al. investigated an
instantaneous reduction of GO paper using a posito@umn
cathode. The possible reduction mechanism and the
experimental setup are schematically represented in Figure
2.20. Reduction ocurs due to a synergy between high
density energetic electrons and surface touch direct heating.
Using an ionic liquid as electrolyte (TEA4B a specific
capacitance of 162 F/g was measured at 1 Af$§.
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Figure 2.20. schematic representation of the apparatussed (left) and
possible mechanism of the plasmessisted reduction of GO (rightp?

Ostrikov et al. reported a green approach starting from
honeycomb to obtain graphene by means of a plasma
technique. This sustainable elemental lifecycle synthesis
allows to producevertically oriented graphene sheetwith
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high electrochemical performance (240 F/g at 5 mV/s in
neutral electrolyte)i6?

2.3.1.6. Graphene production using CVD
Chemical Vapo Deposition is a procedure typicallused to
produce high quality graphene. Choet al. used this
technique to produce laminated ultrathin graphene film
using four different films. A SEM image illustrating the- as
prepared laminated grapheneilins is shown inFigure 2.21.
A specific capacitance of 17 F/g at 200 mV/s using PV¥30x
as gel electrolytel®?
Qin et al. synthesized 3Bgraphene continuous structure on
nanoporous copper catalyst. The gpsepared graphene was
used in a flexible soli$tate supercapacitor with PVAAR Q.
A gravimetric capacitance of 305 F/g wasladated from
chargedischarge measurement at 100 mg\ %3 Janget al.
reported the CVbBgrowth of uniform highquality graphene
on graphite paper. Then, the active material was used to
fabricate a fully flexible, lightweight aBolid-state
supercapacitor with high performance (260 F/g at 5 mV/s in
acidic condition)'64

Figure 2.21. SEM pictures ofhe laminate graphene produced by CV¥B

Jung and ceworkersproduced graphene ball on Ni particles
using CVD technique. Then, the Ni was removed by etching.
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A schematic representation of the synthesis flowchart is
shown in Figure 2.22. Graphene ball supported on GO flakes
were assembled and tested in acidic conditi A specific
capacitance of 170 F/g was measured at 500 mA%y.

a O ° O ‘. o . @
v'u n

CVD 700°C 4 Ni etching 48
CH/H A

Figure 2.22. schematic representation of the synthesis flowchart: (a) Ni
particles supported on GO flakes, (b) graphene synthesized by €WV Ni
particles, and (c) selsupported graphene ball after the etching of RG®

2.3.1.7. Others approaches for EDLC
Ajayan and ceworkers investigated a differentdevice
geometry to avoid the only partial exploitation available
specific surface area in the stacked configuration, which is
typically used for electrochemical tests. In this research,
they depositedmulti-layer GO films using a laydxy-layer
technique. GO flakes are oriented perpendicularly from the
current collector as shown in Figure 2.23hen, a classic
chemical reduction was carried out using hydrazine. This
configuration displayed higpberformance with 247 F/g at 110
mV/s using PVA/EPQ; as gel eéctrolyte 166
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Figure 2. 23. Schematic representation of the (a) classic stacked
configuration and (b) vertically oriented active materidF®

Zhanget al. studied a new deposition method to enhance the
supercapacitive performance of the grapheibased
supercapacitors They reported a vacuum filtration
deposition process to depose graphene on -fdam. A
gravimetriccapacitance of 152 F/g at 10 mV/s was measured
using a basic aqueous electrolyté€’” Then, Zhang and Pan
investigaed the reduction 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%® Qin and ceworkers fabrcated graphene using
explosive reactions between alkaline earéhements (Mg and
Ca) and C® (from dry ice) as C precursor. Suitable
electrochemical performance was measured by charge
discharge curve with 220 F/g at a current density of 100 mA/g
in 6 M KOH° Xueet al.reported a safer procedure to obtain
flexible supercapacitor. Theysed a UVlamp to photoreduce
GO in desired positions to fabricate a rGO/GO composite. A
specific capacitance of 140 F/g at 1 A/g was measured using
PVA/HKPQ as gel electrolytel’? The synthesis procedure and
photoreduced GGbased architecture are reported in Figure
2.24.

Wang and collborators studied a lasernduced reduction of
GO to fabricate electrodes for supercapacitors. Interestingly,
the reduction occurs simultaneously with the exfoliation
leading to high specific capacitance (236 F/g at 250 mA/g in
6M KOH)’Y Yang and Bock, instead, investigated the
reduction of GO dispersion using an excimer laser irradiation
with a wavelength at 248 nm. However, this process seems
to be less efficient with a measured specific capacitance of
130 F/g at 5 mV/s in neutral electrolyt¥?

Template GO +GO

rs,

(S

‘iwimi
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Figure 2.24. lllustration of the photoreduction of GO in rGO and some
patterned rGO electrodésg®
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Kaner and ceworkers reduced freezalried GO using an
ordinary camera flash. This lamp allows a photothermal
reduction process of GO. Using an ionic liquid as electrolyte
(TEA BB, a gravimetric capacitance of 64 F/g was measured
at 1 A/gl’3 Xianget al. reported a novel approach to reduce
efficiently GO. They used a famfrared (FIR) thermal
reduction to fabricate electrode for supercapacitor
applications. High specific capacitance was obtained with
320 F/g at 200 mA/g in basic aqueous etledyte.1’4

Li et al. synthesized a GO/Graphene nanoribbon hybrid
aerogel by a simple freezdrying procedure. Then, a
chemical reduction using gaseous hydrazine for 24 hours at
90°C was carried out. A gravimetric capacitance of 256 F/g at
2 mV/s wasobtained using 2M KCI as neutral electrolyté.

Ye et al. investigated thein-situ chemical reduction of GO
suspension using HI and @EOOH heated at 60°C for 1h.éyh
fabricated foldable graphene paper. Specific capacitance of
90 F/d’® and 87 F/g’’ were calculated from charge
discharge measurements at 1 A/g in 6M KOH electrolyte. Zhu
and collaborators 3Bprinted graphenebased aerogel. They
dispersed silica powder and graphene nanoplatelets as
sacrifical template and conductive additive, respectively.
The 3Dprinting procedure occurs in isooctane and allows to
design periodic macropores. After gelation, supercritical
drying, and carbonization, an etching in HF allows to remove
the silica template. The y;ithesis flowchart is reported in
Figure 2.25. A specific capacitance of 56 F/g was calculated
by chargedischargemeasurement at 100 mA/g in 3M KOH?
Electrochemcal exfoliation of graphite is often considered as
an easy and fast approach to produce graphene as shown
previously. However, it is important to underline that an
electrochemical reduction of GO to rGO is feasible and
probably easier to control in compaon with the exfoliation
process. Zhongt al.reported the electrochemical reduction
of GO suspension at 60°C applying a potential -0fV vs
Ag/AgCl electrode for 2 hours. Interestingly, this procedure
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allows to depose directly the active material onthd current
collector. In neutral electrolyte, a specific capacitance of 88
F/g was calculated from CV curve at a scan rate of 1Wy7s.

Silica powder
GNP
RF catalyst

GO-GNP ink

l 3D printing
- —— -

Gelation
2 Supercritical drying
~—
3 Carbonization
L HF etching

Printing in isooctane

S W Graphene GNP serogel microlatmice

Figure 2.25. Procedure pathways followed to 3printed supercapacitors’s

Further improvement was shown by Dickerson and-co
workers. They used the same electrochemical setup for the
electrochemical reduction. By controlling the pH of the
solution, electodeposited/reduced GO demonstrated better
performance with 165 F/g at 1 A/g in acidic aqueous
electrolyte 180

As described previosly, hydrothermal synthesis is one of the
main procedure used to reduce GO suspension. However, a
modification of the solvent composition may induce
structural and/or performance variation. Leit al. reported

a solvothermal reduction of GO using a solvexdtmposed by

a mixture of water and ethylene glycol. This green synthesis
followed by a freezedrying step, allows to obtain holey
graphene aerogel with good electrochemical properties. A
gravimetric capacitance of 178 F/g at 200 mA/g was
measured in 6M K8.181 Another approach was proposed by
Pauzauskieet al. with the dispersion of GO in acetonite
followed by an ultrasoniassisted solvothermal reduction at
low temperature (2843°C) in presence of resorcinol,
formaldehyde and HCI. The resulting wet rigid gel was further
dried wusing supercritical CO followed by a thermal
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annealing. A specific gacitance of 62 F/g at 500 mA/g was
measured in TEA BFelectrolyte!®? Gao et al. reported a
solvothermal reduction of GO/graphene nanosheets
dispersion in DMF followed by a chemical reduction using
hydrazine. The asynthesized graphene nanoscrolls were
tested in acidic aqueous electrolyte. A specific capacitance
of 167 F/g was measured at 1 A/ Haoet al. investigated
an ionothermal synthesis dissolving [BMImHN] in GO
dispersion to obain a gel which will be transferred in an
autoclave for reduction. After KOH activation, high specific
capacitance was obtained with 313 F/g at 500 mA/g in 6M
KOH electrolytetd4

2.3.1.8. GrapheneCarbonaceous composites

Graphene and reduced gpdene oxide flakes are prone to
NSadl O RdzS G2 GKS ~ Iy AYGSNY Ol A
surface area and, consequently, the performance of the

active material. To avoid this restacking, graphene
carbonaceous composites are considered. Indeed, the
carbona®ous material such as carbon nanotubes, carbon

black, activated carbon, etc. allows to reduce the restacking

of graphene flakes. Moreover, it gives a contribution to the

EDLC with their high specific surface area and conductivity.

2.3.1.8.1. Carbon Nanotubes
Yu andDai used a cationic polymempply(ethyleneimine) as
stabilizer for the chemicallyGO assisted with hydrazine. The
graphene dispersion positively charged was then mixed with
negatively charged acireated MWCNTSs resulting in a self
assembly procedure. Masured specific capacitance was 125
F/g at 10 mV/sin aqueous electrolyte'8® Kimet al. reported
the selfassembly of GO and MWCNT on a Ti substrate by
drop-casting. Active materials were dispersed together by
mixing. After the deposition, a thermal treatment followed
by an annealing were carried out. In acidic condn, high
specific capacitance were measured with 428 F/g at 500
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mA/g.18% A similar approach was investigated by Li and co
workers. Indeed, they prepared a sandwich& O/MWCNT by
filtration through a membrane after the mixing of both
carbonaceous material. Then, the film was peeleff the
membrane and thermally treated to obtain rGO/MWCNT. A
gravimetric capacitance of 250 F/g was measured at the same
scan rate than he previous work but in basic aqueous
electrolyte8” { A f @ lreQgarch group fabricated a
rGO/MWCNT membrane by vacuum filtratio In this work,
the GO was reduced chemically using hydrazine. After the
drying, gold was sputtered on the edges to serve as current
collector. Then, a scratch was manually created in the centre
of the membrane to obtain a gap that separates physically
the two electrodes. The #Hplane supercapacitor showed
suitable electrochemicalperformance in ionic liquid (EMI
TFSI) with 154 F/g at 200 mA§® Huanget al. sonicated GO

in presence of MWCNT until a homogeneous dispersion was
obtained. Then, they add urea and performed a hydrothermal
synthesis. The resulting-dopedrGO/MWCNT composite was
tested in basic aqueous solution. A specific capacitance of
181 F/g was calculated from charghscharge curve at a
current density of 100 mA/g#8?°

Tamailarasan and Ramaprabhu theahy reduced GO and, in
parallel, gew CNT by catalyticCVD. They, dispersed both
carbonaceous material with BMIM TFSI (ionic liquid) in
isopropanol containing 5% of Nafion®. Active materials were
brush coated on stainless steel sheets (current collectors)
SEM and TEM images of the nanocomposite are shown in
Figure 2.26. The soliitke nanocomposite was tested using
the same ionic liquid as electrolyte. A specific capacitance of
280 F/g was measured at 5 mVv?8°

Chenet al. reported the microwaveassisted reduction and
exfoliation of GO prior to be mixed with SWCNT by probe
sonication. Ina stacked configuration with an acidic aque®
electrolyte, a specific capacitance of 306 F/g was obtain at a
scan rate of 20 mV/$??
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5\ )

Figure 2.26. (a) SEM andh) TEM images ofnte rGO/MWCNT nanocomposite.
Black arrows indicate CNT§9

Derby et al. investigated the use of a rGO/MWCNT mixture
solidified atlow temperature. The active material was used
to prepare a 3Dprintable ink. After the deposition step,
solvent was removed by sublimation resulting in a graphene
based aerogel containing MWCNT. In 1MSH, a gravimetric
capacitance of 305 F/g was obtad at 1 A/g!®? Lee and ce
workers used graftedéSWCNT by a cationic surfactant (CTAB:
cetyltrimethylammonium bromide) for a selissembly
procedure using the Coulombic interaction with the
negatively charged camn-oxygen moieties onto GO flakes.
The SWCN-bridged graphene 3Bstructure was
electrochemically tested with EMIM BFRs electrolyte after

a thermal activation. A specific capacitance of 199 F/g was
calculated from chargalischarge curve at 500 mA/2 Qin

et al. hydrothermally reduced GO to obtain rGO hydrogel,
and finally therGO-based aerogel. However, they enhanced
the performance by dispersing SWCNT with GO before the
reduction step. Indeed, CNTs can be used as conductive
spacer leading to higher electrochemical performance for the
resulting aerogel. In basic aqueous electrolyte, they
measured a gravimetric capacitance of 245 F/g at 2.5 Rfy.
Ozkanet al. have grown simultaneously graphene sheets and
CNTs by CVD. Interestingly, cohesive structure and robust
contact between carbonaceous materialsvere obtained
thanks to this concomitantsynthesis. CNTs were vertically
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oriented (pillar) on a graphene (floor) sheet. Outstanding
specific capacitance was calculated from cyclic voltammetry
at 10 mV/s in basic conditioh®®> A similar approach was later
investigated by Lee and collaborators. Indeed, they used a
GO film containing 5 wt.% WCNT. Then, they rolled the GO
film to obtain a cylinder and they cut it to obtain thin film of
vertically-aligned GO. Finally, a thermal reduchiowas
carried out to obtain VArGO (Vertically Aligned reduced
Graphene Oxide). A schematic representation of the ions
diffusion through VArGO and a SEM image of the obtained
structure are shown inFigure 2.27. In basic aqueous
electrolyte, a gravimetric caacitance of 145 F/g was
measured at 500 mA/g?®

Figure 2.27.(left) schematic representation of the ions diffusion through
vertically aligned redced graphene oxide film and (right) SEM image of the
as-produced structuretos

Ostrikov et al. investigated the plasmassisted production

of vertically aligned graphene nanosheetstarting from
butter. Then, CNTs were growth on graphene sheets by a
thermal CVD process. A specific capacitance of 278 F/g was
calculated from CV at 10 mV/s in neutral electrolyi¥.[ A Q a
research group reported a scalable and high yield pwotion

of exfoliated graphene by ultrasonication at room
temperature under inert atmosphere. This solution was drop
casted onto a SWCNBased buckypaper to be used as
electrode. The electrolyte was PVA/EHO; containing
exfoliated graphene and was coated on the electrode to
fabricate altsolid-state supercapacitor. The electrochemical
performancewas nevertheless relatively low with only 50 F/g
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at 1mV/s1®® Yiet al. studied the deposition of microwave
assisted rGO on CNT layer coated onto a -gteained
substrate. This configuration allows to obtain a
omnidirectionally stretchable supercapacitor with
outstanding stability. A specific capacitance of 329 F/g was
calculated from chargalischarge curve at 150 mA/g using
PVA/HPQ; as gel electrolytel®®

Chen and colleagues reported the synthesis of porous CNT
based network directly on crumpled graphene balls. This
spatial configuration allows a better percolation of electrons
through carbonaceous material in addition with a good mass
transfer. A gravimé&ic capacitance of 165 F/g was obtained
at 10 mV/s in 6M KOHR?2° Ozkanet al. grown simultaneously
graphene and CNTs to obtain nanocomposite directly on Ni
foam. Then, a thermal process was carried out on the sample
before the ekctrochemical characterization in 6M KOH. A
gravimetric capacitance of 270 FY and 275 F/§°? was
calculated from CV curves at 5 mV/s and 10mV/s,
NS A LISOUA DS frése@arch &réup reported arin-situ
synthesis of graphenrsSWCNT nanocomposite by arc
discharge. This thermal procedure followed by KOH
activation allows to fabricate supercapacitor with good
properties such as 339 F/g at 1 mV/s in TEA.BE

2.3.1.8.2. Carbon Black
Lianet al. first reported the u® of carbon black as spacers
to avoid the restacking of graphene flakes. GO was
hydrothermally reduced using ammonia and hydrazine prior
to be mixed with commercially available carbon black. After
a mixing assisted by ultrasonication, the solution was filtered
through a PVDF membrane and dried ar at 100°C. The
electrochemical test was performed in 6M KOH. A specific
capacitance of 138 F/g was calculated from CV curve at 10
mV/s.2%4 A similar investigation was carried outybWanget
al. to fabricate flexible supercapacitors. After the
hydrothermal reduction followed by the mixing with carbon
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black, the nanocomposite was filtered and dried. Then, the
film was peeled off and transferred to a PET substrate
allowing flexibility. An allsolid-state supercapacitor using
PVA/BSOs as gel electrolyte demonstrated interesting
performance with 155 F/g at 100 mARP> Jiaet al. dispersed
carbon black with GO before the reduction process. In this
work, a hydraine-assisted solvothermal reaction, with DMF
as solvent, was carried out to obtain the carbonaceous
nanocomposite. A gravimetric capacitance of 130 F/g at 5
mV/s was measured in 1IMJA3Q electrolyte 206

2.3.1.8.3. Activated Carbon
Ma et al. reported the noncovalent functionalization of GO
using PPD ({phenylene diamine) prior to a solvothermal
reduction in DMF. Then, &OH activation was carried out
before a carbonization step at 800°C for 1h under Ar. The
resulting grapheneactivated carbon nanocomposite was
tested using an ionic liquid, EMIM BFas electrolyte. The
higher performance was obtained at 80°C with 180 Rtgb00
mA/g.2°” Pan and collaborators investigated the use of
commercially available activated carbon to olma high
performance nanocomposite. Prior to mix it with GO, they
activated newly the commercially available reactant with
KOH. The nanocomposite rGO/AC was obtained by
hydrothermal reduction of the GO/AC dispersion followed by
a freezedrying under vacuumA specific capacitance of 205
F/g was calculated from chargeischarge curve at 2 A/g in
6M KOH?208
Jin et al. prepared activated carbon wusing waste
particleboards as raw materials. After a carbonization step,
a KOH activation was carried out. Then, carbonaceous
material was mixed wh GO and thermally reduced to obtain
the nanocomposite. Electrochemical characterization in 7M
KOH showed good performance with 265 F/g at 50 mAJYy.
Zhao et al. reported a sustainable and green approach to
fabricate graphene/Ndoped activated carbon
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nanocomposite. They produced activated carbon from corn
straw and soy protein by carbonization followed by KOH
activation in presence ofGO flakes. The asbtained
nanocomposite demonstrated high electrochemical
performance using 6M KOH as electrolyte. Indeed, specific
capacitance of 299 F/g at 5 mV/s and 379 F/g at 50 mA/g was
calculated from CV and chargdischarge curves,
respectively?10

2.3.1.8.4. Mesoporous Carbon
Ogalet al. synthesized 3Bhexaporous nanocomposite using
a catalystfree approach. They first produced graphedi&e
sheets by interchain cyclization between maleic acid units
from poly(4-styrene-sulfonic acidco-maleic acid) sodium
salt. After a pyrolysis step, units tend to assembly forming
hexagonal pores leading to 3Bbexaporous nanocomposite.
In acidic condition,a specific capatance of 154 F/g was
measured at 500 mA/g!! Zhao et al. grown mesoporous
carbon by CVD using a sacrificial template. This positively
charged carbonaceous material sedSsembled with GO
flakes (negatively charged). After a thermal reduction, 144
F/g was measured at 200 mA/g in EMIM sBéHectrolyte 21?
Another selfassembly procedure was later reported by Zhao
and colleagues. In this research, they used resols as carbon
source, triblock cepolymer Pluronic®-27 as soft template,
and graphene aerogel as meaporous template. The
graphene aerogel was produced by hydrothermal reduction
of GO. The resulting nanocomposite contains interconnected
macroporous graphene sheets linked to mesoporous carbon
with a uniform pore size of 9.6 nm. After a carbonization
step, electrochemical characterization using PVAS®D as
gel electrolyte was carried out. Nevertheless, low specific
capacitance was obtained with only 44 F/g in 5 mV/8.
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2.3.1.9. Graphene doping
The intentional introduction of hedroatoms to tailor the
electrical properties of a seméonductor is referred as
doping. In this section, the doping with different
heteroatoms will be presented.

2.3.1.9.1. N-doped Graphene
The doping using nitrogen as heteroatom is by far the most
reported in literature for graphenebased supercapacitors.
Kim et al. reported the Ndoping of graphene by
hydrothermal reduction of graphene oxide using
hexamethylenetetramine. Three different type of doping was
obtained with pyrrolieN, pyridinicN, and quaternaryN as
shown in Figure 2.28 The electrochemical performance was
evaluated in 6M KOH. A specifompacitance of 28 F/g was
calculated from CV curve at 5 mV#3?

Figure 2.28. N-doped reduced graphene oxide produced by hydrothermal
synthesis using hexamethylenetetramine as dopiagent.214

Chenet al.investigated the production of Nloping using the
same doping agen However, in this work, GO was spread on
HMT. Then, the doping agent was burned. The exfoliation,
reduction, and Ndoping processes occur simultaneously
using this procedure. Interestingly, the performance was
enhanced with 205 F/g at 100 mA/g using thgsame
electrolyte?> Several doping agents were studied for
hydrogel production by means of hydtleermal reduction and
are reportedin Table 2.1.

' FyQa NXSaSlkNOK 3INRdzLJ dzaSR FYY2VYA
obtain N-doped hydrogel. They further freezeéried the as
synthesized material to obtain ¥doped aerogel. In acidic
aqueous electrolyte, a gravimetric capitance of 223 F/g
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was calculated from chargdischarge curve at 200 mA/#?0
Guan et al. recently reported the fabrication of Moped
aerogel using a greener doping agent: urea. Before the
hydrothermal synthesis, they dispersed iron (lIl) niteatThe
as-produced hydrogel was freezdried to obtain Ndoped
aerogel. Then, it was crushed and calcinated before removing
iron oxide particles by HCI etching. Nevertheless, the specific
capacitance was lower with only 48 F/g at 500 mA/g in
neutral electiolyte.???

Doping Agent Electrolyte | Specific Capacitanceg Ref
Ethylenediamine 5M KOH 115 F/lg @ 140 Alg | 26
Ammonia 5M KOH | 100 F/g @ 80 Alg | 2

6M KOH | 230 F/g @ 330 mA/g 27

Ethylenetriamine 5M KOH 92 F/lg @ 100 A/lg | %6
Tetraethylenepentaming 5M KOH 120 F/g @ 20 Alg | 2'®
Propylamine 5M KOH 131 F/g @ 80 Alg | 2'°
Butylamine 5M KOH 96 Filg @ 20 Alg | 26

Ammonium carbonate | BMIM Pk 163 F/g @ 1 Alg 218
1,4-butanediamine 6M KOH | 269 F/g @ 300 mA/g ?2'°

Table 2. 1. Electrochemical performance of -8loped graphenebased
supercapacitors using different doping agent.

Kanget al.doped graphene with nitrogen from urea by mesn

of a microwaveassisted hydrothermal reaction. Hydrazine

was added to further reduce GO and enhance the
electrochemical performance. A specific capacitance of 96

F/g was calculated from charge@ischarge curve at 100 mA/g

in 1M LiPk electrolyte?22[ A Q&4 NJS aSI NOK 3INR dzLJ
the solvothermal reduction of GO in ethanol using
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 m\F&.

Lu et al. firstly reduced GO paper using gaseous hydrazine.
Then, the seHstanding film was thermally treated in
concentrated amnonia environment to obtained MNloped
rGO film. A solidstate supercapacitor was fabricated using
PVA/HBSG as gel electrolyte. A specific capacitance of 55 F/g
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was calculated from CV curve at 5 m\#&. Gomezet al.
investigated the graphene doping usingaiminoterephtalic
acid. They started by dispersing GO and the doping agent in
water. After removing the water at low temperature, a
thermal treatment in a ceramic quartz boat at 750°C for 60
minutes under inert atmosphere was carried out to obtain N
doped rGO. Specific capacitance, in 0.5MSK) electrolyte,
was evaluated from both CV and charge discharge curves.
Obtained values are 323 F/g at 20 mV/s and 286 F/g at 200
mA/g, respectively??®

Zhanget al. polymerizedpolydopamine on montmorillonite,
which is used as sacrificial template. After a carbatian
step, crumpled Ndoped graphene was obtained and tested
in EMIM BE electrolyte. A specific capacitance of 128 F/g
was calculated from chargdischarge curvat 1 A/g??6Wang
and coworkers reported a modifiednolten salts method to
produce Ndoped reduced graphene oxide. This method
allows to prevent restacking together with the activation of
graphene using KN The electrochemical peofrmance was
evaluated using EMIM BF as electrolyte. The best
performance was 130 F/g at a current density of 1 &Fg.

2.3.1.9.2. B, S, or P doping

Sunet al.reported the synthesis of Bloped graphene. They
mixed GO with boric acid prior using a DBD plasma with
hydrogen as the working gas. The electrochemical
performance was interesting with 446 F/g at 500 mA/g in 6M
KOH?228 Yanget al. investigated the sulfonation of graphite
using tosyl. The reaction occurs at the edges of the
carbonaceous materialAfter exfoliation by sonication and
thermal treatment, a Sdoped graphene was obtained. A good
electrochemical behaviour was observed with 180 F/g at 500
mA/g in 6M KOH?2?

Dhathathreyanet al. reduced GO prior to impregnate it with
phosphoric acid. This procedure allows to obtaindBped
rGO after drying step at 220°C. The active material wbd
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good performance with 365 F/g at 5 mV/s in acidic aqueous
solution?3% A similar approach was investigated by Huliceva
WdzNJOF {1 2 @1 Qa NS aSI NOK B-tNdpidgLiwth ¢ K S &
an atomic concentration of 1.3%, which allows to extend the
electrochemical windows. The specific capacitance
calculated from chargalischarge curve at 50 mA/g was 115

F/g in 1M HSQ.231

2.3.1.9.3. N-B and N-S-co-doped Grghene
Miullen et al. firstly reported the simultaneous caloping of
rGO. They reduced hydrothermally GO in presence of
ammoniag boron trifluoride (NRBFR). The resulting hydrogel
was freezedried to obtain NB-co-doped grapheneaerogel.
An allsolid-state supercapacitor was fabricated using
PVA/BSO:s as gel electrolyte. Good electrochemical
behaviour was demonstrated with 239 F/g at 5 m\A%.
/] Kdzy 3Qa NXS&SFNOK 3INRdAzLI dzaSR | YY2y
borazane [BRNHs3]) as versatile agent for the reduction of
GO together with its MNB-co-doping. Interestingly, this
compound can be used both in aqueous or in organic
environment. The &ctrochemical performance was
evaluated usingan ionic liquid as electrolyte: TEA BFA
specific capacitance of 110 F/g was calculated from charge
discharge curve at 1 A/§33

Jiaet al. reported the onepot hydrothermal synthesis of N
S-co-doped graphene using -tysteine, an amino acid, as
doping agent. Interestingly, they demonstrated that the-co
doping has a synergistic effect leading to higher performance
in comparison with singly-Sand N-doped graphene. In basic
aqueous electrolyte, a specific capacitance of 186 F/g was
obtained at 5 A/g%3* Dou and collaborators mixed ultra large
GO flakes with 3&aminobenzenesulfonic acid in water to
obtain an homogeneous dispersion. Then, sample was heated
firstly at low temperature followed bya treatment at high
temperature to obtain NS-co-doped graphene paper. High
specific capacitance was measured in 6M KOH electrolyte
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(305 F/g at 100 mV/s33° Recently Wonget al. reported the
use of ammonium sulphig to act both as reducing agent and
doping agent for the onegpot hydrothermal synthesis of &
co-doped rGO. The resulting hydrogel was tested in 6M KOH
electrolyte. A gravimetric capacitance o251 F/g was
calculated from chargalischarge curve at 500 m#g/?36

2.3.1.10Graphene produced from green precursor
In this section, research works focusing on the fabrication of
electrochemical doubldayer camcitors using green source
of carbon will be presented.

Qiu et al. firstly investigated a green approach for the
fabrication of EDLC. They produced calrived graphite
oxide starting from anthracite coal. After a DBD plasma step,
graphenelike material was obtained and tested in 6M KOH.
A specific capacitance of 195 F/g was measured at 50
mA/g.?%” Chenet al.reported the hydrothermal reduction of
GO dispersion mixed with biomass or polymer. Then,
carbonaceous composite was carbonized and activated with
KOH to obtain a 3fborous graphenebased material. Using
an ionic liquid as electrolyte, a specific capacitance of 225
F/g was calculated from chargeéischargecurve at 1 A/g?38
Bandoet al. synthesizd graphene starting from glucose and
ammonium chloride. Under controlled temperature,naolten
syrup was obtained and chemically released gas (such as
melanoidin) induces bubbles formation. Then, a thermal
annealing was carried out to obtaigraphene. Thdlowchart

of the synthesis procedure is reported in Figure 2.29.
acidic aqueous electrolyte, a speciftcapacitance of 250 F/g
was measured at a current density of 100 mA%RJ.

Glucose : ‘ Melanoidin AN 2
A )f‘?i“#ﬂg , Qi Z | A
we B aNRSRerS 2 e
mrm -. N VI: } . (#/ﬁ 4

Figure 2.29. synthesis flowchart of the green production of graphene
starting from glucose?3?

Graphene
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Wilson and Islam investigated the infiltration of CNTs using
D-glucose prior to carried out a thermal annealing.
Electrochemical measurement using RTIL electrolyte showed
interesting performance with 120 F/g at 20 mV#4% Fuet al.
reported the production of graphendike sheets starting
from coconut shell. The synthesisgeedure required the use
of Fe and Zn as catalyst of graphitization and activating
agent, respectively. After the graphitization, both metals are
removed, and 3Bporous framework of graphend¢ike sheets

is obtained. A modest gravimetric capacitance of 69 At 1
A/g was measured in 6M KOH#! Zhang and colleagues used
shrimp shells to poduce Ndoped graphenelike sheets. After
the carbonization of the bigolymer layers, the biochar is
rinsed with an acidic solution to remove mineralized layers
contained in the starting material. After a sonicatedsisted
exfoliation, electrochemical cdracterization in basic
electrolyte was carried out. Interestingly, this green
approach leads to high specific capacitance with 322 F/g at
500 mA/g?42?

YI £ SQa NjboapS prodddded perforated graphenkbke
sheets starting from bougainvillea flowers. First, flowers
were washed with water and dried at low temperature. After
a crushing step to obtain a fine powder, thermal treatment
was carried out to obtain graphenkke sheets with unique
naturally perforated dructure. Electrochemical
characterization in neutral electrolyte demonstrated high
specific capacitance with 458 F/g at 2.28 A. Another
green approach was investigated by Yondaco-workers. They
carbonized humic acid and they oxidized the resulting
powder to obtain carbonaceous materiaimilarto graphene
oxide. After a thermal concomitant exfoliation/reduction
step, the graphendike material was obtained. A specific
capacitance of 254 F/g was calculated from chargescharge
curve at 50 mA/g in 3M KOH#

Aimed by a sustainable production of energy storage devices,
Kumar and ceworkers extracted graphite from used primary
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OStfad C¢KSKIFIWROO2yNE LIKAGS g4I & dzd S R
material for the fabrication of ecdriendly supercapacitor.

Graphite was exfoliated/reduced using microwasessisted

process. An albkolid-state supercapacitor using PVA{PIQ

was fabricated with this active material. The performance

was interesting with 201 F/g at 2 mV/s and 208gFat 200

mA/g from CV and chargdischage curves, respectively®

2.3.2.Hybrid Graphenebased Supercapacitors
It is welkknown that the specific capacitance (and energy
density) of EDLC can be improved creating hybrid graphene
based supercapacitors which combine both EDLC and
pseudocapacitors.
However, during the last decade, the number of publication
reporting grghene-based supercapacitors containing
conductive polymers, metal oxides, and/or metal
dichalcogenides has increased exponentially. For sake of
comparability, only advances dealing with hybrid
supercapacitors containing both EDLC, assignable to
graphene (o reduced graphene oxide), and pseudocapacitors
are presented.

2.3.2.1. Conductive Polymers
Conductive polymers have attracted attention due to their
electrical conductivity. However, they suffer of poor
cyclability due to nonperfectly reversible Faradaic
reactions. By forming a composite with graphene, the
specific capacitance of the grapherimmsed material is
enhanced alongside the cycle life of the pseudocapacitive
material. The most studied conductive polymers are
Polyaniline (PANI), Polypyrrole (PPy), and Iy®®,4
ethylenedioxythiophene) (PEDOT).

2.3.2.1.1. PANI

{ KAQ& NISAaASFNOK 3INRdzLI FANBRIOG Ay@gSal
composite using PANI as pseudocapacitive material. They
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deposited nanofibers of PANBy interfacial polymerization
onto chemically converted graphen A specific capacitance
of 214 F/g was calculated from charghlscharge curve at a
current density of 300 mA/g using 1M:BQ as electrolyte246
Three years later, Li and eworkers investigated to
polymerization of aniline onto graphene nanoribbons
synthesized from MWCNTs. The PANI nanorods allows an
increase of the gravimetric capacitance, which reaches a
value of 340 F/g at 250 mA/g using the same electrolyté.

Jiang et al. studied an easy onestep electrosynthesisby
fabricating a twoelectrode configuration using GO and

aniline as active material and a separator soaked in 1M

H.SGs. By applying an alternative potential, they
simultaneausly reduced GO in rGO and polymerized aniline in

PANI. The electrochemical performance was interesting with

243 F/g at 10mV/s248WA y 3 Qa NIS &S| NOKPAAR y (G K S :
composite wusing a sacrificia template. Indeed, they
deposited silica homogeneously onto GO. After an annealing,

they obtained rGOSiIiG. Aniline was then polymerized onto

the silica layer followed by the removal of the template to

obtain rGOPANI. Nevertheless, the measured gravimetr
capacitance was not improved with 127 F/g measured at 500
mA/g.24? Xie et al. Ay@SadaAa3alr iSR | G RA LILIA Y :
strategy to coat GO withPANI before an hydrothermal
synthesis to reduce GO. This synthesis pathway occurs
directly on carbon fibers and allow the supercapacitor to be

highly flexible and even foldable. Interestinglythe
electrochemical performance was high with a specific
capacitance of 464 F/g at 1 A/g M H.SQ,.250

Another approach was followed by Xu and-asmrkers using
the inkjet printing technique. They started from graphene
powder and they mixed it with previously polymerized PANI.
Nevertheless, the specific capacitance is not as high as
expected with only 70 F/g at 5 mVA! Chiet al. also used
the inkjet printing technology, but using a different synthesis
pathways as shownn Figure 2.30. The specificapacitance
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was significantly improved with 864 F/g at 1 A/g using the
same electrolyte?®?
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Figure 2.30. Synthesis pathways for the fabrication of the flexible rBANI
supercapacitor device by inkjet printing. (I) formation of 3iydrogel by sel
assembly procedure, (Il) isitu polymerization of PANI onto graphene
hydrogel, (I11) homogenization of the GPANI mixture to prepare the ink,
(1V) inkjetprinted GO solution on pagr substrate, (V) printing step of the
GHPANI ink, (VI) soakg by HI solution, (VII) concomitant reduction and
peeling of the GHPANI@GO paper, and (VIII) fabrication of the
supercapacitor devic@é5?

GonQ a NJSS&ASFNOK 3INRdzLI fFGSNI FF oNR
electrode for flexible aHsolid-state supercapacitors. They
deposited aniline on agrepared oriented graphene
hydrogel. Then, they performed thim-situ polymerization to

obtain GPANI composite. Thespedfic capacitance was
interesting with 530 F/g at 500 mA/g, but using a gel
electrolyte (PVA/HSQ) instead of the liquid electrolyte53

Sekaret al.reported a close approachndeed, they prepared
pillared graphene by chemical reduction of GO using NaBH
Then, the in-situ polymerized aniline in presence of phytic

acid to prepare the nanocomposite. The gravimetric
capacitance was close to the previous report with 652 F/g at

10 mV/s, but they use 0.5NH2SQ in this work?%4

wSOSyifezx [ SAQA NJS & S+ NIOK 3 NR dzLJ
polymerization of aniline on graphene nanomesh synthesized
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by means of a CVD technique. The-m®pared PANI is
composed by nanorods structure. The electrochemical
performance is interesting with 452 F/g at 1 A7§>Hong and
co-workers reported the layetby-layer deposition of GO to
obtain a 3DrGO-based structure by hydrothermal synthesis.
Then, theyin-situ polymerized aniline to obtain rG@ANI
nanocomposite. The specific capacitance was high with 438.8
F/g at 500 mA/g using IM430.25¢ %K | y 3 Qa NS aSlI NOK
further enhance the electrochemical performance by
dispersing already prepared PANI filsein GO solution before

a hydrothermal reduction. |In this case, the 3D
nanocomposite displayed a specific capacitance of 808 F/g at
1 A/g using the same electrolyt®’

2.3.2.1.2. PPy
Biswas and Drzal first reported the use of PPy (Polypyrrole)
as pseudocapacitive materials to fabricate grapheRPy
composite and use it for supercapacitor applications. They
synthesized PPy nanowires by chemical polymerization using
Pyrrole as precursor. Then, they produced an emulsion by
sonication of an aqueous dispersion of PPy nanowires, which
adsorb at the liquidliquid interface after adding chloroform.
They transferred the PPfilms formed at the interface to the
graphene andthey use this composite as electrode. The
specific capacitance was 165 F/g at 1 A/g using 1M NaCl as
electrolyte 258 Later, Swagert al. studied the concomitant
reduction of GO and polymerization of pyrrole. The-as
prepared rGOGPPy nanocomposite film is freestanding and
has good electrochemical properties with a specific
capacitance of 277 F/g at 10 mViis 1M KCI2°°v dzQesearch
group investigated a similar idea using electro
polymerization instead of chemical polymerization.
Interestingly, the asprepared electrolyte is tolerant to high
compression without significant decrease of the
electrochemical performance. Moreover, without
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compression, the specific capacitance was evaluated of about
350 F/g at 1.5 A/g using 3M NaGl@selectrolyte 269

Ding and ceworkers investigated the use of rGBPy
nanocomposite as active material for the fabrication of -all
solid-state supercapacitors. They first dispersed GO and
pyrrole to create a suspension. Then, they reduced GO and
simultaneously polymerized pyrrole in PPy. The chemical
reduction occurred in presece of iron (IIl) chloride and
hydroiodic acid. The specific capacitance, using P&},
was 72 F/g at 150 mA/g%' Li et al. reported a similar
approach. Neertheless, they synthesized PPy nanofibers
before to mix them with GO and to chemically reduced it with
HI. An improvement of the specific capacitance, in
comparison with the previous work, was observed using
PVA/KPQ: as gel electrolyte. A value of 345 d¢/was
calculated from discharge curve at a current density of 1
A/g.?%2 Finally, Du and alleagues fabricated supercapacitor
starting from pyrrole and GO. Thi@-situ polymerizationwas
carried out using ptoluenesulfonate (pTsOH) acid instead of
HI. A schematic illustration of the synthesis pathways is
shown in Figure 2.31. A good electroahical behaviour was
observed with a specific capacitance of 255.7 F/g at 200 mA/g
using 3M KCI as electrolyt¥3
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Figure 2.31. Schematic representation of the synthesis pathways of the PPy
and PPyrGOcomposites263

RGO Sheet

PPy Chain

-79-



Chapter 11 Graphenebased Supercapacitors

2.3.2.1.3. PEDOT
Despite the several works reported using PEDOT as
pseudocapacitive material coupled with graphene, only two
of them report the gravimetric capadtance. The others
report the areal capacitance.
Pandey and Rastogi investigated grapheREDOT
nanocomposite for supercapacitor applications in 2013. They
started from graphene nanoplatelets and EDOT(monomer of
PEDOT). By a single electrochemical stepey obtain
graphenePEDOT nanocomposite. They tested it by using
BMImBHR, after gelification, as gel electrolyte. They obtained
good electrochemical performance with 110 F/g at 10
mV/s264[ | G SNE Ay HnampI [ KSyQa NSasSlk N
PEDOTdoped with PSS as pseudocapacitive material. They
first mix it with GO before a solvothermal reduction at 60°C
for 24 hours in diethylene glycol and phosphoric acid. The
specificcapacitance, using PVA(AOQ: as gel electrolyte, was
lightly inferior with 82 F/g at 10 mV/s. Interestingly, this
approach permits to obtain large film with high flexibility as
shown in Figure 2.326%5

"

Figure 2.32. Photographs of the aprepared PEDOT:PSS film (30x7)&h

2.3.2.2. Transition Metal Oxides

Transition Metal Oxidesare attractive pseudocapacitive
material to create hybrid supercapacitor with high specific
capacitance, and consequently high energy density. Indeed,
they possess a wide range of oxidation states which allows
this material to contribute to the specificapacitance with
near-surface reversible redox reactions. However, they
sometimes struggle due to a poor electrical conductivity
which limits the deliverable performance.
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2.3.2.2.1. Ruthenium Oxide
The first report was published by Mishra and Ramprabhu in
2011. Theydeposited Ruthenium (llIl) Chloride [RyElon
hydrogen exfoliated graphene. By addition of NaOH,
Ruthenium Oxide was obtained on graphene. The specific
capacitance was measured by both CV and CCCD in 2S\DiH
Capacitance o265 F/g at 10 mV/s and 220 F& 10 A/g were
calculated, respectively®: The same year, a similar approach
gl a NISL2ZNISR o0& !'fakKFNSSTQa NXSastk
a specific capacitance of about 365F/g at 20 mV/s in 10M
NaOH electrolyte’86

Lin et al. investigated thesynthesis of rGERuUQ starting
from GO and Ru@l After the homogeneous suspension was
obtained, a hydrothermal synthesis was carried out to reduce
graphene followed by a thermal annealing to increase the
crystallinity of the pseudocapacitive materials. A gravimetric
capacitance 6551 F/g was calculated from chargischarge
curve at 1 A/g in acidic aqueous electrolyi®’ Liu and ce
workers studied a controllable nanosheets reassembly
process between RuOnanosheets and graphene nanosheets
previously prepared and mixed together to obtain the
nanocomposite. However, the specific capacitance is
significantly lower with 100 F/g at a current density of 5
A/g_268

5A01SNAa2yQa NXSasSI NOK 3INRHefdreYA ESR
adding NaOH inducing the formation of Ru@y addition of
NaOH again, and by ageing the solution for lotighe, a
deoxygenation of the Gccurs inducing the formation of
the rGORuQ nanocomposite. Using 1M 4%$Q, they
measured aspecific capacitance of 500 F/g at a current
density of 1 A/g%%° They reported the same year a specific
capacitance of 418 F/g with a gel electrolyte (PVARKY) in
the same conditior?”?

The last report was pullbsshed by Wang and cworkers. They
prepared a Ru hydrosol starting from RyCdnd adding
NaBH. Then they add GO and chemically reduced it using
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hydrazine to obtain rGE&RuUQ nanocomposite. An
outstanding specific capacitance of 1099 F/g was measured
at 500 mA/g using 1M ESQ; as electrolyte?’t

2.3.2.2.2. Manganese Oxide
Ruthenium is an attractive pseudocapacitive material.
However, it is expensive which limits its industrsdale
application. Manganese is a good candidate to substitute it.

Majid and ceworkers investigated the formation of a rGO
wrappedMnO, nanocomposite. They dispersed GO in water,
adding Lascorbic acid as reducing agent, and manganese (ll)
acetate. They obtained the desired nanocomposite by
electrodeposition. A specific capacitance of 378 F/g was
measured at a scan rate df mV/s using 1IMNaSQ.?"2[ A Qa
research group investigated another approach. Indeed, they
KeERNRGKSNIIFT & a&aeéytMn®askartiBgRiroyil y 206 S
manganese (llI) sulfate and ammonium sulfate. Then, they
mixed it with GO and hydrothermal reduced the GO. A
gravimetric capacitance fo362 F/g at a current density of 1
A/g with a basic aqueous electrolyte (6M NaOH§j.Kuanget

al. reported the onepot hydrothermal synthesis starting
from the same precursors. The electrochemical performance
was consistent with the previous report. Indeed, the specific
capacitance of about 321 F/g at a curredénsity of 0.5 A/g
using 1M NaOH/4

Another manganese oxide has focused attention for energy
storage applcation: MmnsOs. Deng et al. reported the
synthesis of rGeMnzOs nanocomposite starting from
manganese (llI) nitrate and mix it with microwaassisted
reduced GO. They hydrothermally treated the mixture
followed by a microwave step. Then, the nanocompositasw
tested using 5M KOH as electrolyte. A specific capacitance of
345 F/g was calculated from charghlscharge current at a
current density 1 A/¢’®>2 | y Ar@skarch group fabricated
an allsolid-state supercapacitor based on vertically aligned
graphene decorated with M#0Os nanoparticles. They
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hydrothermally synthesized the pseudocapacitive material
starting from manganese (ll) acetate. After the hydrothermal
step, they annealed the nanocomposite to increase the
crystallinity of themanganese oxide. A specific capacitance
of 562 F/g was measurkat a current density of 0.7 A/g using

PVA/KPQ; as gel electrolyte’s

2.3.2.2.3. Molybdenum Oxide
Following the idea to reduce the cost of the active material,
Molybdenum Oxide has attracted much attention due tts i
oxidation states comprised between +2 and +6. Chetnal.
FANBG NISLI2ZNISR (KS aéyilKBak-a
decorated graphene sheets tested in a tvwadectrode
configuration. They electrochemically exfoliated graphite
rods using a solution of sodim molybdate as electrolyte. The
as-obtained composite was then dried and finally annealed
at 200°C in air for 2 hours. A schematic representation of the
synthesis pathways is shown inFigure 2.33. The
electrochemical characterization was carried out usiiyl
KOH as electrolyte. A maximal gravimetric capacitance of
86.3 F/g was obtained at a current density of 100 mA/g.

Another approach was imstigated by Zhou and ecworkers
using the same precursor of Mo (sodium molybdate). Indeed,
they carried out a onepot solvothermal synthesis using GO
and sodium molybdate as precursor. The resulting solvogel
was freezedried to obtain MoQ-graphene aerogk The as
prepared Molybdenum Oxide (VI) has a nanometric size and
was covalently linked with the reduced Graphene Oxide by
oxygen bonding. The specific capacitance was significantly
improved, even using a gel electrolyte (PVAB®D), with a
specific capaitance of 373 F/cat 1 A/g?78

Chiu et al. reported the preparation of Mo&graphene
nanocomposite by a facile solvothermal synthesis. They first
exfoliated graphene starting from graphite flakes by a typical
liquid exfoliation procedure. Then they dispersed as
prepared graphene flakes with ammonium molybdate as Mo
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precursor in ethylene glycol. This solvent allows to avoid the
use of DMF which is more toxic. The resulting solvogel was
centrifugated and dried before a thermal treatment to
increase the crystallinity of the molybdenum oxide. A specific
capacitance of 148 F/g was measured at 5 mV/s in 1M
Na,SQ:.?’° The same work was recently published with more
structural and electrochemical characterizatioA%
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Giardi et al. investigated the hydrothermal synthesis of
Molybdenum Oxde (1V) instead of Molybdenum Oxide (VI).
Indeed, the less oxidized specie is more conductive which
allows to decrease the equivalent series resistance (ESR) of
the nanocomposite. They hydrothermally synthesized MeO
decorated rGO aerogel starting  from GO and
phosphomolybdic acid as Mo precursor. The resulting
hydrogel was rapidly frozen in liquid nitrogen followed by a
freeze-dying procedure. XRD confirmed the monolithic phase
of MoO: nanoparticles onto graphene sheets. The
electrochemical characterizatio was performed using 1M
NaxSOy as aqueous electrolyte. A gravimetric capacitance of
381 F/g was measured at a scan rate of 0.5 m%sA similar
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approach was investigated in chapter 4 in comparison with
the in-situ synthesized MoSsample, in chapter 5 witlthe
addition of l-ascorlc acid as reducing agent, and in chapter
6 as active material for micrgupercapacitor applications.

2.3.2.2.4. Cobalt Oxide
Cobalt Oxide (C#D4) has also attracted much attention due
to the wide range of oxidation states of the Co centre (from
+1 to +5). Wanget al. reported the onepot hydrothermal
synthesis of CgOs-decorated rGO hydrogels. They used
cobalt acetate (Il) as Co precursor. A specific capacitance of
about 250 F/g was measured at a current density of 0.5 Al/g
using 6M KOH aslectrolyte?®2 A similar approach was later
investigated by Liu and cworkers. They started from the
same precursors, but they adjusted the pH value to 9.5 using
ammonia solution. The asobtained CagOs-decorated rGO
hydrogels were electrochemically tested using 2M KOH as
electrolyte. A gravimetric capacitance of 263 F/g was
calculated from chargealischarge curve at a current density
of 0.2 A/g?83 Liao et al. fabricated an allsolid-state with
outstanding performance (580 F/g at 1 A/g using PVA/KOH as
gel electrolyte). They used carbon fabric as support to
growth vertically aligned graphene nanosheets by microwave
plasma enhanced chemical vapor deposition (MPECVDgnTh
they hydrothermally synthesized GOs nanoparticles on
VAGN@CF using cobalt acetate (Il)pascursor. SEM images
of the different steps are shown in Figux34.284

200 nm

Figure 2.34. (a) Lowmagnification and (b) highmagnification SEM images
of the VAGN@CF; (c) highagnification SEM image of the asynthesized
C0304 nanoparticles on VAGN@@E.
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2.3.2.2.5. Others Transition Metal Oxides
Ping Wong et al. investigate tungsten trioxide as
pseudocapacitive material to produce nanocomposite with
enhanced properties. In the first report, they synthesized
WOz by hydrothermal syntheis starting from ammonium
paratungstate as W precursor. Then, they mixed the- as
prepared nanoparticles with chemically reduced GO. In the
second, they reported the omgot hydrothermal synthesis
starting from the same W precursor. Electrochemical
measuremaets were carried out using 1M N8Q as neutral
electrolyte. The specific capacitance, calculated from charge
discharge curves at a current density of 0.7 mA/g, was 85.7
F/g?85and 274 F/§8, respectively.
Yuan and ceworkersreported the hydrothermal synthesis of
Ni(OH) starting from Nickel Nitrate (II) and sodium
hydroxide. The resulting hydrogel was then freedeed to
obtain Ni(OH)-decorated rGO aerogel with outstanding
properties (1461 F§ at 5 mV/s)?®” Another group,
supervised by Shi, reported the fabrication of NgDdaphene
composite by using alcoholsGO as substrate. They used the
same precursor for Nickel. However, after the hydrothermal
synthesis, the product was dried in an oven folledv by a
microwave treatment at 300°C for 1 minute. Good
gravimetric performance was obtained with 530 F/g at 1 A/g
using 2M KOH as electrolyt&8
Li et al. studied ZnO as pseudocapacitive material to
fabricate hybrid supercapacitors. They synthesized Z2n0O
decorated hydrogel by hydrothermal synthesis using
hydrazine as reducing agent. The precursor of ZnO was zinc
nitrate (I1). They fabricated aldéolid-state supercapacitors
using PVAH>SO, as gel electrolyte. The obtained
performance was interesting with 156 F/g at 5 m\#&.Zhang
and coworkers investigated a different approach to
fabricate ZnGrGO nanocomposite. Indeed, they mixed GO
with zinc acetate (II) under microwave irradiation unthe
solvent was fully remoed. Then, another microwave
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irradiation was carried out during 5 minutes at 1000 W. A
specific capacitance of 125 F/g was calculated from charge
discharge curve at 1 A/g using 1M MO as neutral
electrolyte 299

Maetala @y i KSaAl SR -F&@KRiagirdm ldon
Chloride (ll1l) as Fe precursor. First, they mixed G&h wihe

Fe precursor to decorate GO with ¥e cations. After
removing the excess of cations, they treated thermally the
sample in inert atmosphere for 2 hours at 350°C. The as
prepared nanocomposite demonstrated interesting
electrochemical properties with 25 F/g at 0.2 A/g in 6M
KOH?°1 In another report, GholipowRanjbar andco-workers
synthesized F€&s-decoratedN-doped rGO. First, they
prepared Ndoped rGO by hydrothermal synthesis in
presence of ammonia solution. Then, they add Iron sulfate
(I1) as Fe precursor and they synthesized the nanocomposite
by a facile sonochemicalmethod. The magnetitebased
nanocomposite showed high gravimetric capacitance with
355 F/g at 2 mV/222{ KI NIY | Q& oM@ iBvedtigaed
the synthesis of magnetite nanoplatelets over holey
graphene for supercapacitor applications. They produced GO
nanoribbon by unzipping of MWCNT using strong oxiinigz
species. Then, they mixed GO with 2 different precursors of
Fe: iron sulfate (II) and iron chloride (Ill). They finally
prepared the nanocomposite using a typical hydrothermal
synthesis. An albolid-state supercapacitor was fabricated
using PVA/HSQ, as gel electrolyte. A specificapacitance of
64 F/g was measured at a current density of 1 &?§.
Vanadium has also attracted attention for energorage
applications. Interestingly, 20s can be found in various
spatial configuratims such as nanowires, microspheres, etc.,
as shown in Figure 2.35.
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Figure 2.35. V05 nanostructures: (left) TEMnmage of V,Os nanowires on
alkaline deoxygnated G@°; (right) %M image of pure YOs
microspheres?95

Balkus et al. reported the gnthesis of A Os nanowires on
alkaline deoxygenated GO. They solvothermally produced the
pseudocapacitive materials starting from vanadium
oxytriisopropoxide (V)as V precursor in presence of
Pluronic®123 as surfactant. The-psepared nanocomposite

is reportedin Figure 2.35 (left). The specific capacitance was
evaluated using 1M LIiTFSI in acetonitrile as electrolyte. A
value of 80 F/g was obtained at a current density of 0.5
Al/g.2°% Ai and coworkers used the sam solvothermal
reaction but, in this case, an annealing step was carried out
at different temperature between 250 and 550°C for 30
minutes. The asbtained microspheres (see Figure 2.35
(right)) supported by rGO flakes were tested
electrochemically using M LiCl as neutralelectrolyte. A
significant improvement of the specific capacitance was
obtained with 470 F/g atl A/g2®> Cl yQa NX &Sl NOK
synthesized nanocomposite starting from GO and VO(atac)
as V precursor. After the slow mixing procedure need to
obtain homogeneous suspension, a hydrothermal synthesis
was carried ot during 24 hours at 180C. To further improve
the electrochemical performance, a hydrogen thermal
processing was performed to reduce partiallyyQ4 to VO
nanostructures. The resulting graphene bridgedOy¢/VOx
core-shell nanostructured electrode has an kectronic
conductivity several orders of magnitude higher than
common vanadium oxide. The structure of the electrode is
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shown in Figure 2.36. The specific capacitance, evaluated
using neutral aqueous electrolyte, was significantly improved
with a value of590 F/g at a scan rate of 5 mV?86

Current Collector

Figure 2.36. schematic representation of the graphene bridgedOy/V Oy
core-shell nanostructured electrode obtained after the hydrogen thermal
treatment.296

2.3.2.3. Transition Metal Dichalcogenides
2.3.2.3.1. Generalbackground297z305

Since the first isolation ofyraphene 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 isolation of layered structures.
Beyond graphene, it exists a large family of-Blaterials sich
as Transition Metal Dichalcogenides (TMDs), hexagonal
Boron Nitride (RBN), Xene such as silicene and germene,
black phosphorous, etc. Figure 2.37 indicates the chemical
composition of these 2D materials startifgom the periodic
table.
In this setion, Transition Metal Dichalcogenides (TMDs) are
presented. TMDs are a family composed by around 40
members which some of them have a layered spatial
configuration (predominantly from group-Z in the periodic
table) while others display nohayered strudures (mainly
from group 810). The most interesting TMDs for energy
storage applications are layered due to their outstanding
properties (transparency, flexibility, electrical behaviour,
etc.) when isolated.
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Figure 2.37. Clemical composition of the 2D materials starting from the
periodic table303

Starting from the definition, a single layer of TMD s
composed by a single sheet of transitionetal atoms
sandwiched between two layers of chalcogens. A schematic
representation of the chemical structure is shown in Figure
2.38. The resulting structure has a thickness around of 6~7
A. The intralayer chemical bonds are predominantly covalent
(strong bonds) wile the stacking of the different layers is
governed by Van der Waals forces. Consequently, it is
possible to cleave the bulk structure to isolate a layer of TMD
following a similar approach developed to obtain the
graphene from graphite.

e ) A e
@

Figure 2.38. schematicrepresentation of the chemical structure of a layered
transition metal dichalcogenidé&%4
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The metal coordination of layered TMDs can be either
trigonal prismatic or octahedral aidlustrated in Figure 2.39.
Typically, TMDs are found naturally as the 2H polytype
because the 1liphase is metastable. As demonstrated by
Chhowallaet al., it is possible to reversibly transform the 2H
phase in 1Tusinga chemical process. This transformation can
be partial or complete according to the experimental
procedure306.307

-

X Octahedral (O,,) or trigonal
p Trigonal prismatic (Ds;,) O

anfiprismatic point group
of O, (Dsy)

Figure 2.39. metalcoordination for layered TMDs. Atom colour code: purple,
metal; yellow, chalcogeRi?’

Interestingly, some TMDs are chemically active (such as:MoS
and WS) and can store energy through fast and reversible
redox reactions using the transitiemetal. In addition, the
layered structure facilitates the ionmtercalations. Layead
TMDs are materials which combine both doublieyer
capacitor and pseudocapacitor behaviout®

To obtainlayered TMDs, two main approaches are typically
envisaged: CVD and liquid exfoliation. The first way is a
G002 0d2¥ | LILINRIF OK @gKAOK | ff2g¢a
pure MoS nanoflakes with controlled size and thickness.
However, the scalability of this methofrom lab scale to
industrial scale is Ilimited by the rigid experimental
conditions such as high temperature, high vacuum, &t31!
¢KS 20GKSNI | LILINRRDKY éA af Allj dz&k R 2 LSE ¥F £
starting from bulk TMDs. This method is more suitable for

high quantity production of single layer or multayers

TMDs. By sonication, it is possible to break the Van der Waals
forces which maintain together the different TMDs layers.

These methods used typicallgdimethylformamide or N-
methyl-2-pyrrolidone as solvent. This way demonstrated high
efficiency for a wide range of 2D materials: MgSWS,

MoSe, NbSe, TaSe, NiTe, MoTe, h-BN, BiTes, and
graphene35:312

(e
N
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TMDs, and in particular Mo$ since its first application as
single layertransistor deweloped by Kiset al.3'3, have been
investigated in a wide range of applications such as catalysis,
sendng, electronic devices, energy storage, etc.

2.3.2.3.2. Molybdenum Disulfide
Molybdenum Disulfide (Mo§ is the most studied TMD for
energy storage application. Indeed, Mo as transitioretal is
highly interesting due to its wide range of oxidation states
from +2 to +6. Thetheoretical specific capacitance was
evaluated about 1000 F/g*431% A focus on this material is
reported in Chapter 4.
Dryfe et al. reported the preparation of MoZgraphene
composite for supercapacitor applicins. They first
exfoliated MoS in NMP by a typical phase exfoliation and
prepared graphene flakes from graphene powder. An
illustration of the exfoliation procedure is shown in Figure
2.40. Then, both active materials were mixed together
according to diferent weight ratios. The best performance
was obtained in a coiftell with 1M NaSQ as neutral
electrolyte for the MoS/graphene composite with a weight
ratio of 3:1. A gravimetric capacitance of 11 F/g was
measured at 5 mV/s.

2%
L%

---------- N-Mecthy-2-pyrrolidone (NMP)

Figure 2.40. schematic representation of the exfoliation procedure in NMP
starting from bulk M0g.1

The same group reported later the synthesis of -MbS;-
graphene@Oleylamine by heanjection thermolysis of a
single precursor [M0:20:$(SCOEt)]). This approach

demonstrated more suitable performance for supercaptor
electrodes with 50 F/g calculated from chargkkscharge
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curve at a current density of 0.37 A/g with the same
electrolyte. 316

Lamberti et al. investigated a new approach to produce
MoS-graphene nanocomposite. They deposited
commercially available 2H1o0S on a polyimide substrate
following by a laser treatment. The MoeSaser induced
graphene nanocomposite showed interesting areal
capacitance, but the gravimetric capacitance cannot be
evaluated. The experimental setup with FESEM images of the
as-prepared sample are reported in Figure 2.3%

. co,

s laser
MosS,-decorated beam

Mos, layer

Polyimide foil

Figure 2.41. Experimental setupléft) and FESEM images of the-asepared
sample at different magnification (ght).317

WSY Il Qa NXS&aSFkNOK 3INRdzLI NS L2 NGSR (K
of rGOMo0S, starting from GO,ammonium heptamolybdate
as Mo precursor, andhiourea as sulphur precursor. The-as
prepared MoS was hollow spherical instead of the layered
structure usually targeted. However, the specific capacitance
was significantlymproved with 318 F/g at 1 mV/s in neutral
aqueous electrolyte’!®

A similar approach was investigated usingcysteine as S
precursor, which allows to avoid the use of the toxic
thiourea. Eyerimental setup,results, and discussions are
reported in Chapter 4.

2.3.2.3.3. Tungsten Disulfide
Ratha and Rout firstly reported the hydrothermal synthesis
of rGO/WS nanocomposite. They mixed GO, WCds W
precursor, and thioacetamide as S precursor. The- as
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prepared nanocomposite displayed undistinguishable
nanoflakes of rGO and WSntimately mixed together. This
homogeneous composite showed high gravimetric
capacitancewith 350 F/g at 2 mV/s using 1M NaQ as
agqueous electrolyte3!®

aAyQa NXSaSINOK 3INRdIzZLI NSOSyidfe NISL
flexible allsolid-state supercapacitor with ultralarge
graphene nanosheets and liquid exfoliated tungsten disulfide
as active materials. The electrical energy storage devices
showed interesting areal capacitance with 312.4 mFFfcm
which is promising for the future use of this TMD in energy
storage application. Wfortunately, it was not possible to
compare the gravimetric capacitance due to the lack of
information in the published pape#?°

2.3.2.3.4. Vanadium Diselenide
Behera et al. investigated the me-step hydrothermal
synthesis of vanadium diselenide (\\$¢GO nanocomposite.
They started from GO, sodium metavanadate (NajQand
selenium dioxide (Sef). The asprepared VSe has a 3D
cuboidal structure as shown in Figure 2.42. The
nanocomposite was electrochemically tested in a neutral
aqueous electrolyte and demonstrated a specifiapacitance
of about 680 F/g at 1 A/g, which is about 5 and 6 fold higher
than bare rGO and bare V&é?!

Figure 2.42. FESEM images of the pristine VSesample at (a) low and (b)
high magnification32?
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2.3.3.Performance comparison
All the specific capacitance aforementioned in Section 2.3.1
and 2.3.2 arereported in Figure 2.43 and 2.44 from
galvanostatic chargaischarge and cyclic voltammetry
measurements, respectively. Both graphs have the same
scak for the specific capacitance axis to be confrontable
directly.
Higher is the scatter in the graph, better is the specific
capacitance. Righter is the scatter, quicker the
supercapacitor is able to deliver the stored energy, and more
attractive for real @plications.

From both graphs, interesting information can be observed.
First, EDLCs have typically a specific capacitance comprised
between 100 and 500 F/g, which seems to be the practical
limit of graphenebased supercapacitors. In Figure 2.43, it
can be noticed that hybrid supercapacitors using metal
oxides or polymer conductive as pseudocapacitive materials
allow to increase the specific capacitance as expected. Most
promising results are obtained for Rmased and PANbased
hybrid supercapacitors. Altwugh this improvement of
gravimetric capacitance, it seems that hybrid
supercapacitors struggle for applications using high current
density in comparison to ELDCs materials. Indeed, Faradaic
processes require a more important to occur instead of the
double-layers.

From Figure 2.44, a similar observation can be expressed.
However, for this type of measurements, Nbased
supercapacitors seem to be more attractive followed by
PANtbased hybrid supercapacitors.
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Chapter 3

Supercapacitors Performance
Evaluation

The chargetransfer mechanisms of |IEctrical
DoubleLayers Capacitorsand Pseudocapacitors
are presented. Then, the characterization
approach for supercapacitors evaluationis
described. The three types of measurements
(Cyclic Voltammetry, ConstanCurrent Charge
Discharge, and Electrochemical Impedance
Spectroscopy) are explained. Finally, the key
metrics of supercapacitors are defined and the
experimental procedures to measure properly
them and the correlations among them are
highlighted.

This dapter was wrote using the following documents:
minireview published by Stoller and Ruoff in 204,0review
published byZhang and Pan in 20%4and two books: the first
wrote by Conway in 1999 and the second edited by Béguin
and Frackowiak in 2023

3.1. Charge-Storage Mechanisms

As described previously, supercapacitors can be divided in
two categories: Electrical Doubdeayers Capacitors (EDLCs)
and Pseudocapacitors (PCs). To further improve the
deliverable performance, hybrid supercapacitors which
combine bah EDLCs and PCs. The chasjerage mechanism

is different according to the supercapacitor categories.

3.1.1.Electrical DoubleLayers Capacitors (EDLCSs)
The pioneer in the use of L C for energystorage and
delivery was Becker, who filed a US Patent in 195HRe
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understands he possibility to develop a device which is able
to store energy only by charge separations (nrbaradaic
processes occur inside the cell). The first model able to
explain this phenomenon was developed blelmholtz® The
model was later developed by Gougyhapman to describe
more accurately the doubldayer structure. However the
chargesi 2 N» 3S YSOKIyAayYy Aa aitatt OFf
flre@SNBaé Ay OGNRO6dzGS G2 1 St YKz2¢t Gl

to this phenomenon. A representation of the doublayer
mechanism that explains the chargirdyscharging procedure

in EDLCs inshown in Figure3.1. During the charging,
electrodes have either a positive (cathode) or a negative
(anode) potential. lons contained in the electrolyte moves
through the separator (yellow) to counterbalance the
charges in the cell. Practically, cations (blue) move t@ th
anode while anions (green) move to the cathode.

7

(%]

=
.s.,
o Charging~
'f‘. * Discharging
1°diﬁ@?*‘ b,
\ soparor / vimar
Seperator Active materials
Current collector and electrolyte

Figure 3.1. Schematic representadth of the chargedischarge mechanism in
Electrical Double Layers Capacitofs.

3.1.2.Pseudocapacitors (PCs)
Conductive Polymers, Transition Metal Oxides, and
Transition Metal Dichalcogenides are investigated as
pseudocapacitive materials. Indeed, these materials store
energy through Faradaicprocesses which are highly
reversible surface reaction. Thesphenomena were first
introduced by Trassati and eworkers® It is nevertheless
difficult to describe the mechanisms of those reactions
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because they can differ according to the electrolyte and the
pseudocapacitive materials.

3.2. Supercapacitors Performance Evaluation
Supercapacitors performance can be compared according to
three main parameters: celcapacitance (also called total
capacitance), operating voltage, and equivalent series
resistance. However, this evaluation works essentially for
commercial supercapacitor, where the materials and the cell
configuration and design are all fixed. The aforemtioned
parameters become rapidly insufficient looking for the
development of new materials, manufacturing processes,
new cell designs. Indeed, the three parameters, which allow
a quick comparison, are transformed in a parameters network
strongly coupledtogether. An illustration of this network is
shown in Figure 3.2.

Experimenta Electrode| | Active (|, . Current || Dwelling
setup i Density | [ Material || = | |Collector || time

adl

Specific
Capacitance

Operating m
/ /| Voltage
- 'w [52)

Max Energy Max Power LkHz

Nyquist De AC by
Plot | interpolatio

b Res

|
Time
e ——\ (R, E8

Figure 3.2. Schematic illustration of key metrics relationship between them,
the supercapacitor fabrications, and the measurements methéds

Looking tothe Figure 3.2, whicls not exclusive for the inter
parameters relationship, it can be easily understandable that
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the comparison based on the deliverable performance may
become inappropriate witbut information regarding the
tests procedure. Moreover, academic, and industrial
research are not focusing on the same spot inducing
inconsistencies or misleading final reports.

To minimize them, several standards have been proposed
with the aim to confom the evaluation procedure. A
chronological review of these evaluation procedures is
shown in Table 3.1.

Organization Document ID

Capacitors, fixed, electrolytic, double layer, carbon DOD-C-29501
(metric), general specifications
DOE Electrical vehicle capacitor test procedures manual DOQE/ID-10491
DOE FreedomCAR ultracapacitor test manual DOE/NE-ID-
11173
IEC Fixed electric double layer capacitor for use in IEC 62391
electronic equipment

IEC Electric double layer capacitors for use in hybrid IEC 62576

electric vehicles — Test methods for electrical
characteristics
IEC Railway applications — Rolling stock equipment — IEC 61881-3
Capacitors for power electronics — Part 3: Electric
double-layer capacitors
SAE Capacitive Energy storage device requirements for J3051
automotive propulsion applications

Table 3.1. Chronological review of Supercapacitors evaluation procedure
(DOD is US Department of Defense, DOE is US Dmpeat of Energy, IEC is
International Electrochemical Commission), and SAE is Society Automotive
Engineers). Adapte from 2.

As it can be seen from the organization names, proposed
standards are industrydriven. In an academic research point

of you, research papers are performandeiven. In some

cases, particular data interpretation and/or cell
configuration allow to obtain tremendous specific
capacitance. However, the test procedure worlag lab-scale

and is not applicable for industrgcale. Therefore, some

LI LISNBE  KAIKEAIKEG adKS 3F22R  LINF O
performance evaluation and are presented in the next
section.

3.3. Measurements of Key Metrics

Electrochemical measurements are desed on three
parameters: current, potential, and time. All the key metrics
used for the supercapacitors performance evaluation derive
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from these values. The Kkey metrics are capacitance,
equivalent series resistance, operating voltage. Typical
measuremens, which are cyclic voltammetry, galvanostatic
chargedischarge, and electrochemical impedance
spectroscopy, have their own focus and targeted parameters.
These three measurements are discussed in this section.

3.3.1.Cyclic Voltammetry (CV)
Cyclic voltammetry ensists in applying a linearly changed
electric potential between the two electrodes, which act as
positive (cathode) and negative (anode) electrodes. In a
three-electrodes configuration, the electric potential is
applied between the working and the refenee electrodes.

The setup parameters for this measurement are scan rate
(also called sweep rate) and the potential window. The scan
rate is the speed of the potential change typically expressed
in mV/s or V/s.

The data acquisition during CV contains thestantaneous
current induced during the cathodic and anodic sweeps, the
time, and the scan rate which was fixed by the operators.
Typical voltammograms are plotted usually as current (A or
mA) vs. potential (V) but sometimes also as current vs time
(s).

Theshape of the voltammograms may be different according
to the charge storage mechanism. Indeed, for EDLCs, a
rectangular shape is observed, while intense deviation from
rectangular shape due to pronounced redox peaks can be
observed for some PCs or hybrsdipercapacitors containing
both EDLCs and PCs. Both cases are illustrated in Figure 3.3.

However, in some cases, Faradaic processes do not produce
significant change to the instantaneous current and,
consequently, the resultant voltammogram shape remains
rectangular. Therefore, it could be tricky to distinguish EDLCs
and PCs based only on the shape of the CV curve. To
overcome this issue, more quantitative and reliable methods
were developed. They extract the two different contributions
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(EDLCs and PCs) acding to the time dependence of these
phenomena. Indeed, EDL mechanism is linearly dependant on
the scan rate (i f(t)) while phenomena induced by the
pseudocapacitive materials, such as semfinite diffusion
limited carbon adsorption/insertion at/near th electrode
surface,are proportional to the square root of the scan rate
(i f(t1/2))_11

apacitance (F
T
I fmA

20 i M A H A
-150 L= v L L i L J o8 o6 04 02 » 02 04 [T

E IV v Hgllig S0,

Call voltage (V)

Figure 3.3. (a) EDLC: Cyclic Voltammetry of a twebectrode cell using an
ionic liquid? and (b) Hybrid supercapacitors (PANI/MWCNTSs) measured by CV
in a threeelectrode configuration using 1M A3Q, as electrolytel?

Nevertheless, surfaceedox reactions have a time
dependence roughly linear, which can create some
misleading interpretation by overlapping with EDLCs
phenomena.

Cyclic voltammetryis a useful technique to determine the
operating voltage or potential window by increasing each
time this value in a threeslectrode configuration. In
addition, the reversibility of phenomena contributing to the
change of the instantaneous current can bevestigated by
cycling and observing shape chanf®eln a two-electrode
configuration, the devicdike performance can be estimated.

3.3.2.Galvanostatic ChargeDischarge (CCCD)
Galvanostatic chargelischarge or Constant Current Charge
Discharge (CCCD) is a measurement mimicking the use of
supercapacitor in real applations. Indeed, this
measurement uses a constant current to charge and
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discharge the device. Typically, the reported current charge
discharge is given as a current density which can be
gravimetric (A/g) or using the surface of the electrode
(A/lcm?2),

The paameters setup includes current, potential window and
the dwelling time. A dwelling period corresponds to a time
between charging and discharging while the peak voltage
remains constant. This step can be absent of the procedure.
The output graphs are usulgl plotted as voltage (V) vs. time
(s). A triangular shape iexpected for EDLCs while the
observed shape for hybrid capacitors could be completely
different. Both cases are illustrated in Figure 3.4.

Potential
Potential

uaLND

Time Tl‘mo
Figure 3.4. Galvanosatic ChargeDischarge curves for: (left) EDLCs or PCs
without strong Faradaic processes and (right) PCs or Hybrid Supercapacitors
with strong Faradaic processeés.

This method is the most wliely used for supercapacitor
characterizatios.’® Indeed, all the three core parameters
(capacitance, ESR, amgperating voltage) can be tested with
this method and the other key metrics can be calculated
using the output data as described later.

3.3.3.Electrochemical Impedance Spectroscopy (EIS)
EIS measures the impedance of a power cell as a function of
the frequency by applying a lowmmplitude alternating
voltage (typically 510 mV) superimposed on a steadyate
potential.

The acquired data are usually plotted as both Bode and
Nyquist plots. A Bode plot shows the variation of the phase
angle with frequency while a Nyquist plot reports the
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imaginary part in @nction of the real part of the cell
impedances on a complex plané.’> Typical Bode and
Nyquist graphs for supercapacitor are shown in Figure 3.5.
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Figure 3.5. (left) Nyquist plot and (right) Bode plots of GA (aerogel built
with non-holey graphene sheets) and HGA (aerogel built with holey graphene
sheets}®

In addition to thefrequency and impedance, EIS can be used
to evaluate the charge transfer, mass transport, and charge
transfer mechanism. Finally, this techniqgue can be used to
determine the capacitance, energy and power densities
building an equivalent circuit to represén the
supercapacitori’18

However, he operator must have a good understanding of
the phenomena presentin the cell to build an equivalent
circuit with a physical meaning. Indeed, different equivalent
circuits can fit the same curve adjusting the different
building blocks number and value bonly one has a physical
meaning and represent truly the supercapacitor cell.

3.4. Key Metrics

As illustrated abovein Figure 3.2, a supercapacitaran be
seen as a network of key metrics strongly coupled together
and with a huge impact for the deliverablgerformance of
the supercapacitor devices. In this section, key metrics are
defined, and calculation methods are explained.
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3.4.1.Capacitance
3.4.1.1. Definition
The total capacitance (¢ is the amount of the electrical

OKINAS é6npvid dzyRSNI I 3A@Sy @2t a4l 35S
31
e 3.1
6 (3.1)

This value corresponds to the total charge storage ability of
a supercapacitor device. However, in a research point of
view, a specific capacitance{Qeferred to the material used

is preferred.

31

TR N (3.2) , A
In the equationo dH >~ [ Aa FdzyOuAzy 2F UKS
to express the performance of the supercapacitor. It can be
mass, volume, surface area of the electrode, or even the size
of the electrode. Typically, the specific capacitance is
SELINS&aSR | 002 N¥ed: gravinetrit @apacikaBce [
(F/g), volumetric capacitance (F/cm3), areal capacitance
(F/cm?), linear capacitance (F/cm), etc. However, the value
used to transform the total capacitance in specific
capacitance can corresponds to theactive material,
electrode, or even device. The authors must mentioned this
information to avoid misleading interpretatiof?®

3.4.1.2. Calculation
3.4.1.2.1. From CV curve
Before the data acquisition necessary to calculate the
capacitance from CV curve, the cell must be cycled for at
least 20 cycles. Moreover, it is recommended tseuthe
whole curve to calculate the total capacitance from CV
curve??in this case, the equation 3.1 evolves in 3.3 using the
integration ofthe CV curve expressed as current (i) vs time

(t).
31l T $A O (3.3)

" % C6
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where6 A4 G(KS YIEAYdzy 2F (KS LGSy
the scan rate.

3.4.1.2.2. From chargedischarge curve
To evaluate properly the capacitance from CCCD curve, the
current density must be tailored to provide chaggand
discharge time comprised between 5 and 60 seconds.
As aforementioned, the current is constant during
galvanostatic chargelischarge measurements. So, the
equation 3.1 evolves in 3.4.
3l EBEO
26 36
To calculate the capacitance, the whke discharging curve is
typically used. The equation can be expressed as below:
B0 E 30,
% 5 (3.5)
However, for a more accurate calculation, the IR drop, which
is inevitable in CCCD measurements, must be excluded and
the expression becomes:
E 30 o
6 6

(3.4)

(3.6)

3.4.1.2.3. From EIS
The calculation used the imaginary padf the complex
impedance Im(Z) as reported in the equation 3.%.
P
CATQ I
wheref is the frequency. The frequency value is determined
graphically using the frequency at which the phase angle
reaches-45° or at the bwest frequency applied.

(3.7)

3.4.1.3. Concluding remarks
Threeelectrode configuration is useful for materials
understanding, and evaluation with the value of the specific
capacitance. In another way, twelectrode configuration
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can be seen as a device prototype indatlon to be useful to
compare materials performance.

It is important to underline the experimental setups because
the difference can be significant. To demonstrate 2#t,
gravimetric capacitance (Lis used with an electrode weight
of m (congant for the two electrodes in the tweelectrode
configuration). The total capacitance for a cell is expressed
as G.

In a threeelectrode configuration, the specific capacitance

(Cs-electrode) Can be calculated as follow:

" f— (3.8)

For the twoelectrode configuration, the cell can be seen as
two electrodes in parallel. So, the total capacitance can be
calculated as follow:

P PP
# ¥ # (3.9)

# # (3.10)
C

Calculating the specific capacitance using the mass of both
electrodes:

" # #
cl Ti (3.11)

If we compare the specific capacitance calculated for two
and threeelectrode configuration, knowing that:
#

i T# (3.12)

Introducing 3.11 in 3.8, we obtain

# H#=
So, the specific capacitance calculated using a three
electrode configuration is four times higher than the one

calculaed from a twoelectrode configuration for a
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symmetric supercapacitor. Béguirmand coworkers have
validated experimentally this demonstratiot’.

3.4.2.Equivalent Seres Resistance
3.4.2.1. Definition

A supercapacitor is an electrical component, which
theoretically does not have a proper resistancéctually,
supercapacitors dissipate a part of the energy stored due to
an internal resistance. This resistance is called by the
electrochemists ESR for equivalent series resistance. Of
course, the capacitance is reduced by this resistance. In a
first approach, supercapacitors can be seen as a RC circuit
composedof a series of capacitor and a resistor as shown in
Figure 3.6.

NMAN/

Load resistor

I IV
Ip

Electrochemical capacitor

Figure3. 6. A series RC circuitsed to representedupercapacitors.

3.4.2.2. Calculation
3.4.2.2.1. From galvanostatic chargedischarge
As described previously, the IR drop is impossibd avoid
during CCCD measurements. This variation of potential can
0S dzaSR (2 OFfOdzft FGS GKS 9{w o8&
36

%32 (3.14)

This method is widely accepted by the scientific community
to evaluate ESR. Nevertheless, the current used during the
CCCD measurement has an impawct the ESR value. Indeed,
a larger current tends to minimize the ESR value as
demonstrated ty Burke and Milleft3

Another approach is commonly used in the literature. This
method is based on the voltage recovery behaviour after a
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current interruption during a discharge process. The dc
internal resistance is calculated from the equation 3.14

where the variation of current from i to O while the variation

of potential refers to the change measured due to the i
interruption. If the data acquisition ©OdzNJ& 4 > wmn Y
resistance corresponds to the ESR of the devite.

3.4.2.2.2. From EIS

Two different procedures are aepted in the literature for
the determination of ESR using EIS technique. In the first
approach, the real part of the complex impedance at a
frequency of 1 kHz corresponds to the ESR value. In the
second, a linear interpolation of the losrequency part of
the Nyquist plot is drawn. The intersectiohetween this
straight line and the Im(Z) = 0 corresponds to the ESR value.
The two experimental methods are illustrated in Figure 3.7.

15 .
12- -

0.9 f

0.6

Fiw (&) (6aF

m(Z] (Q)

0.3 4

oo___,rst'f{ _____

-0.3 4

T T T | T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 16

Re(Z) (€2)

Figure 3.7. Nyquist plot of 2.7 V / 1 F MaxWleSC with ESR determination
methods highlighted in red. In the inset, the first approach to determine ESR
illustrated ?
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It is important to highlight that the ESR value obtained from
EIS tehnique is generally much smaller than the one
obtained from CCCD curves as demonstrated by Reb#l. 23

3.4.3.0perating Voltage
The operating voltage ( is the potential window in which
the supercapacior works normally and safely. Indeed, above
a certain potential value, electrolyte and even some active
materials can degrade irreversibly. For example, due to the
water splitting effect, the potential window of a
supercapacitor using an aqueous electrodytis strictly
limited at a maximum of 1.2 V.
To determine the operating voltage of a cell, both CV and
CCCD curves can be used. The procedure is simple and
straightforward. Indeed, starting with a low voltage value, an
incremental increase of the voltags performed until a spike
appears at the boundary of the potential window, or more
dramatically, when the cell explodes.

3.4.4.Time Constants
¢ KS GdAYS Oz2yadl yi i AYRAOI GSa
supercapacitor device to respond to solicitation. Typical
range forcommercial supercapacitors is 0.5 to 3.6%.
¢KS OFfOdzt I GA2Y 2F _ Ad oFaSR 2y
described in the section 3.4.2.1. Practically, the time
constant is the product of the ESR and the total capacitance
of the device:

Z %32 (3.15)

¢tKS 20KSNJ GAYS O2yalbyySAD2V&ESI i
RSy 2 (loSTRe relaxation time constant corresponds to the
boundary between the capacitive and the resistive parts of
the RC circuits. For supercapacitor applications, lower value
of this parameter indicates a higher power delivery
capablity.?®
Simon et al. proposed a straigtforward procedure to
determine this parameter based on EIS measureméhthey
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plot the imaginary part of the complex impedancefimnction
of the frequency. The curve contains a maximum located at a
frequency fo. Then, the relaxation time constant can be
calculated with the following equation:

P

2 (3.16)

3.4.5.Power and Energy Densities
3.4.5.1. General Background

Power and energy densities are key metrics useful regarding
the final application of the supercapaoir device. As
described in Chapter 1the Ragone plot is used to represent
these two key metrics. In Figure 3.8,a Ragone plot is
presented with a diagonal time line, which corresponds to
the soOF £ £ SR & OK B NIV B findsNiediidic&ies the
running time of the supercapacitor at the rated power. This
value was introduced due to the rate dependence
characteristic of electrical energy storage devices.
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Figure 3.8. Schematic represntation of a Ragone plot containing the main
electrical energy storage devices. The diagonal lines correspond to the
characteristic time?
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3.4.5.2. Power density
The power density of supercapacitois the characteristic
which make this technology advantageous in comparison to
the batteries. The power density is calculated using the
following equation:

60
T%3R

The maximum power delivery achievable by a supercapacitor
can be performed only when the load as the identical
resistance as ESR. However, this necessary match between
the load and the ESR is difficult to achieve.

(3.17)

3.4.5.3. Energy density
Increasimg the energy density is the main aim of the scientific
community working on supercapacitors. Indeed, higher is this
value, stronger is the supercapacitor in comparison with the
battery technology.

Energy density is calculated from CCCD measurements by
integration of the whole curve (charge and discharge). For
EDLCs and PCs without appareRaradaic processes, the
CCCD curve is a perfect triangle as shown in Figure 3.9.

Discharge

Q

Figure 3.9. Schematicrepresentation of a CCCD curve fobDIECs or PCs
without strong Faradaic processeés.

The integration of the CCCD curves corresponds to the area
of the triangle. So, the expression of the energy density is:
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% 6 AN 56 1 (3.18)

Isolating Q in the equation 3.2 and substituting it in 3.18, the
expression becomes:

% —# 69 (3.19)
Oy SNHEHE& A& SELINS&Z&ASR Ay W2dz Sk[ dzy
unit becomes Wh/f | yR GKS SELINS&&aA2Yy A&y
% P4 6o (3.20)
XC TT Ot

In the case of PCs with strong Faradgicocesses (Figure
3.10), the equation 3.18 evolves 3.21:

p o (3.21)

% 6 EA O

CQTT

Discharge

Q

Figure 3.10. Schematic representation of a CCCD curve P&€s or Hybrid
Supercapacitors with strong Faradaic procesges

3.4.5.4. Concluding remarks
For EDLCs (and PCs with triangular CCCD curves), the ratio
between the energy density (3.19) and power rdaty (3.17)
IS:

p 6

% =——H#6

o T %32 «ca (3.22)
T%3 0

Therefore, energy density and maximum are closely coupled
by the cell time constant.
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Another indicator of the supercapacitor performance is the
ratio between te integral value of discharging curve and the
integral value of the charging curve. Indeed, the charging
corresponds to the stored electric energy while the
discharging indicates the deliverable energy. The ratio of
these two values is called energy efieacy of the cell.

3.4.6.Leakage and Maximum Peak currents
Before to be use in real applications, other key metrics must
be known. Leakage and maximum peak currents are two
important parameters in an industrial context.
The leakage current value indicates thmapability of the
supercapacitor device to maintain a fixed value of potential
when not in use. It is typically estimated as the compensating
current needed after 72 hours to recover a fuigharged
state of a supercapacitor.
The maximum peak current is gerally expressed on
commercial product and is calculated as follow:
p #6
C# %3 2p
This key metric is evaluated by discharging a fully charged
supercapacitor device from the operating voltage to the half
of this valuein 1 second.

E (3.22)

3.4.7.Cycle life and Capacitance Retention Rate
Finally, the last key metrics are cycle life and capacitance
retention rate. The first is one of the main advantage of this
technology, which in real application leads to the-salled
G F-and-forgell ¢ ® LYRSSRX gAGK | OeofAy3
million cycles, supercapacitor devices can be installed and
almost forgotten because they would not be, theoretically,
the limiting device in term of cycling life. The procedure to
evaluate this key metric isasy, CCCD curves (or even CV)
repeated thousands of times. The obtained value is then
compared to the starting one.
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Due to the high capacitance retention rate of supercapacitor,
it is even difficult to evaluate properly even by cycling
hundreds of thousand of time. Uno and Tanaka demonstrate
this keymetric by cycling a supercapacitor for 3.8 years and
results showed that the capacitance retention rate decreases
almost linearly with the square root of the number of
cycles?’

3.5. Conclusions

The aim of this chapter was to give some information about
the experimentd setups used to calculate the key metrics of
a supercapacitor. As shown in Figure 3.2, type of
measurements is strongly correlated to the core parameters
Therefore, it is crucial to give all the measurements
parameters such as electrode configurationswt vs three),
mass of the active material, electrodes dimensions, selected
electrolyte, etc.
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Chapter 4

Graphene-Mo-compounds
composites for enhanced
supercapacitors perfor mance

As thoroughly explained in Chapter 2, metal
oxides and metal dichalcogenides are interesting
to increase specific capacitance of
Supercapacitors. In particular, this chapter is
aimed to insitu synthesize a hybrid 12H-
molybdenum disulphide and, athe same time,
to reduce graphene oxide by oot
hydrothermal synthesis. The supercapacitor
resulting from this innovative hybrid
demonstrates outstanding electrochemical
performance, in comparison to other hybrids, in
addition to a stability up to 50.0@ cycles.

Part of the work described in this chapter has been
previously published in ACS Applied Materials & Interfaces,
2016 (8), 3284232852.

4.1. Motivations

Recently, Transition Metal Dichalcogenides (TMDs) have
attracted attention due to their peculiarproperties as
described previously in the Section 2.3.2.3. Molydenum
Disulphide, Mo%, is the most promising TMD for energy
storage applications which explains the current intensive
investigation for using it as materials for energy storage
applications. Indeed, the first patent for using MaSas
cathode materials for battery applications was filled in
1980.1 The attractivity of this TMD lies in its transition metal
centre, Mo, which can assume a variety of oxidation states
from +2 to +62%%* and its unique 2D graphene-like, layered
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structure. It has high intrinsic ionic conductivity that
guarantees for high capacitance: it can show both an
electrochemical double layer (EDL) and a pseudocapacitive
behaviour (PC), due to the Mo redox reactions andldp to
easily promote ions insertion between layers.

Since then, research was focused on the synthesis and/or
production of this promising material. Typicallytwo
approaches can be investigaReY @GRi22oLy ¢ 2 NJ-dald&2d ( 2 Y
In the first method, the starting material is bulk Mp8akes
stacked together due to Van der Walls interactions between
flakes. Then, the idea is to exfoliate this raw material to
obtain single (or few) layers of MeSThe «foliation can be
micromechanical using sticky tapes, which was the same
techniqueused by Geim and Novoselov to isolate for the first
time Graphene (See section 2.2.2.2 87 his techniqueallows

to produce Mo$S flakes with random shapes, sizes, and
number of layers. Nevertheless, the quality is high while the
yield is very low. However, the ain limitation is the inability

to scale this process up for large volume production. Another
way to produce Mogflakes from bulk material is the liquid
phase exfoliation. Solvents used are typicallyméthyl-
pyrrolidone (NMP) and Isopropanol (IPA). Thway can be
either only physical by means of sonication, shearing,
grinding, bubbling, or may include chemical reactions to
facilitate the process. Interestingly, the obtained amount of
exfoliated materials is much higher and can be potentially be
scaled up’ Nevertheless, the quality is much lower which can
be limiting for practical applications. The last ta@own
approach investigated is an electrochesal exfoliation
assisted by Lithiung.

¢ KS Go-Az0iJ§ 2 Y LILINR I OK OFly o6S F2ftft26S)
Physical Vapor Deposition, Chemical Vapor Deposition, and
Solution Chemical Process. The Physical Vapor DepoSitfon
has attracted less attentionUsing high purity target of M@S
(>99.9%) and very low pressure (<5:210orr), it is possible

to grow continuous ultrathin film of MoS as demonstrated

by Muratore et al..!® A most common method for fih
production is the Chemical Vapor Deposition which allows to
obtain large area growth of the desired materials.
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Interestingly, the deposition is uniform which makes this
approach appealing for the applications market. The CVD
uses chemical reactions as awth mechanism. Typically,
precursors of Mog can be MoQ@, Mo, or MoC4d. Then, the
growth mechanism occurs with a sulfurization reaction,
involving H2S as S precursor, producing layered MoS
structures. The last way is the solution chemical process,
which is known as hydrothermats?2 or solvotherma??
synthesisdepending of the nature of the solvent used during
the synthesis. Reactions take place typically in a stairless
steel autoclave in range of temperature from 120°C to 360°C
for few hours. Thisn-situ synthesis occurs in two different
steps. The first ones the decomposition of the Molybdenum
precursor to form Molybdenum Oxides (IV or VI) species.
Typical Mo precursors can be sodium molybdate
[NazM0O4],13c16,18:22 ammonium tetrathiomolybdate
[(NHs4)2M0S4],23 ammonium heptamolybdate
[(NHs4)6M07024],1" phosphomolybdic acidH3zPMo0120a40],%:24:25
molybdenum (V) chloride [Mo€].?2%27 The second step is the
sulfurization of metal oxides to form metal dichalcogenides.
Typical S precursor can be thiourea sMMCSNH],4:1%21
thioacetamide [GHsNS]}!’ L-cysteine}3.15.16,18.27 henzyl
mercaptan [GHsS] 28

Despite of the chemical process is apparently easy; an
intrinsic limitation should be taken in consideratiomdeed,
MoS, flakes tend to wind around themselves and form
fullerene-like nanoparticles or nanotube structures during
the synthesis?® Toobtain a layered structure of molybdenum
disulphide, a modification of the conditions reaction is
necessary. An efficient way is to introduce graphene or
graphene oxide as substrat¥.?328 Indeed, graphene will
inhibit the growth of Mo$S flakes in the thirddimension.
Moreover, the  @&-prepared graphenedichalcogenide
composites are hybrid materiahwith superior properties due

to a synergetic effect between the graphene and the MoS
flakes.

As previously describedn section 2.3.3,bulk Transition
Metal Dichalcogenides exhibit a wideariety of polymorphs
due to the spatial organization of the-M-X layers of atoms
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where X is for a chalcogen and M is a transition metal of
groups 410. In this chapter, X is for Sulphur and M is for
Molybdenum. Typically, three polymorphs can be
encountered: 1T (trigonal), 2H (hexagonal), and 3R
(rhombohedral) according to the number of-Mo-S in the
unit cell2°:3% Crystallographic structure of polymorphs are
reported in Figure 4.1.

(a) [y Tem— ] (®) 1T 2H 3R

/[ . °
S2 . .
K —0 0%7 ,obﬁo
o 4+ o o
Mo oS 0—0——0
o o

Figure 4.1.Schematic representation o{a) Hexagonal structure of S and Mo
Iaye[s apd b) }T/ZHlsﬁ pol)(morAphs,unit gellg orholybdengm disulphide, A
pKSNIS aO0¢ NSLINSaSyida GKS ydzY®SN 2F t1&SNa A
These three phases have different properties and stability.
The most common phase is the trigonal prismatic-BHS,
phase, which is a semicondtor with a monolayer direct
bandgap of® 1.67eV3! The 3RMo0S, phase is less described
in literature because the metal coordination is again trigonal
prismatic, like 2HM0S,. The 1TM0S;, also called distorted
octahedral, is by far the most interesting for electrode
materials in supercapacitor applications because this phase
is metallic with a caductivity 10 times higher than the 2H
phase in addition to other interesting properties such as
hydrophilicity, electrical conductivity and ability to
intercalate different ions making this polymorph the most
appealing for high efficiency supercapacitot%33

The first synthesis of the metastable IMoS phase was
reported in 1992 by Wypich and eworkers by controlled
oxidation of ternary hydrated KHO)yMoS using KCrO7 in
excess®4 In the last year, lot of efforts were concentrated to
improve the synthesis of the 1T polymorph. The desired
phase can befind in coexistence with the 2H phase in a
mixture WS/MoS2 synthesized by annealing using ra\Q
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foam coated with (NH)2MoS: as precursor® A solvothermal
synthesis using DMF as solvent starting from the same
precursor allows Lee and eworkers to observe the
metastable 1Tphase3® The layered exfoliated 2#10S, was
used also as support for the 1T phase solvothermally
produced3’ A controlled growth in a solvent mixture
(DMF/HO) permits Wu and cavorkers to coat carbon fibre
cloth with 1ITMoS38CA Yyl ff @3 Ay @3INISSySNE
1T polymorph was demonstrated usingalscorbic acid as
reductant starting from LiMoSas precurso®® or using the
intercalation of NH*, produced by hydrothermal
decomposition of ammonium bicarbonate, through bulk M0oS
flakes 40

Despite the many research works published on the energy
storage properties of gaphenedichalcogenidebased
aerogels, few studiesompared the performace of different
materials and fabrication processes using the same
experimental conditions. Consequentlythe comparison is
difficult, and the interpretation can be misleading.

To ovecome this issue, this chaptewas aimed to the
identification of a hybrid aerogel to be exploited as electrode
material with superior performance in terms of
supercapacitanceDifferent aerogels are synthesized using a
simple and inexpensive onpot hydrothermal synthesis
procedure hat allows combining reduced Graphene Oxide
and Moccompounds under the form of oxide(MoO2) or
dichalcogenide M0oS) in the final product with a attention

to the use of environmental friendly reactants and synthesis
conditions

4.2. Materials and Methods

4.2.1.Acronyms
The following acronyms will be employedGO-MoS;-p for
the compositecontaining the 2HMoS, powder commercially
available added to the GO dispersion before the
hydrothermal synthesis rGO-Mo0Sz-co for the in-situ co-
synthesized rGOMo0 S, Mo S;-p for 2H-commercially available
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MoS, powder, MoS;-s for the in-situ synthesized MoS
powder,rGO-MoO: for the in-situ co-synthesized rGEeMoOz,
MoO: for the in-situ synthesized Mo®@ powder.

4.2.2.Synthesis procedure
Hybrid aerogels were obtmed by hydrothermal reaction
followed by afreeze-drying procedure A dispersion of 2
mg/mL of commercially available Single Layer Graphene
Oxide - GO (Cheaptubes Inc.) in deionised water was
prepared with a total volume of 17 mL. Then, the dispersion
was sonicated 30 minutes at room temperature before to be
transferred in a Teflon reactor contained in a stainleseel
autoclave. The hydrothermal synthesis was carried on at 180°
for 12 hours. After the reaction, the reactor was cooled down
to room temperaure. The resulting reduced Graphene Oxide
(rGO) hydrogel was rapidly frozen in liquid nitrogeii46°).
Then, the water was removed by sublimation using a freeze
drying procedure. This procedure was carried on overnight at
-50° with a pressure of 3xt®mbar. The resulting sample is
the rGO aerogel.

TherGO-MoO2 hybrid was obtained by adding to the pristine
GO slurry after the sonication step, 0.5 g of phosphomolybdic
acid (HPMo012040) solution (20 wt.% in ethanol, from Sigma
Aldrich). The mixture was falher sonicated for 5 minutes to
ensure a homogeneous dispersion of the Mp@recursor
before the hydrothermal reduction.

The rGOGMoS-p aerogel was obtained by adding to the
2mg/mL aqueous dispersion the Mo&ltrafine powder (0.6
mg/mL (w/v)), purchased rbm Graphene Supermarkeft
Graphene Laboratories Inc. (NYSA). Then, the slurry
containing both GO and MoeSwas subjected to the same
reaction and freezedrying procedure to obtain an aerogel
with MoS nanostructure dispersed on the 3BGO matrix.
The rGOMo0S-co was produced by ann-situ synthesis of
MoS nanostructure together with the assembly of the rGO
aerogel. 106 mg of phosphomolybdic acid hydrate
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(H3PMo012040.xH0O, from Alfa Aesar) were added to the GO
slurry as precursor of Mo. The pH was then asitied to 6.5

by addition of NaOH 1M (Sigma Aldrich) and 170 mg of L
Cysteine (Sigma Aldrich) were added as precursor of S. The
slurry was transferred to the autoclave for the hydrothermal
reaction and subjected to the same freezirying procedure
performedfor all the previous aerogels.

MoO: and MoS-p and MoS-s were also obtained by
hydrothermal synthesis and subsequent freealrying to
study the materials without rGO contributions. The same
procedures used for the corresponding hybrids were
repeated without the GO powder toobtain MoO2, Mo $-p,
and MoS-s.

A thermal annealing was carried out on MgsS and GO
MoS-co samples to promote crystallization. The annealing
was performed at 800°C for 2h inzN60 mL/min).

4.2.3.Methods
4.2.3.1. Physicochemical characterizatn
The morphology of the different aerogels was analysed by
using a Field Emission Scanning Electron Microscope (FESEM
Supra 40 manufactured by ZEISS), equipped with Oxford Si(Li)
detector for Energy Dispersive Xray analysis(EDX).

Transmission Electron Mroscopy (TEM) measurements were
performed on a FEI Tecnai G2 F2Z0OWIN microscope. Image
processing was performed by means of Gatan Microscopy
Suite software.

X-ray diffraction analysis (XRD, Panalytical X'Pert MRD Pro Cu
Ka Xray source) in Bragg/Bréano configuration was used

to assess the structural characteristics of the hybrid aerogels
and the pure transition metal compounds obtained in the
same synthesis conditions.

Raman analysis was applied to study the aerogel powders
carefully pressed on algss microscope slide by means of a
Renishaw InVia Reflex mictRaman spectrometer (Renishaw
plc, WottonunderEdge, UK), equipped with a cooled CCD
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camera. The Raman source was a diode lasekx514.5 nm),
and samples inspection occurred through a microscope
objective (50X), in backscattering light collection. 5 mW laser
power, 10 s of exposure time and 1 to 3 accumulations were
employed to collect each spectrum.

X-Ray Photoelectron Spectrospyg (XPS) was carried out on a

PHI 5000 VersaProbe (Phgal Electronics) system, witla
Y2Y2OKNRYFGAO '€ Yh NXRALF G-lagy owmn
source. A 187.85 eV pass energy value was used for survey
spectra and 23.5 eV for HR peaks. Charge compensahias
accomplished with a combined electron and Ar neutralizer
system. The binding energy scale was calibrated by assigning

an energy value of 284.5 eV to the main C1s contribution (C

C/GH bonds) and the backgroundontribution in HR scans

has been subtrated by means of a Shirley functidh.

Specific surface area (SSA) measurements and pore size
analysis were carried out on samples previously -@assed
for at least 4 h at 100°C, to remove water and other
atmospheric contaminants, by means of; Nsotherms at -
196°C (Quantachrome Autosorb 1@strument). BET SSA
values were measured by multipoint method in the relative
pressure range of P/P= 0.050.20; cumulative pore volume
curves were obtained by applying the €T method with
appropriate kernel (M adsorption @-196°C onto carbon slit
pores).

4.2.3.2. Electrochemical preparation setup
The electrodes were fabricated both for electrochemical
measurements in analytical cell configuration (three
electrodes and tweelectrodes measurements) and in planar
symmetric electrodes devices To prepare them, a
homogeneous solution containing the &ynthesized
aerogel, finely mixed witha spacer ad a binder in absolute
ethanol? used as homogenizingolvent The soltion was
carefully dropcasted onto a wellpolished glassy carbon
electrode (diameter of 0.3 cm, BioLogic) or onto Fluorine
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doped Tin Oxide glass (diameter of 0.5 cm, Solaronix, 10
Kk al oo

The obtained slurry had the composition of 5 mg active
material, 04 mg acetylene black (Alfa Aesar) and 5 pL
Nafion® 5% (SigmaAldrich).

The analytical cell setup used the glassy carbon as current
collector for both two and three electrodes measurements.
For the twoelectrode configuration, two identical as
prepared eletrodes were utilised. For the three electrode
measurements, the reference electrode used was a Calomel
electrode - SCE (with a potential of 240 mV vs Standard
Hydrogen Electrode; SHE). The counter electrode used was
a platinum bar.

For the device meas®@ments in a symmetrical configuration,
two asprepared electrodes deposited on FTO were faced in
a planar configuration. A glassit membrane (Whatman
GF/A) was used as separator. A thermoplastic polymer
(Parafilm®) was melted to be used as sealant to idvo
electrolyte leakage. A schematic representation of the device
is reportedin Figure 4.2.

Glass Substrate
Current Collector
Electrical contact

Separator
-

A#_,., Polymer for the sealing

Electrode

Figure 4.2. Schematic representation of the device used for electrochemical
measurements. Current collector was FTO, Electrical aontwas Cu,
Seperator was a glasérit membrane, sealing polymer was Parafilm®.

To be confrontable, electrochemical measurements were
performed with the same electrolyte: 1M NaCl in deionised
water. Electrodes were soaked overnight before the
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measurementsto assure a suitable interface between the
electrolyte and the electrodes.

4.2.3.3. Electrochemical characterization
All the measurements were carried out on a PGSTATM101
L1200 Sy dA2ail i ovetroh® IAyt@ah (iNetherlands)
In three electrodes cells, cyclic voltammetry was performed
0SG6SSYy btnodt YR bnow = @ad {/9
between 1 V s and 3 mV s. Galvanostatic chargelischarge
Od0f Sa HSNIS LISNF2NYSR 0Si6SSy bnd
current densities of 0.25, 0.5, 1 and 2 A gnd AC impedance
spectroscopy was done at OCP (open circuit potential in the
frequency range from 10 kHz to 5 mHz with S/namplitude.
In two electrodes cell and symmetrical device configurations,
cyclic voltammetry and galvanostatic chargléscharge were
OF NNASR 2dzi 6SG6SSYy btnodp YR bnop
and current densities, AC impedance spectroscopy was
acquired @ 0 V in the frequency range from 100 kHz to 5 mHz
with 5 mV amplitude and the devices were aged by
voltammetry for 50000 cycles.

4.2.3.4. Effect of mass loading on performance

The mass deposited could influence dramatically the
deliverable performance. Three edérodes with different
mass loading were investigated. The material used for the
comparison was thein-situ as-synthesized Mo5 (M0%-s).
Electrodes were prepared by drepasting onto glassy carbon
or FTO as reported above for the threand two-electrodes
analytical cell measurements. The same chemical
composition was used and the same counter electrode (Pt
bar). However, the reference electrode used for this
measurement was a homemadeSaturated Mercury
mercurous Sulphate Electrode (SMSE electrode is 680ws.
SHE) Electrodes were soaked in the electrolyte, 1MSD,
overnight. Cyclic Voltammetry was performed at different
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scan rates between 0.1 mV'!sand 1 V s in a potential
window comprised between0.8 and +0.05 V vs SMSE.

4.3. Physicochemical Charactezation

4.3.1.Morphological analysis by FESEM and atomic
composition by EDX spectroscopy

Morphological characterizations were performed on the-as
synthesized aerogels obtained after the hydrothermal
reaction and the freezeadrying processFigure 4.3shows the
low-magnification FESEM images of the aerogels morphology.
The aerogel composed of pure rGf@rogel (Figure 4.3.a) has

a similar threedimensional architecture compared with rGO
MoO; (Figure 4.3.b), rGMoS-p (Figure 4.3.c), and rGO
MoS-co (Figure 4.3.d).The presence of other chemical
species during the hydrothermal synthesiees not seems to
influence the selfassembling process.

RGO-MoS,-co &
N,

P
= Jo

(c) rGOMO0S-p, and(d) rGOMo0S;-co
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Higher magnification allows the study of the micero
architecture for all the assynthesized aerogels. Figure 4.4.a
exhibits a 3D porous structure constituted of wrinkled and
curled-up rGO flakes, which can be better appreciated in
Figure 44.b. This interconnected threeimensional
structure is ideal for supercapacitor applications as reported
previously3. Indeed, as described earlier this structural
organization offers high specific surface area and
accessibility by a liquid electrolyte The nitrogen K2)
adsorption analysis reportedlater confirms the suitable
properties of the aerogels for supercapacitor applications.

g . H AT il Y 3
k 'S \ N ! g

e

s 2

Figure 4'.4. Iow-magnification (a) and highnagnification (b) FESEM images
of the purerGO aerogel. Higimagnification FESEM images of @aMo0; (c),
rGOMoS;-p (d) and rGGMoS,-co (e) samples.

Concerning the composite containing metal oxides, FGO
MoO2, graphene flakes are decorated by microparticles with
a nanostructured surface (Figure 4.4.c). Figure 4.4.d and
Figure 4.4.e are images obteed for graphene
dichalcogenide composites: rGMo$-p, starting for a
commercially available powder (Figure 4.4.d), and rBlOS:-

co, using suitable precursors for an-situ synthesis (Figure
4.4.e). rIGOM0oS-p displays a more heterogeneous structure
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in comparison with the rGOMo%-co. Indeed, layered
dichalcogenides structures are embedded inside the three
dimensional porous structure. Interestingly, the commercial
2H-MoS; powder retains itsmorphology. The FESEM image of
the starting material is reportedn Figure 4.5.a. Ag can be
seen, the lateral size of the commercial structure is awfully
variable with a dimension range between 500 and 1500 nm,
while the thickness is below 100 nm.

The graphenedichalcogenidecompositein-situ synthesized,
rGo-Mo$-co, displays a completely different morphologhn
fact, rGO flakes and MeSanostructures became intimately
connected and undistinguishable, making the composite
homogeneous as it can be seen kigure 4.5.b.

Figure 4.5. FESEM images at high magnification for (a) commercially
available 2HMo0S;, (M0o$-p), and (b)in-situ synthesized MoS(M0S$;-s).

EDX spectroscopy analyses were carried on all the samples to
investigate the atomic composition. Results are reported in
Table 4.1

Sample C (at%)| O (at%) | Mo (at%) | S (at%)| Na (at%)
rGO 81.4 18.6 / / /
rGOMoO:; 76.9 18.0 5.1 / /
rGOMoS-p 86.0 10.9 1.2 1.9 /
rGOMoS-co 54.9 15.6 7.9 17.4 4.2

Table 4.1. Atomic composition determined by EDX spectrasc

The atomic ratio between S and Mo for the réWo$;-co is
2.2 which is close to the stoichiometric value. This data
confirms the successful in-situ synthesis of the
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dichalcogenides. Moreover, the amount of residual Na, which
arises from the NaOH solutioused to adjust the pH to a
value of 6.5 for the proper use of-Cysteine as S precursor,
is not significant.

4.3.2.Composition analysis and phase identification by
Raman scattering analysis, XRD, and XPS

4.3.2.1. Raman Analyses
Raman spectra for pure rGO aerogel, phene
dichalcogenide composites, and the MBS powder are
reported in Figure 4.6 ircomparison with the starting GO
spectrum. The GO spectrum, curve 1, displays typical
photoluminescence at high energy shift. This phenomenon is
due to bandgap emission fom electronconfined sg islands.
The curve 2, assigned to rGO, displays a significant loss of
the photoluminescence phenomenon. This decrease is the
result of a reduction of GO in rGO occurred during the
hydrothermal synthesis. Both GO and rGO spectraowh
typical peaks of carboibased materials: D peak and G peak.
The D peak is located at 1352 cdimand is devoted to the
defects of sp domains. These defects, containing also
vacancies and distortions of $pdomains, provoke the
decrease in size of in plaasp? domains. The G peak is
located at 1595 cnt and is devoted to a firsbrder inelastic
process involving the degenerate iTO and iLO phonons at the
G point (kg mode). The peak observed at 1595 ¢dnis broad
RdzS G2 | & dzLJISNRA Y LI2 A A 0A 2A§25c2F (G KS
assignable to defects scattering. The broad band between
2600cm?! and 3300 cm contains a superimposition of three
RAFTFSNISYI a0l 0GSNRWyYS3 ¥2 R$a Yb DRQ
combination at 2950 cm, and the secone2 NJRSNJ 2F (KS
peak at 3250 cnt. TRS DQ LISF{1 Aa | AaONMAOL of
resonance intefvalley scattering process involving two iTO
phonons at the K poinf?
The b/lgratio is usually calculateto evaluate the quality of
the graphenebased material. The calculation was performed
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for all the spectra after an appropriate subtraction of the
photoluminescence background (where present). The ratio
for the pristine GO (curve 1) was 0.75 and increased slightly
for the rGO (curve 2) to reach a value of 0.81. The fnon
desired increase of the ratio during the hydrothermal
synthesis is due to the foration of a 3dimensional
interconnected network of rGO flakes while the starting
material was quassingle GO flakes. The obtained rGO
contains defects due to hexagonal planes distortioiis.

By introducing commercially available 2#0S; to produce
the rGOMoS-p, cuwve 3, the ratio increased to reach a value
of 0.88 while the ratio for thein-situ production of rGQ
MoS-co was 0.97. This significant increase suggests the
creation of new defects in the #Hplane spP domains
ascribable to a strong reciprocal interferendeetween the
two species, rGO and M@3318

Figure 4.6 reports the fingerprint region for MoSmaterial.
Indeed, charateristic peaks aretypically found at 279 cni
(Elig), 336 cm! (LA), 377 cmt (Elzg) and 404 cmt (Aig).
However, only characteristic peaks of the 2Mo$ are
observable for the rGeMoS-p (curve 3) and the Mo%-s
(curve 5) sample2® The peak at 404 crhis ascribed to the
out-of-plane vibration of the S atoms lying in the opposite
direction along the eaxis whereas the peak at 377 chis
associated to the opposite vibration of the Mo atom versus
two S atoms!® The rGeMoS-co spectrum does not contain
typical peaks assignableto Mo0$. This result is in
contradiction with the EDX analysis reported previously.
Then, it can be supposed that the dichalcogenides
concentration is under the limit of detection of the apparatus
used and/or the nanostructures are highly dispersed in the
3D-rGO matrix preveting their observations. At this point, it
was not possible to identify the phase type (1T, 2H, or both)
of the Mo$S in-situ co-synthesized during the hydrothermal
synthesis.
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Figure 4.6. Raman spectra collected at=514.5 nmexcitation wavelength:
curve 1 GO, curve 2 rGO, Curve 3 F0S;-p curve 4 rGEMo0S,;-co, curve 5
Mo0$S;-s; (a) magnification of MoSE12g and Alg mode peaks region in curve
3 and 5 (b).

Increasing the laser intensitythese peaks can nevertheless
be producedand observed, as reportedn Figure 4.7.a.n
addition to a crystallisation of the MoSthe laser generates,
in presence of air, a partial oxidation of the Mmased
material to form the molybdenunoxide 2! The typical Raman
peaks of MoQ are located at 663, 820, 993 ctand can be
observed for both Mo@ and rGOMoO2 sample as reported
in Figure 4.7.25:46

Regarding both MoSs and rGOMoS-co in Figure 4.7.a,
weak B2g and Ag mode are observable. The relatively low
intensity suggests that the nanostructures adefective and
disordered. Moreover, the absence ofi1g and LA mods
indicate theanchorage of the fewayer Mo$S flakes ontothe
rGO 3Dstructure .l
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514.5 nm laser induced oxidation
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Figure 4.7.Raman spectra collected at=514.5 nm excitation wavelength:
comparison of rGEMoS-co and MoS$S-s (with laser induced oxidation) with
M0S;-p (a) rGO-M0o0O; and MoG (b).

4.3.2.2. XRD measurements
The Figure 4.8.a reports XRD spectra for the pristine GO, the
rGO aerogel andhe rGOMo0O. composte. The pristine GO
displays a broad feature at'2~26° ascribable to the (001)
peak characteristic of GO. The diffraction spectrum of rGO
displays two different bands a1 ‘~26° and 43° assignable to
the (002) and (101) peakggespectivelyl®.47 The difference
between the GO and theGO spectra confirms that GO is
properly reduced during the hydrothermal synthesis. For
sake of comparison, the spectrum of the r&wO0O:
composite is reported. This spectrum shows the typical peaks
of the monoclinic phase Mo®according to JCPDS card N°-32
067125 A superimposition of the (111) peak characteristic of
MoO: crystallinemicrostructures with a broad peak centred
at H " ~26° confirms the formation of a graphene
molybdenum oxide composite.
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MoO, monocline phase JPCDS card number No 32-0671 MoS, 2H phase JCPDS card No. 87-2416
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Figure 4.8. XRD diffraction patterns of (a) pristine GO, rGO and 1B&0O;
and (b) MoS-p, rGOMo0S;-p and rGOMoS;-co

Figure 4.8.b compares the diffraction pattern of the
commercially available 2#0S, MoS-p, with the graphene
dichalcogenide composite rGOMoS-p and rGGMoS-co.
The spectrum of MoSp confirms the 2Hphase of the Mo5
according to JCPDS card N°&416 as it was expected.
Interestingly, this crystallinity is maintained during the
hydrothermal synthesis confirming the embedding of the
dichalcogenides nanostructures in the 3O matrix. The
spectrum for thein-situ synthesis of Mostogether with the
reduction of GO shows a completely different pattern.
Indeed, only 4 broadened peaks at ‘= 14, 34, 40 and
58°corresponding to the(002), (100), (103) and (110)
diffraction planes of Mo52H phase respectively. Moreover,
the (002) feature of rGO is weak an@road, suggesting an
inhibition of the long range ordered arrangement of rGO and
Mo$; layers, as already reported in literaturé.

The spectrum of the annealed MeS is compared to the as
synthesized Mogs in Figure 4.9

The assynthesized Mo% spectrum reveals a highly defective
structure containing nanesized domains along the basal
planes as already observedreviously?® Through the
annealing process, a crystallization of thenostructures
take place and longer range ordered structure can be
observed. Sharp and intense feature 24 ~ 14° and~33°are
ascribable to he (002) and (100) peaks of MeRH phase
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(JCPDS card N°87416), respectively. Due to the presence of
non-reduced oxygen functions, an oxidation occurred as side
reaction. Indeed, characteristic features 800> monoclinic
phase peaks, at @ ~ 26° and~37°, assighable to the (111)
and (200) peaks, respectively in accordance wiytbPDS card
N°320671.

MoS,-s after annealing
MoS,-s

Intensity/a.u.

10 2|O 3'0 4|O 5|0 GIO 70
2Theta/Degrees
Figure 4.9. XRD spectra for asynthesized and annealed MgS sample.

4.3.2.3. XPS analysis

XPS measurements are particularly usefwolr fstudying the
chemical composition of materials. Indeed, the sampling
depth for this analysis is lower than 10 nm which allows to
investigate the surface composition. It is particularly
suitable for supercapacitor applications, where the
performance is mfluenced by surface or neasurface
phenomena. Figure 4.10.a plots the Cls region, studied at
high resolution, for the pristine GO, the rGO, and the
graphenebased composites. The reduction of GO during the
hydrothermal synthesis can bendoubtedly confimed by
analysing the spectra of the pristine material and the rGO as
synthesized. Indeed, an almost complete disappearance of
carbonoxygen bonds is observed alongside with the
apparition of the™-~ ¥ S typicz&Sfew-layergraphite 4°
These phenomena can be observed for both 0O, and
rGOMoS-p samples. The HR spectrum for tha-situ co-
synthesized rGeMoS; is significantly different. Indeed, the

-165-



Chapter IV GrapheneMo-compounds Composites

reduction of carbm-oxygen londs is still present while the
" F A& y2i0 204ASNWSRO®

This feature is directly related to electronic band structure
of the graphitic material, which is influenced by the
arrangement of atoms in the basal plane and by the stacking
order of layers. This bah is characteristic of graphitic
material because this electronic intdsand transition excited

by the photoemitted Cls coreelectron?® corresponding to

I KAIKSNI 60 AYRAYy3I SySNHe& 6F -€dnH S+
component of the Cls regh) due to a lower kinetienergy.
Two hypotheses might explain the absence of the™ F
feature in sample rGeMoS-co. In accordance with the
higherlp/lc ratio calculated from Raman analysis, a possible
explanation could be the higher defectivity of theneycomb
lattice. The second hypothesis is related to a possible
alteration of the stacking order as already reported in
literature®!. Indeed, the energy of the Ih ~F G NJF yaa-l
decreases according to the number of layers of graphene. As
observed by FESEM analysis, rGO and Mgpecies are
undistinguishable and have a layered structure. It can be
assumed that an alternation of these two components could
provoke the stacking order in fewayer graphene, leading to
1-3 layers sliceof perfectly ordered material. The value of
the energy downshift of this typical feature is around 2eV,
which leadsii 2 -F - FSF GdzNJSS Ay GKS [/ ma NS
289 eV.Interestingly, the rGOMo0S-co sample has the higher
contribution (in relative intensity) of the C=0 feature. This
change could be due to overlapping of this peak with a
significant contribution of the downshifted-~ f  Tr® ldue

to perfect stacking of graphenéayersconfined to only 13
layers slices.

Mo3d/S2s and the S2p regions are the most promising for the
MoX, phases identificatia. They are reported in Figure
4.10.b and Figure 4.11, respectively
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Figure 4.10. HR XPS scans olie Cls region for each sample (a). Mo3d/S2s
HR scans for sample rGRoO; rGO-MoS;-p and rGOMoS-co (b).
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Figure 4.11. XPS scans of the S2p regions for sample -Ne€H-p and
sample rGOMoSz-co.
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Molybdenum has different oxidédons number. The
deconvolution of the Mo3d region, reported in Figure 4.10,
for the rGOMo0O. sample displays three doublets. These
features can be assigned to the three different molybdenum
states. However, the XRD analysis displayed only monoclinic
MoO2, displaying an oxidation state of +4. We can
nevertheless assume that a surface oxidation occurred on the
top of sample producing an external layer of Mg@n the top

of MoO; particles. The signal deconvolution gave then the
three intermediate oxidation «te phases,along a few
nanometres scale, which is comparable to the inelastic mean
free path of molybdenum oxide according to the literatufé.

For the graphenedichalcogenide composite, the Mo3d/S2s
region contains relevant information due to the
superimpositon of the Mo3d region with the S2s cotlevel
peak. For the sample containing the commercially available
MoS, the peaks position for the Mo3d doublet (229.3 eV,
232.4 eV) and the S2s peak (226.5 eV) are compatible with
the MoS chemical structure®® The secondary Mo3d doublet

is assignable to Mo©phase due to a surface oxidation of the
sample, as described above. The absence of the secondary
doublet in the S2p region excludes the presence of
molybdenum oxysulfide$§#

The spectrum deconvolution for the rGMo$-co is more
complex. Indeed, the Mo3degion contains two doublets: the
first at 228.7eV; 231.8eV, and the second at 229.6eV;
232.7eV. The separation is around 0.9eV and can be
ascribable to the presence ofboth 1T and 2H MoS
polymorphs according to the literaturé?5> The first doublet
can be asgyned 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 third
Mo3d doublet (233.3 eV, 236.5 eV) cannot be assigned to any
of Mo& polymorphs. Moreove, the absence of its
corresponding doublet in the S2p region indicates a chemical
specie assignable to molybdenum oxide (VI).
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The XRD spectrum of the rGoS-co was not meaningful
about the presence of a polymorph or both. The absence of
signal indicate an absence of longange organization.
However, the presence of both polymorphs signals in the S2p
region has revealed the cexistence of both 1T and 2H
phases. Polymorphs are probably organized in a shamge
ordering of atoms, giving either 1T or 2Kdonfiguration
locally.

For sake of comparison, asynthesized MoSflakes without
the rGOmatrix spectra for the Mo3d/S2s and S2p regions are
reported in Figure 4.12. Interestingly, similar deconvolutions
are obtained indicatingthat the feature observedon the
photoelectron spectrum is not influenced by the presence of
GO flakes during the hydrothermal synthesis.

a) b)
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Figure 4.12.HR spectra of the MgSs sample in (a) Mo3d/S2s and (b) S2p
regions

4.3.2.4. TEM analysis
Results obtainedby XPS analysis indicate an interesting
nanostructure containing both 1T and 2M0o$ polymorphs.
However, the structure analysis by FESEM analysis was not
able to give information about it. To overcome this issue,
TEM was used with the objective to undeestd the nanoscale
structure of the rGeMo$-co composite. A lowmagnification
image and its corresponding selected area diffraction (SAED)
pattern are reported in Figure 4.13.a and 4.13.b,
respectively. As already reported above for FESEM analysis
rGO and MoS; flakes are undistinguishable. The same
observation can be made for the TEM analysis with {ow
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magnification. Then, the SAED pattern displays diffused
diffraction rings. They cannot be assigned to wdHfined
crystalline structure (fewlayer grapheneor 1T/2HM0S,).
Regarding the rGO flakes, the-plane structure is expected

to be defective®® Moreover, the flakes have a surface
wrinkled at the nanoscale. Then, SAED pattern is expected to
show diffused rings instead of the hexagonal symmetry
typical of graphene material.

Figure 4.13. Low magnification TEM image (a) of ré®oS;-co sample and
SAED pattern (b) of the same region.

For sake of deeper investigationTEM images at different
magnification and SAED patterns obtained for pure rGO and

MoS-s (without rGO) are shown iRigure 4.14.a and 4.14.Db,
respectively.

Figure 4.14. Low-magnification (a), SAED pattern () and hlgh mafgoation
TEM images of rGO flake. Lemvagnification (a), SAED pattern (b) and high
magnification TEM images of MaSlakes.
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A single layer of rGO was characterized by TEWMe SAED
pattern (b) displays a symmetry which lies with the hexagonal
symmetry of the graphene. However, the rGO flake is
defective as it can be seen from the lemagnification image
(a). Therefore, the symmetry is not perfect. Indeed, arcs are
observed instead of spots. Results obtained are in
accordance with the model built for redudeGraphene Oxide
flakes>® The highresolution image (c) clearly indicates a few
layers stricture of rGO, with a interplanar distance of 3M
Concerning the MoSs, the characteristic (002)img was
clearly visible in the SAED pattern (e). Its presence confirms
the regular stacking of the -$10-S layers in this direction.
The measured interplanar distance is 0.62 morresponds to

a typical layered Mo$s according to the literature’’
However, this ring was not detected for the composite. Then
the presence of rGO flakes should affect the regular stacking
of the dichalcogenide layers. To evaluate this hypothesis, a
high-resolution image, and its corresponding fast Fourier
transform (FFT) werenvestigated and are shown in Figure
4.15. The FFT pattern does not show any sign of periodicity
at a distance corresponding the expected interplanar [002].
The interplanar distance further confirms this result. Indeed,
the direct measurement on the highesolution images does
not give the typical value of 0.62 nm through all the images
as measured for the pure MeSThe lined profile is reported

in Figure 4.15.

To resume the phase identification part, the r@@o $-co
contains both 1T and 2H polymorphs. dhsimultaneous
presence of the rGO flakes during thae-situ synthesis of
MoS, affects the stacking. These results are likely beneficial
for materials for supercapacitor applications, as it will be
presented in the next part with the electrochemical
charaderization.
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- ' R
Figure 4.15. (a) presents a highmagnification image of the hybrid alongside
a fast Fourier transform of the region highlighted in red and a HRTEM view
of the region highlighted in blue, allowing for a direct mmmement of
interplanar distance throughb) a line profile.

4.3.2.5. BETZz Specific Surface Area Measurements
Specific surface area is a predominant factor for the
materials performance in supercapacitor applicationsz N
adsorption/desorption isotherms at-196°C are used to
measure the BET specific surface area and the cumulative
pore volume of all assynthesized samples. The obtained data
are reported in Figure 4.16.a and 4.16.b, respectively.
Significant differences are observable betwetne samples.
They canbe divided in two categories according to the type
of isotherms obtained. Indeed, rGO (curve 1) ar®@O-Mo0S-
p (curve 2)display an adsorption branch composed of Type
I(b) at low relative pressure connected to a Type Il at high
relative pressure. Isothermare associable to the filling of
micropores in the first part connected to the filling of
mesopores3® The hysteresis loops of both sample are
characteristic of a H4 Type. The lower limit of the desorption
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branch is located at a relative pressure value of 0.4 indicating
the presence of mesopores accessible by the outer surface
only through narrower neck. Regarding ¢h pore size
distribution, Figure 4.16.b shows that half of the total pore
volume is devoted to microporesThis pore size is probably
due to a partially random stacking of graphene sheets. The
introduction of commercially available 2M0S seems to not
influence significantly the porous organization of the -3d
matrix since the curves of both rGO and ro»$-p are close

to each other. However, the specific surface area is
significantly lower for the composite in comparison with the
pure rGO 805 n? g with respect to 460 M g?l). The SSA
difference is due to Mo& which has a high molar mass but a
poor surface area.

Both rGO-MoS-co (curve 3) and rG®™oO; (curve 4)display

a different type of isotherm. Indeed, the Type Il is typical of
materials containingnesopores. Then, a significant decrease
of BET specific surface area is observed wdthand 50 Mg

for rGOMoS-co and rGGMoO2, respectively. The two
samples differ from the two others by the presence of the
phosphomolybdic acid in the reactor. Thentsipresence
probably interferes with the selhssembling of the rGO
structure restricting the final microporosity of both
composites.

a) ~ b)
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= —+— RGO (460 m°g") ‘o 40 TR T p—
= —+—RGO-MoS,-p (305 m’g” 0354 |~ REOMoS-
—(ﬂ 250+ g 394) .:T‘ 5 : ——RGO-MoS, co 1
o —+—RGO-MoS-co (80 m'g ) L‘//. o 0304 : — RGO-MoO
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Figure 4.16. BET SSA of rGO, ra$-p, rGOMo0S;-co and rGOMoO; (a)
cumulative pore volura of rGO, rGOMo0S;-p, rGOM0S;-co and rGOMoO; (b)
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Notwithstanding the lower specific surface area caused by
the absence of micropores, the electrochemical performance
of rtGOMoS-co are significantly higher than the other
samples as discussed in the eleethemical characterization
part.

4.4, Electrochemical Evaluation

4.4.1.Three- and two- electrode analytical cell

configuration

Cyclic voltammograms (CV) for all the synthesized materials
are reported in Figure 4.17.a. All the materials display
characteristic cyct voltammogram of supercapacitors. In
particular, the rGGOMoS-co has a boxike CV typical of ideal
capacitive materials. The maximum charge stored for this
material was evaluated at 34 mC. The evolution of the
specific capacitance with the scan rate isported in Figure
4.17.b. The rGeMoS-co sample has significantly better
performance in comparison with the other materials
analysed.The storage ability was particularly good that the
measurements above 400 mV!swere not possible due to a
current limitation of the instrument used.

400

600 0=V - O
GO GO-MoS,p

B oS op
350 MO, - KON <0

378 F g

91.6 F g’

C/Fg'
(‘./Fg"

§72Fyg
3BIFg

“ \%
(a) 0 k“'&Q——-—.—._. (b)‘

08 0.6 04 0.2 00 0.2 04 0.0 02 04 0.6 08 Lo
Evs. SCEIV vIVs

Figure 4.17. Electrochemical behavia of the four electrodes rGO (black),
rGO-MoO; (red), rGOGMo0S;-p (green) and rGEMoS;-co (blue) in 1 M NacCl: (a)
CV at 10 mV §, (b) specific capacitance vscan rate

Galvanostatic charge/discharge measurements are shown in
Figure 4.18.a. The chronopotentiograms are linear meaning
the good capacitivebehaviour of the investigated samples.
Moreover, the time for the charge and the discharge are
almost equal,implying the symmetric behaviour in the used
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potential window. The rGeMo$-co sample displays a
specific capacitance up to 416 Ftgluring the discharge at a
current density of 1 A 4.

Electrochemical Impedance Spectroscopy (EIS) is a useful
technique for the characterisation of electrochemical
devices. Measurements performed at open circuit potential
(OCP). The -equivalent circuit was defined for all the
investigated materials for both three and two electrodes
analytical cell configuration. The equivale circuit was
R(RQ)Q. The Nyquist plot obtained from EIS is reported in
Figure 4.18.b1. The in-situ graphenedichalcogenide
composite, rGOMoS-co, displays significant better
performance in comparison with the other samples. Indeed,
the deviation from tiS AYLF 3IAYIl NE I EA & 0 e
important for the other samples. TheGO-Mo$-co, on the
contrary, displays a slope nearly 90which is typical of an
ideal polarizable electrode. Using the lefkequency data,
the maximum specific capacitance can be detenmd using

the following equation 4.1):

%QQ T 6'H - (4.1)
where . is the frequency, and C is the capacitance. Figure
4.18.b2 reports the specific capacitance in function of the
frequency for all the samples. Results are in perfect accord
with the others previouslypresented. Indeed, theGO-Mo0$-
co sample owns exceptional performance. Moreover, the
capacitance calculated from CV and alternated current (AC)
impedance are robust with348 F gt at 5 mV st and 325
F g! at 5 mHz, respectively
Using the equations 4.2-4.5), real, imaginary, and total
capacitance. These information are essential to design
materials for supercapacitor applications in accordance with
the complex capacitance model of impedance with respect to
frequency.59¢6?
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Figure 4.18. (a) chargedischarge cycles at 1 Agand (b.1) Nyquist plot and
(b.2) capacitance vs. frequency plot
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function of frequency in Figure 4.19.a and 4.19.b,
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normalized with, @, the proper highest capacitance of the

sample. In this way, results are presented avoiding the effect

of non-neglectable specific capa@nce difference. Samples

display a purely resistor behaviour but a different frequency,

Figure 4.19.a. Indeed, for rGO and r@&»$-co, at
frequencies higher than 1 Hz and, for ré@S-p and rGO

MoO, at frequencies higher than 10 Hz. A formation of a

small plateau is observable only for then-situ co-
synthesized grapheneichalcogenide composite, rGOI0$-

co. This plateau, reached up to 62.5 s, describes a purely
capacitor behaviour of the material. The relaxation time

O2y aidhoyiddley 0SS RSGSNNYAYSR FTNRY (K
plot in Figure 4.19.b. This time describes how fast the

-176-



GrapheneMo-compounds Composites Chapter IV

electrode can be discharge which is a key characteristic of
supercapacitor. The frequency domains can be divided in two

LJF NJG & | OO 3:N#sistyv@ (whed times is shorter than

_ol FYR OIF LI OAGA DS 06 KSyYo. 0 ATNVeSAa A &
relaxation time constant was measured toeb4.3 s for rGO

MoS-p and rGOMo0O2. Assynthesized rGO and rGMo$-co
RAALI @SR | af AIKGf&@ €2y 3aSNI _

Bode plots are reported in Figure 4.19.c and 4.19.d. The-rGO
Mo&-co demonstrates outstanding supercapacitive
performances in comparison with the othesynthesized
samples. Indeed, this sample displays tloavest impedance

module and the maximum Ipase at low frequencies (84.2°).
Finally, the uncompensated resistance at the working
electrode was evaluated. Both -interruption and AC
impedance were carriedon the rGOMoS-co sample.
Obtained results are consistent withm n ®n YR, MT ®o
respectively.
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Figure 4.19. Complex capacitance (a) real part, (b) imaginary part, Bode
plots of (c) module and (d) phase as a function of frequency for the four
different materials. Acquired at OCP in 1 Ma@ll.

The Ragone plot, presenting the specific power in function of
the specific energy, for the four materlisis shown in Figure
4.20. Results used to build the Ragone plot were calculated
from CV curves, at different scan rates, in the tetectrodes
analytical cell. Finally, Table 4.2 contains all the capacitance
values for the four materials calculatettom CV, charge
discharge, together with the electrochemical performances
evaluated by AC impedance. In addition, specific enerdly (
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h kg!') and power (Wkg?), determined from the discharge
cycle at 10 mV 3, are also presented.
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Figure 4.20. Ragone plot of rGO (black), rGoO; (red), rGOMo0S;-p (green)
and rGOMo$-co (blue) in two electrodes cell.

4.4.2 Planar symmetric configiration

Materials were tested in devicéike configuration to
evaluate their stability. Measurements were carried on in a
symmetric device. Three materials were tested: pure rGO,
MoS-s, and the rGGMoS-co composite. Cycling stability
measurements performad over 50.000 cycles at 2 V'sare
reported in Figure 4.21. Cyclicvoltammograms were
recorded at a scan rate of 5 mV!severy 1.000 cycles to
investigate the aging effect on the devices performance. The
performance of therGO-Mo$-co increased slightlyduring
the first 6.000 cycles. After reached this maximum, an almost
perfect stabilization is observable for the composite. This
behaviour is comparable of pure rGO aerogel. For sake of
comparison, pure MogSs sample was investigated. This
sample displaysa significant decrease after 13.000 cycles.

Nevertheless, the capacitance is stable over the 50.000
cycles.
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Figure 4.21. Electrochemical stability of rGO (black) and r®&M®S;-co (blue)
and pure Mo$S (orange) over 50000 cycles in symmetrical device
configuration, (inset) cyclic voltammetry at 5 m¥ at cycle number 1, 25000
and 50000 for the three devices.

4.4.3.Effect of mass loading on performance
The mass loading influences significantly the capacitive
performance of thematerial as shown in Figure 4.22.a and
4.22.b, respectively. Indeed, a bdike shape for the heavier
sample, black curve, is observable while for the blue curve,
corresponding to the lighter sample, shows important
deviationof the idealshape. The deviabn can be ascribable
to protons adsorption (from KHSQ) on the dichalcogenide
surface, as already reported in the literatufé.The proton
diffusivity within the dichalcogenide induces a larger
capacitanceat slow scan rates due to the larger polarizability
framework of S as compared to @62 This anionic framework
allows an easier migration of mobile cationisyplying faster
and larger capacitance than in neutral electrolytes.
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Figure 4.22. (a) Cyclic voltammetry recorded at 10 m¥ and (b) estimated
capacitance at multiple scan rates for three different masses of pure MoS

The pseud-capacitance behavier was investigated for a
potential window betweenat -0.1 and +0.05 Ws. normalized
hydrogen electrode(NHE). The current is plotted in function
of the square root of the scan rates and shown in Figure 4.23.
Measured currents are linerly dependent of the Al/2
confirming the pseudecapacitance of the material. Results
are consistent with the one recorded by Acereeal. for 1T-
Mo$S, phase3?

To resume the electrochemical characterization pamGO
MoS:-co displays the better performance for supercapacitor
applications despite a BET specific surface area one order of
magnitude lower han the other samples. Good capacitive
properties reside in the wirwin interaction between the 3b
rGO matrix and the pseudocapacitive material in-situ
synthesized. The optimum interaction between rGO and MoS
flakes allows a larger contact between the eekrolyte
available and the redox sites, which overcome the decrease
of the EDL active surface resulting in an outstanding
supercapacitive material.
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4.5. Conclusions

This chapter was focused on the comparison of graphene
based aerogels for supercapacitors applications. The
hydrothermal synthesis uses phosphomolybdic acid and L
cysteine as Mo and S precursors, respectively. Theitu co-
synthesized rGEMoS-co displays an interesting morphology
with rGO and Mo% flakes intimately mixed forming a 3D
porous framework. The XPS claaterization demonstrates
the simultaneous presence of both 1T and 2H polymorphs,
which induces higher electrochemical performance. The
measured specific capacitance was up #il6 F g' was
significantly higher than composite prepared with
commercially avdable 2HMoS powder, rGOMoS-p, or
with the corresponding metal oxide, rGMo00O.. The
graphenedichalcogenide compositein-situ synthesized is
interesting due to its hybrid behaviour with EDL charge
storage mechanism assured by the large specific surfamea
and the Faradaic active sites of the pseudapacitive
material provided by MoS A synergetic effect occurred in
the composite inducing cycling stability up to 50.000 cycles
while the assynthesized pure MoSshowed failure after
13.000 cycles.

To summarize, a simple oneot green hydrothermal
synthesis allows to produce graphertdchalcogenide
composite, rGGMoS-co, with both 1T and 2H polymorphs
organized in shorrange crystalline domains. The finely
mixed rGO and dichalcogenide flakes permitgh exposed
interface between electrolyte and active materials allowing
the near surface redox reactions, resulting in the
enhancement of the supercapacitive performance of the
material.
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Chapter 5

Effect of L-ascorbic acid on the
hydrothermal synthesis of rGO
and rGO-MoO: aerogels

L-ascorbic acid (Vitamin C) is attractive as green
reducing agent to reduce GO to rGO. In this
chapter, Vitamin C is used to hydrothermally
synthesize reduced graphene oxide aerogel
decoated with molybdenum oxide particles. The
addition of this vitamin induces a better
reduction of graphene oxide and a higher
reproducibility of the desired chemical reduction
yield. The presence of molybdenum oxide
particles permits to increase the speicif
capacitance exploiting Faradaic processes.

5.1. Motivations

Graphene Oxide (GO), produced by Hummers method or
similar method recently developeqd has attracted attention.
Indeed, it is relatively cheap, using graphite as starting
material, and it is easily dispersible in water due to the
presence of the carbofoxygen moieties onto flakes surface.
However, these chemical functionalities should be restored
to obtain properties close to the graphene. Sevemabdus
operandiwere developed for the reduction of GO together
with the limitation of defects/vacancies in the honeycomb
lattice structure.

Some physical approaches were investigated such as thermal
annealing, microwavée, and photoreduction® Hydrothermal
reduction, using water both as solvent and reducing agent,
has already shown promising results. To further improve
the reduction processmany chemicals were added such as
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hydrazine (NHi) 810 sodium bisulfte (NaHS®) !, sodium
borohydride (NaBHk) 2, hydriodic acid (HI}3, sodium iodide
(Nal) 4, hypophosphorous acid @PQ) and iodine (1) 15,
hydroquinone (GHsO2) %16 pyrogallol (€HsO3) and
potassium hydroxide (KOH).

The resulting hydrogel forming by se#fssembly process
during the reduction of graphene oxidean nevertheless be
completely different. Indeed, hydrazine and sodium
borohydride induce a strong bubbling during the reaction
causing a broken hydrogel as described by Hu and co
workerst’

The aerogel produced by freezing of the -agnthesized
hydrogel is generally characterized by the C/O raéiod its
electrical conductivity to compare the reduction process
efficiency. For example, HI displays better performance than
NaHS@!!in addition with interesting properties such as good
flexibility and enhanced tensile strengt!?.

In the last decade, green chemistry has attracted much
attention. In fact, sustainable developments are appealing in
both ethic and economic points of viewlndeed, this
approach permits to decrease significantly the costs of both
production and disposal/recyolg processes. Consequently,
the use of aromatic compounds such as pyrogallol and
hydroquinone are prohibited because these reactants are not
environmental friendly. To overcome this issue, use of green
reductant is envisage'®?2%such as lignin reported by Ye and
co-workers 2!

Phenylalanine (€H11NO2), an amino acid, was also
investigated ageducing agent to produce superhydrophobic
rGO-based aerogel$? However, the water solublity of this
compound is significantly lower than other green reactant
such as ascorbic acid (AA), which stereoisorheés the water
soluble Vitamin C Moreover, the dehydroascorbic acid,
which is the oxidized ascorbic acid formed during the
hydrothermal gnthesis, is also environmental friendfy.
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This chemical compound has already demonstrated its
suitability for reducing GO nanosheets at room temperature
23 or at higher temperature (80L00°C§24 In another
investigations, Zharid and HuU’ used LAA to reduceGO
suspensons at a relatively low temperature (4@) for 16
hours to obtain rGGbased hydrogel. This process needs
nevertheless a washing step, before the freedeying
necessaryto obtain the rGObased aerogel, to remove the
excess of tAA and the oxidized bproduct. L-AA can also be
used as reducing agent for the already sadsembled rGO
based hydrogel produced by hydrothermal synthesis as
reported by Nguyef® and Zhod’.

The hydrothermal synthesis ensures a suitable reduction of
G(O?8<30 put, by addition of EAA, the reduction process is
more efficient and more reproducible. In addition, the
resulting rGO demonstrates better performandéés3?
L-ascorbic acid has already beennviestigated for the
synthesis of materials with pseudocapacitive properties such
as coreshell Cu@Cz03%4, MnG0.%% P1% SnQ3’, and Ag®
nanoparticles.

Molybdenum Oxide is a pseudocapacitive material
interesting for redox reactions because Mo has several
oxidation number as reported previousBP.Nevertheless, L
AA was investigated only one time as reducing agent for+GO
MoO: hybrid for energy storage. The microspheres were
prepared at 200°C and 50007r in 30 minutes and post
treated by annealing at 500°¢,

Thiswork is aimed to study the ééct of L-ascorbic acid on
the hydrothermal synthesis of rGO and r@oO; hybrid for
electrodes in supercapacitor applications.

5.2. Materials and Methods

5.2.1.Preparation of rGO aerogel
The rGO aerogel was prepared using the opat
hydrothermal synthesis reportegreviously®:28.29.41 Briefly,
Graphene Oxide flakes (Cheap Tubes Inc., Ufas)dispersed
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in deionized HO at a concentration of 2 mg/mL for a total
volume of 17 mL. After 30 minutes of sonication at room
temperature, the solution was transferred in a stainlesteel
autoclave and undergoes a hydrothermal reaction for 12
hours at180°C. The aprepared hydrogel was frozen in liquid
nitrogen. Finally, a freezerying procedure at-50°C under
vacuum permits to remove the water by sublimation to
obtain the rGO aerogel.

5.2.2.Preparation of rGQvitC aerogel
L-Ascorbic acid (Sigma Aldrichjvas added to the GO
dispersion before thesonication using the same procedure
reported in the previous section (Section 5.2.1)he
concentration of EAA is equal to the GO, 2 mg/mior a total
volume of 17 mL.

5.2.3.Preparation of rGOMoO:-vitC aerogel
The hyrid aerogel was synthesized using a precursor of Mo
in the same reaction condition as the pure rGO aerogel. The
precursor used was Phosphomolybdic acid 3PN 012040)
solution (20 wt.% in ethanol), purchased from Sigma Aldrich.
0.5 g of the precursor was aeéd to the 17 mL of deionized
water contained GO and-BA at 2 mg/mL after the sonication
procedure. The molar ratio between Mo and C obtained was
1/100. The suspension was sonicated for 5 minutes to ensure
a homogeneous dispersion of the Mo precursor bedothe
hydrothermal synthesis. After the hydrothermal reaction, the
same freezedrying procedure was performed to obtain the
rGO-MoO»-vitC aerogel.

5.2.4 Materials characterization
The L-AA addition during hydrothermal synthesis could
modify the resulting poras framework of the aerogels. To
investigate this effect, BE®pecific Surface Area
measurements (SSA) and Pore Size analysis were carried out
by means ofN2 isotherms at-196°C The instrument used was
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a Quantachrome Autosorb 1.CBefore the analysis, sans
were degassed for 4 h at 10CQ to remove atmospheric
contaminants and water adsorbed on the sample surface. The
BEFSSA were evaluated between 0.05 and 0.20 of relative
pressure P/P°. The cumulative pore volume curves were
calculated using the Q®FT nethod and carbon slit pores
model.

The samples morphology was studied using FESEM analysis
with a Zeiss Supra 40 Microscope equipped with an energy
dispersive Xray (EDX) analyser.

X-Ray Photoelectron Spectroscopy (XPS) was carried out on a

PHI 5000 VersRrobe (PhysiclaElectronics) system, witla
Y2Y2OKNRYFGAO '€ Yh NXRALF G-lagy owmn
source. Different pass energy values were used for survey
(187.75 eV) and HR spectra (23.5 eV). During the
measurements, charge compensation was obtaindy a
combined electron and Ar neutralizer system. The binding
energy scale was calibrated by usinghe main Cls
contribution (GC/GH bonds, 284.5 eV) as reference value.
Concerning the analysis of HR scans, the background
contribution was modelled with &hirley function*? CasaXPS
software was used for peak deconvolution, semuantitative

analysis and calculation of uncertainties by means of Monte

Carlo routines. Concerning the peak fitting procedunavo

typesof Ry S akKl LISa ¢6SNS SELIX 2AGSRY D
m).

X-NJ- & SBATFNI OGAZ2Y FylFfeara gl a LJ
NI RAIFTGA2Y o<Tndmpnnc YYO 6AGK |t
I LILIF NJ Gdza® { LISOG NI HSNS 6@ ataSO0 SR
scanning rate of 0.85°/min. XRdhalysis allows to investigate

the reduction following change in the interlayer distance

from GO to rGO. Moreover, the crystallographic phase of

MoO2 was also determined using this technique.
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5.2.5.Electrodes preparation
Electrodes were prepared by drepasting onto a wellt
polished glassy carbofdiameter of 0.3 cm, BioLogiaf a
slurry with the following composition:5 mg of active
material, 0.4 mgof acetylene black (AlfaAesar) and 5 pL
Nafion® 5% (SigmaAldrich) dispersed in absolute ethan6i.
Electrochemical measurements were carried outhiath two-
and threeelectrode symmetric configuration. For the device
like configuration, Fluorine doped Tin Oxide glaS®l@aronix)
was used as current collector. The diameter was 0.5 cm and
the resistance was 10Kk & [[he two prepared electrodes
were faced and separated using a glasg membrane
(Whatman GF/A. The device was sealed wusing a
thermoplastic polymer RParafilnf).
For the threeelectrode measurements, the reference
electrode used was a homemade SME@BO0 mV vsSHE) or a
SCE (240 mV vs. SHE). A platinum bar was used as counter
electrode.

Electrochemical measurements were performed using 1 M
NaCl for the comparison of rGO and r&@QC while other
measurements were carried out in N&Q, using deionized
water with a resistivity of 18.2a m G.YElectrodes were
soaked overnight with the electrolyte before the
measurements.

5.2.6.Electrochemical characterization
Electrochemical measurements were carried out on a
Metrohm Autolabt D{ ¢! ¢amnanm LI2GSyYyadA2aidl Ot
Cyclic voltammetry (CV) was germed at multiple scan rates
while Galvanostatic chargdischarge measurements were
performed at three different current densities85, 170 and
350 mA ¢'. The cycling stability was performed in devitike
configuration by cyclic voltammetry at 2 Visup to 50.000
cycles. Every 1.000 cycles, an acquisition at a slow scan rate
was analysed to estimate the capacitance. Then, AC
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impedance spectroscopy was performed at 0 V in the
frequency range from 10 kHz to 10 mHz with 5 mV amplitude.

5.3. Results and Discusion

5.3.1.Chemicalphyisical characterization

5.3.1.1. rGO and rGovitC

FESEM images at different magnificatiane shown in Figure
5.1.a and 5.1.b for rGO and rG®WtC, respectively. The
observed morphologies are close for both aerogé{®¥. The
porous framework seems to be composed of pores with
diameter from nanometre to micrometre. Theyontain
extremely wrinkled rGO flakes in a 3D interconnected
structure, which avoid the restacking of graphene sheets.
Howewer, FESEM cannot be used to evaluate quantitatively
the pore size distribution and the resulting specific surface
area. N adsorption/desorption isotherms permits the study
of the aerogels porosity.lsotherms and cumulative pore
volumes are reported in Fige 5.2.a and 5.2.b, respectively

c) | rGO-vitC
C-OH (26.0%)

C=0(18%) |

C(0)0 (4.8%)

nn* (6.6%)

T T T T T T T 1
204 292 200 288 286 284 282 280
rGO C-OH (24.7%)

Intensity (arb. un.)

=0 (3.1%) |
C(0)O (7.6%)}
nen* (6.6%) '

204 202 200 288 286 284 282 280
Binding energy (eV)

Figure 5.1. FESEM images ofc0 and rGovitC aerogels at low (a) and high

(b) magnification (c)XPS spectra in the Cls region for rGO and -\GtQ

samples.
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Figure 5.2. N, adsorption/desorption isotherms oflower) rGO and (upper)

rGO-vitC (a); cumulative pores volumef rGO and rGevitC (b)

PP’

N2 adsorption/desorption curves at 77 K are significantly
different for rGO and rG&itC. Indeed, the rGO curve shows
an adsorption branch composed of Type I(b) latw relative
pressure, assignable to micropores filling, and Type Il at high
relative pressure, assignable to mesopores filliifgThe
hysteresis is a type H4. The lower limit of the desorption
branch is observable at a relative pressure close to a value
of 0.4, indicating that mesopores are accessible from the
outer surfaceonly through narrower necks. On the other
hand, rGQvitC curve displays a Type Il isotherm with a
limited hysteresis loop. The BEdpecific Surface Area for
rGO and rGevitC are460 n?g! and 335 nrgl, respectively.
This different is significant and asbedble to the pores size.
Indeed, rGO shows micropores and narrow mesopores (pore
width <3nm) while rGevitC displays a large distribution of
mesopores in the range from 2 to more than 20 nm. The
hydrothermal decomposition of Hdascorbic acid seems to
produce small gas bubbles(g. H2) that induces a more open
3D structure.

Asdescribed previously in this thesis, XPShown in Figure
5.1.c. This technique ian important tool for the evaluation

of the GO reductiorby comparison of the C/O atomic rati®.
Finally, this technique provides information of the residual
carbon-oxygen moieties by deconvolution of the Cls region.
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Sample C (at%) O (at%) C/Oratio
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
rGOvitC 88.3+0.3 11.7+£0.3 7.5+0.2

Table 5.1. atomic concentration values for C and O elemengdculated from
XPS spectran the Cls region* commercial GO atomic concentration values
do not add up to 100% due to 1.3 %At of N as residual contamination of the
oxidation process of graphite in commerci&lO.

Interestingly, no contamination was observed for rGO and
rGOvitC samples above the detection limét f0.1% at). The
contamination present in the commercially available GO was
removed during the hydrothermal synthesis and/or the
freezedrying process. Semiquantitative analysis was
calculated by peak integrations in the Cls and O1ls regions,
using tabulated Relative Sensitivity Factors (RSF) specified by
the instrument manufacturer. Obtained values are reported
in Table 5.1. The C/O atomic ratio is sigoantly higher for
rGO@ A 1/  énFcondparison with rGQd F p dmdidating a
better reduction of GO. By the way, both samples display
higher C/O atomic ratio in comparisomith pristine GO £1.9)
as expected. HR spectra are reported for rGO and nNGt@ in
Figure 5.1. The higher C/O atomic ratiof rGOvVitC is
ascribable to the significant decrease of C=0 and C(O)O
moieties even if a slight increase in-@H groups is
observable.

5.3.1.2. r iGOMoO-vitC
FESEM images dhe rGOMo0O:-vitC are reported in Figure
5.3.&5.3.c. The low magnification image shows that the
aerogel morphology of the hybrid is close to r&aC sample.
Moreover, a homogeneous dispersion of micrometric MoO
particles, which have higheimtensity features, onto rGO
flakes are obtained. Lookinglaser to molybdenum oxide
particles (Figure 5.3.b), a nanostructured surface is
observable.

The XRD pattern is reported in Figure 5.3.f. The K800:-
vitC aerogel shows typical peaks of Mp@onocline phase,
in accordance with JCPDS card No-(B31.
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HR gectra in the Cls and Mo3d regions are shown in Figure
5.3.d and 5.3.e, respectively. XPS technique is used to
confirm the suitable reduction of GO together with the
investigation of the microparticles chemical composition.
The Mo3d region contains 3 featas which can be
deconvoluted in different peaks ascribable to Mo (I1V), Mo
(V), and Mo (VI1). Characteristic peaks of crystalline Mae
observable withthe spinorbit doublet are located at 229.4
eV and 232.5 eV, and satellite peaks at 230.9 eV and 234.1
eV. Results are in agreement with the works reported by
Scanlon and cavorkers?®> Broad asymmetric peaks located
at 231.8 eV and 234.6 eV can be assigned to Mo (V) species
SPSYy AT GKS LISl aLXAlGGAYy3I 20aSNW
eV, which is usually reporteth literature. It is nevertheless
important to notice that the interpretation of Mo (V)
components is complicated and subject of debate in
literature. The interpretation reported here is based on the
peak deconvolution of the Mo3d region for mixeakide
states using multivariate approach® Finally, the doublet at
higher binding energy (232.7 eV, 235.9 eV) is characteristic
of MoQs, corresponding to a Mo (VI) oxidation stafé.To
summarize, XPS results indicate the concomitant presence of
diverse oxide phases with diverse oxidation state§his
phenomenon was already observegreviously?®:48 XRD
displays only monocline MoOphase which meanghat the
bulk is composed by this phase. However, XPS analysis
(surface analysis technique) shows tipgesence ofMo (V)
and Mo (VI). Microparticles embedded in the rGO aerogels
are composed of molybdenum oxide with an oxidation state
from 1V (core) to (VI), due to surface oxidation by air. A
schematic representation is shown in Figure 5.3.c.
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Figure 5.3. FESEM images at low (a) and high (b) magnification of the-rGO
Mo0O;-vitC sample. (c) FESEM image oMo0O, particle with a schematic
representation of the gradient of Mo oxidation state. XPAR spectraof Cls
(d) and Mo3d (e) regions forGO-M00O»-vitC sample. (f) XRD spectrum of the
hybrid aerogel.

5.3.2.Electrochemical characterization
5.3.2.1. Effect of the LAscorbic Acid addition
For sake of study, a comparison of the electrochemical
performancein a threeelectrode configurationof rGO and
rGOvitC is necessary. As reported in Figure 5.4.a, the
suitable potential window differs for both samples. The rGO
shows a deviation from the bokke voltammogram of pure
EDLC due to the presence of nowaduced carboroxygen
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