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PREFACE

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

Chapter Il deals with the fundamentals of
Supercapacitors such as operating principles and cell
architectures. Moreover, 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 1lIl is focused on the electrochemical
characterization of Graphene-based 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 dichalcogenides. However, this chapter was aimed to
in-situ synthesize a hybrid 1T-2H-molybdenum disulphide
together with the reduction of graphene oxide by one-pot
hydrothermal synthesis. The supercapacitor resulting from
this innovative hybrid demonstrates outstanding
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 yield. The 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. PDMS-based micro-
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 spring-like rod configuration with
the embedded active material. This spatial conformation is
determined by the filling of the interdigitated channels by
capillarity. As-fabricated micro-supercapacitors show high
flexibility and good cycling stability.

Finally, Chapter VII presents the integration of
supercapacitor devices to textiles fabrics. Two different
works are presented: synthesis and characterization of an in-
situ reduced graphene oxide aerogels onto a copper wire; and
fabrication of exfoliated graphene-based wearable
supercapacitors. The first part shows a peculiar morphology
of the aerogel wadded around the current collector. The
fabricated device demonstrates outstanding electrochemical
properties in comparison with state-of-the-art works.
Moreover, flexibility tests are performed and results are
encouraging. In the second part, high performance exfoliated
graphene-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 cost-effective.

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). The 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 to address 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
Energy is used all the time and everywhere. Humankind does
not even think about its continuous daily use. The worldwide
consumption of marketed energy was 549.10%° British
Thermal Units (BTU) in 2012 and is expected to expand to
629.10%°> BTU in 2020, and even 815.10% BTU in 2040. This
increase corresponds to a value of 48% from 2012 to 2040.!
Something even more worrying is the worldwide
consumption level against the production as reported in
Figure 1.1 and Figure 1.2, respectively. Indeed, the
consumption of primary energy is higher than the production
for several countries around the world. If we look globally,
the worldwide total primary energy consumed for 2016 was
13,903 Mtoe (Million Tonnes of OQil Equivalent) and the
production was 13,910 Mtoe, which means that globally we
produce more energy than that we consumed. Nevertheless,
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 of -0.4% for the same period, which reinforces the
need of developing new efficient technologies.?

Breakdown by country (Mtoe) - 2016
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Figure 1. 1 primary energy consumption for 20162
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Figure 1. 2 primary worldwide energy production for 20162
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Undeniably, the actual situation is patently unsustainable
whether in a social, environmental, or even economic point
of view. Indeed, the current trends on carbon dioxide (CO3)
emissions related to the energy consumption will more than
double by 2050 if the current trends will be not suitably
substituted.3 The CO; is produced using mainly fossil energy.
The main energy sources, which lead the total world energy
consumption, are liquid fuels, coal and natural gas as
reported in Figure 1.3. Renewables technologies are
projected to take a bigger part of the market in the next
decade hopefully for a “greener” future.

History 2012 Projections
250

20 Liquid fuels

150
100

50/,/
____,———'—'"-""'N

Nuclear

0 I T T T )
1990 2000 2012 2020 2030 2040

Figure 1. 3. Total world energy consumption by energy source, 1990-2040
(quadrillion Btu). Dotted lines for coal and renewables show projected effects
of the U.S. Clean Power Plan.3

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 final-use
place. To overcome this issue, the energy produced by means
of renewable technologies, such as solar and wind turbine,
should be converted to electricity.* Electricity is the world’s
fasted-growing form of end-use 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 end-user. This centralized
production must be taken account some drawbacks 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 production is higher
than the user’s demand and release it when the demand
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 end-user for the peak
period.® In this case, the production equipment becomes
bulky and, more importantly, expensive. This increase of
costs will be, of course, added to the bill of the final user.
Then, low-cost energy storage technologies become
necessary. These storage devices can store the energy when
the end-user demand is low (during the night-time) and will
release it when the end-user demand increases (during peak
time). Furthermore, the capacity of the energy storage
technologies depends of the grid asset’s response. So, a
conventional turbine unit with an important capacity size
(MW) could be substituted by a fast-responding energy
storage device with less capacity.?
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Without storage With storage

Demand for
Electricity

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 technologies 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 low-cost
financing; energy storage systems are expected to increase
significantly their deployments in emerging markets in the
next decade.’

Storage technologies 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 necessary, 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 a geographical
bridge between the energy supply and demand.3 Demand for
storage is, of course, different in function of the
geographical topology or situation. Indeed, non-
interconnected island systems must have larger storage
capability than country with large hydro capacity reservoir
such as Sweden for example.®

-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 devices.? The
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 long-life expectancy with
minimal maintenance cost. However, no energy storage
technologies currently available can meet all these
requirements simultaneously.>%11 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 level.?

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 investigated is reported.!3

4 Flow batteries

Fl\c’WhEEl {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
™~ Pit 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 electricity and thermal
storage technologies.!3

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 defined: 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 Air Energy 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 worldwide currently use large-scale
energy storage devices for 140 gigawatts (GW).3 Of course,
PSH technologies took the almost majority of the market with
99% due to its proved maturity. The remaining 1% is divided
between CAES, Flywheel, 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
Flywheel 25
PSH 140 000 ther 976 ~_ Redox-flow 10
CAES 440

Figure 1. 6. Composition of the electricity grids worldwide in megawatts 14

Even if the PSH 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, the charging
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 (PSH)15-21
Pumped Storage Hydropower (PSH) is the most mature
technology for electricity storage technology as already
reported above. It is also the larger energy storage system in
operation. This technology represents approximatively 3% of
the world’s total installed power capacity, and 97% of the
total storage capacity. In some countries, hydroelectricity is
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 technology stores potential energy using height
differences between two reservoirs as reported in Figure 1.7.

Long distance transmission lines

A

Transformer

Figure 1. 7. a pumped storage hydropower plan layout??

As it can be seen in Figure 1.7, a PSH system can be described
with three key units: (1) two reservoirs 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 energy is also
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 off-peak period; and (3) a
powerhouse unit which uses a turbine for the generation of
electricity allowing the conversion of the potential energy to
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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 reservoir, acting as an electromotor.

The efficiency of PHS systems are evaluated around 65-85%
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, which are large
power capacity (typically 100-1000 MW), large storage
capacity, and along life (30-60 years), at a lowest energy cost
(S0.1-1.4/kWh/cycle). Furthermore, despite the large power
volumes and energy management in this installation, the
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, robustness, 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 construction of this plant
lies to serious environmental issues such as removing trees
and vegetations in a surface typically around 10-20 km? 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 S3
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 issues,
improvements of PSH technology were investigated and will
be constructed. Indeed, some PSH plants will use flooded
mine shafts, underground caves, and/or oceans as reservoirs.
The best example is in Okinawa Yanbaru island in Japan with
a 30 MW seawater project, which was completed in 1999.2%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
Hydropower??

1.2.2. Compressed Air Energy Storage (CAES)?15-
17,19-21,23,24

CAES is, with PHS system, one of the two electrical storage
technologies currently suitable for large-scale 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 Mclintosh (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 and high reliability.
As described for the Mcintosh 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 high-pressure turbine.

Typically, a CAES plant consists in five key units as shown in
Figure 1.9. The first key unit is a motor/generator which can
switch engagement to the compressor or turbine trains. The
second is obviously the air compressor with two or more
stages to achieve economic viability. The plant contains also:
(3) a turbine train which contains both high- and low-
pressure turbines; (4) a topological confinement for the

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

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

Fuel (Natural Gas)

Figure 1. 9. a compressed air energy storage plan layout!s

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 high efficiency typically between 60 and 80 %.
Moreover, CAES is more attractive than PHS because the
capital cost is significantly lower ($400-800/kW) and the
environmental issue is Ilimited since the storage s
underground.

However, CAES plants suffer of the same major barrier than
PHS with the research of the appropriate geographical site to
build the plant. Moreover, in the research of “greener”
solution for energy production/consumption, CAES lies with
the requirement of combusting fossil fuels for the expansion
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. To overcome 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 technology is
attractive, feasible, and can save investments in power plant
capacities.

-11-
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1.2.3. Flywheel15-18,20,23,25,26
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

Composite
Rim

Hub

Courtesy of beacon power

Figure 1. 10. A Flywheel technology layout (left) and a flywheel storage
system of 6 kWh unit from beacon power, courtesy of Beacon 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 s
converted into electrical 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 motor-generator.

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 several hundreds of thousands of
times. Its efficiency is in the range of 90 — 95 %. 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 devices suffer of self-
discharging rate typically around 55% and 100%/day.

To conclude, flywheels become interesting for market
applications when long-term storage is not required such as
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frequency smoothing. For example, the most common
application is to act as a 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 technologies are 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 size-restricted devices in the case of
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 table with number. To
compare easily storage systems, D. Ragone has developed in
the 60’s a diagram which represents performance in terms of
the ratio of mass to energy and power. This diagram is called
after him as “Ragone’s plot” or “Ragone’s diagram”, see
Figure 1.11.2%8

108
10°

10*

1000

Specific Power / W.kg™!

100

104

1 ; | ; ; ;
0.01 0.1 1 10 100 1000
Specific Energy / W.hr.kg™

Figure 1. 11. Energy-storage Ragone Plot!?

The Ragone plot displays Specific Power (W/kg) in function
of Specific Energy (W/h.kg) using the mass to rationalize
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Power and Energy. Indeed, device’s mass is a critical aspect
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 the total costs.®

Looking at Figure 1.11, four different technologies can be
seen: Capacitors, Supercapacitors, Batteries, and Fuel Cells.
Four different technologies and four completely different
Specific Power and Specific Energy. Capacitors, and
Supercapacitors (also called “Electrochemical Capacitors”)
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 different, there are
“electrochemical similarities” of these four systems.?°
Electrochemical energy storage devices which can also 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 number of vehicles will increase from 700
million to 2.5 billion. To reduce the fuel consumption,
electrical vehicles are developed, such as all-electrical range
(AER) or hybrid electrical vehicles (HEVs). The efficiency of
both technologies is depending on their energy 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
acceleration and cruise and for energy recovering during
braking.?3-30,31
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1.2.4.1. Batteries?,18,29,32-41

Batteries are one of the most cost-effective 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
introduced by Sony Corporation in the early 1990’s. It was a
Lithium-ion battery. The principle of operation of this
battery is reported in Figure 1.12. In this figure, the anode,
LiyC, will intercalate Lithium-ions, Li*, during the charging
cycles. During the discharge, the cathode, LixCo0QO;, will
intercalate the Lithium-ions 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 through bulk electrodes
materials. This diffusion-controlled mechanism is the reason
for the low power density of batteries technology. The
intercalation/deintercalation of ions through bulk-materials
will also have an impact on the electrode volumes during the
charge/discharge cycles. Sometimes, this change of volume
can produced short-circuit with terrible consequences such
as fires and explosions. The safety is probably one of the
main concern for Li-ion battery and a lot of efforts are made
in this direction.%?7%% To date, battery manufacturers can
produce high-quality lithium-ion cells with less than one
reported safety incident for every one million lithium-ion
cells produced.

“”
° o < .L, o
) D
———— i
° 0 P ST
° ° ©
Li,C &

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 electrical circuit.*?
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Why Lithium-ion 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 weight is a
crucial aspect. Moreover, the oxidation potential Li*/Li is the
highest of all known elements with 3 V above the standard
hydrogen potential. Therefore, Li-ion batteries offer a good
perspective for developing high energy and high-power
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 relatively low abundance
on earth. This low abundance coupled with a complete shift
from oil-dependent internal combustion engine to Li-ion
batteries-propelled “electric” vehicles, could have dramatic
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 S/kg in 2020. To date, the
price increased to a value of 9.1 $/kg with is less than expected
by the scientific community.4®

New materials developments are needed and a lot of research
groups around the world are focused on this thematic to find
the new “killer” materials concerning the chemical nature of
cathode, anode, and electrolyte. For example, it is possible to
find investigations on Sodium-ion batteries?®=*%, Lithium-
Sulphur batteries**=>1, metal-air batteries>?.

1.2.4.2. Supercapacitors: competitors or allies
“Electrochemical Capacitors”, “Supercapacitors”, “Ultra-

Capacitors”; all these appellations are used for the same
technology. Different manufacturers gave the name according
to the commercial device: “Supercapacitors” for Nippon
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Electric Company (NEC) and “Ultra-Capacitors” for Pinnacle
Research Institute (PRI). In this thesis, the appellation
“Supercapacitors” will be used through all the document.

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 electrolytic
capacitors but they use conductive electrolyte salt in direct
contact with the electrodes instead of the dielectric).

As it can be seen in Figure 1. 11, Supercapacitors fill the gap
between conventional capacitors and batteries. Indeed, they
can store 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 of cycles. 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 supercapacitors only, 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 supercapacitors 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 focused on 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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Graphene-based Supercapacitors

Graphene-based supercapacitors

2.1.

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

coin
show

Figure

Chapter 2

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 state-of-the-art of graphene-based
supercapacitors are reviewed and the
comparison between Electrical Double-Layers

Capacitors and Hybrid Supercapacitors
containing conductive polymers, transition
metal oxides, and transition metal

dichalcogenides is presented.

Supercapacitors: general background

nin Figure 2.1.

2. 1. (a, b, c) coin cell architecture?, (d) wound supercapacitor?, and

(e) pouch cell supercapacitor3.
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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 core of the 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, amorphous
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 have also
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. intercalation).

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

Current Collectors are typically a metal foil (Copper,
Aluminium, Nickel, Stainless Steel..) onto electrodes are
deposited. This current collector must have high electrical
conductivity. This part of the supercapacitors is also used to
connect the supercapacitors to the electrical circuit in which
itis applied.

2.2. Graphene: a “World-Famous Teenager”

“A single carbon layer of the graphite structure,
describing its nature by analogy to a polycyclic
aromatic hydrocarbon of quasi infinite size”.*

This simple definition resumes two centuries of research
works, which finally lead to the first isolation of a monolayer
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of graphene, made by Geim’s research group in Manchester
(2004), and to the Nobel prize awarded to A. Geim and K.S.
Novoselov in 2010.

Graphene, the carbon-based wonder material, is now 13
years old and has attracted attention from all around the
world making itself a “World-Famous Teenager”. To
understand why the first isolation of a graphene monolayer
was such an achievement for the science development, it is
important to understand the general historic background of
this material.

2.2.1. Historical Background>-7

The pencil commonly used today since the childhood, finds
its origin in the 16" century, in England, with the discovery
of Plumbago, which is the Latin appellation for “lead ore”.
They also understood the writing capabilities of this material
making Plumbago the basis of the European development in
substitution for quill and ink. It is only two centuries later
that Carl Sheele, Swedish chemist, demonstrates the real
composition of Plumbago. Indeed, the material discovered by
the English was Carbon, not lead. Then, in an appropriated
way, Abraham Gottlob Werner, German geologist, has
suggested to change the name of the material to “graphite”,
which means “to write” in Greek.

In 1859, Benjamin Brodie, British chemist, has oxidized the
graphite in “graphon” using strong acids. This new molecule
with a molecular weight of 33 g/mol was actually graphene
oxide.® In fact, due to the oxidation, graphite sheets surface
was covered with hydroxyl and epoxides groups.® Graphene
oxide suspension was observed for the first time using
Transmission Electron Microscopy in 1948 by G. Ruess and F.
Vogt.1® Ulrich Hofmann and Hanns-Peter Boehm observed for
the first time monolayers of reduced Graphene Oxide in
1962. The term “Graphene” has been introduced in 1986 by
Boehm and co-workers. Graphene is the combination of
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“Graphite” with the suffix referring to polycyclic aromatic
hydrocarbons.!?

In 1985, Harry Kroto, Robert Curl, and Richard E. Smalley
have discovered a molecule containing 60 atoms of carbon in
a spatial configuration of a soccer ball: fullerene.? They
received the Nobel prize in Chemistry in 1996.

The first paper on mechanical exfoliation of graphite was
published by Heinrich Kurz’s group in 1990. They reported
ultra-thin graphite obtained by peeling off layers using
transparent tape to study carrier dynamics in graphite.!® The
year after, 1991, helical microtubules of graphite carbon with
honeycomb lattice, read “Carbon Nanotubes” were identified
by Sumio lijima.l4

According to a theoretical point of view, Phil Wallace
reported the band structure of a “monolayer of graphite” to
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 co-workers.'®1” However, the first isolation was
demonstrated only in 2004 using an optical microscope even
if the graphene was present in our daily life, such as in our
pencil trace for example.!®

2.2.1.1. Andre Geim: “Random Walk to Graphene”.®
Andre Geim has completed his Ph.D. in 1987 at the Institute
of Solid State Physics, Chernogolovka (U.S.S.R.). His Ph.D.
thesis’s title was: “Investigation of mechanisms of transport
relaxation in metals by a helicon resonance method”. He
defined its thesis himself a “zombie project” because “the
project was dead a decade before he started the Ph.D.”.
After his Ph.D., Andre Geim became a staff member at
Chernogolovska before moved across Europe for post-doc
positions. He moved from 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 Associate Professor at the University of
Nijmegen (The Netherlands) working on the mesoscopic
superconductivity. Alongside to its research niche, he started
with some collaborators the so-called “Friday Night
Experiments”. These projects are of course much longer than
one night with 6 months long for the shorter one. Most of
them was abandoned after “miserable failure”. Nevertheless,
three of them were hits: levitation, gecko tape,!® and
graphene.

The levitation of non-magnetic materials is probably the
funniest work. To study the diamagnetism, Geim and co-
workers use expensive instrumentation. To reduce the
experiments-cost 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, surprisingly, the
water drop does not finish on the floor but levitates between
the magnets. To demonstrate that the ever-present
diamagnetism is not negligible; and everything (and
everybody) is magnetic; Geim and its collaborator Michael
Berry show the same phenomenon with a frog. The levitated
frog is shown in Figure 2.2. The physics behind the stability
of diamagnetic levitation is reported in the review published
by Geim in Physics Today.?° In 2000, Geim and Berry were
recognized by the Ig Nobel Prize for their “unprofessional”
behaviour. So, Andre Geim was the first to won both Nobel
and Ig Nobel Prize.

Figure 2. 2. Levitated frog during the “Friday Night Experiments”
demonstrating the magnetism of “nonmagnetic things”
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In 2001, Andre Geim earned a Full Professor position at The
University of Manchester. His “research lab” was storage
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
graphite “as thin as possible”; only if he will be able to
prepare such sample.

2.2.1.2. The Scotch Tape Legend®.21

Da Jiang started his Ph.D. thesis with a tablet of pyrolytic
graphite with the following dimensions: 1 inch of 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 microscope. 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 polishing, 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 the graphite leftovers (See Figure 2.3.a). The
result was surprisingly much thinner than the sample
prepared using the polishing machine. So, “Polishing was
dead, long live Scotch tape!”.

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 performed on graphite flakes
transferred by Novoselov onto glass slides using tweezers.
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Then, Geim had the idea to transfer the materials to oxidised
Si wafers, that give interference colours useful for the
indication of the thickness. Indeed, some fragments were
optically transparent with a thickness of few nanometres as
shown in Figure 2.3.b. This result is the first discovery but
not the eureka moment.

Figure 2. 3. (a) picture of the left-over graphene on tape and (b) microscopy
image of as-isolated graphene

2.2.1.3. EUREKA Moment
The “Scotch Tape” method is generally reminded for the first
isolation and identification of graphene. This method is
reported in Figure 2.4. However, 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, ultra-thin 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 hand-made 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 Novoselov understood the
potentiality of this preliminary measurement with a hand-
made device.

Indeed, using the state-of-the-art microfabrication facilities,
graphene will demonstrate its incomparable properties. Even
with this discovery, reported works were rejected two times
by Nature journal because, according to one referee, “the
work does not constitute a sufficient scientific advance”
before to be accepted by Science.!?

2.2.1.4. Graphene: The mother of all Graphitics’

Graphene is often considered as “the mother of all
graphitics” or, more precisely, of all sp? carbon allotropes
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 Figure 2.5.

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 rolling a part
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 material
known.?? These characteristics are briefly described in this
section.

2.2.1.5.1. Room-T Electron Mobility?23

In 2011, Geim and co-workers fabricated a device containing
a graphene layer encapsulated in hexagonal boron-nitride.
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 room-temperature electron
mobility of about 2.5 10°> cm?/V.s of graphene layer which is
superior to the theoretical limit of 2 10°> cm?/V.s estimated
previously by Morozov and colleagues.??

2.2.1.5.2. Mechanical Properties?25
Lee et al. deposited a freestanding graphene layer onto a 5-
by-5-mm array of circular wells patterned onto Si substrate.
This “suspended” graphene permits to measure the
mechanical properties by nanoindentation in an atomic force
microscopy. A SEM image of the graphene is shown in Figure
2.6, A; non-contact mode AFM image in B; schematic
representation of the nanoindentation on “suspended”
graphene in C; and AFM image of a fractured membrane in D.

Using this method, they determine a Young modulus for
graphene of 1 TPa and an intrinsic strength of 130 GPa.

2.2.1.5.3. Other properties
Balandin reported and compared the thermal conductivity of
carbonaceous material. Graphene has demonstrated a
thermal conductivity higher than 3,000 W/mK.%® Graphene
demonstrated also high transparency as reported by Geim
and colleagues. The optical absorption of a single layer of
graphene is about 2.3% as shown in Figure 2.7.%7
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Figure 2. 6. (A) “suspended” graphene deposited on patterned Si containing
holes with a diameter comprised between 1 um and 1.5 um. Area | show a
hole partially covered by graphene, Il totally covered by graphene, and Ill is
fractured from indentation. Scale bare: 3 um; (B) Non-contact AFM image;
(C) schematic representation of the nanoindentation procedure; and (D) AFM
image of a fractured graphene layer.2%

light transmittance (%)
o
ow©

50

distance (um)

Figure 2. 7. Photograph of a 50-um aperture partially covered by graphene
and its bilayer.?7

McEuen’s research group demonstrated that graphene is also
impermeable to gazes including Helium .28
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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, there are 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, strongly coupled with the
graphene quality and cost of production. Figure 2.8
summarizes graphically the current scalable synthesis
technique and the possible final application.??
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Figure 2. 8. Illustration of the current scalable and available synthesis
technique and their possible applications in function of the graphene quality
and the relative mass production price.?2

Synthesis approaches are typically divided in two categories:
“top-down” and “bottom-up”. The most relevant techniques
are discussed in this section.
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2.2.2.2. “Top-Down” approaches
The “top-down” approaches start from graphite, a cheap and
widely available raw material. They are advantageous due to
their high yields, but they struggle looking forward to a large-
scale production.?®

2.2.2.2.1. Mechanical Exfoliation30-32

The mechanical exfoliation is the most famous production
technique since the scotch-tape legend awarded with the
Nobel prize in 2010 for Geim and Novoselov (See Section
2.2.1).*® This micromechanical cleavage of graphite opens
the door to the graphene world. 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 cantilever. Kim and co-workers applied
a sheer force about 300 nN/um? to break the inter-layer Van
der Waals interactions which have an energy of about 2
eV/nm2.33 However, it remains challenging to bring this
technique to a viable large-scale production.

2.2.2.2.2. Liquid-phase exfoliation?22.29,30,32

This approach is promising for a large-scale production of
high quality graphene.3* 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 multi-layers of graphene start
to form a suspension. After sufficient exposure time to
ultrasound, mono- and few-layers graphene are dispersed in
suspension.3%:36

Direct exfoliation can be carried out in
polyvinylpyrrolidone3’, but N-methylpyrrolidone (NMP)3®> or
dimethylformamide (DMF)32® are typically used because the
yield is known to be higher. Liu et al. further improved the in
DMF-based liquid-phase exfoliation by using supercritical
DMF.3° Recently, electrochemical exfoliation has been
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investigated using aqueous electrolyte. Results are promising
and avoid the use of toxic organic solvent such as NMP and
DMF.40’41

Another approach to exfoliate graphite in liquid-phase is to
combine intercalation of chemical species or use of a
surfactant followed by the sonication step.4?

It is however important to keep in mind that this approach
has some significant drawbacks such as low-yield, 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 Nanotubes
22,30,32,43

As aforementioned in the paragraph 2.2.1.4, graphene can be
considered as the “mother” of all sp? carbon allotropes.
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 shown in Figure 2.9.

Figure 2. 9. Unzipping of CNTs to produce Graphene Nanoribbons (GNRs).**

Graphene Nanoribbons are a “thin elongated strip of
graphene”3? and can be produced by unzipping of SWCNTs.
This production pathway allows to control the level and type
of chemical functionalization, and, more importantly, to
obtain high quality of the graphene edge.*4-4®

Recently, Tanaka and co-workers 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
MWCNTs.47

2.2.2.2.4. The “Graphene Oxide way”

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 graphene-based
supercapacitors. Due to the absence of carbon-oxygen
moieties on the surface of the single layer of carbon,
graphene is hydrophobic, and consequently not easily
dispersible in water. To overcome this issue, the “graphene
oxide way” is often considered.

First, graphene oxide is a cheap material, which can be
prepared starting from graphite and using strong oxidizing
chemical reactants. Several methods are reported in
literature, but the most famous is probably the Hummers
method.*® After the oxidation step, 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 Lerf-Klinowski and
shown in Figure 2.10.

The as-prepared material is already attractive from a general
chemical point of view® or focusing on energy storage
applications.?®
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Figure 2. 10. Lerf-Klinowski model for the representation of GO.?
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However, it is crucial to restore the sp? hybridization 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 graphene-like material) with the use
of H2S, hydrazine, or other chemical reactants.>®
Notwithstanding their efficiencies, new reduction pathways
have to be developed to reduce the use of toxic chemical
reactants and to obtain more eco-friendly reduction of GO.
Two recent reviews report the different approaches for a
green reduction of GO.°Y%2 To summarize the “graphene
oxide way”, Figure 2.11 reports the different step from
graphite to rGO.

Graphite

Brodie method

in 1859 \

Hofmann method

in 1937 \

Tour method

in 2010 \

Staudenmaier method

/ in 1898
Hummers method

/‘ in 1958

NOLLYaIX0

Hydrogen sulphide

Hydrazine
Sodium v

borohydride
Alkaline solutions

Hydrohalic acids
Ascorbic acid

Sodium citrate v
, Plant extracts

Sugars _
. . Microorganisms
Amino acids -

RGO

Figure 2. 11. Schematic illustration of the “graphene oxide way” starting
from graphite to obtain GO and successively rGO. The arrows colours for the
reduction step are in accordance with their sustainability (red: bad; yellow:
medium; green: good).51
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2.2.2.3. “Bottom-Up” approaches
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 can produce high-quality graphene with a good yield.

2.2.2.3.1. Chemical Vapor Deposition
22,29,30,43,53-55

Chemical Vapor Deposition (CVD) is probably the most
famous technique used for the “bottom-up” synthesis of
graphene. The main factors are the type and thickness of the
metal catalyst, hydrocarbon precursors, and the synthesis
temperature.®® The transition metal catalysts are usually
copper, nickel or ruthenium.>’7®! The most used by far is
copper because of its low solubility to carbon which allows
to improve the control of the graphene growth.>® Moreover,
Ruoff and co-workers have demonstrated that the deposition
of graphene on Cu is self-limited to a single layer.?’” The
hydrocarbon precursor is usually methane (CH4) due to its
high energy activation for the adsorption and
dehydrogenation on metal catalyst which delays these
phenomena until the temperature reaches 1000°C.%?

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 Figure 2.12.83

The CVD technique has demonstrated high-scalability with
the production of square meters of graphene on copper foils
using a roll-to-roll setup. The 30-inch graphene-film is shown
in Figure 2.13.%> However, this technique is relatively
expensive and this is an obstacle to its industrial application.
In addition, the underlayer metal catalyst removal and the
graphene transfer increase the total cost.
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(a) LPCVD

Figure 2. 12. Schematic representation of the growth of a single-layer of
graphene using (a) Low-Pressure CVD, (b) Ambient-Pressure CVD, and (c)
Oxygen-free Ambient-Pressure CVD.64

Figure 2. 13. 30-inch graphene film prepared using the CVD technique and
roll-to-roll transfer.®>

A first approach is to use different gas precursor to decrease
the reaction temperature. Nandamuri et al. investigated the
use of acetylene as precursor and decrease significantly the
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temperature reaction.®® Other approaches are focused on the
reaction condition. Yuan and Wang developed a Plasma
Enhanced Chemical Vapor Deposition (PECVD) which allows
to decrease the reaction temperature due to the production
of gaseous radicals, acting as precursors.®7:68

Others developments were investigated such as Microwave-
Plasma-Enhanced-CVD (MWPECVD)®® and Radio-Frequency-
CVD (RF-CVD)7%but they struggle in comparison with the
Ambient Pressure CVD. Indeed, this method is relatively low-
cost and, more importantly, scalable. Reina et al. have
demonstrated this feasibility with a graphene film with a size
of about 1 cm? on Ni substrate.”! An improved APCVD was
studied by Jang and co-workers. They started 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 (Oxygen-Free APCVD),
they increased the quality of the produced single layer
graphene.%*

2.2.2.3.2. Epitaxial growth?22,29,43

This technique is based on Silicon Carbide (SiC) wafers which
are widely employed in high-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 Siis higher than C.73.74
Consequently, the carbon remains and rearranges itself to
create graphitic layers. These polycrystalline layers were
initially randomly oriented.”>76

However, thanks to Otha and co-workers, it is now possible
to control the number of layers deposited.’”’ The deposition
can take place either on Si or C faces.’® Deng and co-workers
investigated the use of commercially available
polycrystalline SiC granules. After the annealing process,
they obtained freestanding single-layer of graphene.”®

This technique allows the production of high-quality
graphene with a crystallite size of about 100 pm.2°
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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
The first 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 the research centre to dispose of the
state-of-the-art technologies.®! The Figure 2.14 reports the
substantial investments in the main countries. Interestingly,
some of them have already invested before that Geim and
Novoselov received the Nobel prize in Physics.
Even if the “killer application” of graphene has not been
found to date, many enterprises are born to produce large-
area graphene films and to improve the actual production
technique.®?
Interestingly, this “gold Rush” induces a significant decrease
of the graphene price. Geim estimated the price around
1000S$/cm? in 2008.° In 2014, 2D Carbon Tech produced a
graphene film with a dimension of 10x10cm? at the price of
¥1000 (= 150S). It corresponds to a decrease of almost 700
times the price in only 6 years. However, the price is still not
competitive in comparison with ITO conductive film, which is
about 300-450 ¥/m?2. Hopefully, a breakthrough achievement
will arrive to decrease dramatically the price of graphene and
make possible its large-scale application.
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Figure 2. 14. Worldwide investment in the field of graphene since its first
isolation in 2004.%%

2.3. Graphene-based 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 outstanding mechanical properties. Several
reviews have been focused on the presentation of graphene-
based materials for supercapacitors applications.83794

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; supercapacitors tested in a
symmetric or asymmetric configuration; electrolyte used can
be gel, agueous, organic, and/or ionic liquids; measurements
performed in a two- or three-electrodes cell.

Therefore, in the following sections, research works will be
presented for symmetric supercapacitors in two-electrode
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 EDLC with graphene as active materials. Groups were
leaded by Rao®> 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°C in inert atmosphere, and (3) thermal
decomposition of camphor on Ni particles. The thermally-rGO
demonstrated the best performance with 117 F/gin 1M H,S04
and 75 F/g using an organic electrolyte. These performances
are significantly higher than Single-Walled Carbon Nanotubes
(SWCNT) and Multi-Walled Carbon Nanotubes (MWCNT) with
60 and 14 F/g in the same condition, respectively.®> Ruoff’s
research group has reported the chemical reduction of GO
suspension using hydrazine. A TEM image of the obtained
graphene is shown in Figure 2.15 with a schematic
representation of the typically cell used for the
electrochemical measurement. At a same scan rate of the
Rao’s research work but in basic condition (5.5M KOH), a
specific capacitance of 102 F/g was measured while the
maximum value was obtained by charge/discharge
measurement with 135 F/g at 10 mA/g. Using an ionic liquid
as electrolyte, TEA BFa4, a specific capacitance of 99 F/g is
measured both using CV at 20 mV/s and charge/discharge at
10 mA/g.°®

PTFE
- |
T B
— Electrode
=1 Current Collector

Stainless steel plate

Figure 2. 15. (a) TEM image of the chemically-reduced graphene oxide using
hydrazine as reducing agent, and (b) schematic representation of a typical
two-electrode cell configuration.?®
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The next year, Wang and co-workers published the solid-gas
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 at 100 mA/g.?’ Lv and
collaborators demonstrated the production of rGO in low-
temperature (200°) and high-vacuum condition material
synthesized using this more suitable and safer way shows a
specific capacitance of 279 F/g at 10 mV/s.°8

Since these pioneering researches, many approaches were
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
In 2010, Ruoff’s research group developed a new approach
for the reduction of GO and its use as electrodes in
supercapacitor applications. The first way is a thermal
treatmentin an oil bath at 150°C for 12h allows the reduction
of GO dispersed in polycarbonate. After a filtration, the
material was tested and shown 127 F/g at 5 mV/s.%?

Lei and co-workers considered a new approach with the use
of a mesoporous carbon spheres-GO dispersion as template
for the grown of 3D rGO structure. Unfortunately, this
approach displayed only 40 F/g at 10 mA/g.'°® 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 HNO3s to reintroduce carbon-oxygen
functionalities which enhance the performance, with 125 F/g
at the same scan rate. This “functionalized-graphene” was
used as support for the synthesis of graphene-metal oxides
composites that will be presented in the section 2.3.2.2.10%

Zhi’s research group reported a fast-thermal reduction of GO
followed by an annealing step. The controlled reduction
allows to maintain several carbon-oxygen functionalities
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which add pseudocapacitive contributions to EDL
capacitance, thus leading to a higher specific capacitance.
The measured value was 417 F/g at 5 mA/g in 6M KOH
electrolyte.’®2 Ye et al. studied a fast thermal
expansion/reduction of GO in an incubator at 200° for 10
minutes. The obtained performance was promising with 315
F/g at 100 mA/g in 1M KOH electrolyte.03

Yoon and collaborators studied the production of non-
stacked GO assembly before the thermal reduction. They first
precipitated GO using cold hexane, which is a non-polar
aprotic anti-solvent for the hydrophilic GO. Therefore, a non-
stacked structure is obtained due to the hydrogen bonding
between the oxygen 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 (1435.4 m?/g) and high pore volume
(4.11 cm3/g) crucial for supercapacitor applications. 240 F/g
were measured at 2 A/g in 6M KOH electrolyte.?* Jang’s
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 capacitance with 156 F/g at
100 mA/g in 5M KOH electrolyte.%>

Ervin and collaborators reported the use of GO as ink for
inkjet printing. Interestingly, the deposition can be realized
without binder wuntil considerable thickness. After the
thermal reduction, 192 F/g was measure using CV at a scan
rate of 20 mV/s in acidic condition (1M H;504).10% A
freestanding 3D structure of mesoporous partially reduced
GO was realized by Li et al.. They activated/reduced 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 as electrolyte.'®” In another work, Lu and colleagues
investigated a vacuum-assisted thermal exfoliation-
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reduction of GO. The rGO produced by this industrial-
compatible approach has suitable performance in ionic liquid
as electrolyte with 284 F/g at 1 A/g.108

Tamilarasan and Ramaprabhu used graphene produced by
thermal reduction of GO to fabricate an all-solid-state
supercapacitor. They synthesized a robust electrolyte using
PAN/[BMIM][TFSI]. Specific capacitance calculated from CV
curves at 10 mV/s was 127 F/g.'%° Sun et al. produced
graphene oxide paper. After a thermal shock, porous
graphene paper was obtained. In 1M H,;SO4, a specific
capacitance of 100 F/g at 100 mV/s was obtained.!?°

Wang and collaborators reported the carbonization of freeze-
dried coagulated GO/polyethyleneimine solution to obtain a
macroporous graphene network. This as-prepared active
material showed a specific capacitance of 160 F/g at 100
mA/g in 6M KOH.''! Pachfule et al. investigated the use of
MOF-74 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. The schematic representation of the
synthesis pathway is reported in Figure 2.16. The
electrochemical characterization performed using 1M H;S04
as electrolyte displayed interesting performance with 193
F/g and 198 F/g from CV and charge-discharge
measurements, respectively.!'?
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Figure 2. 16.schematic representation of the synthesis pathway from MOF to
graphene nanoribbons.112

As reported previously, KOH activation is usually used to
improve the electrochemical performance. Chen’s research
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group reported the KOH activation of thermally-reduced GO
in a PVA-crosslinked membrane. Interestingly, they used GO-
dopedion gel membrane as gel electrolyte to fabricate an all-
solid-state supercapacitor. The performance was promising
with 190 F/g at 1 A/g.''®> Huang et al. used an
electrochemically exfoliated graphene mixed with cellulose
to form a 3D framework. Then, a thermal process with KOH
was carried out resulting in the formation of a micro- and
mesoporous activated carbon covering graphene flakes. This
particular structure demonstrated suitable performance with
300 F/g at 5 mV/s.''* Wang’s research group studied the
controlled orientation of GO using sodium alginate forming
‘salt bridge’. GO-sodium alginate mixture was then
carbonized and activated wusing KOH. An outstanding
performance was measured at 10 A/g with 240 F/g in aqueous
electrolyte.''> Abdelkader and collaborators investigated
another way to activate graphene-based material. They
reported an electrochemical activation at low temperature in
molten salts. The 3D-graphene structure shown good
electrochemical behaviour with 275 F/g at 100 mA/g in basic
aqueous electrolyte.18

Kraner’s research group partially reduced GO dispersion
using a thermal process. 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 is reported in Figure
2.17. In acidic agueous solution, the as-synthesized sample
showed suitable performance with 284 F/g at 1 A/g.*'’
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Figure 2. 17. Schematic representation of the mechanism to produce 3D
porous microstructurell’

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 the temperature up to 204°C. Charge-discharge
measurements showed good electrochemical behaviour with
266 F/g at 1 A/g in 6M KOH as electrolyte.!!8

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
microwave-assisted exfoliation of GO followed by an
activation of the rGO in concentrated KOH.%2% This procedure
is typically used for the activation of carbon material.'2! The
activated-rGO showed good electrochemical behaviour with
165 F/g at 1.4 A/g and 173 F/g at 2.1 A/g using BMIM BF4!2°
or EMIM TFSI'22 35 electrolyte, respectively.

The same research group reported a similar approach to
fabricate compressible electrode allowing a higher density
and small pore size leading to performance enhancement.
The compressed electrode showed suitable electrochemical
behaviour with 158 F/g at 1.22 A/g in BMIM BF4.'?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 temperature.
At room temperature, 130 F/g at 1 mV/s was measured using
(PIP13-FSI1)o.5s(PYR14-FSl)o.5 as electrolyte.??4

Shulga et al. studied the use of microwave-assisted
exfoliated rGO as active material for supercapacitor
application. They performed the electrochemical analysis
using 1M H;SO4 as electrolyte using a GO membrane as
separator. Measured specific capacitance was 280 F/g at 1
A/g.'?> Subramanya and Bhat reported a one-pot green
approach for the exfoliation of graphite using a W-based
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 BF,4.126

2.3.1.3. Hydrothermal reduction of GO

Liu et 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 current density with 154 F/g at 1 A/g using an ionic
liquid as electrolyte (EMIM BF4).%27

A self-assembly procedure was studied by Shi and colleagues
through a one-pot hydrothermal reduction of GO. Briefly,
they dispersed the hydrophilic GO in water at different
concentration and placed the suspension in a Teflon reactor
contained in a stainless-steel autoclave. Reactor was heated
at 180°C, varying reaction time. As shown in Figure 2.18, the
resulting rGO-based hydrogel structure is strictly correlated
to the concentration of the GO dispersion and the reaction
time. The more suitable parameters are 2 mg/mL of 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/discharge.1??
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Figure 2. 18. Resulting hydrogels prepared (a) with different concentrations
or (b) different reaction time128

Alshareef’s research group investigated the effect of pH
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 carried out using 6.9M KOH as
electrolyte.’?® Gao et al. used wet-spun 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.'3% Pirri’s research
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 GO dispersion 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 mV/s due to a
collapsed porous framework. However, devices
demonstrated high flexibility and stability, under working
conditions.3?

Significant decrease of the supercapacitive performance
were observed at high discharge rate by Shi and colleagues.
This phenomenon is due to a huge number of residuals
carbon-oxygen moieties onto the rGO flakes. To overcome
this issue, they investigated the further chemical reduction
of the self-assembled using hydroiodic acid (HI) or hydrazine
as reducing agent. A noteworthy enhancement of the
performance was observed with 187 F/g and 220 F/g at 1 A/g
for Hl and hydrazine, respectively.?32 Kim et al. used the

-50-



Graphene-based Supercapacitors Chapter 11

hydrothermal reduction assisted with hydrazine to produce
extremely durable and flexible supercapacitors operating at
high temperature (>100°C). They doped H3:PO4 electrolyte
with PBI (2,20-m-phenylene-5,50-bibenzimidazole) to
improve the ion transport. At 160°C, 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 collaborators synthesized rGO using the same
modus operandi of the previous work. However, they further
functionalized rGO using aminopyrene through mn-n
interaction. This non-covalent functionalization induces
electron transfer from the amine group of aminopyrene
(electron donating group) and graphene (electron acceptor).
In 6M KOH, rGO-functionalized shown good performance with
160 F/g at 5mV/s.'** 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 in all-solid-
state flexible supercapacitors showing suitable performance
with 118 F/g at 1 A/g.'3>

Zhao et al. introduced the use of urea as reducing agent for
the hydrothermal synthesis of rGO. Urea is a good candidate
for environmental friendly reducing 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 KOH.136
Another green alternative for the production of rGO was
proposed by Balkus Jr.’s research group. They developed an
alkaline hydrothermal deoxygenation using concentrated
KOH solution. Measured gravimetric capacitance was 145 F/g
at 1 A/g using LiTFSI as electrolyte.!3’

Duan et al. investigated the use of L-ascorbic acid, the
Vitamin C, as reducing agent for the hydrothermal synthesis
of rGO hydrogel. They reported a specific capacitance of 186
F/g at 1 A/g using PVA/H,S04 as gel electrolyte.'®® Du and co-
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 electrolyte.!3°
An et al. reported the hydrothermal reduction of GO
suspension using L-ascorbic acid. To further improve the
electrochemical performance, they non-covalently
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 electrolyte.'*® Another approach was
investigated by Duan’s research group. They reduced GO by
hydrothermal synthesis in presence of H,0,. After the natural
cooling down to room temperature, a post-treatment to
further reduce the holey graphene framework by
hydrothermal reaction in 1M sodium ascorbate at 100°C for
2 hours. High specific capacitance measured in 6M KOH was
310 F/g at 1 A/g.'*! 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 both acrylic and phenolic moieties. The
resulting hydrogel showed modest electrochemical
performance with 136 F/g at 1 A/g in neutral electrolyte (1M
KCl).142

Feng et al. studied the hydrothermal reduction of GO using
ammonia and hydrazine as reducing agent. The as-
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. Electrochemical performance was
measured in 6M KOH and a gravimetric capacitance of 186
F/g was calculated from charge-discharge curve at 10
mV/s.143 Li’s research group fabricated a binder-free
freestanding 3D hydrogel by filling the as-prepared rGO
hydrogel with an agueous Nal solution. A specific capacitance
of 169 F/g at 1.5 A/g was measured using a basic
electrolyte.44
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Duan’s research group reported the concomitant reduction
and functionalization of GO using hydroquinone during the
hydrothermal synthesis. The 3D-porous framework
demonstrated superior electrochemical performance with
441 F/g at 1 A/gin 1M H,S04.'%> Zhang et al. investigated the
hydrothermal synthesis of concentrated GO gel onto PTFE
tapes. The as-prepared rGO@PTFE was then freeze-dried to
obtain a rGO-based aerogel. The active material was peeled
off to be tested in a two-cell supercapacitor configuration
using PVA/H,S04 as gel electrolyte. A gravimetric capacitance
of 282 F/g was measured at 500 mA/g.'%® Fan et al. studied
the dispersion of mesoporous carbon with GO before the
hydrothermal process in autoclave. The as-prepared hydrogel
was then freeze-dried to obtain aerogel. Using PVA/KOH as
gel electrolyte, good performance was observed with 272 F/g
at 100 mA/g.'*’ Figueiredo et 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 using concentrated KOH. Performance was
evaluated using acidic electrolyte. Gravimetric capacitance
of 223 F/g was calculated from charge-discharge 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 and graphene are hydrophobic and
cannot be properly dispersed in water. However, using a non-
covalent functionalization of the upper layer of the graphitic
structure with PCA (1-pyrenecarboxylic acid), it is possible to
obtain a graphene dispersion via m-stacking mechanism. A
schematic representation of this intercalation-
functionalisation-exfoliation is shown in Figure 2.19. As-
exfoliated graphene displayed promising performance with
120 F/g at 2 A/g in 6M KOH electrolyte.14?
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A similar approach was investigated by Talapatra et al. to
produce thin EDLC. Using the same electrolyte, they
measured a gravimetric capacitance of 202 F/g at 10 mV/s.1°
Millen’s research group reported the exfoliation of graphite
in aqueous solution of inorganic salts. In only 3-5 minutes,
applying a direct 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 the electrochemically exfoliated
graphene flakes, they are re-dispersed in DMF to further be
coated onto a flexible support using a paintbrush. Specific
capacitance of 57 F/g using a gel electrolyte (PVA/H,504) was
measured by CV curves at a scan rate of 10 mV/s.%!
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Figure 2. 19. Schematic representation of the exfoliation mechanism using
PCA149

The same group later investigated the use of anti-oxidant to
reduce the defect formation during the electrochemical
exfoliation. A major efficiency was obtained using TEMPO
((2,2,6,6-tetramethylpiperidin-1-yl)oxyl) as anti-oxidant.
However, a lower specific capacitance was obtained with 22
F/g at 2 mV/s using the same electrolyte as previously
reported.!>?
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Kong et al. studied the use of acidic and basic solution to
minimize the graphene oxidation during the electrochemical
exfoliation. They used a two-electrode configuration using
graphite rods both as cathode and anode. Applying
alternatively 1 V, exfoliation process occurs quickly. Using
charge-discharge measurement at a current density of 1 A/g
in acidic condition, a gravimetric capacitance of 325 F/g was
obtained.'®? Tascén et al. developed a straightforward
method for the electrochemical exfoliation of graphite to
produce graphene using halide-based aqueous electrolyte.
They measured good electrochemical performance using
acidic electrolyte with 50 F/g at 100 mA/g.'>3 Dryfe et al.
reported a one-step simultaneous electrochemical
exfoliation and functionalization of graphene. They
exfoliated graphite rod by means of a chronoamperometry
method applying — 4 V vs Ag during 2 hours in presence of 4-
nitrobenzenediazonium tetrafluoroborate which induces a
chemical functionalization. A gravimetric capacitance of 19
F/g was measured at 100 mV/s in basic electrolyte (6 M
KOH).154

Hersam and collaborators reported the production of
graphene by high shear mixing. They started from graphite
dispersed in ethyl cellulose and ethanol. The high shear
process occurs during 2 hours at 10,230 rpm in an ice water
bath. After centrifugation steps and flocculation using NacCl
solution, the as-exfoliated graphene was washed carefully
and deposited by inkjet printing. Solid-state supercapacitor
showed a specific capacitance of 64 F/g at 500 mA/g with
PVA/H3PO4 as gel electrolyte.'> Fray et al. intercalate Li* and
H* using high temperature procedure. The as-obtained
graphene sheets-nanoscrolls have suitable electrochemical
performance of 213 F/g at 1 A/g using an ionic liquid as
electrolyte (TEA BF4).'°® Amiri et al. reported a microwave-
assisted functionalization of graphite using AICl; as Lewis
acid followed by the addition of HCI. After an in-situ
exfoliation, as-prepared 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 electrolyte.®’

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 as-produced graphene sheets were tested in a
two-cell configuration using 6M KOH as electrolyte. A specific
capacitance of 290 F/g at 50 mA/g was measured.'*® Fan and
co-workers produced graphene by means of a plasma-
assisted procedure at room temperature. The best
performance was obtained using CHs as gas during the plasma
process. A gravimetric capacitance of 192 F/g at 1 A/g was
measured using basic electrolyte.'>® Bo et al. investigated an
instantaneous reduction of GO paper using a positive-column
cathode. The possible reduction mechanism and the
experimental setup are schematically represented in Figure
2.20. Reduction occurs due to a synergy between high-
density energetic electrons and surface touch direct heating.
Using an ionic liquid as electrolyte (TEA BF4), a specific
capacitance of 162 F/g was measured at 1 A/g.180

Tungsten pin Py 3 Ay ’* -
ICathode -

Figure 2. 20. schematic representation of the apparatus used (left) and
possible mechanism of the plasma-assisted reduction of GO (right).160

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 produce vertically oriented graphene sheets with
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high electrochemical performance (240 F/g at 5 mV/s in
neutral electrolyte).16?

2.3.1.6. Graphene production using CVD

Chemical Vapor Deposition is a procedure typically used to
produce high quality graphene. Chou et al. used this
technique to produce laminated ultrathin graphene film
using four different films. A SEM image illustrating the as-
prepared laminated graphene films is shown in Figure 2.21.
A specific capacitance of 17 F/g at 200 mV/s using PVA/H ;S04
as gel electrolyte.62

Qin et al. synthesized 3D-graphene continuous structure on
nanoporous copper catalyst. The as-prepared graphene was
used in a flexible solid-state supercapacitor with PVA/H3PO4.
A gravimetric capacitance of 305 F/g was calculated from
charge-discharge measurement at 100 mA/g.'%3 Jang et al.
reported the CVD-growth of uniform high-quality graphene
on graphite paper. Then, the active material was used to
fabricate a fully flexible, lightweight all-solid-state
supercapacitor with high performance (260 F/g at 5 mV/s in
acidic condition).1%4

Figure 2. 21. SEM pictures of the laminate graphene produced by CVD162

Jung and co-workers produced 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 condition. A specific
capacitance of 170 F/g was measured at 500 mA/g.1%>

C
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Figure 2. 22. schematic representation of the synthesis flowchart: (a) Ni-
particles supported on GO flakes, (b) graphene synthesized by CVD on Ni
particles, and (c) self-supported graphene ball after the etching of Ni.165

2.3.1.7. Others approaches for EDLC
Ajayan and co-workers investigated a different device
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 deposited multi-layer GO films using a layer-by-layer
technique. GO flakes are oriented perpendicularly from the
current collector as shown in Figure 2.23. Then, a classic
chemical reduction was carried out using hydrazine. This
configuration displayed high performance with 247 F/g at 110

mV/s using PVA/H3PO4 as gel electrolyte.'%®
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Figure 2. 23. Schematic representation of the (a) classic stacked
configuration and (b) vertically oriented active material 166

Zhang et al. studied a new deposition method to enhance the
supercapacitive performance of the graphene-based
supercapacitors. They reported a vacuum filtration
deposition process to depose graphene on Ni-foam. A
gravimetric capacitance of 152 F/g at 10 mV/s was measured
using a basic aqueous electrolyte.'®” Then, Zhang and Pan
investigated 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 co-workers fabricated graphene using
explosive reactions between alkaline earth elements (Mg and
Ca) and CO; (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.1%° Xue et al. reported a safer procedure to obtain
flexible supercapacitor. They used a UV-lamp 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/H3PO4 as gel electrolyte.'’? The synthesis procedure and
photoreduced GO-based architecture are reported in Figure
2.24.

Wang and collaborators studied a laser-induced 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).'”! 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 electrolyte.1’?
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Figure 2. 24. lllustration of the photoreduction of GO in rGO and some
patterned rGO electrodes!’?
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Kaner and co-workers reduced freeze-dried GO using an
ordinary camera flash. This lamp allows a photothermal
reduction process of GO. Using an ionic liquid as electrolyte
(TEA BF4), a gravimetric capacitance of 64 F/g was measured
at 1 A/g.173 Xiang et al. reported a novel approach to reduce
efficiently GO. They used a far-infrared (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 electrolyte.’4

Li et al. synthesized a GO/Graphene nanoribbon hybrid
aerogel by a simple freeze-drying 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 was obtained using 2M KCI as neutral electrolyte.’>
Ye et al. investigated the in-situ chemical reduction of GO
suspension using Hl and CH3COOH heated at 60°C for 1h. They
fabricated foldable graphene paper. Specific capacitance of
90 F/g'’® and 87 F/g'”7 were calculated from charge-
discharge measurements at 1 A/g in 6M KOH electrolyte. Zhu
and collaborators 3D-printed graphene-based aerogel. They
dispersed silica powder and graphene nanoplatelets as
sacrificial template and conductive additive, respectively.
The 3D-printing 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 synthesis flowchart is reported in
Figure 2.25. A specific capacitance of 56 F/g was calculated
by charge-discharge measurement at 100 mA/g in 3M KOH.78

Electrochemical 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 comparison with the exfoliation
process. Zhong et al. reported the electrochemical reduction
of GO suspension at 60°C applying a potential of -1 V vs
Ag/AgCl electrode for 2 hours. Interestingly, this procedure
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allows to depose directly the active material onto the current
collector. In neutral electrolyte, a specific capacitance of 88
F/g was calculated from CV curve at a scan rate of 1 V/s.17°

L Silica powder
2 GNP

1 RF catalyst

GO-GNP ink

l 3D printing

I Gelation
2 Supercritical drying

~~—
3 Carbonization
L HF etching

Graphene-GNP seroget microlatice Printing in isooctane

Figure 2. 25. Procedure pathways followed to 3D-printed supercapacitors1’8

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, electrodeposited/reduced GO demonstrated better
performance with 165 F/g at 1 A/g in acidic aqueous
electrolyte.?®0

As described previously, 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. Lei et al. reported
a solvothermal reduction of GO using a solvent composed by
a mixture of water and ethylene glycol. This green synthesis
followed by a freeze-drying 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 KOH.'3! Another approach was proposed by
Pauzauskie et al. with the dispersion of GO in acetonitrile
followed by an ultrasonic-assisted solvothermal reduction at
low temperature (28-43°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 capacitance of 62 F/g at 500 mA/g was
measured in TEA BFs electrolyte.®? Gao et al. reported a
solvothermal reduction of GO/graphene nanosheets
dispersion in DMF followed by a chemical reduction using
hydrazine. The as-synthesized graphene nanoscrolls were
tested in acidic aqueous electrolyte. A specific capacitance
of 167 F/g was measured at 1 A/g.®3 Hao et al. investigated
an ionothermal synthesis dissolving [BMIm][H2PO4] in GO
dispersion to obtain 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 electrolyte.84

2.3.1.8. Graphene-Carbonaceous composites
Graphene and reduced graphene oxide flakes are prone to
restack due to the m—->mn interaction limiting the specific
surface area and, consequently, the performance of the
active material. To avoid this restacking, graphene-
carbonaceous composites are considered. Indeed, the
carbonaceous 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 and Dai used a cationic polymer [poly(ethyleneimine)] as
stabilizer for the chemically-rGO assisted with hydrazine. The
graphene dispersion positively charged was then mixed with
negatively charged acid-treated MWCNTs resulting in a self-
assembly procedure. Measured specific capacitance was 125
F/g at 10 mV/s in aqueous electrolyte.'® Kim et al. reported
the self-assembly 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 condition, 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 sandwiched GO/MWCNT by
filtration through a membrane after the mixing of both
carbonaceous material. Then, the film was peeled-off the
membrane and thermally treated to obtain rGO/MWCNT. A
gravimetric capacitance of 250 F/g was measured at the same
scan rate than the previous work but in basic aqueous
electrolyte.?®”  Silva’s research group fabricated a
rGO/MWCNT membrane by vacuum filtration. 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 in-plane supercapacitor showed
suitable electrochemical performance in ionic liquid (EMI
TFSI) with 154 F/g at 200 mA/g.*®8 Huang et al. sonicated GO
in presence of MWCNT until a homogeneous dispersion was
obtained. Then, they add urea and performed a hydrothermal
synthesis. The resulting N-doped rGO/MWCNT composite was
tested in basic aqueous solution. A specific capacitance of
181 F/g was calculated from charge-discharge curve at a
current density of 100 mA/g.1®°

Tamailarasan and Ramaprabhu thermally reduced GO and, in
parallel, grew CNT by catalytic CVD. 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 solid-like nanocomposite was tested using
the same ionic liquid as electrolyte. A specific capacitance of
280 F/g was measured at 5 mV/s.190

Chen et al. reported the microwave-assisted reduction and
exfoliation of GO prior to be mixed with SWCNT by probe
sonication. In a stacked configuration with an acidic aqueous
electrolyte, a specific capacitance of 306 F/g was obtain at a
scan rate of 20 mV/s.1°1
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b }

Figure 2. 26. (a) SEM and (b) TEM images of the rGO/MWCNT nanocomposite.
Black arrows indicate CNTs.190

Derby et al. investigated the use of a rGO/MWCNT mixture
solidified at low temperature. The active material was used
to prepare a 3D-printable ink. After the deposition step,
solvent was removed by sublimation resulting in a graphene-
based aerogel containing MWCNT. In 1M H;S04, a gravimetric
capacitance of 305 F/g was obtained at 1 A/g.%?? Lee and co-
workers used grafted-SWCNT by a cationic surfactant (CTAB:
cetyltrimethylammonium bromide) for a self-assembly
procedure wusing the Coulombic interaction with the
negatively charged carbon-oxygen moieties onto GO flakes.
The SWCNT-bridged graphene 3D-structure was
electrochemically tested with EMIM BF4 as electrolyte after
a thermal activation. A specific capacitance of 199 F/g was
calculated from charge-discharge curve at 500 mA/g.'°3 Qin
et al. hydrothermally reduced GO to obtain rGO hydrogel,
and finally the rGO-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 A/g.1°*
Ozkan et al. have grown simultaneously graphene sheets and
CNTs by CVD. Interestingly, cohesive structure and robust
contact between carbonaceous materials were obtained
thanks to this concomitant synthesis. 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 condition.®> A similar approach was later
investigated by Lee and collaborators. Indeed, they used a
GO film containing 5 wt.% SWCNT. 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 reduction was
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 in Figure 2.27. In basic aqueous
electrolyte, a gravimetric capacitance of 145 F/g was
measured at 500 mA/g.1°®

Figure 2. 27.(left) schematic representation of the ions diffusion through
vertically aligned reduced graphene oxide film and (right) SEM image of the
as-produced structure.196

Ostrikov et al. investigated the plasma-assisted production
of vertically aligned graphene nanosheets starting 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 electrolyte.®’ Li’s
research group reported a scalable and high yield production
of exfoliated graphene by ultrasonication at room
temperature under inert atmosphere. This solution was drop-
casted onto a SWCNT-based buckypaper to be used as
electrode. The electrolyte was PVA/H,SOs containing
exfoliated graphene and was coated on the electrode to
fabricate all-solid-state supercapacitor. The electrochemical
performance was nevertheless relatively low with only 50 F/g
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at 1mV/s.198 Yi et al. studied the deposition of microwave-
assisted rGO on CNT layer coated onto a pre-strained
substrate. This configuration allows to obtain a
omnidirectionally stretchable supercapacitor with
outstanding stability. A specific capacitance of 329 F/g was
calculated from charge-discharge curve at 150 mA/g using
PVA/H3PO4 as gel electrolyte.®?

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 gravimetric capacitance of 165 F/g was obtained
at 10 mV/s in 6M KOH.2%° Ozkan et 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 electrochemical characterization in 6M KOH. A
gravimetric capacitance of 270 F/g2%! and 275 F/g?%? was
calculated from CV curves at 5 mV/s and 10mV/s,
respectively. Chen’s research group reported an in-situ
synthesis of graphene-SWCNT 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 BF4.203

2.3.1.8.2. Carbon Black
Lian et al. first reported the use 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 in air 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%% A similar investigation was carried out by Wang et
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 all-solid-state supercapacitor using
PVA/H;S0Os as gel electrolyte demonstrated interesting
performance with 155 F/g at 100 mA/g.2%° Jia et al. dispersed
carbon black with GO before the reduction process. In this
work, a hydrazine-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 1M H;S04 electrolyte.?0®

2.3.1.8.3. Activated Carbon

Ma et al. reported the non-covalent functionalization of GO
using PPD (p-phenylene diamine) prior to a solvothermal
reduction in DMF. Then, a KOH activation was carried out
before a carbonization step at 800°C for 1h under Ar. The
resulting graphene-activated carbon nanocomposite was
tested using an ionic liquid, EMIM BF4, as electrolyte. The
higher performance was obtained at 80°C with 180 F/g at 500
mA/g.?%” Pan and collaborators investigated the use of
commercially available activated carbon to obtain 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 freeze-drying under vacuum. A specific capacitance of 205
F/g was calculated from charge-discharge curve at 2 A/g in
6M KOH.208

Jin et al. prepared activated carbon using waste
particleboards as raw materials. After a carbonization step,
a KOH activation was carried out. Then, carbonaceous
material was mixed with GO and thermally reduced to obtain
the nanocomposite. Electrochemical characterization in 7M
KOH showed good performance with 265 F/g at 50 mA/g.2%
Zhao et al. reported a sustainable and green approach to
fabricate graphene/N-doped 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 of GO flakes. The as-obtained
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 charge-discharge curves,
respectively.?0

2.3.1.8.4. Mesoporous Carbon

Ogal et al. synthesized 3D-hexaporous nanocomposite using
a catalyst-free approach. They first produced graphene-like
sheets by inter-chain cyclization between maleic acid units
from poly(4-styrene-sulfonic acid-co-maleic acid) sodium
salt. After a pyrolysis step, units tend to assembly forming
hexagonal pores leading to 3D-hexaporous nanocomposite.
In acidic condition, a specific capacitance 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 self-assembled with GO
flakes (negatively charged). After a thermal reduction, 144
F/g was measured at 200 mA/g in EMIM BF4 electrolyte.?!?
Another self-assembly procedure was later reported by Zhao
and colleagues. In this research, they used resols as carbon
source, triblock co-polymer Pluronic® F-127 as soft template,
and graphene aerogel as macroporous 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 PVA/H,S04 as
gel electrolyte was carried out. Nevertheless, low specific
capacitance was obtained with only 44 F/g in 5 mV/s.?13
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2.3.1.9. Graphene doping
The intentional introduction of heteroatoms to tailor the
electrical properties of a semi-conductor 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 graphene-based supercapacitors.
Kim et al. reported the N-doping of graphene by
hydrothermal reduction of graphene oxide using
hexamethylenetetramine. Three different type of doping was
obtained with pyrrolic-N, pyridinic-N, and quaternary-N as
shown in Figure 2.28. The electrochemical performance was
evaluated in 6M KOH. A specific capacitance of 28 F/g was
calculated from CV curve at 5 mV/s.214
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Figure 2. 28. N-doped reduced graphene oxide produced by hydrothermal
synthesis using hexamethylenetetramine as doping agent.214

Chen et al. investigated the production of N-doping using the
same doping agent. However, in this work, GO was spread on
HMT. Then, the doping agent was burned. The exfoliation,
reduction, and N-doping processes occur simultaneously
using this procedure. Interestingly, the performance was
enhanced with 205 F/g at 100 mA/g using the same
electrolyte.?!> Several doping agents were studied for
hydrogel production by means of hydrothermal reduction and
are reported in Table 2.1.

Han’s research group used ammonia as doping agent to
obtain N-doped hydrogel. They further freeze-dried the as-
synthesized material to obtain N-doped aerogel. In acidic
aqueous electrolyte, a gravimetric capacitance of 223 F/g
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was calculated from charge-discharge curve at 200 mA/g.?2°

Guan et al. recently reported the fabrication of N-doped
aerogel using a greener doping agent: urea. Before the
hydrothermal synthesis, they dispersed iron (lll) nitrate. The
as-produced hydrogel was freeze-dried to obtain N-doped
aerogel. Then, it was crushed and calcinated before removing
iron oxide particles by HCl etching. Nevertheless, the specific
capacitance was lower with only 48 F/g at 500 mA/g in
neutral electrolyte.??!?

Doping Agent Electrolyte | Specific Capacitance | Ref
Ethylenediamine 5M KOH 115 F/g @ 140 A/g 216

. 5M KOH 100 F/g @ 80 A/g 216

Ammonia 6MKOH | 230F/g @ 330 mA/g | 2V
Ethylenetriamine 5M KOH 92 F/g @ 100 A/g 216
Tetraethylenepentamine | 5M KOH 120 F/g @ 20 A/g 216
Propylamine 5M KOH 131 F/g @ 80 A/g 216
Butylamine 5M KOH 96 F/g @ 20 A/g 216
Ammonium carbonate BMIM PFs 163 F/g @ 1A/g 218
1,4-butanediamine 6M KOH 269 F/g @ 300 mA/g 219

Table 2. 1. Electrochemical performance of N-doped graphene-based
supercapacitors using different doping agent.

Kang et al. doped graphene with nitrogen from urea by means
of a microwave-assisted 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-discharge curve at 100 mA/g
in 1M LiPFe electrolyte.??? Li’s research group investigated
the solvothermal reduction of GO in ethanol wusing
hydroxylamine as doping agent. The performance of the as-
prepared hydrogel was evaluated in 6M KOH. A gravimetric
capacitance of 205 F/g was measured at 1 mV/s.223

Lu et al. firstly reduced GO paper using gaseous hydrazine.
Then, the self-standing film was thermally treated in
concentrated ammonia environment to obtained N-doped
rGO film. A solid-state supercapacitor was fabricated using
PVA/H2S04 as gel electrolyte. A specific capacitance of 55 F/g
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was calculated from CV curve at 5 mV/s.22* Gomez et al.
investigated the graphene doping using 2-aminoterephtalic
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 0.5M H,SO4 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.??>

Zhang et al. polymerized polydopamine on montmorillonite,
which is used as sacrificial template. After a carbonization
step, crumpled N-doped graphene was obtained and tested
in EMIM BF4 electrolyte. A specific capacitance of 128 F/g
was calculated from charge-discharge curve at 1 A/g.22% Wang
and co-workers reported a modified-molten salts method to
produce N-doped reduced graphene oxide. This method
allows to prevent restacking together with the activation of
graphene using KNO3s. The electrochemical performance was
evaluated wusing EMIM BFs as electrolyte. The best
performance was 130 F/g at a current density of 1 A/g.??7

2.3.1.9.2. B, S, or P doping

Sun et al. reported the synthesis of B-doped graphene. They
mixed GO with boric 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 Yang et al. investigated the sulfonation of graphite
using tosyl. The reaction occurs at the edges of the
carbonaceous material. After exfoliation by sonication and
thermal treatment, a S-doped graphene was obtained. A good
electrochemical behaviour was observed with 180 F/g at 500
mA/g in 6M KOH.?2°

Dhathathreyan et al. reduced GO prior to impregnate it with
phosphoric acid. This procedure allows to obtain P-doped
rGO after drying step at 220°C. The active material showed
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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 Hulicova-
Jurcakova’s research group. They reported a P-doping with
an atomic concentration of 1.3%, which allows to extend the
electrochemical windows. The specific capacitance
calculated from charge-discharge curve at 50 mA/g was 115
F/g in 1M H;50,4.23!

2.3.1.9.3. N-B and N-S-co-doped Graphene

Millen et al. firstly reported the simultaneous co-doping of
rGO. They reduced hydrothermally GO in presence of
ammonia — boron trifluoride (NH3BF3). The resulting hydrogel
was freeze-dried to obtain N-B-co-doped graphene aerogel.
An all-solid-state supercapacitor was fabricated using
PVA/H;S0s as gel electrolyte. Good electrochemical
behaviour was demonstrated with 239 F/g at 5 mV/s.23?
Chung’s research group used ammonia borane (also called
borazane [BH3NH3]) as versatile agent for the reduction of
GO together with its N-B-co-doping. Interestingly, this
compound can be used both in aqueous or in organic
environment. The electrochemical performance was
evaluated using an ionic liquid as electrolyte: TEA BF4. A
specific capacitance of 110 F/g was calculated from charge-
discharge curve at 1 A/g.?33

Jia et al. reported the one-pot hydrothermal synthesis of N-
S-co-doped graphene using L-cysteine, 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 S- and 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 by a treatment at high
temperature to obtain N-S-co-doped graphene paper. High
specific capacitance was measured in 6M KOH electrolyte
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(305 F/g at 100 mV/s).23> Recently, Wong et al. reported the
use of ammonium sulphide to act both as reducing agent and
doping agent for the one-pot hydrothermal synthesis of N-S-
co-doped rGO. The resulting hydrogel was tested in 6M KOH
electrolyte. A gravimetric capacitance of 251 F/g was
calculated from charge-discharge curve at 500 mA/g.?3¢

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

Qiu et al. firstly investigated a green approach for the
fabrication of EDLC. They produced coal-derived graphite
oxide starting from anthracite coal. After a DBD plasma step,
graphene-like material was obtained and tested in 6M KOH.
A specific capacitance of 195 F/g was measured at 50
mA/g.?3” Chen et 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 3D-porous graphene-based material. Using
an ionic liquid as electrolyte, a specific capacitance of 225
F/g was calculated from charge-discharge curve at 1 A/g.?38
Bando et al. synthesized graphene starting from glucose and
ammonium chloride. Under controlled temperature, a molten
syrup was obtained and chemically released gas (such as
melanoidin) induces bubbles formation. Then, a thermal
annealing was carried out to obtain graphene. The flowchart
of the synthesis procedure is reported in Figure 2.29. In
acidic aqueous electrolyte, a specific capacitance of 250 F/g
was measured at a current density of 100 mA/g.23°

Glucose Melanoidin - R Graphene

-&, 20

Figure 2. 29. synthesis flowchart of the green production of graphene
starting from glucose.?39
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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/s.?4% Fu et al.
reported the production of graphene-like sheets starting
from coconut shell. The synthesis procedure required the use
of Fe and Zn as catalyst of graphitization and activating
agent, respectively. After the graphitization, both metals are
removed, and 3D-porous framework of graphene-like sheets
is obtained. A modest gravimetric capacitance of 69 F/g at 1
A/g was measured in 6M KOH.?4! Zhang and colleagues used
shrimp shells to produce N-doped graphene-like sheets. After
the carbonization of the bio-polymer layers, the biochar is
rinsed with an acidic solution to remove mineralized layers
contained in the starting material. After a sonicated-assisted
exfoliation, electrochemical <characterization in basic
electrolyte was carried out. Interestingly, this green
approach leads to high specific capacitance with 322 F/g at
500 mA/g.?*?

Kale’s research group produced perforated graphene-like
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 graphene-like sheets with unique
naturally perforated structure. Electrochemical
characterization in neutral electrolyte demonstrated high
specific capacitance with 458 F/g at 2.28 A/g.?*3 Another
green approach was investigated by Yu and co-workers. They
carbonized humic acid and they oxidized the resulting
powder to obtain carbonaceous material similar to graphene
oxide. After a thermal concomitant exfoliation/reduction
step, the graphene-like material was obtained. A specific
capacitance of 254 F/g was calculated from charge-discharge
curve at 50 mA/g in 3M KOH.244

Aimed by a sustainable production of energy storage devices,
Kumar and co-workers extracted graphite from used primary
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cell. The f‘second-hand’ graphite was used as starting
material for the fabrication of eco-friendly supercapacitor.
Graphite was exfoliated/reduced using microwave-assisted
process. An all-solid-state supercapacitor using PVA/H3PO4
was fabricated with this active material. The performance
was interesting with 201 F/g at 2 mV/s and 208 F/g at 200
mA/g from CV and charge-discharge curves, respectively.?4®

2.3.2. Hybrid Graphene-based Supercapacitors

It is well-known 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 graphene-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 (or 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 non-perfectly reversible Faradaic
reactions. By forming a composite with graphene, the
specific capacitance of the graphene-based material is
enhanced alongside the cycle life of the pseudocapacitive
material. The most studied conductive polymers are
Polyaniline (PANI), Polypyrrole (PPy), and Poly(3,4-
ethylenedioxythiophene) (PEDOT).

2.3.2.1.1. PANI
Shi’s research group first investigated the fabrication of a
composite using PANI as pseudocapacitive material. They
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deposited nanofibers of PANI by interfacial polymerization
onto chemically converted graphene. A specific capacitance
of 214 F/g was calculated from charge-discharge curve at a
current density of 300 mA/g using 1M H,S04 as electrolyte.?4®
Three vyears later, Li and co-workers 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 electrolyte.?%’
Jiang et al. studied an easy one-step electrosynthesis by
fabricating a two-electrode configuration using GO and
aniline as active material and a separator soaked in 1M
H,SO4. By applying an alternative potential, they
simultaneously reduced GO in rGO and polymerized aniline in
PANI. The electrochemical performance was interesting with
243 F/g at 100 mV/s.2#8 Jing’s research synthesized rGO-PANI
composite using a sacrificial template. Indeed, they
deposited silica homogeneously onto GO. After an annealing,
they obtained rGO-SiO,. Aniline was then polymerized onto
the silica layer followed by the removal of the template to
obtain rGO-PANI. Nevertheless, the measured gravimetric
capacitance was not improved with 127 F/g measured at 500
mA/g.?4° Xie et al. investigated a “dipping and drying”
strategy to coat GO with PANI 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. Interestingly, the
electrochemical performance was high with a specific
capacitance of 464 F/g at 1 A/g in 1M H2504.%°°

Another approach was followed by Xu and co-workers 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 mV/s.2>! Chi et al. also used
the inkjet printing technology, but using a different synthesis
pathways as shown in Figure 2.30. The specific capacitance
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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 rGO-PANI
supercapacitor device by inkjet printing. (1) formation of 3D-hydrogel by self-
assembly procedure, (ll) in-situ polymerization of PANI onto graphene
hydrogel, (I11) homogenization of the GH-PANI mixture to prepare the ink,
(IV) inkjet-printed GO solution on paper substrate, (V) printing step of the
GH-PANI ink, (VI) soaking by HI solution, (VII) concomitant reduction and
peeling of the GH-PANI@GO paper, and (VIIl) fabrication of the
supercapacitor device.?%2

Gong’s research group later fabricated a freestanding
electrode for flexible all-solid-state supercapacitors. They
deposited aniline on as-prepared oriented graphene
hydrogel. Then, they performed the in-situ polymerization to
obtain G-PANI composite. The specific capacitance was
interesting with 530 F/g at 500 mA/g, but using a gel
electrolyte (PVA/H2504) instead of the liquid electrolyte.?°3
Sekar et al. reported a close approach. Indeed, they prepared
pillared graphene by chemical reduction of GO using NaBH4.
Then, they 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 0.5M H;SO4 in this work.2>%

Recently, Lei’s research group studied the oxidation
polymerization of aniline on graphene nanomesh synthesized
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by means of a CVD technique. The as-prepared PANI is
composed by nanorods structure. The electrochemical
performance is interesting with 452 F/g at 1 A/g.%>> Hong and
co-workers reported the layer-by-layer deposition of GO to
obtain a 3D-rGO-based structure by hydrothermal synthesis.
Then, they in-situ polymerized aniline to obtain rGO-PANI
nanocomposite. The specific capacitance was high with 438.8
F/g at 500 mA/g using 1M H2504.2°% Zhang’s research group
further enhance the electrochemical performance by
dispersing already prepared PANI fibers in 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 electrolyte.?>’

2.3.2.1.2. PPy
Biswas and Drzal first reported the use of PPy (Polypyrrole)
as pseudocapacitive materials to fabricate graphene-PPy
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 liquid-liquid interface after adding chloroform.
They transferred the PPy films formed at the interface to the
graphene and they use this composite as electrode. The
specific capacitance was 165 F/g at 1 A/g using 1M NaCl as
electrolyte.?°® Later, Swager et al. studied the concomitant
reduction of GO and polymerization of pyrrole. The as-
prepared rGO-PPy nanocomposite film is freestanding and
has good electrochemical properties with a specific
capacitance of 277 F/g at 10 mV/s in 1M KCI.?°° Qu’s research
group investigated a similar idea using electro-
polymerization instead of chemical polymerization.
Interestingly, the as-prepared 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 NaClO4 as electrolyte.?6°

Ding and co-workers investigated the use of rGO-PPy
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 presence of iron (Ill) chloride and
hydroiodic acid. The specific capacitance, using PVA/H2S04,
was 72 F/g at 150 mA/g.?®! Li et al. reported a similar
approach. Nevertheless, 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/H3POs as gel electrolyte. A value of 345 F/g was
calculated from discharge curve at a current density of 1
A/g.%%2 Finally, Du and colleagues fabricated supercapacitor
starting from pyrrole and GO. The in-situ polymerization was
carried out using p-toluenesulfonate (p-TsOH) acid instead of
Hl. A schematic illustration of the synthesis pathways is
shown in Figure 2.31. A good electrochemical behaviour was
observed with a specific capacitance of 255.7 F/g at 200 mA/g

using 3M KCl as electrolyte.?263
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Figure 2. 31. Schematic representation of the synthesis pathways of the PPy
and PPy-rGO composites.263
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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 capacitance. The others
report the areal capacitance.

Pandey and Rastogi investigated graphene-PEDOT
nanocomposite for supercapacitor applications in 2013. They
started from graphene nanoplatelets and EDOT(monomer of
PEDOT). By a single electrochemical step, they obtain
graphene-PEDOT nanocomposite. They tested it by using
BMImBF4, after gelification, as gel electrolyte. They obtained
good electrochemical performance with 110 F/g at 10
mV/s.264 Later, in 2015, Chen’s research group investigated
PEDOT doped 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
specific capacitance, using PVA/H3PO4 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 2.32.26>

Figure 2. 32. Photographs of the as-prepared PEDOT:PSS film (30x7 cm)26>

2.3.2.2. Transition Metal Oxides

Transition Metal Oxides are 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 specific capacitance 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. They deposited Ruthenium (lll) Chloride [RuCl3] on
hydrogen exfoliated graphene. By addition of NaOH,
Ruthenium Oxide was obtained on graphene. The specific
capacitance was measured by both CV and CCCD in 1M H;S04.
Capacitance of 265 F/g at 10 mV/s and 220 F/g at 10 A/g were
calculated, respectively.®! The same year, a similar approach
was reported by Alshareef’s research group. They evaluated
a specific capacitance of about 365F/g at 20 mV/s in 10M
NaOH electrolyte.?6®

Lin et al. investigated the synthesis of rGO-RuO; starting
from GO and RuCls. 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 of 551 F/g was calculated from charge-discharge
curve at 1 A/g in acidic aqueous electrolyte.?®” Liu and co-
workers studied a controllable nanosheets reassembly
process between RuO; nanosheets and graphene nanosheets
previously prepared and mixed together to obtain the
nanocomposite. However, the specific capacitance s
significantly lower with 100 F/g at a current density of 5
A/g.268

Dickerson’s research group mixed GO with RuCl; before
adding NaOH inducing the formation of RuO,. By addition of
NaOH again, and by ageing the solution for long time, a
deoxygenation of the GO occurs inducing the formation of
the rGO-RuO; nanocomposite. Using 1M H;S04, they
measured a specific 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 (PVA/H3PO4) in
the same condition.27?

The last report was published by Wang and co-workers. They
prepared a Ru hydrosol starting from RuCl; and adding
NaBH4. Then, they add GO and chemically reduced it using
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hydrazine to obtain rGO-RuO, nanocomposite. An
outstanding specific capacitance of 1099 F/g was measured
at 500 mA/g using 1M H;S04 as electrolyte.?’?

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

Majid and co-workers investigated the formation of a rGO-
wrapped-MnO; nanocomposite. They dispersed GO in water,
adding L-ascorbic acid as reducing agent, and manganese ()
acetate. They obtained the desired nanocomposite by
electrodeposition. A specific capacitance of 378 F/g was
measured at a scan rate of 1 mV/s using 1M Na;5S04.27% Li’s
research group investigated another approach. Indeed, they
hydrothermally synthesized nanobelts B-MnO; starting from
manganese (llI) sulfate and ammonium sulfate. Then, they
mixed it with GO and hydrothermal reduced the GO. A
gravimetric capacitance of 362 F/g at a current density of 1
A/g with a basic aqueous electrolyte (6M NaOH).273 Kuang et
al. reported the one-pot 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 current density of 0.5 A/g
using 1M NaOH.274

Another manganese oxide has focused attention for energy
storage application: Mn3:04. Deng et al. reported the
synthesis of rGO-Mn30s nanocomposite starting from
manganese (Il) nitrate and mix it with microwave-assisted
reduced GO. They hydrothermally treated the mixture
followed by a microwave step. Then, the nanocomposite was
tested using 5M KOH as electrolyte. A specific capacitance of
345 F/g was calculated from charge-discharge current at a
current density 1 A/g.?”> Wang’s research group fabricated
an all-solid-state supercapacitor based on vertically aligned
graphene decorated with Mn30s4 nanoparticles. They
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hydrothermally synthesized the pseudocapacitive material
starting from manganese (l1) acetate. After the hydrothermal
step, they annealed the nanocomposite to increase the
crystallinity of the manganese oxide. A specific capacitance
of 562 F/g was measured at a current density of 0.7 A/g using
PVA/H3PO4 as gel electrolyte.?76

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 to its
oxidation states comprised between +2 and +6. Chen et al.
first reported the synthesis of a nanocomposite a-MoQO3-
decorated graphene sheets tested in a two-electrode
configuration. They electrochemically exfoliated graphite
rods using a solution of sodium 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 in Figure 2.33. The
electrochemical characterization was carried out using 6M
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 investigated by Zhou and co-workers
using the same precursor of Mo (sodium molybdate). Indeed,
they carried out a one-pot solvothermal synthesis using GO
and sodium molybdate as precursor. The resulting solvogel
was freeze-dried to obtain MoOs-graphene aerogel. 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 (PVA/H2S04), with a
specific capacitance of 373 F/g at 1 A/g.?78

Chiu et al. reported the preparation of MoOs-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;S03.27? The same work was recently published with more
structural and electrochemical characterizations.?80
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Figure 2. 33. Schematic representation of the production of a-MoOjs-
decorated graphene sheets.?277

Giardi et al. investigated the hydrothermal synthesis of
Molybdenum Oxide (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 MoO ;-
decorated rGOo 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 characterization was performed using 1M
Na,S04 as aqueous electrolyte. A gravimetric capacitance of
381 F/g was measured at a scan rate of 0.5 mV/s.28! A similar
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approach was investigated in chapter 4 in comparison with
the in-situ synthesized MoS, sample, in chapter 5 with the
addition of L-ascorbic acid as reducing agent, and in chapter
6 as active material for micro-supercapacitor applications.

2.3.2.2.4. Cobalt Oxide

Cobalt Oxide (Co304) has also attracted much attention due
to the wide range of oxidation states of the Co centre (from
+1 to +5). Wang et al. reported the one-pot hydrothermal
synthesis of Co3z0s-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 A/g
using 6M KOH as electrolyte.?®2 A similar approach was later
investigated by Liu and co-workers. They started from the
same precursors, but they adjusted the pH value to 9.5 using
ammonia solution. The as-obtained Co304-decorated rGO
hydrogels were electrochemically tested using 2M KOH as
electrolyte. A gravimetric capacitance of 263 F/g was
calculated from charge-discharge curve at a current density
of 0.2 A/g.?%3 Liao et al. fabricated an all-solid-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 (MPECVD). Then,
they hydrothermally synthesized Co304 nanoparticles on
VAGN@CF using cobalt acetate (Il) as precursor. SEM images
of the different steps are shown in Figure 2.34.28%

Figure 2. 34. (a) Low-magnification and (b) high-magnification SEM images
of the VAGN@CF; (c) high-magnification SEM image of the as-synthesized
Co304 nanoparticles on VAGN@ CF.284
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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
WO3 by hydrothermal synthesis starting from ammonium
paratungstate as W precursor. Then, they mixed the as-
prepared nanoparticles with chemically reduced GO. In the
second, they reported the one-pot hydrothermal synthesis
starting from the same W precursor. Electrochemical
measurements were carried out using 1M Na;S0O3 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?8> and 274 F/g?8%, respectively.

Yuan and co-workers reported the hydrothermal synthesis of
Ni(OH), starting from Nickel Nitrate (II) and sodium
hydroxide. The resulting hydrogel was then freeze-dried to
obtain Ni(OH)2-decorated rGO aerogel with outstanding
properties (1461 F/g at 5 mV/s).?8” Another group,
supervised by Shi, reported the fabrication of NiO-graphene
composite by using alcohols-rGO as substrate. They used the
same precursor for Nickel. However, after the hydrothermal
synthesis, the product was dried in an oven followed 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 electrolyte.?88

Li et al. studied ZnO as pseudocapacitive material to
fabricate hybrid supercapacitors. They synthesized ZnO-
decorated hydrogel by hydrothermal synthesis using
hydrazine as reducing agent. The precursor of ZnO was zinc
nitrate (Il1). They fabricated all-solid-state supercapacitors
using PVA-H;SOs4 as gel electrolyte. The obtained
performance was interesting with 156 F/g at 5 mV/s.28% Zhang
and co-workers investigated a different approach to
fabricate ZnO-rGO nanocomposite. Indeed, they mixed GO
with zinc acetate (IlI) under microwave irradiation until the
solvent was fully removed. 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 Na;SOs as neutral
electrolyte.?90

Ma et al. synthesized maghemite (y-Fe203) starting from Iron
Chloride (lll) as Fe precursor. First, they mixed GO with the
Fe precursor to decorate GO with Fe3* 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 175 F/g at 0.2 A/g in 6M
KOH.2°! In another report, Gholipour-Ranjbar and co-workers
synthesized Fe304-decorated-N-doped rGO. First, they
prepared N-doped 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 sonochemical method. The magnetite-based
nanocomposite showed high gravimetric capacitance with
355 F/g at 2 mV/s.?°? Sharma’s research group investigated
the synthesis of magnetite nanoplatelets over holey
graphene for supercapacitor applications. They produced GO
nanoribbon by unzipping of MWCNT using strong oxidizing
species. Then, they mixed GO with 2 different precursors of
Fe: iron sulfate (II) and iron chloride (lIll). They finally
prepared the nanocomposite using a typical hydrothermal
synthesis. An all-solid-state supercapacitor was fabricated
using PVA/H,S04 as gel electrolyte. A specific capacitance of
64 F/g was measured at a current density of 1 A/g.2%3
Vanadium has also attracted attention for energy storage
applications. Interestingly, V205 can be found in various
spatial configurations such as nanowires, microspheres, etc.,
as shown in Figure 2.35.
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Figure 2. 35. V;05 nanostructures: (left) TEM image of V,0s nanowires on
alkaline deoxygenated GO?2°4; (right) SEM image of pure V,0;s
microspheres.295

Balkus et al. reported the synthesis of V05 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 as-prepared nanocomposite
is reported in Figure 2.35 (left). The specific capacitance was
evaluated using 1M LiTFSI in acetonitrile as electrolyte. A
value of 80 F/g was obtained at a current density of 0.5
A/g.?°* Ai and co-workers used the same solvothermal
reaction but, in this case, an annealing step was carried out
at different temperature between 250 and 550°C for 30
minutes. The as-obtained microspheres (see Figure 2.35
(right)) supported by rGO flakes were tested
electrochemically using 8M LiCl as neutral electrolyte. A
significant improvement of the specific capacitance was
obtained with 470 F/g at 1 A/g.?°> Fan’s research group
synthesized nanocomposite starting from GO and VO(acac):
as V precursor. After the slow mixing procedure need to
obtain homogeneous suspension, a hydrothermal synthesis
was carried out during 24 hours at 180°C. To further improve
the electrochemical performance, a hydrogen thermal
processing was performed to reduce partially V2,03 to VOx
nanostructures. The resulting graphene bridged V,03/VOx
core-shell nanostructured electrode has an electronic
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 of 590 F/g at a scan rate of 5 mV/s.?°%

Current Collector

Figure 2. 36. schematic representation of the graphene bridged V,03/VOy
core-shell nanostructured electrode obtained after the hydrogen thermal
treatment.296

2.3.2.3. Transition Metal Dichalcogenides
2.3.2.3.1. General background?297-305
Since the first isolation of graphene in 2004 by Geim and
Novoselov, 2D materials which are analogues to graphene
have attracted much attention due to the development of
new techniques for the isolation of layered structures.
Beyond graphene, it exists a large family of 2D-materials such
as Transition Metal Dichalcogenides (TMDs), hexagonal-
Boron Nitride (h-BN), X-ene such as silicene and germanene,
black phosphorous, etc. Figure 2.37 indicates the chemical
composition of these 2D materials starting from the periodic
table.

In this section, 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 4-7 in the periodic
table) while others display non-layered structures (mainly
from group 8-10). 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. Chemical composition of the 2D materials starting from the
periodic table.303

Starting from the definition, a single layer of TMD s
composed by a single sheet of transition-metal 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 intra-layer chemical bonds are predominantly covalent
(strong bonds) while 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.

QO 2 2 0 0 8
Transition ."tetql) x /x. /x x x'/)
. ¢ ¥ ¥ ¥ ¥

Figure 2. 38. schematic representation of the chemical structure of a layered
transition metal dichalcogenide.394
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The metal coordination of layered TMDs can be either
trigonal prismatic or octahedral as illustrated in Figure 2.39.
Typically, TMDs are found naturally as the 2H polytype
because the 1T-phase is metastable. As demonstrated by
Chhowalla et al., it is possible to reversibly transform the 2H
phase in 1T using a chemical process. This transformation can
be partial or complete according to the experimental
procedure.306,307

Y ) . ) ; Octahedral (Q,,) or frigonal
p_ Trigonal prismatic (Djy,) O antiprismatic point group
- of O, (Dgy)

Figure 2. 39. metal coordination for layered TMDs. Atom colour code: purple,
metal; yellow, chalcogen.297

Interestingly, some TMDs are chemically active (such as MoS:
and WS;) and can store energy through fast and reversible
redox reactions using the transition-metal. In addition, the
layered structure facilitates the ions intercalations. Layered
TMDs are materials which combine both double-layer
capacitor and pseudocapacitor behaviours.308

To obtain layered TMDs, two main approaches are typically
envisaged: CVD and liquid exfoliation. The first way is a
“bottom-up” approach which allows to growth extremely
pure MoS,; nanoflakes with controlled size and thickness.
However, the scalability of this method from lab scale to
industrial scale is limited by the rigid experimental
conditions such as high temperature, high vacuum, etc.30°-311
The other approach is a “top-down” liquid exfoliation
starting from bulk TMDs. This method is more suitable for
high quantity production of single layer or multi-layers
TMDs. By sonication, it is possible to break the Van der Waals
forces which maintain together the different TMDs layers.
These methods used typically dimethylformamide or N-
methyl-2-pyrrolidone as solvent. This way demonstrated high
efficiency for a wide range of 2D materials: MoS;, WS,
MoSe;, NbSe,, TaSe;, NiTez, MoTe;, h-BN, Bi,Tes, and
graphene.3%312
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TMDs, and in particular MoS;, since its first application as
single layer-transistor developed by Kis et al.3'3, have been
investigated in a wide range of applications such as catalysis,
sensing, electronic devices, energy storage, etc.

2.3.2.3.2. Molybdenum Disulfide
Molybdenum Disulfide (MoS2) is the most studied TMD for
energy storage application. Indeed, Mo as transition-metal is
highly interesting due to its wide range of oxidation states
from +2 to +6. The theoretical specific capacitance was
evaluated about 1000 F/g.3'%3%> A focus on this material is
reported in Chapter 4.
Dryfe et al. reported the preparation of MoS,/graphene
composite for supercapacitor applications. 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 different weight ratios. The best performance
was obtained in a coin-cell with 1M Na;S0s4 as neutral
electrolyte for the MoSz/graphene composite with a weight
ratio of 3:1. A gravimetric capacitance of 11 F/g was
measured at 5 mV/s.!

(a)

Figure 2. 40. schematic representation of the exfoliation procedure in NMP
starting from bulk MoS;.1

The same group reported later the synthesis of 1H-MoS;-
graphene@Oleylamine by hot-injection thermolysis of a
single precursor ([Mo020,S2(S2COEt)2]). This approach
demonstrated more suitable performance for supercapacitor
electrodes with 50 F/g calculated from charge-discharge
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curve at a current density of 0.37 A/g with the same
electrolyte.31®

Lamberti et al. investigated a new approach to produce
MoS,-graphene nanocomposite. They deposited
commercially available 2H-MoS; on a polyimide substrate
following by a laser treatment. The MoS;-laser 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 2.41.3%7

. co,

s laser
MosS,-decorated beam

Mos, layer

Polyimide foil

\

Figure 2. 41. Experimental setup (left) and FESEM images of the as-prepared
sample at different magnification (right).317

Jena’s research group reported the hydrothermal synthesis
of rGO-MoS;, starting from GO, ammonium heptamolybdate
as Mo precursor, and thiourea as sulphur precursor. The as-
prepared MoS; was hollow spherical instead of the layered
structure usually targeted. However, the specific capacitance
was significantly improved with 318 F/g at 1 mV/s in neutral
aqueous electrolyte.3'8

A similar approach was investigated using L-cysteine as S
precursor, which allows to avoid the use of the toxic
thiourea. Experimental 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, WCls as W
precursor, and thioacetamide as S precursor. The as-
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prepared nanocomposite displayed undistinguishable
nanoflakes of rGO and WS; intimately mixed together. This
homogeneous composite showed high gravimetric
capacitance with 350 F/g at 2 mV/s using 1M Na;SOs as
aqueous electrolyte.31?

Min’s research group recently reported the fabrication of a
flexible all-solid-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 mF/cm?
which is promising for the future use of this TMD in energy
storage application. Unfortunately, it was not possible to
compare the gravimetric capacitance due to the lack of
information in the published paper.32°

2.3.2.3.4. Vanadium Diselenide

Behera et al. investigated the one-step hydrothermal
synthesis of vanadium diselenide (VSe;)-rGO nanocomposite.
They started from GO, sodium metavanadate (NaVOs3s), and
selenium dioxide (SeO:). The as-prepared 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 specific capacitance
of about 680 F/g at 1 A/g, which is about 5 and 6 fold higher
than bare rGO and bare VSe,.32!

Figure 2. 42. FESEM images of the pristine VSe, sample at (a) low and (b)
high magnification.321
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2.3.3. Performance comparison
All the specific capacitance aforementioned in Section 2.3.1
and 2.3.2 are reported in Figure 2.43 and 2.44 from
galvanostatic charge-discharge and cyclic voltammetry
measurements, respectively. Both graphs have the same
scale 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 applications.
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 graphene-based 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 Ru-based and PANI-based
hybrid supercapacitors. Although 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, Ni-based
supercapacitors seem to be more attractive followed by
PANI-based hybrid supercapacitors.
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Chapter 3

Supercapacitors Performance
Evaluation

The charge-transfer mechanisms of Electrical
Double-Layers Capacitors and Pseudocapacitors
are presented. Then, the characterization
approach for supercapacitors evaluation s
described. The three types of measurements
(Cyclic Voltammetry, Constant Current 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 chapter was wrote using the following documents:
minireview published by Stoller and Ruoff in 2010%, review
published by Zhang and Pan in 20142, and two books: the first
wrote by Conway in 19993, and the second edited by Béguin
and Frackowiak in 20134,

3.1. Charge-Storage Mechanisms

As described previously, supercapacitors can be divided in
two categories: Electrical Double-Layers Capacitors (EDLCs)
and Pseudocapacitors (PCs). To further improve the
deliverable performance, hybrid supercapacitors which
combine both EDLCs and PCs. The charge-storage mechanism
is different according to the supercapacitor categories.

3.1.1. Electrical Double-Layers Capacitors (EDLCs)
The pioneer in the use of EDLC for energy storage and
delivery was Becker, who filed a US Patent in 1957.° He
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understands the possibility to develop a device which is able
to store energy only by charge separations (non-Faradaic
processes occur inside the cell). The first model able to
explain this phenomenon was developed by Helmholtz.® The
model was later developed by Gouy-Chapman to describe
more accurately the double-layer structure. However, the
charge-storage mechanism is still called “Helmholtz double-
layers” in tribute to Helmholtz who first give an explanation
to this phenomenon. A representation of the double-layer
mechanism that explains the charging-discharging procedure
in EDLCs in shown in Figure 3.1. 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 to the
anode while anions (green) move to the cathode.

| =1
Charging
PSS ——
‘Discharging
Seperator Active materials
Current collector and electrolyte

Figure 3. 1. Schematic representation of the charge-discharge mechanism in
Electrical Double Layers Capacitors.”

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 Faradaic processes which are highly
reversible surface reaction. These phenomena were first
introduced by Trassati and co-workers.® 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: cell capacitance (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 aforementioned
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 coupled together. An illustration of this network is

shown in Figure 3.2.
Specific

Capacitance 5
BAck / Operatlng \ i IR drop

- / Voltage

CV Cur v
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— \oumm/, B8

Performance

Experimenta Dwelling
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Mass
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Figure 3. 2. Schematic illustration of key metrics relationship between them,
the supercapacitor fabrications, and the measurements methods 2

Looking to the Figure 3.2, which is 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 without 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 conform 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 Department of Energy, IEC is
International Electrochemical Commission), and SAE is Society Automotive
Engineers). Adapted from 2.

As it can be seen from the organization names, proposed
standards are industry-driven. In an academic research point
of you, research papers are performance-driven. In some
cases, particular data interpretation and/or cell
configuration allow to obtain tremendous specific
capacitance. However, the test procedure works for lab-scale
and is not applicable for industry-scale. Therefore, some
papers highlight “the good practice” for supercapacitors
performance evaluation and are presented in the next
section.

3.3. Measurements of Key Metrics

Electrochemical measurements are focused 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 key metrics are capacitance,
equivalent series resistance, operating voltage. Typical
measurements, which are cyclic voltammetry, galvanostatic
charge-discharge, 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 consists 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 reference 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 the instantaneous
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).

The shape 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 hybrid supercapacitors 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) according 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 semi-infinite diffusion
limited carbon adsorption/insertion at/near the electrode
surface, are proportional to the square root of the scan rate
(i f(tl/Z)).ll

spacitance F g
L}
I fmA

i M
-150 L= -L. L - i L J o8 o6 04 02 » 02 04 [T
0 05 5

Cal voltage (V) E/V vs Heg/llg 50,

Figure 3. 3. (a) EDLC: Cyclic Voltammetry of a two-electrode cell using an
ionic liquid,® and (b) Hybrid supercapacitors (PANI/MWCNTs) measured by CV
in a three-electrode configuration using 1M H;504 as electrolyte.19

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

Cyclic voltammetry is a useful technique to determine the
operating voltage or potential window by increasing each
time this value in a three-electrode configuration. In
addition, the reversibility of phenomena contributing to the
change of the instantaneous current can be investigated by
cycling and observing shape change.'? In a two-electrode
configuration, the device-like performance can be estimated.

3.3.2. Galvanostatic Charge-Discharge (CCCD)
Galvanostatic charge-discharge or Constant Current Charge
Discharge (CCCD) is a measurement mimicking the use of
supercapacitor in real applications. 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/cm?2).

The parameters 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 usually plotted as voltage (V) vs. time
(s). A triangular shape is expected for EDLCs while the
observed shape for hybrid capacitors could be completely
different. Both cases are illustrated in Figure 3.4.

Ve

v,

LNy
Potential
uaLND

Potential

Time Time
Figure 3. 4. Galvanostatic Charge-Discharge curves for: (left) EDLCs or PCs
without strong Faradaic processes and (right) PCs or Hybrid Supercapacitors
with strong Faradaic processes.?

This method is the most widely used for supercapacitor
characterizations.'3 Indeed, all the three core parameters
(capacitance, ESR, and operating 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 low-amplitude alternating
voltage (typically 5-10 mV) superimposed on a steady-state
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 function of the real part of the cell
impedances on a complex plane.'*1> 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)16

In addition to the frequency and impedance, EIS can be used
to evaluate the charge transfer, mass transport, and charge
transfer mechanism. Finally, this technique can be used to
determine the capacitance, energy and power densities
building an equivalent circuit to represent the
supercapacitor.t’.18

However, the operator must have a good understanding of
the phenomena present in 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 but only one has a physical
meaning and represent truly the supercapacitor cell.

3.4. Key Metrics

As illustrated above in Figure 3.2, a supercapacitor can be
seen as a network of key metrics strongly coupled together
and with a huge impact for the deliverable performance 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 (Cr) is the amount of the electrical
charge (AQ) under a given voltage change (AV):

A
CT:A_S (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 (Ct) referred to the material used
is preferred.

AQ
T AV.II
In the equation 3.2, N is function of the relevant parameters
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
expressed accordingly to the N used: gravimetric capacitance
(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 the active material,
electrode, or even device. The authors must mentioned this
information to avoid misleading interpretation.?®

Cs (3.2)

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 to use the
whole curve to calculate the total capacitance from CV
curve.?% In this case, the equation 3.1 evolves in 3.3 using the
integration of the CV curve expressed as current (i) vs time
(t).

\Y .
_ﬂ_ fOZ( O/U)llldt (33)

Cr = =
T7av 2V,
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where V, is the maximum of the potential window and v is
the scan rate.

3.4.1.2.2. From charge-discharge curve
To evaluate properly the capacitance from CCCD curve, the
current density must be tailored to provide charge and
discharge time comprised between 5 and 60 seconds.

As aforementioned, the current is constant during
galvanostatic charge-discharge measurements. So, the

equation 3.1 evolves in 3.4.
AQ 1At

TV T AV (3.4)
To calculate the capacitance, the whole discharging curve is

typically used. The equation can be expressed as below:
1At gis Aty ooy,
T_W_V—O
However, for a more accurate calculation, the IR drop, which
is inevitable in CCCD measurements, must be excluded and

the expression becomes:

(3.5)

_ 1dls AtVO —)ZVO

T= (3.6)

V0 - VIR drop

3.4.1.2.3. From EIS
The calculation used the imaginary part of the complex
impedance Im(Z) as reported in the equation 3.7.%%
1

27 fIm(Z)

where f is the frequency. The frequency value is determined
graphically using the frequency at which the phase angle
reaches -45° or at the lowest frequency applied.

3.4.1.3. Concluding remarks
Three-electrode configuration is wuseful for materials
understanding, and evaluation with the value of the specific
capacitance. In another way, two-electrode configuration
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can be seen as a device prototype in addition to be useful to
compare materials performance.

It is important to underline the experimental setups because
the difference can be significant. To demonstrate it,??!
gravimetric capacitance (Cx) is used with an electrode weight
of m (constant for the two electrodes in the two-electrode
configuration). The total capacitance for a cell is expressed
as Ce.

In a three-electrode configuration, the specific capacitance

(Cs-electrode) can be calculated as follow:
Cg
C3—electrode = E (3.8)

For the two-electrode configuration, the cell can be seen as
two electrodes in parallel. So, the total capacitance can be

calculated as follow:

1 ! N 1
Cg Cg (3.9)

T2—electrode
Cg

CTz—electrode - 2

(3.10)

Calculating the specific capacitance using the mass of both
electrodes:

T _electrode _ CE

Cz—electrode = 2 m ~ 4m (3.11)

If we compare the specific capacitance calculated for two-
and three-electrode configuration, knowing that:
Cg
m=s——————
4 Cz—electrode (3 1 2)

Introducing 3.11 in 3.8, we obtain

Ce _ &5

Cs_electrode = E = G_E 4 C3_electrode (3.13)

So, the specific capacitance calculated using a three-
electrode configuration is four times higher than the one
calculated from a two-electrode configuration for a
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symmetric supercapacitor. Béguin and co-workers have
validated experimentally this demonstration.?

3.4.2. Equivalent Series Resistance
3.4.2.1. Definition

A supercapacitor is an electrical component, which
theoretically does not have a proper resistance. Actually,
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
composed of a series of capacitor and a resistor as shown in
Figure 3.6.

NMAN/

Load resistor

RES

Electrochemical capacitor

Figure 3. 6. A series RC circuit used to represented Supercapacitors.?

3.4.2.2. Calculation
3.4.2.2.1. From galvanostatic charge-discharge
As described previously, the IR drop is impossible to avoid
during CCCD measurements. This variation of potential can

be used to calculate the ESR by applying the Ohm’s law:
ESRzﬁ_/ (3.14)
Ai
This method is widely accepted by the scientific community
to evaluate ESR. Nevertheless, the current used during the
CCCD measurement has an impact on the ESR value. Indeed,
a larger current tends to minimize the ESR value as

demonstrated by Burke and Miller.!3

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 0 while the variation
of potential refers to the change measured due to the i-
interruption. If the data acquisition occurs at £ 10 ms, the
resistance corresponds to the ESR of the device.??

3.4.2.2.2. From EIS
Two different procedures are accepted 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 low-frequency part of
the Nyquist plot is drawn. The intersection between this
straight line and the Im(Z) = 0 corresponds to the ESR value.
The two experimental methods are illustrated in Figure 3.7.

15 .
124 s

0.9 f

0.6

Fiw (&) (6aF
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0.3 4
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-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 Maxwell SC 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 technique is generally much smaller than the one
obtained from CCCD curves as demonstrated by Ruoff et al..?3

3.4.3. Operating Voltage

The operating voltage (Vo) is the potential window in which
the supercapacitor 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 electrolyte is 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 voltage is performed until a spike
appears at the boundary of the potential window, or more
dramatically, when the cell explodes.

3.4.4. Time Constants

The time constant T indicates the ability of the
supercapacitor device to respond to a solicitation. Typical
range for commercial supercapacitors is 0.5 to 3.6 s.2%
The calculation of t is based on the equivalent circuit RC as
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:

T = ESR Cy (3.15)
The other time constant is the “relaxation time constant”,
denoted t0. The 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
capability.?®
Simon et al. proposed a straightforward procedure to
determine this parameter based on EIS measurement.!’ They
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plot the imaginary part of the complex impedance in function
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:
1

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 supercapacitor device. As
described in Chapter 1, the 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 so-called “characteristic time”.?% This time indicates 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.

1000 . ——— e
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F Fuel =1
F Cell =T 0.1Hrs
o Nilmp Spgec
S Ni-cq - Battery -~ ‘ =
> ) Battery o
X > =
Lead-acid™y - -
< 10 & X 3.6 sec |
s E ,Qgﬂerx_ A = 1
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S 1 L Electrochemical | 0.36sec
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>
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Q y |
c
W o0 S 36 msgqi
Electrolytic
= g Capacitor Y
0.01 . R ' P I (O 0 U 2 O P i O |
10 100 1000 10000

Power density (W kg™)

Figure 3. 8. Schematic representation 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 supercapacitor is the characteristic
which make this technology advantageous in comparison to
the batteries. The power density is calculated using the
following equation:

2

Vo
Pb = TEsrT
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

Increasing 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 apparent Faradaic processes, the
CCCD curve is a perfect triangle as shown in Figure 3.9.

Discharge

Q

Figure 3. 9. Schematic representation of a CCCD curve for EDLCs or PCs
without strong Faradaic processes.?

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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Q 1
0

Isolating Q in the equation 3.2 and substituting itin 3.18, the

expression becomes:

1,
Bp = 5= CrVs (3.19)

Energy is expressed in Joule/N unit. By dividing by 3600, the
unit becomes Wh/ N and the expression is:

——C1V, (3.20)

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

1 fQ (3.21)
)

Discharge

Q

Figure 3. 10. Schematic representation of a CCCD curve for PCs or Hybrid
Supercapacitors with strong Faradaic processes.?

3.4.5.4. Concluding remarks
For EDLCs (and PCs with triangular CCCD curves), the ratio
between the energy density (3.19) and power density (3.17)
is:
1

Eb 71 CrV
B Vi T ( )
4 ESRII

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 the 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 efficiency 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 the capability 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 fully-charged
state of a supercapacitor.
The maximum peak current is generally expressed on
commercial product and is calculated as follow:
. 1 GV
tmax@1s = 50 ESR + 1
This key metric is evaluated by discharging a fully charged
supercapacitor device from the operating voltage to the half
of this value in 1 second.

(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 so-called
“fit-and-forget”. Indeed, with a cycling life higher than 1
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 is easy, 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 thousands of time. Uno and Tanaka demonstrate
this key metric 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 experimental 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 configurations (two 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 performance

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 in-situ synthesize a hybrid 1T-2H-
molybdenum disulphide and, at the same time,
to reduce graphene oxide by one-pot
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 50.000 cycles.

Part of the work described in this chapter has been
previously published in ACS Applied Materials & Interfaces,
2016 (8), 32842-32852.

4.1. Motivations

Recently, Transition Metal Dichalcogenides (TMDs) have
attracted attention due to their peculiar properties as
described previously in the Section 2.3.2.3. Molybdenum
Disulphide, MoS,, 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 MoS. as
cathode materials for battery applications was filled in
1980.! The attractivity of this TMD lies in its transition metal
centre, Mo, which can assume a variety of oxidation states
from +2 to +6,27% 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 and ability to
easily promote ions insertion between layers.?

Since then, research was focused on the synthesis and/or
production of this promising material. Typically, two
approaches can be investigated: “top-down” or “bottom-up”.
In the first method, the starting material is bulk MoS; flakes
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 MoS,. The exfoliation can be
micromechanical using sticky tapes, which was the same
technique used by Geim and Novoselov to isolate for the first
time Graphene (See section 2.2.2.2.1).° This technique allows
to produce MoS, flakes with random shapes, sizes, and
number of layers. Nevertheless, the quality is high while the
yield is very low. However, the main limitation is the inability
to scale this process up for large volume production. Another
way to produce MoS; flakes from bulk material is the liquid
phase exfoliation. Solvents used are typically N-methyl-
pyrrolidone (NMP) and Isopropanol (IPA). This way 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 top-down
approach investigated is an electrochemical exfoliation
assisted by Lithium.?8

The “bottom-up” approach can be followed using three ways:
Physical Vapor Deposition, Chemical Vapor Deposition, and
Solution Chemical Process. The Physical Vapor Deposition?:10
has attracted less attention. Using high purity target of MoS:
(>99.9%) and very low pressure (<5.10°° Torr), it is possible
to grow continuous ultra-thin film of MoS, as demonstrated
by Muratore et al..'® A most common method for film
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 growth mechanism. Typically,
precursors of MoS; can be Mo0QOs3, Mo, or MoCls. Then, the
growth mechanism occurs with a sulfurization reaction,
involving H;S as S precursor, producing layered MoS:
structures. The last way is the solution chemical process,
which is known as hydrothermal!!=22 or solvothermal?3
synthesis depending of the nature of the solvent used during
the synthesis. Reactions take place typically in a stainless-
steel autoclave in range of temperature from 120°C to 360°C
for few hours. This in-situ synthesis occurs in two different
steps. The first one is the decomposition of the Molybdenum
precursor to form Molybdenum Oxides (IV or VI) species.
Typical Mo precursors can be sodium molybdate
[Na;Mo00Q,4],13-16,18-22 ammonium tetrathiomolybdate
[(NH4)2Mo0S4],23 ammonium heptamolybdate
[(NH4)6Mo07024],'” phosphomolybdic acid [H3PMo012040],%/242>
molybdenum (V) chloride [MoCls].2%2” The second step is the
sulfurization of metal oxides to form metal dichalcogenides.
Typical S precursor can be thiourea [H2NCSNH;],141°-21
thioacetamide [C2HsNS],'” L-cysteine,13:15.16,18,27  henzyl
mercaptan [C7HsS].2®

Despite of the chemical process is apparently easy; an
intrinsic limitation should be taken in consideration. Indeed,
MoS, flakes tend to wind around themselves and form
fullerene-like nanoparticles or nanotube structures during
the synthesis.?® To obtain 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 substrate.!323.28 |ndeed, graphene will
inhibit the growth of MoS, flakes in the third-dimension.
Moreover, the as-prepared graphene-dichalcogenide
composites are hybrid materials with superior properties due
to a synergetic effect between the graphene and the MoS;
flakes.

As previously described in section 2.3.3, bulk Transition
Metal Dichalcogenides exhibit a wide variety of polymorphs
due to the spatial organization of the X-M-X layers of atoms
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where X is for a chalcogen and M is a transition metal of
groups 4-10. 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 S-Mo-S in the
unit cell.?®:39 Crystallographic structure of polymorphs are
reported in Figure 4.1.
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Figure 4. 1.Schematic representation of: (a) Hexagonal structure of S and Mo
layers and (b) 1T/2H/3R polymorphs unit cells of molybdenum disulphide,
where “c” represents the number of layers in a repeat unit.3°

These three phases have different properties and stability.
The most common phase is the trigonal prismatic 2H-MoS:
phase, which is a semiconductor with a monolayer direct
bandgap of  1.67 eV.3! The 3R-Mo0S2 phase is less described
in literature because the metal coordination is again trigonal
prismatic, like 2H-MoS,. The 1T-MoS;, also called distorted
octahedral, is by far the most interesting for electrode
materials in supercapacitor applications because this phase
is metallic with a conductivity 107 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 supercapacitors.32:33

The first synthesis of the metastable 1T-MoS, phase was
reported in 1992 by Wypich and co-workers by controlled
oxidation of ternary hydrated Kx(H20)yMoS; using K,Cr,07 in
excess.?* In the last year, lot of efforts were concentrated to
improve the synthesis of the 1T polymorph. The desired
phase can be find in co-existence with the 2H phase in a
mixture WS;/MoS; synthesized by annealing using rGO-Ni
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foam coated with (NH4)2Mo0S4 as precursor.3®> A solvothermal
synthesis using DMF as solvent starting from the same
precursor allows Lee and co-workers to observe the
metastable 1T-phase.3® The layered exfoliated 2H-MoS; was
used also as support for the 1T phase solvothermally
produced.3” A controlled growth in a solvent mixture
(DMF/H,0) permits Wu and co-workers to coat carbon fibre
cloth with 1T-Mo0S,.38 Finally, in “greener” ways, synthesis of
1T polymorph was demonstrated using L-ascorbic acid as
reductant starting from LiMoS2 as precursor3® or using the
intercalation of NH4*, produced by hydrothermal
decomposition of ammonium bicarbonate, through bulk MoS;
flakes.40

Despite the many research works published on the energy
storage properties of graphene-dichalcogenide-based
aerogels, few studies compared the performance of different
materials and fabrication processes using the same
experimental conditions. Consequently, the comparison is
difficult, and the interpretation can be misleading.

To overcome this issue, this chapter was aimed to the
identification of a hybrid aerogel to be exploited as electrode
material with superior performance in terms of
supercapacitance. Different aerogels are synthesized using a
simple and inexpensive one-pot hydrothermal synthesis
procedure that allows combining reduced Graphene Oxide
and Mo-compounds, under the form of oxide (MoO:) or
dichalcogenide (MoS3) in the final product with an 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 employed: rGO-MoSz-p for
the composite containing the 2H-MoS; powder commercially
available added to the GO dispersion before the
hydrothermal synthesis; rGO-MoSz-co for the in-situ co-
synthesized rGO-MoS2, MoS2-p for 2H-commercially available
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MoS; powder, MoSz-s for the in-situ synthesized MoS:
powder, rGO-MoO; for the in-situ co-synthesized rGO-MoO,,
MoO; for the in-situ synthesized MoO, powder.

4.2.2. Synthesis procedure

Hybrid aerogels were obtained by hydrothermal reaction
followed by a freeze-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 stainless-steel
autoclave. The hydrothermal synthesis was carried on at 180°
for 12 hours. After the reaction, the reactor was cooled down
to room temperature. The resulting reduced Graphene Oxide
(rGO) hydrogel was rapidly frozen in liquid nitrogen (-196°).
Then, the water was removed by sublimation using a freeze-
drying procedure. This procedure was carried on overnight at
-50° with a pressure of 3x10°3 mbar. The resulting sample is
the rGO aerogel.

The rGO-Mo0O; hybrid was obtained by adding to the pristine
GO slurry after the sonication step, 0.5 g of phosphomolybdic
acid (Hz3PMo012040) solution (20 wt.% in ethanol, from Sigma
Aldrich). The mixture was further sonicated for 5 minutes to
ensure a homogeneous dispersion of the MoO;, precursor
before the hydrothermal reduction.

The rGO-MoS;-p aerogel was obtained by adding to the
2mg/mL aqueous dispersion the MoS; ultrafine powder (0.6
mg/mL (w/v)), purchased from Graphene Supermarket -
Graphene Laboratories Inc. (NY-USA). Then, the slurry
containing both GO and MoS; was subjected to the same
reaction and freeze-drying procedure to obtain an aerogel
with MoS; nanostructure dispersed on the 3D-rGO matrix.
The rGO-MoS;-co was produced by an in-situ synthesis of
MoS, nanostructure together with the assembly of the rGO
aerogel. 106 mg of phosphomolybdic acid hydrate
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(H3PMo012040.xH20, from Alfa Aesar) were added to the GO
slurry as precursor of Mo. The pH was then adjusted 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 freeze-drying procedure
performed for all the previous aerogels.

MoO; and MoS,-p and MoS;-s were also obtained by
hydrothermal synthesis and subsequent freeze-drying to
study the materials without rGO contributions. The same
procedures used for the corresponding hybrids were
repeated without the GO powder to obtain MoO,, MoS;-p,
and MoS;-s.

A thermal annealing was carried out on MoSz-s and rGO-
MoS2-co samples to promote crystallization. The annealing
was performed at 800°C for 2h in N2 (60 mL/min).

4.2.3. Methods
4.2.3.1. Physicochemical characterization

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 X-ray analysis (EDX).
Transmission Electron Microscopy (TEM) measurements were
performed on a FEI Tecnai G2 F20 S-TWIN microscope. Image
processing was performed by means of Gatan Microscopy
Suite software.

X-ray diffraction analysis (XRD, Panalytical X'Pert MRD Pro Cu
Ka X-ray source) in Bragg/Brentano 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 a glass microscope slide by means of a
Renishaw InVia Reflex micro-Raman spectrometer (Renishaw
plc, Wottonunder-Edge, UK), equipped with a cooled CCD
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camera. The Raman source was a diode laser (Aex=514.5 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 Spectroscopy (XPS) was carried out on a
PHI 5000 VersaProbe (Physical Electronics) system, with a
monochromatic Al Ka radiation (1486.6 eV energy) as X-ray
source. A 187.85 eV pass energy value was used for survey
spectra and 23.5 eV for HR peaks. Charge compensation was
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 Cls contribution (C-
C/C-H bonds) and the background contribution in HR scans
has been subtracted by means of a Shirley function.*?

Specific surface area (SSA) measurements and pore size
analysis were carried out on samples previously out-gassed
for at least 4 h at 100°C, to remove water and other
atmospheric contaminants, by means of N; isotherms at -
196°C (Quantachrome Autosorb 1C instrument). BET SSA
values were measured by multipoint method in the relative
pressure range of P/P°% = 0.05-0.20; cumulative pore volume
curves were obtained by applying the QS-DFT method with
appropriate kernel (N2 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 two-electrodes measurements) and in planar
symmetric electrodes devices. To prepare them, a
homogeneous solution containing the as-synthesized
aerogel, finely mixed with a spacer and a binder in absolute
ethanol*? used as homogenizing solvent. The solution was
carefully drop-casted onto a well-polished 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
Q/sq).

The obtained slurry had the composition of 5 mg active
material, 0.4 mg acetylene black (Alfa Aesar) and 5 pulL
Nafion® 5% (Sigma-Aldrich).

The analytical cell setup used the glassy carbon as current
collector for both two and three electrodes measurements.
For the two-electrode configuration, two identical as-
prepared electrodes 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 measurements in a symmetrical configuration,
two as-prepared electrodes deposited on FTO were faced in
a planar configuration. A glass-frit membrane (Whatman
GF/A) was used as separator. A thermoplastic polymer
(Parafilm®) was melted to be used as sealant to avoid
electrolyte leakage. A schematic representation of the device
is reported in Figure 4.2.

Glass Substrate
Current Collector
Electrical contact

Separator
-

‘4,__» Polymer for the sealing

Electrode

Figure 4. 2. Schematic representation of the device used for electrochemical
measurements. Current collector was FTO, Electrical contact was Cu,
Seperator was a glass-frit 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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measurements to 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
potentiostat-galvanostat (Metrohm Autolab, Netherlands).
In three electrodes cells, cyclic voltammetry was performed
between -0.7 and +0.2 V vs. SCE at multiple scan rates
between 1V s!'and 3 mV s'!. Galvanostatic charge-discharge
cycles were performed between -0.6 and +0.1 V vs. SCE at
current densities of 0.25, 0.5, 1 and 2 Ag 't and ACimpedance
spectroscopy was done at OCP (open circuit potential in the
frequency range from 10 kHz to 5 mHz with 5 mV amplitude.
In two electrodes cell and symmetrical device configurations,
cyclic voltammetry and galvanostatic charge-discharge were
carried out between -0.5 and +0.5 V at multiple scan rates
and current densities, AC impedance spectroscopy was
acquired at 0 Vin the frequency range from 100 kHz to 5 mHz
with 5 mV amplitude and the devices were aged by
voltammetry for 50.000 cycles.

4.2.3.4. Effect of mass loading on performance
The mass deposited could influence dramatically the
deliverable performance. Three electrodes with different
mass loading were investigated. The material used for the
comparison was the jn-situ as-synthesized MoS; (MoS3-s).
Electrodes were prepared by drop-casting onto glassy carbon
or FTO as reported above for the three- and 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 homemade Saturated Mercury-
mercurous Sulphate Electrode (SMSE electrode is 680 mV vs.
SHE). Electrodes were soaked in the electrolyte, 1M H,SOg4,
overnight. Cyclic Voltammetry was performed at different
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scan rates between 0.1 mV s! and 1 V s! in a potential
window comprised between -0.8 and +0.05 V vs SMSE.

4.3. Physicochemical Characterization

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 freeze-drying process. Figure 4.3 shows the
low-magnification FESEM images of the aerogels morphology.
The aerogel composed of pure rGO aerogel (Figure 4.3.a) has
a similar three-dimensional architecture compared with rGO-
MoO, (Figure 4.3.b), rGO-MoS,-p (Figure 4.3.c), and rGO-
MoS;-co (Figure 4.3.d). The presence of other chemical
species during the hydrothermal synthesis does not seems to
influence the self-assembling process.

RGO-MoS,-co &
.

P
e

Figure 4. 3. FESEM images at low magnification for (a) rGO, (b) rGO-MoO,,
(c) rGO-MoS;-p, and (d) rGO-MoS;-co
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Higher magnification allows the study of the micro-
architecture for all the as-synthesized 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 4.4.b. This interconnected three-dimensional
structure is ideal for supercapacitor applications as reported
previously?3. Indeed, as described earlier this structural
organization offers high specific surface area and
accessibility by a liquid electrolyte. The nitrogen (N3)
adsorption analysis reported later confirms the suitable

properties of the aerogels for supercapacitor applications.

N\H ol S
e — N G ¥

Figure 4. 4. low-magnification (a) and high-magnification (b) FESEM images
of the pure rGO aerogel. High-magnification FESEM images of rGO-MoO; (c),
rGO-MoS;-p (d) and rGO-MoS;-co (e) samples.

Concerning the composite containing metal oxides, rGO-
MoO;, 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 obtained for graphene-
dichalcogenide composites: rGO-MoS;-p, starting for a
commercially available powder (Figure 4.4.d), and rGO-MoS>-
co, using suitable precursors for an in-situ synthesis (Figure
4.4.e). rGO-MoS;,-p displays a more heterogeneous structure

-158-



Graphene-Mo-compounds Composites Chapter 1V

in comparison with the rGO-MoS;-co. Indeed, layered
dichalcogenides structures are embedded inside the three-
dimensional porous structure. Interestingly, the commercial
2H-MoS, powder retains its morphology. The FESEM image of
the starting material is reported in Figure 4.5.a. As it 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 graphene-dichalcogenide composite in-situ synthesized,
rGo-MoS;-co, displays a completely different morphology. In
fact, rGO flakes and MoS, nanostructures became intimately
connected and undistinguishable, making the composite
homogeneous as it can be seen in Figure 4.5.b.

Figure 4. 5. FESEM images at high magnification for (a) commercially
available 2H-MoS,; (MoS;-p), and (b) in-situ synthesized MoS, (MoS;-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 / / /
rGO-MoO, 76.9 18.0 5.1 / /
rGO-MoS;-p 86.0 10.9 1.2 1.9 /
rGO-MoS;-co 54.9 15.6 7.9 17.4 4.2

Table 4. 1. Atomic composition determined by EDX spectroscopy

The atomic ratio between S and Mo for the rGO-MoS,-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 solution used to adjust the pH to a
value of 6.5 for the proper use of L-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, graphene-
dichalcogenide composites, and the MoS,-s powder are
reported in Figure 4.6 in comparison with the starting GO
spectrum. The GO spectrum, curve 1, displays typical
photoluminescence at high energy shift. This phenomenon is
due to band-gap emission from electron-confined sp? 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 spectra show
typical peaks of carbon-based materials: D peak and G peak.
The D peak is located at 1352 cm! and is devoted to the
defects of sp? domains. These defects, containing also
vacancies and distortions of sp? domains, provoke the
decrease in size of in plane-sp? domains. The G peak is
located at 1595 cm™! and is devoted to a first-order inelastic
process involving the degenerate iTO and iLO phonons at the
G point (E2g mode). The peak observed at 1595 cm™! is broad
due to a superimposition of the D’ peak, at 1625cm?
assignable to defects scattering. The broad band between
2600 cm™! and 3300 cm™! contains a superimposition of three
different scattering modes: G’ at 2685 cmt, D + D’
combination at 2950 cm™!, and the second-order of the D’
peak at 3250 cm'!. The G’ peak is ascribable to a double
resonance inter-valley scattering process involving two iTO
phonons at the K point.**

The Ip/lg ratio is usually calculated to evaluate the quality of
the graphene-based 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 non-
desired increase of the ratio during the hydrothermal
synthesis is due to the formation of a 3-dimensional
interconnected network of rGO flakes while the starting
material was quasi-single GO flakes. The obtained rGO
contains defects due to hexagonal planes distortions.*®

By introducing commercially available 2H-MoS, to produce
the rGO-MoS2-p, curve 3, the ratio increased to reach a value
of 0.88 while the ratio for the in-situ production of rGO-
MoSz-co was 0.97. This significant increase suggests the
creation of new defects in the in-plane sp? domains
ascribable to a strong reciprocal interference between the
two species, rGO and Mo0S,.1318

Figure 4.6 reports the fingerprint region for MoS, material.
Indeed, characteristic peaks are typically found at 279 cm™?
(E11g), 336 cm™ (LA), 377 cm™! (Elzg) and 404 cm! (A1g).
However, only characteristic peaks of the 2H-MoS, are
observable for the rGO-MoS2-p (curve 3) and the MoS;-s
(curve 5) sample.?3 The peak at 404 cm™! is ascribed to the
out-of-plane vibration of the S atoms lying in the opposite
direction along the c-axis whereas the peak at 377 cm™ is
associated to the opposite vibration of the Mo atom versus
two S atoms.'® The rGo-MoS;-co spectrum does not contain
typical peaks assignable to MoS,. 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 preventing their observations. At this point, it
was not possible to identify the phase type (1T, 2H, or both)
of the MoS; in-situ co-synthesized during the hydrothermal
synthesis.
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Figure 4. 6. Raman spectra collected at A=514.5 nm excitation wavelength:
curve 1 GO, curve 2 rGO, Curve 3 rGO-MoS;-p curve 4 rGO-MoS;-co, curve 5
MoS;-s; (a) magnification of MoS; E12g and Alg mode peaks region in curve
3 and 5 (b).

Increasing the laser intensity, these peaks can nevertheless
be produced and observed, as reported in Figure 4.7.a. In
addition to a crystallisation of the MoS;, the laser generates,
in presence of air, a partial oxidation of the Mo-based
material to form the molybdenum oxide.?! The typical Raman
peaks of MoO; are located at 663, 820, 993 cm™! and can be
observed for both MoO; and rGO-MoO; sample as reported
in Figure 4.7.b.25:4¢

Regarding both MoS,-s and rGO-MoS;-co in Figure 4.7.a,
weak Ei2g and Aig mode are observable. The relatively low
intensity suggests that the nanostructures are defective and
disordered. Moreover, the absence of Eii1g and LA modes
indicate the anchorage of the few-layer MoS; flakes onto the
rGO 3D-structure.!®
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Figure 4. 7.Raman spectra collected at A=514.5 nm excitation wavelength:
comparison of rGO-MoS,-co and MoS;-s (with laser induced oxidation) with
MoS;-p (a) rGO-MoO; and MoO; (b).

4.3.2.2. XRD measurements

The Figure 4.8.a reports XRD spectra for the pristine GO, the
rGO aerogel and the rGO-Mo0O; composite. The pristine GO
displays a broad feature at 206 ~26° ascribable to the (001)
peak characteristic of GO. The diffraction spectrum of rGO
displays two different bands at 26 ~26° and 43° assignable to
the (002) and (101) peaks, respectively.'®47 The difference
between the GO and the rGO spectra confirms that GO is
properly reduced during the hydrothermal synthesis. For
sake of comparison, the spectrum of the rGO-MoO;
composite is reported. This spectrum shows the typical peaks
of the monoclinic phase Mo0O; according to JCPDS card N° 32-
0671.2°> A superimposition of the (111) peak characteristic of
MoO; crystalline microstructures with a broad peak centred
at 26 ~26° confirms the formation of a graphene-
molybdenum oxide composite.
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Figure 4. 8. XRD diffraction patterns of (a) pristine GO, rGO and rGO-MoO;
and (b) MoS;-p, rGO-MoS;-p and rGO-MoS;-co

Figure 4.8.b compares the diffraction pattern of the
commercially available 2H-Mo0S;, MoS;-p, with the graphene-
dichalcogenide composites: rGO-MoS;-p and rGO-MoS;-co.
The spectrum of MoS;-p confirms the 2H-phase of the MoS;
according to JCPDS card N°87-2416 as it was expected.
Interestingly, this crystallinity is maintained during the
hydrothermal synthesis confirming the embedding of the
dichalcogenides nanostructures in the 3D-rGO matrix. The
spectrum for the in-situ synthesis of MoS; together with the
reduction of GO shows a completely different pattern.
Indeed, only 4 broadened peaks at 20 = 14, 34, 40 and
58°corresponding to the (002), (100), (103) and (110)
diffraction planes of MoS, 2H phase, respectively. Moreover,
the (002) feature of rGO is weak and broad, suggesting an
inhibition of the long range ordered arrangement of rGO and
MoS, layers, as already reported in literature.®

The spectrum of the annealed MoS;-s is compared to the as-
synthesized MoS,-s in Figure 4.9.

The as-synthesized MoS; spectrum reveals a highly defective
structure containing nano-sized domains along the basal
planes as already observed previously.*® Through the
annealing process, a crystallization of the nanostructures
take place and longer range ordered structure can be
observed. Sharp and intense feature at 20 ~ 14° and ~33° are
ascribable to the (002) and (100) peaks of MoS; 2H phase
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(JCPDS card N°87-2416), respectively. Due to the presence of
non-reduced oxygen functions, an oxidation occurred as side
reaction. Indeed, characteristic features of MoO2 monoclinic
phase peaks, at 20 ~ 26° and ~37°, assignable to the (111)
and (200) peaks, respectively in accordance with JCPDS card
N°32-0671.

MoS,-s after annealing
MoS,-s

Intensity/a.u.

10 20 30 40 50 60 70
2Theta/Degrees

Figure 4. 9. XRD spectra for as-synthesized and annealed MoS,-s sample.

4.3.2.3. XPS analysis
XPS measurements are particularly useful for studying 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 influenced by surface or near-surface
phenomena. Figure 4.10.a plots the Cls region, studied at
high resolution, for the pristine GO, the rGO, and the
graphene-based composites. The reduction of GO during the
hydrothermal synthesis can be undoubtedly confirmed by
analysing the spectra of the pristine material and the rGO as-
synthesized. Indeed, an almost complete disappearance of
carbon-oxygen bonds is observed alongside with the
apparition of the n-n* feature typical of few-layer graphite.*?
These phenomena can be observed for both rGO-MoO; and
rGO-MoS;-p samples. The HR spectrum for the in-situ co-
synthesized rGO-MoS; is significantly different. Indeed, the
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reduction of carbon-oxygen bonds is still present while the
n-n* is not observed.

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 band is characteristic of graphitic
material because this electronic inter-band transition excited
by the photo-emitted Cls core-electron,®® corresponding to
a higher binding energy (= 6.2 eV shift compared to the C-C
component of the Cls region) due to a lower kinetic energy.
Two hypotheses might explain the absence of the n-m*
feature in sample rGO-MoS;-co. In accordance with the
higher Ip/lg ratio calculated from Raman analysis, a possible
explanation could be the higher defectivity of the honeycomb
lattice. The second hypothesis is related to a possible
alteration of the stacking order as already reported in
literature®!. Indeed, the energy of the m = n* transition
decreases according to the number of layers of graphene. As
observed by FESEM analysis, rGO and MoS; species are
undistinguishable and have a layered structure. It can be
assumed that an alternation of these two components could
provoke the stacking order in few-layer graphene, leading to
1-3 layers slices of perfectly ordered material. The value of
the energy downshift of this typical feature is around 2eV,
which leads to a m-n* feature in the Cls region shifted to =
289 eV. Interestingly, the rGO-Mo0S;-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 n-n* feature due
to perfect stacking of graphene layers confined to only 1-3
layers slices.

Mo3d/S2s and the S2p regions are the most promising for the
MoX; phases identification. They are reported in Figure
4.10.b and Figure 4.11, respectively.
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Figure 4. 10. HR XPS scans of the Cls region for each sample (a). Mo3d/S2s

HR scans for sample rGO-MoO,; rGO-MoS;-p and rGO-MoS;-co (b).
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Figure 4. 11. XPS scans of the S2p regions for sample rGO-MoSz2-p and
sample rGO-MoS:z-co.
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Molybdenum has different oxidations number. The
deconvolution of the Mo3d region, reported in Figure 4.10,
for the rGO-MoO; sample displays three doublets. These
features can be assigned to the three different molybdenum
states. However, the XRD analysis displayed only monoclinic
MoO,, 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 MoO3s on the top
of MoO; particles. The signal deconvolution gave then the
three intermediate oxidation state phases, along a few
nanometres scale, which is comparable to the inelastic mean
free path of molybdenum oxide according to the literature.>?

For the graphene-dichalcogenide composite, the Mo3d/S2s
region contains relevant information due to the
superimposition of the Mo3d region with the S2s core-level
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 MoO3s 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 oxysulfides.>*

The spectrum deconvolution for the rGO-MoS2-co is more
complex. Indeed, the Mo3d region 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 of both 1T and 2H MoS:
polymorphs according to the literature.33°> The first doublet
can be assigned 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 MoS, polymorphs. Moreover, 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 rGO-Mo0S;-co was not meaningful
about the presence of a polymorph or both. The absence of
signal indicates an absence of long-range organization.
However, the presence of both polymorphs signals in the S2p
region has revealed the co-existence of both 1T and 2H
phases. Polymorphs are probably organized in a short-range
ordering of atoms, giving either 1T or 2H configuration
locally.

For sake of comparison, as-synthesized MoS; flakes without
the rGO matrix spectra for the Mo3d/S2s and S2p regions are
reported in Figure 4.12. Interestingly, similar deconvolutions
are obtained indicating that the feature observed on the
photoelectron spectrum is not influenced by the presence of
GO flakes during the hydrothermal synthesis.
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Figure 4. 12.HR spectra of the MoS,-s sample in (a) Mo3d/S2s and (b) S2p
regions
4.3.2.4. TEM analysis

Results obtained by XPS analysis indicate an interesting
nanostructure containing both 1T and 2H-MoS, 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 understand the nanoscale
structure of the rGo-MoS,-co composite. A low-magnification
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 low-
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magnification. Then, the SAED pattern displays diffused
diffraction rings. They cannot be assigned to well-defined
crystalline structure (few-layer graphene or 1T/2H-MoS;).
Regarding the rGO flakes, the in-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 rGO-MoS;-co sample and
SAED pattern (b) of the same region.

For sake of deeper investigation, TEM images at different
magnification and SAED patterns obtained for pure rGO and
MoS;,-s (without rGO) are shown in Figure 4.14.a and 4.14.b,
respectively.

Figure 4. 14. Low-magnification (a), SAED pattern (b) and high magnification
TEM images of rGO flake. Low-magnification (a), SAED pattern (b) and high
magnification TEM images of MoS, flakes.
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A single layer of rGO was characterized by TEM. The 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 low-magnification 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 reduced Graphene Oxide
flakes.>® The high-resolution image (c) clearly indicates a few
layers structure of rGO, with a interplanar distance of 3.4 A.
Concerning the MoS;-s, the characteristic (002) ring was
clearly visible in the SAED pattern (e). Its presence confirms
the regular stacking of the S-Mo-S layers in this direction.
The measured interplanar distance is 0.62 nm corresponds to
a typical layered MoS, 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) were investigated 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 high-resolution images does
not give the typical value of 0.62 nm through all the images
as measured for the pure MoS,. The lined profile is reported
in Figure 4.15.

To resume the phase identification part, the rGO-MoS;-co
contains both 1T and 2H polymorphs. The simultaneous
presence of the rGO flakes during the in-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
characterization.
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Figure 4. 15. (a) presents a high-magnification 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 measurement of
interplanar distance through (b) a line profile .

4.3.2.5. BET - Specific Surface Area Measurements
Specific surface area is a predominant factor for the
materials performance in supercapacitor applications. N
adsorption/desorption isotherms at -196°C are used to
measure the BET specific surface area and the cumulative
pore volume of all as-synthesized samples. The obtained data
are reported in Figure 4.16.a and 4.16.b, respectively.

Significant differences are observable between the samples.
They can be divided in two categories according to the type
of isotherms obtained. Indeed, rGO (curve 1) and rGO-MoS;-
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. Isotherms are associable to the filling of
micropores in the first part connected to the filling of
mesopores.”’® 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 the pore size
distribution, Figure 4.16.b shows that half of the total pore
volume is devoted to micropores. This pore size is probably
due to a partially random stacking of graphene sheets. The
introduction of commercially available 2H-Mo0S; seems to not
influence significantly the porous organization of the 3d-
matrix since the curves of both rGO and rGO-MoS;-p are close
to each other. However, the specific surface area is
significantly lower for the composite in comparison with the
pure rGO (305 m?2 g'! with respect to 460 m? g'1). The SSA
difference is due to MoS;, which has a high molar mass but a
poor surface area.

Both rGO-MoS;-co (curve 3) and rGO-MoO; (curve 4) display
a different type of isotherm. Indeed, the Type Il is typical of
materials containing mesopores. Then, a significant decrease
of BET specific surface area is observed with 80 and 50 m?g™?
for rGO-MoS;-co and rGO-MoO;, respectively. The two
samples differ from the two others by the presence of the
phosphomolybdic acid in the reactor. Then, its presence
probably interferes with the self-assembling of the rGO
structure restricting the final microporosity of both
composites.
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Figure 4. 16. BET SSA of rGO, rGO-MoS;-p, rGO-MoS;-co and rGO-MoO; (a)
cumulative pore volume of rGO, rGO-MoS;-p, rGO-MoS,-co and rGO-MoO; (b)
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Notwithstanding the lower specific surface area caused by
the absence of micropores, the electrochemical performance
of rGO-MoS;-co are significantly higher than the other
samples as discussed in the electrochemical 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 cyclic voltammogram of supercapacitors. In
particular, the rGO-MoS;-co has a box-like 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 is reported in Figure
4.17.b. The rGO-MoS;-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 s ! were not possible due to a
current limitation of the instrument used.

g
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378 F g

91.6 F g’
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Figure 4. 17. Electrochemical behaviour of the four electrodes rGO (black),
rGO-MoO; (red), rGO-MoS;-p (green) and rGO-MoS;-co (blue) in 1 M NaCl: (a)
CV at 10 mV s, (b) specific capacitance vs. scan rate

Galvanostatic charge/discharge measurements are shown in
Figure 4.18.a. The chronopotentiograms are linear meaning
the good capacitive behaviour 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 rGO-MoS;-co sample displays a
specific capacitance up to 416 F g'! during the discharge at a
current density of 1 A g1,

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 equivalent circuit was
R(RQ)Q. The Nyquist plot obtained from EIS is reported in
Figure 4.18.b1. The in-situ graphene-dichalcogenide
composite, rGO-MoSz-co, displays significant better
performance in comparison with the other samples. Indeed,
the deviation from the imaginary axis (Z”) are more
important for the other samples. The rGO-Mo0S;-co, on the
contrary, displays a slope nearly 90°, which is typical of an
ideal polarizable electrode. Using the low-frequency data,
the maximum specific capacitance can be determined using
the following equation (4.1):

2" =(2nwC)? (4.1)

where w 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 previously presented. Indeed, the rGO-MoS;-
co sample owns exceptional performance. Moreover, the
capacitance calculated from CV and alternated current (AC)
impedance are robust with 348 F g at 5 mV s! and 325
Fglat5 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.>2761
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Figure 4. 18. (a) charge-discharge cycles at 1 A g1 and (b.1) Nyquist plot and
(b.2) capacitance vs. frequency plot

_ (4.2)
2(@) = (@)
Clw) = E'(m](—jfﬂ'”(m] (4.3)
f 2w (4.4)
Cl)= I
B A (4.5)
@)= Sz

C’, real part of the complex capacitance, determines the
stored energy in the materials. C”, imaginary part, quantifies
the energy lost by dissipation. Both C’ and C” are plotted in
function of frequency in Figure 4.19.a and 4.19.b,
respectively. For sake of comparison, C° and C” are
normalized with, Co, the proper highest capacitance of the
sample. In this way, results are presented avoiding the effect
of non-neglectable specific capacitance difference. Samples
display a purely resistor behaviour but a different frequency,
Figure 4.19.a. Indeed, for rGO and rGO-MoS;-co, at
frequencies higher than 1 Hz and, for rGO-MoS;-p and rGO-
MoO;, at frequencies higher than 10 Hz. A formation of a
small plateau is observable only for the in-situ co-
synthesized graphene-dichalcogenide composite, rGO-MoS;-
co. This plateau, reached up to 62.5 s, describes a purely
capacitor behaviour of the material. The relaxation time
constant (to) can be determined from the C” vs frequency
plot in Figure 4.19.b. This time describes how fast the
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electrode can be discharged, which is a key characteristic of
supercapacitor. The frequency domains can be divided in two
parts according to to: resistive (when times is shorter than
To) and capacitive (when times is longer than Tto). The
relaxation time constant was measured to be 4.3 s for rGO-
MoS;-p and rGO-Mo00O;. As-synthesized rGO and rGO-MoS;-co
displayed a slightly longer to.

Bode plots are reported in Figure 4.19.c and 4.19.d. The rGO-
MoS;-co demonstrates outstanding supercapacitive
performances in comparison with the other synthesized
samples. Indeed, this sample displays the lowest impedance
module and the maximum phase at low frequencies (84.2°).
Finally, the wuncompensated resistance at the working
electrode was evaluated. Both i-interruption and AC
impedance were carried on the rGO-MoS;-co sample.
Obtained results are consistent with 14.4 and 17.3 Q,
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 M NaCl.

The Ragone plot, presenting the specific power in function of
the specific energy, for the four materials is shown in Figure
4.20. Results used to build the Ragone plot were calculated
from CV curves, at different scan rates, in the two-electrodes
analytical cell. Finally, Table 4.2 contains all the capacitance
values for the four materials calculated from CV, charge-
discharge, together with the electrochemical performances
evaluated by AC impedance. In addition, specific energy (W
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h kg!) and power (W kg''), determined from the discharge
cycle at 10 mV s'1, are also presented.
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Figure 4. 20. Ragone plot of rGO (black), rGO-MoO; (red), rGO-MoS;-p (green)
and rGO-MoS;,-co (blue) in two electrodes cell.

4.4.2. Planar symmetric configuration

Materials were tested in device-like configuration to
evaluate their stability. Measurements were carried on in a
symmetric device. Three materials were tested: pure rGO,
MoS;-s, and the rGO-MoS;-co composite. Cycling stability
measurements performed over 50.000 cycles at 2 V s'! are
reported in Figure 4.21. Cyclic voltammograms were
recorded at a scan rate of 5 mV s! every 1.000 cycles to
investigate the aging effect on the devices performance. The
performance of the rGO-MoS;-co increased slightly during
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 MoS;-s sample was investigated. This
sample displays a 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 rGO-MoS;-co (blue)
and pure MoS, (orange) over 50.000 cycles in symmetrical device
configuration, (inset) cyclic voltammetry at 5 mV s-! 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 the material as shown in Figure 4.22.a and
4.22.b, respectively. Indeed, a box-like shape for the heavier
sample, black curve, is observable while for the blue curve,
corresponding to the lighter sample, shows important
deviation of the ideal shape. The deviation can be ascribable
to protons adsorption (from H2S04) on the dichalcogenide
surface, as already reported in the literature.®® The proton
diffusivity within the dichalcogenide induces a larger
capacitance at slow scan rates due to the larger polarizability
framework of S; as compared to 0,.2 This anionic framework
allows an easier migration of mobile cations, implying faster
and larger capacitance than in neutral electrolytes.
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Figure 4. 22. (a) Cyclic voltammetry recorded at 10 mV s-1 and (b) estimated
capacitance at multiple scan rates for three different masses of pure MoS ;.

The pseudo-capacitance behaviour was investigated for a
potential window between at -0.1 and +0.05 V vs. 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 linearly dependent of the v/2
confirming the pseudo-capacitance of the material. Results
are consistent with the one recorded by Acerce et al. for 1T-
MoS, phase.33

To resume the electrochemical characterization part, rGO-
MoS;-co displays the better performance for supercapacitor
applications despite a BET specific surface area one order of
magnitude lower than the other samples. Good capacitive
properties reside in the win-win interaction between the 3D-
rGO matrix and the pseudo-capacitive material in-situ
synthesized. The optimum interaction between rGO and MoS;
flakes allows a larger contact between the electrolyte
available and the redox sites, which overcome the decrease
of the EDL active surface resulting in an outstanding
supercapacitive material.
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Figure 4. 23. Plots of current vs. scan rate and vs. square root of the scan

rate at -0.1 V vs. NHE for samples of 0.3 mg (a) and 1.5 mg (c) and at +0.05

V vs. NHE for samples of 0.3 mg (b) and 1.5 mg (d).
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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. The in-situ co-
synthesized rGO-MoS;-co displays an interesting morphology
with rGO and MoS; flakes intimately mixed forming a 3D
porous framework. The XPS characterization demonstrates
the simultaneous presence of both 1T and 2H polymorphs,
which induces higher electrochemical performance. The
measured specific capacitance was up to 416 F g! was
significantly higher than composite prepared with
commercially available 2H-MoS, powder, rGO-MoS;-p, or
with the corresponding metal oxide, rGO-MoO;,. The
graphene-dichalcogenide composite in-situ synthesized is
interesting due to its hybrid behaviour with EDL charge
storage mechanism assured by the large specific surface area
and the Faradaic active sites of the pseudo-capacitive
material provided by MoS,. A synergetic effect occurred in
the composite inducing cycling stability up to 50.000 cycles
while the as-synthesized pure MoS; showed failure after
13.000 cycles.

To summarize, a simple one-pot green hydrothermal
synthesis allows to produce graphene-dichalcogenide
composite, rGO-MoS;-co, with both 1T and 2H polymorphs
organized in short-range crystalline domains. The finely
mixed rGO and dichalcogenide flakes permit high 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
decorated 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 specific
capacitance exploiting Faradaic processes.

5.1. Motivations

Graphene Oxide (GO), produced by the Hummers method? or
similar method recently developed?, 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 carbon-oxygen moieties onto flakes surface.?
However, these chemical functionalities should be restored
to obtain properties close to the graphene. Several modus
operandi were 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?, microwave®, and photoreduction.®> Hydrothermal
reduction, using water both as solvent and reducing agent,
has already shown promising results.®?” To further improve
the reduction process, many chemicals were added such as
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hydrazine (N2Ha) 8710 sodium bisulfite (NaHSO3) !, sodium
borohydride (NaBH4) 2, hydriodic acid (HI) 3, sodium iodide
(Nal) %, hypophosphorous acid (H3PO;) and iodine (l2) *°,
hydroquinone (Cg¢HgO2) %1%, pyrogallol (CsHgO3) and
potassium hydroxide (KOH).®

The resulting hydrogel forming by self-assembly process
during the reduction of graphene oxide can 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-
workers.!’

The aerogel produced by freezing of the as-synthesized
hydrogel is generally characterized by the C/O ratio and its
electrical conductivity to compare the reduction process
efficiency. For example, HIl displays better performance than
NaHSOs3!! in addition with interesting properties such as good
flexibility and enhanced tensile strength.!8

In the last decade, green chemistry has attracted much
attention. In fact, sustainable developments are appealing in
both ethic and economic points of view. Indeed, this
approach permits to decrease significantly the costs of both
production and disposal/recycling 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 envisaged®2% such as lignin reported by Ye and
co-workers.??

Phenylalanine (C9H11NO2), an amino acid, was also
investigated as reducing agent to produce superhydrophobic
rGO-based aerogels.?? However, the water solubility of this
compound is significantly lower than other green reactant
such as ascorbic acid (AA), which stereoisomer L is the water-
soluble Vitamin C. Moreover, the dehydroascorbic acid,
which is the oxidized ascorbic acid formed during the
hydrothermal synthesis, is also environmental friendly.?23
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This chemical compound has already demonstrated its
suitability for reducing GO nanosheets at room temperature
23 or at higher temperature (80-100°C)%2% In another
investigations, Zhang?® and Hu!’ used L-AA to reduce GO
suspensions at a relatively low temperature (40°C) for 16
hours to obtain rGO-based hydrogel. This process needs
nevertheless a washing step, before the freeze-drying
necessary to obtain the rGO-based aerogel, to remove the
excess of L-AA and the oxidized by-product. L-AA can also be
used as reducing agent for the already self-assembled rGO-
based hydrogel produced by hydrothermal synthesis as
reported by Nguyen?® and Zhou?’.

The hydrothermal synthesis ensures a suitable reduction of
GO028-30 put, by addition of L-AA, the reduction process is
more efficient and more reproducible. In addition, the
resulting rGO demonstrates better performance.31-33

L-ascorbic acid has already been investigated for the
synthesis of materials with pseudocapacitive properties such
as core-shell Cu@Cu203%, MnC;043°, Pt3%, Sn0,37, and Ag3®
nanoparticles.

Molybdenum Oxide is a pseudocapacitive material
interesting for redox reactions because Mo has several
oxidation number as reported previously.3® Nevertheless, L-
AA was investigated only one time as reducing agent for rGO-
MoO; hybrid for energy storage. The microspheres were
prepared at 200°C and 500 Torr in 30 minutes and post-
treated by annealing at 500°C.4°

This work is aimed to study the effect of L-ascorbic acid on
the hydrothermal synthesis of rGO and rGO-MoO; 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 one-pot
hydrothermal synthesis reported previously.®:28.2%.41 Briefly,
Graphene Oxide flakes (Cheap Tubes Inc., USA) was dispersed
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in deionized H,0 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 stainless-steel
autoclave and undergoes a hydrothermal reaction for 12
hours at 180°C. The as-prepared hydrogel was frozen in liquid
nitrogen. Finally, a freeze-drying procedure at -50°C under
vacuum permits to remove the water by sublimation to
obtain the rGO aerogel.

5.2.2. Preparation of rGO-vitC aerogel
L-Ascorbic acid (Sigma Aldrich) was added to the GO
dispersion before the sonication using the same procedure
reported in the previous section (Section 5.2.1). The
concentration of L-AA is equal to the GO, 2 mg/mL, for a total
volume of 17 mL.

5.2.3. Preparation of rGO-MoO2z-vitC aerogel

The hybrid aerogel was synthesized using a precursor of Mo
in the same reaction condition as the pure rGO aerogel. The
precursor used was Phosphomolybdic acid (H3PMo012040)
solution (20 wt.% in ethanol), purchased from Sigma Aldrich.
0.5 g of the precursor was added to the 17 mL of deionized
water contained GO and L-AA 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 before the
hydrothermal synthesis. After the hydrothermal reaction, the
same freeze-drying 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 porous framework of the aerogels. To
investigate this effect, BET-Specific Surface Area
measurements (SSA) and Pore Size analysis were carried out
by means of Ny isotherms at -196°C. The instrument used was
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a Quantachrome Autosorb 1C. Before the analysis, samples
were degassed for 4 h at 100°C to remove atmospheric
contaminants and water adsorbed on the sample surface. The
BET-SSA were evaluated between 0.05 and 0.20 of relative
pressure P/P°. The cumulative pore volume curves were
calculated using the QS-DFT method and carbon slit pores
model.

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

X-Ray Photoelectron Spectroscopy (XPS) was carried out on a
PHI 5000 VersaProbe (Physical Electronics) system, with a
monochromatic Al Ka radiation (1486.6 eV energy) as X-ray
source. Different pass energy values were used for survey
(187.75 eV) and HR spectra (23.5 eV). During the
measurements, charge compensation was obtained by a
combined electron and Ar neutralizer system. The binding
energy scale was calibrated by wusing the main Cls
contribution (C-C/C-H bonds, 284.5 eV) as reference value.
Concerning the analysis of HR scans, the background
contribution was modelled with a Shirley function.*? CasaXPS
software was used for peak deconvolution, semi-quantitative
analysis and calculation of uncertainties by means of Monte
Carlo routines. Concerning the peak fitting procedure, two
types of line shapes were exploited: GL(m) and LF(a, B, w,
m).

X-ray Diffraction analysis was performed using Cu Ka
radiation (A=0.15406 nm) with a PANalytical X’Pert Powder
apparatus. Spectra were collected between 26 of 10-60° at a
scanning rate of 0.85°/min. XRD analysis allows to investigate
the reduction following change in the interlayer distance
from GO to rGO. Moreover, the crystallographic phase of
MoO; was also determined using this technique.
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5.2.5. Electrodes preparation
Electrodes were prepared by drop-casting onto a well-
polished glassy carbon (diameter of 0.3 c¢cm, BiolLogic) of a
slurry with the following composition: 5 mg of active
material, 0.4 mg of acetylene black (Alfa Aesar) and 5 puL
Nafion® 5% (Sigma-Aldrich) dispersed in absolute ethanol.*3
Electrochemical measurements were carried out in both two-
and three-electrode symmetric configuration. For the device-
like configuration, Fluorine doped Tin Oxide glass (Solaronix)
was used as current collector. The diameter was 0.5 cm and
the resistance was 10 Q/sq. The two prepared electrodes
were faced and separated using a glass-frit membrane
(Whatman GF/A). The device was sealed using a
thermoplastic polymer (Parafilm®).

For the three-electrode measurements, the reference
electrode used was a homemade SMSE (680 mV vs. SHE) 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 rGO-vitC while other
measurements were carried out in Na;S0O4 using deionized
water with a resistivity of 18.2 MQ cm™!. Electrodes were
soaked overnight with the electrolyte before the
measurements.

5.2.6. Electrochemical characterization
Electrochemical measurements were carried out on a
Metrohm Autolab PGSTATM101 potentiostat-galvanostat.
Cyclic voltammetry (CV) was performed at multiple scan rates
while Galvanostatic charge-discharge measurements were
performed at three different current densities: 85, 170 and
350 mA g'1. The cycling stability was performed in device-like
configuration by cyclic voltammetry at 2 V s up 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 Discussion

5.3.1. Chemical-phyisical characterization

5.3.1.1. rGO and rGO-vitC

FESEM images at different magnification are shown in Figure
5.1.a and 5.1.b for rGO and rGO-vitC, respectively. The
observed morphologies are close for both aerogels.®?° The
porous framework seems to be composed of pores with
diameter from nanometre to micrometre. They contain
extremely wrinkled rGO flakes in a 3D interconnected
structure, which avoid the restacking of graphene sheets.
However, 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. Isotherms and cumulative pore
volumes are reported in Figure 5.2.a and 5.2.b, respectively.
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Figure 5. 1. FESEM images of rGO and rGO-vitC aerogels at low (a) and high

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

samples.
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Figure 5. 2. N, adsorption/desorption isotherms of (lower) rGO and (upper)
rGO-vitC (a); cumulative pores volume of rGO and rGO-vitC (b)

N, adsorption/desorption curves at 77 K are significantly
different for rGO and rGO-vitC. Indeed, the rGO curve shows
an adsorption branch composed of Type I(b) at low relative
pressure, assignable to micropores filling, and Type Il at high
relative pressure, assignable to mesopores filling.%* The
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 surface only through narrower necks. On the other
hand, rGO-vitC curve displays a Type Il isotherm with a
limited hysteresis loop. The BET-Specific Surface Area for
rGO and rGO-vitC are 460 m?g! and 335 m?g!, respectively.
This different is significant and ascribable to the pores size.
Indeed, rGO shows micropores and narrow mesopores (pore
width <3nm) while rGO-vitC displays a large distribution of
mesopores in the range from 2 to more than 20 nm. The
hydrothermal decomposition of L-ascorbic acid seems to
produce small gas bubbles (e.g. H2) that induces a more open
3D structure.

As described previously in this thesis, XPS is shown in Figure
5.1.c. This technique is an important tool for the evaluation
of the GO reduction by comparison of the C/O atomic ratio.?
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/0 ratio
GO 65.3+0.4* 33.4+0.3*% 1.95 +£ 0.02
rGO 84.3 £ 0.3 15.7 £ 0.3 5.4+£0.1
rGO-vitC 88.3+0.3 11.7 £ 0.3 7.5+£0.2

Table 5. 1. atomic concentration values for C and O elements calculated from
XPS spectra in 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 commercial GO.

Interestingly, no contamination was observed for rGO and
rGO-vitC samples above the detection limit (= 0.1% at). The
contamination present in the commercially available GO was
removed during the hydrothermal synthesis and/or the
freeze-drying process. Semiquantitative analysis was
calculated by peak integrations in the Cls and Ols 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 significantly higher for
rGO-vitC (=7.5) in comparison with rGO (=5.4) indicating a
better reduction of GO. By the way, both samples display
higher C/O atomic ratio in comparison with pristine GO (=1.9)
as expected. HR spectra are reported for rGO and rGO-vitC in
Figure 5.1. The higher C/O atomic ratio of rGO-vitC is
ascribable to the significant decrease of C=0 and C(0O)O
moieties even if a slight increase in C-OH groups is
observable.

5.3.1.2. rGO-MoO:z-vitC

FESEM images of the rGO-MoO;-vitC are reported in Figure
5.3.a-5.3.c. The low magnification image shows that the
aerogel morphology of the hybrid is close to rGO-vitC sample.
Moreover, a homogeneous dispersion of micrometric MoO;
particles, which have higher-intensity features, onto rGO
flakes are obtained. Looking closer to molybdenum oxide
particles (Figure 5.3.b), a nanostructured surface s
observable.

The XRD pattern is reported in Figure 5.3.f. The rGO-MoO;-
vitC aerogel shows typical peaks of MoO; monocline phase,
in accordance with JCPDS card No. 32-0671.
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HR spectra 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 features which can be
deconvoluted in different peaks ascribable to Mo (IV), Mo
(V), and Mo (VI). Characteristic peaks of crystalline MoOQO; are
observable with the spin-orbit 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 co-workers.*> Broad asymmetric peaks located
at 231.8 eV and 234.6 eV can be assigned to Mo (V) species
even if the peak splitting observed is 2.8 eV instead of = 3.1
eV, which is usually reported in 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 mixed-oxide
states using multivariate approach.%® Finally, the doublet at
higher binding energy (232.7 eV, 235.9 eV) is characteristic
of MoOs3, corresponding to a Mo (VI) oxidation state.?’ To
summarize, XPS results indicate the concomitant presence of
diverse oxide phases with diverse oxidation states. This
phenomenon was already observed previously.?®4% XRD
displays only monocline MoO, phase which means that the
bulk is composed by this phase. However, XPS analysis
(surface analysis technique) shows the presence of Mo (V)
and Mo (VI). Microparticles embedded in the rGO aerogels
are composed of molybdenum oxide with an oxidation state
from IV (core) to (VI), due to surface oxidation by air. A
schematic representation is shown in Figure 5.3.c.

-200-



Effect of L-ascorbic acid on the hydrothermal synthesis Chapter V

Q.
~—

Cls C-OH (26.8%)

C=0(2.0%) 1
€(0)0 (6.0%) :
n-n* (6.0%) H

Intensity (arb. un.)

T T T T T
296 294 292 290 288 286 284 282 280
Binding energy (eV)

Mo3d

M
~

Intensity (arb. un.)
T ——
> >
p
e
/

T T T T T T T 1
242 240 238 236 234 232 230 228 226
Binding energy (eV)

f) ——1GO-MO,-vitC

M

| monoclme MoO
S
¥ q

Intensity (arb.un.)

T T T T T T T T T
10 15 20 25 30 35 40 45 50 55 60
Positon (20)

Figure 5. 3. FESEM images at low (a) and high (b) magnification of the rGO-
MoO;-vitC sample. (c) FESEM image of MoO, particle with a schematic
representation of the gradient of Mo oxidation state. XPS HR spectra of Cls
(d) and Mo3d (e) regions for rGO-MoO;-vitC sample. (f) XRD spectrum of the
hybrid aerogel.

5.3.2. Electrochemical characterization
5.3.2.1. Effect of the L-Ascorbic Acid addition
For sake of study, a comparison of the electrochemical
performance in a three-electrode configuration of rGO and
rGO-vitC is necessary. As reported in Figure 5.4.a, the
suitable potential window differs for both samples. The rGO
shows a deviation from the box-like voltammogram of pure
EDLC due to the presence of non-reduced carbon-oxygen
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moieties such as —C=0, -C(0)0, -C-OH, as reported previously
by XPS. Interestingly, the voltammogram for rGO-vitC shows
a pure EDL behaviour confirming the enhanced reduction of
GO by addition of L-AA during the hydrothermal synthesis.
Despite the more suitable reduction, rGO-vitC has a lower
storage capability than rGO as indicated by the smaller area
on the CV curves. The rate capability is reported in Figure
5.4.b for both samples. Specific capacitance is higher for rGO
than rGO-vitC with a maximum of 55 F g! and 23 F g{,
respectively. This significant difference is ascribable to a
lower BET-specific surface area for the sample prepared
using L-AA as reducing agent. However, the better rate
capability confirms the pure EDLC behaviour of rGO-vitC,
indicating the effect of L-AA on the GO reduction.

100 - 60
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] —— GO0 =—— 1GO-viC - 1 GO 0 —m _
- 1GO-ite  —o— @ —e— |

~
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Figure 5. 4. (a) Cyclic Voltammograms acquired at 10 mV s for rGO (gray)
and rGO-vitC (black). (b) specific capacitance at multiple scan rates.
Experiments carried out with 1 M NaCl as electrolyte in a three-electrode
configuration.

Galvanostatic charge-discharge measurements were
performed on the rGO-vitC sample. Chronopotentiograms are
shown in Figure 5.5. Both cathodic and anodic behaviour
were investigated at 3 current densities. For cathodic
measurement, potential window starts from OCP (-0.55 V vs.
SMSE) to the lower potential limit. The anodic measurement,
instead, starts from OCP to the higher potential limit. Curves
are perfectly linear confirming the pure EDLC behaviour. An
IR drop of 8 Q is measured.
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Figure 5. 5. Galvanostatic charge-discharge measurements for rGO-vitCin 1M
Na,S0O4 in a three-electrode configuration.

5.3.2.2. Effect of L-Ascorbic Acid on the
hydrothermal synthesis of rGO-vitC and rGO-
MoO:z-vitC
Phosphomolybdic acid is used as Mo precursor during the
hydrothermal synthesis with L-AA as reducing agent. Cyclic
voltammetry performed at multiple scan rates in three-
electrode symmetric configuration is shown in Figure 5.6.a
and 5.6.b for rGO-vitC and rGO-MoO,-vitC, respectively.

80 o zcam

C/rg'

S la)

T

1 T 1
1.0 08 06 04 02 00 08 06 04 02 00 02 0.

Evs. SMSE |V Evs. SCE/V

Figure 5. 6. Cyclic Voltammograms performed at multiple scan rates in the
range from 1 V s-1to 7.5 mV s-1, Measurements were carried out in a three-
electrode configuration with symmetrical electrodes in 1M Na,S04.

Two information can be extrapolated from the CV curves. The
shape of rGO-MoO;-vitC shows deviation from the pure EDLC
behaviour mainly at low scan rates. Indeed, redox reaction
occurs at a potential about -0.2V with the anodic peak at -
0.17 V and cathodic peak at -0.27 V. Consequently, measured
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current is considerably increased leading to higher specific
capacitance. rGO-Mo0O;-vitC has a maximal storage capability
of 210 F gt at 5 mV s''. These redox features progressively
disappear when the sweep rate is faster. Subsequently, the
calculated specific capacitance at high scan rate is close to
the rGO-vitC sample because the contribution of the
pseudocapacitive material is negligible.

5.3.2.3. Cycling stability evaluation for rGO-vitC
and rGO-MoO:z-vitC aerogels

The cycling stability of the rGO-MoO;-vitC material was
evaluated by cyclic voltammetry at 2 Vs up to 50.000 cycles
in a two-electrode configuration. Every 1.000 cycles, a cyclic
voltammetry at slow scan rate followed by an AC impedance
measurement were performed. EIS spectra were used to
monitor the equivalent circuit of the system in the case of
structural changes in the material. The capacitance retention
for both samples are reported in Figure 5.7.a and 5.7.b,
respectively. Nyquist plots are plotted in the insets on the
same figure of the cycling stability. Complex capacitance
plots, calculated according to Taberna and co-workers?*?, are
reported in Figure 5.7.c-5.7.f.

The capacitance was perfectly retained for both materials.
However, some differences are observable from AC
impedance spectra after 3.000 cycles for rGO-vitC and 8.000
cycles for rGO-Mo0O;-vitC. Two hypotheses may explain those
differences: activation processes and/or better wettability,
which induce a larger exposed surface between the
electrodes and the electrolyte. During these first cycles,
values of C’ and C” increased in the low frequency domain,
but together the uncompensated resistance (Ry), the
relaxation time constant (to) and the overall capacitance
were constant until the end of ageing, meaning that the
charge/discharge capabilities are perfectly maintained.
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Figure 5. 7. All the ageing experiments were carried out in device with 1 M
Na;S0O,4. rGO-vitC experiments are reported on the left-hand side (blue
shadows) and rGO-MoO;-vitC experiments are presented on the right-hand
side (red shadows). AC impedance spectra were carried out at 0 V every 1000
cycles. (a-b) Capacitance retention and Nyquist plots in the inset, (c —d) real
part of the complex capacitance spectra (C’) and (e-f) imaginary part of the
complex capacitance spectra (C’’) with the relaxation time constant of the
device.

For sake of completeness, the ageing effect on the rGO-
MoO;-vitC aerogel was investigated after 50.000 cycles by
means of FESEM analysis. Images of the electrodes at
different magnification are shown in Figure 5.8. At low
magnification, the morphology is identical to the as-
synthesized rGO-MoO,-vitC aerogel. At higher magnification,
concomitant presence of MoO; particles and acetylene black
(from the slurry preparation) are identifiable. These
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observations confirm the suitable synthesis of rGO-MoO;
aerogels using L-AA as reducing agent during the
hydrothermal reaction.
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Figure 5. 8. FESEM images of the electrode material containing rGO-MoO ;-
vitC, acetylene black and Nafion® after 50.000 cycles.

5.4. Conclusions

This chapter reports the use of L-Ascorbic Acid (Vitamin C) as
reducing agent for the hydrothermal synthesis of rGO and
rGO-MoO, aerogels. Both XPS and electrochemical analyses
demonstrate a more suitable reduction of GO in comparison
to the reduction process performed without L-AA. The
specific capacitance for rGO-vitC aerogel is lower than the
rGO aerogel. However, the rate capability is significantly
improved due to the better reduction of GO, which eliminate
the carbon-oxygen moieties onto the surface of rGO flakes.

The concomitant hydrothermal reduction with the formation
of MoO; particles was investigated. Particles are
micrometrics. Electrochemical measurements demonstrate
significantly better performance of the rGO-MoO;-vitC
hybrid in comparison with the rGO-vitC. Interestingly, a
perfect capacitance retention was also observed up to 50.000
cycles using cyclic voltammetry. Moreover, FESEM images of
the aged slurry confirms the perfect stability of the as-
synthesized rGO-MoO;-vitC hybrid aerogel.

To conclude, L-AA demonstrates its efficiency as reducing
agent to produce Graphene-Metal Oxide composites for
energy storage applications.

In the next chapter, this material will be used as active
material for micro-supercapacitor applications.
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Chapter 6

Micro-Supercapacitors

Materials prepared in Chapter 5 are applied as
active material to fabricate PDMS-based micro-
Supercapacitors through a simple
photolithographic process. Moreover, the use of
PEDOT:PSS as conductive binder is investigated.
It induces the formation of a spring-like rod
configuration with the embedded active
material. This spatial conformation results from
the filling of the interdigitated channels by
capillarity. As-fabricated devices show high
flexibility and good cycling stability.

Part of the work described in this chapter has been
previously published in Materials Research Express, 2016 (3),
065001.

6.1. Motivations

The crucial need of portable electronic equipment stimulates
the development of advanced energy storage systems.
Moreover, the demand for on-chip systems and micro-power
energy storage units has considerably increased in the past
years. Micro-supercapacitors (MSC) are miniaturized devices
that can fill the gap for portable energy storage devices
thanks to the new in Micro Electro Mechanical Systems
(MEMS) technologies. Several works have already
demonstrated the feasibility of MSC applications with areal
specific capacitance in the range of 1-100 mF cm~2.1:2

The deliverable performance is strongly correlated to the
materials used for the electrodes. Carbon-based materials
have attracted much attention thanks to their outstanding
properties such as good electronic conductivity, high
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chemical stability, low cost and easy processing. Activated
carbon, carbon nanotubes, graphene, and graphdiyne have
already been investigated.>® However, these materials offer
capacitive performance by charge separation mechanism. It
is well known that the deliverable performance can be
further increased by addition of pseudocapacitive materials
like metal transition oxides such as Ru, Mn, Mo;1%"12 or
conductive polymers.?®1% These materials are usually
deposited to form thin film from nanometres to few
micrometres of thickness. The carbonaceous material,
instead, is usually grown or deposited to form a thickness
between micrometres to millimetres. Graphene and activated
carbon have already demonstrated the capacity to be
deposited successfully to create micro-supercapacitors with
high Aspect Ratio (AR) as shown by Li and co-workers.> The
aspect ratio is a key characteristic for miniaturized devices
because higher is the value of AR, higher is amount of active
material that can be deposited without increasing the device
footprint.

In this chapter, micro-supercapacitors are fabricated using a
Lithographic, Galvanoformung, Abformung (LIGA)-like
process’®> employing standard MEMS technologies. The
polydimethylsiloxane (PDMS) is a good candidate for the
fabrication of interdigitated structures with high aspect
ratio. Indeed, PDMS has good mechanical properties allowing
flexibility and deformability, which limits the accumulation
of tensile stress or any plastic deformation.!®

The hydrothermal synthesis is used in this work to reduce
Graphene Oxide in a rGO-based aerogel. This 3-dimensional
configuration offers high surface area for the EDL
formation.'”'18 Together with this reduction, the synthesis of
metal oxide particles allows to add Faradaic-active chemical
species which enhance the specific capacitance.??
Molybdenum Oxide was chosen as pseudocapacitve materials
due to the wide range of oxidation number of Mo centre.?2°
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Moreover, rGO flakes prevent from the formation of the
Molybdenum Oxide (VI) which is more insulating.??

Different slurries were prepared using poly(3,4-
ethylenedioxythiophene) (PEDOT) as conductive binder. The
concentration ratio between rGO and MoO; is investigated to
demonstrate the role of the composition.

The deposition of active material is often complicated but, in
this case, a self-filling by capillarity is studied for the
deposition of rGO/MoO; aerogel.??

6.2. Materials and Methods
6.2.1. Preparation of rGO and rGO-MoO:z aerogels
Both aerogels were prepared using the method reported in
the Section 5.2.3 of the Chapter 5. Acronyms used in this
chapter are rGO and rGO-MoO; for rGO-vitC and rGO-MoO;-
vitC, respectively.

6.2.2. Characterization of rGO and rGO-MoO:z aerogels

The samples morphology was studied using FESEM analysis
with a Zeiss Supra 40 Microscope equipped with an energy-
dispersive X-ray (EDX) analyser.
Raman analyses were carried out by means of a Renishaw
InVia Reflex micro-Raman spectrometer (Renishaw plc,
Wottonunder-Edge, UK), equipped with a cooled CCD camera.
The parameters for the data collection follows: 514.5 nm was
the diode laser excitation wavelength, 50x was the
microscope objective magnification, 5 mW and 10 s were the
power laser and the exposure time respectively, the number
of accumulations ranged between 1 and 3. Aerogels were
pressed carefully on a glass microscope used as substrate to
be as flat as possible to optimize the laser focus on the
sample.
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6.2.3. PDMS-based Micro-Supercapacitor fabrication
Standard Si wafers finished with 1 um of SiO, were used for
the fabrication of the master. The micro-supercapacitor
(MSC) design contains interdigitated structures with 55 um
and 5 mm long channels. The distance between each channel
was 20 um. The process flow for the realization of the PDMS-
based MSC is reported in Figure 6.1. A standard
photolithography, using HPR 504 (Microchemicals) as
photoresist, was used to pattern the replica of the
interdigitated structures. The SiO; was etched in 6:1 Buffered
Oxide Etch (BOE) solution followed by the stripping of the
photoresist. The SiO, replica was then cleaned in a piranha
solution (H25S04(99%):H20, (33%) from Sigma Aldrich, 3:1 vol.
ratio).

M Photoresist

Si

SiO:

PDMS
%4 Nano-Composite
B Graphite

(@

Figure 6. 1. Process flow for the fabrication of the MSC: (a) photolithographic
step to design the interdigitated pattern on the SiO, layer; (b) Si replica after
bulk micromachining in DRIE; (c) PDMS-based interdigitated structures after
demoulding; (d) PDMS-based MSC with active material and collectors; (e) real
device; (f) device under measurement using the characterization setup.

A Deep Reactive lon Etching (DRIE) was performed for bulk
micromachining in an Oxford Plasmalab100. Parameters used
were: 60 sccm SFg gas flow, 6 sccm O3 gas flow, 5 W RF power,
950 W ICP power, 10 mTorr chamber pressure, -118 °C and 10
sccm of backplate He flow. The anisotropic Si etching was 100
pm deep. Resulting interdigitated structures have an aspect
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ratio (AR) of 2:1, which allows 2.5 pL maximum for the
loading of each electrode.

Prior to depose the Teflon-like coating that helps the PDMS
de-moulding?3, a treatment with piranha solution was
performed on the Si replica. The deposition occurred in a
DRIED Oxford Plasmalab100 with the following parameters:
100 sccm of C4Fg gas flow, 1500 W of ICP power, 11 W of RF
power at 20 °C.

Next, Sylgard 184 PDMS (Dow Corning) was poured into a
mould in Al fabricated by milling and fixed with a mounting
wax. The ratio between the oligomer and the curing agent
was 5:1 (w/w). The mould was placed under vacuum for 10
min at 1 mbar to guarantee a suitable filling of the
interdigitated structures. Finally, a thermal crosslinking step
at 90°C for 10 minutes was performed to form the PDMS. The
PDMS-based Micro-Supercapacitor was de-moulded from the
Si replica and the chip is ready to be filled with the active
material.

6.2.4. Paste preparation and deposition

Different formulations were prepared: (1) PEDOT-
solution:rGO (5:1) w/w; (2) PEDOT-solution:rGO decorated
with MoO; (5:1) w/w; (3) PEDOT-solution:rGO (20:1) w/w; (4)
PEDOT-solution:rGO decorated with MoO, (20:1) w/w; (5)
pristine PEDOT used as a reference for the electrochemical
measurements.

PEDOT-solution is the acronym for PEDOT:PSS. The
commercially available solution (Clevios PH1000, Heraeus
Conductive Polymers Division) contains poly(3,4-
ethylenedioxythiophene) doped with poly(styrene
sulfonate). The formulation preparation and the deposition
were performed in a cleanroom with controlled temperature
and humidity to avoid possible modifications of the
hygroscopic PEDOT. The electrical conductivity of the PEDOT
solution, used as binder, was enhanced before to be mixed
with the active materials (rGO and rGO-MoO; aerogels). The
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PEDOT:PSS was mixed with ethylene glycol [10% vol.] and
dodecyl benzene sulfonic acid (DBSA) surfactant (Sigma
Aldrich). Finally, the viscosity was decreased adding water to
a weight ratio of 10:1.5 of H,O:PEDOT solution according to
the desired concentration.

Before to be used for micro-supercapacitor applications, rGO
should be treated. The as-synthesized micron-sized powders
was dispersed in ethanol before to be thoroughly mixed at
30.000 rpm for 5 minutes using an Ultraturrax Homogeniser.
Ethanol was evaporated by heating the solution at 80°C. The
resulting powder was carefully collected and weighed before
to be mixed with the PEDOT-solution.

Prior to test the PDMS-based supercapacitors, prepared
formulations were tested in planar configuration. Electrodes
were prepared by doctor blading. Circular electrode with a
diameter of 1 cm was deposited on current collectors,
prepared in a 4 cm? glass microscope slide. The glass was
previously cleaned using acetone and isopropanol prior to be
sputtered with platinum. The sputtering procedure was
carried on for 180 s with a current of 50 mA. The separator
used was a disc of 1 cm diameter cut in a cleanroom paper.
The electrolyte was 1M NaCl in water. Parafilm®,
thermoplastic polymer, was used as sealing agent.

PDMS is hydrophobic while all prepared pastes are
hydrophilic which induces filling difficulties. To overcome
this issue, the hydrophilicity of the interdigitated structures
was increased by oxygen plasma. The apparatus and the
condition used were STS 320PC Reactive lon Etching system
for 120 s, at a power of 100 W, at a total pressure of 50 mTorr
under an oxygen flow rate of 50 sccm.

To confirm the change of surface properties. Contact angle
measurements were performed using water droplet on an
OCAH 200 instrument (DataPhysic Instruments GmbH),
equipped with a CCD camera and an automatic dosing system
for the liquids. MilliQ™ H,0 (droplet volume 1.5 puL) was used
for the analysis by means of the sessile droplet method in
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static mode. Drop profiles were fitted through the Ellipse
(high CA) and Tangent Leaning (low CA) method and contact
angles between fitted function and baseline were calculated
by the SCA20 software.

The filling of the different rGO-based slurries occurred by
capillarity. The low viscosity formulation was carefully
released on each electrode pads (5 pul per electrode).

The solvent was removed overnight in a cleanroom. This slow
evaporation of water allows a minimization of the mechanical
stress, which can induce adhesion problems, in comparison
with evaporation process using heating and/or vacuum. Some
bridges of active materials can be observed between micro-
channels. They must be removed to avoid short circuits
during electrochemical measurements. An Oxygen plasma
procedure permits to remove these bridges. The apparatus
used was STS 320PC Reactive lon Etching system for 360
seconds, at a power of 100 W, a pressure of 50 mTorr and an
oxygen flow rate of 50 sccm.

The deposition of current collectors is required on the filled
PDMS-based MSC. These pads were based on ball-milled
natural graphite mixed with PVDF in DMSO. The weight ratio
was 1:10 to ensure the good adhesion and good electric
contact between the interdigitated structures and the metal
probes of the micro-manipulators used for the
electrochemical characterization. The electrolyte was
confined onto the PDMS-based MSC using a patch of
cleanroom paper with tailored dimension (See Figure 6.1.f).

6.2.5. Electrochemical characterization
Cyclic voltammetry, Galvanostatic charge/discharge, and AC
impedance spectroscopy measurements were performed on a
Metrohm Autolab potentiostat / galvanostat M101. The
potential window used was -0.5 Vto 0.5V and the scan rates
tested were: 5, 10, 50 and 100 mV s''. Charge/discharge were
performed using current densities between 1.6 pA cm™? and
15.6 WA cm™? in a potential window of 0.4 V. The use of two
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needles supported on micromanipulators allows a good
ohmic contact between device current collectors and
instrument. The cycling stability was evaluated over 20.000
cycles at 5 mV s!. AC impedance was performed at OCP
between 50 Hz and 5 mHz with an amplitude of 10 mV. All the
experiments were performed in a two-electrode
configuration after the soaking of electrodes in 1M NaCl.

6.3. Results and discussion

6.3.1. Evaluation of the slurry’s supercapacitive
performance in planar configuration

Different slurries were prepared and are listed in the Section
5.2.5. Their supercapacitive performances were evaluated
preliminarily in planar configuration. Only the best slurry was
then used for the micro-supercapacitor configuration.

Cyclic Voltammetry measurements were performed at
different scan rates. The curves are reported in Figure 6.2.
The specific capacitance calculated according to best
practice method established by Ruoff and Stoller are
reported in Table 6.1.2%

== pristine PEDOT e PEDOT-solution:RGO (5:1) w/w
s PEDOT-solution:RGO decorated with MoO, (5:1) w/w s PEDOT-s0lution:RGO (20:1) w/w

= PEDOT-solution:RGO decorated with MoO, (20:1) w/w
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[
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Figure 6. 2. Cyclic voltammetry in a planar configuration measured at
different scan rates for all the prepared slurries and the evolution of the
specific capacitance with the scan rates.
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Electrodes™ Co Ese Ese
(Fgt) (Jg?) (Wh Kg?)
composition (1) 65.70 32.91 9.14
composition (2) 94.06 47.12 13.09
composition (3) 23.86 11.95 3.32
composition (4) 39.87 19.97 5.55
pristine PEDOT 0.96 0.48 0.13

* composition (1): 20% rGO (dispersed in a solution containing 15%wt
of PEDOT)
composition (2): 20% rGO decorated with MoO: (dispersed in a
solution containing 15%wt of PEDOT)

composition (3): 5% rGO (dispersed in a solution containing 15%wt
of PEDOT)

composition (4): 5% rGO decorated with MoO: (dispersed in a
solution containing 15%wt of PEDOT)

Table 6. 1. Specific Capacitance and energy estimated at 5 mV s-1 for each
composite material

The use of a conductive polymer as binder does not
contribute to the total measured capacitance as shown with
the reference curve (pink). As expected, significant
differences are observable for the different slurries.
Measured values shown in Table 6.1 display an increase of
almost 50% of the specific capacitance when the MoO; is
present in the 3D-porous framework. Moreover, it is possible
to triple the specific capacitance by increasing the rGO
content by a factor 4.

The hybrid supercapacitor containing rGO flakes decorated
with spherical micrometric particles of MoO; displays the
best performance. The concomitance of an electric double
layer capacitance and a Faradaic active material given by rGO
and MoO;, respectively, results in a significant increase of
the deliverable performance. The pseudocapacitance of the
MoO; is clearly observable looking at the CV curves shape.
Indeed, a deviation of the box-like curves, typical of EDLC,
can be observed with the presence of anodic and cathodic
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peaks.?®> The observed phenomenon seems to be similar to
the one observed previously in a two symmetrical electrodes
configurations for other materials such as Ag/Ag*.2%:27

6.3.2. Investigation of the PDMS-based Micro-
Supercapacitor morphology and filling procedure

To confirm the suitable fabrication procedure, PDMS
prototypes were investigated by optical microscopy. The
image of the PDMS-based MSC is reported in Figure 6.3. A
final aspect ratio of 2:1 is obtained. The accessible surface
for the slurry deposition is 0.32 cm?.

A section
4 B

Figure 6. 3. PDMS prototype. In the inset, a cross-section is shown with the
actual dimensions of microchannels and separators.

The deposition of the rGO-MoO; hybrid aerogel mixed with
the PEDOT-solution occurs by capillarity. As described
previously, a plasma oxygen treatment was performed to
enhance the hydrophilicity of the PDMS-based MSC. The
contact angle demonstrates the change of surface behaviour
as shown in Figure 6.4. Images of the filling procedure are
reported in Figure 6.5.
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a) 167° b) ' <5°

c) l 124° d) l 112°
il tariiodd &
Figure 6. . H,O Contact angle measured on the surface of PDMS

microchannels a) before and b) after O, plasma treatment; H;0 contact angle
measured as reference on a flat PDMS surface c) before and d) after O;
plasma treatment

Figure 6. 5. filling of PDMS-based MSC by capillarity
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After the deposition of the active material and the drying
overnightin a clean room to avoid mechanical stress, current
collectors were fabricated using a graphite-PVDF paste. The
location of both droplets used for the deposition by
capillarity and the pads for the current collectors are the
same. The graphite-based paste permits to have a good
electrical contact between the interdigitated electrodes and
the needles of the micromanipulators used for the
electrochemical measurements.

6.3.3. Morphological and chemical investigations of the
Micro-Supercapacitors filled with rGO-MoO:

The suitability of the filling procedure by capillarity was
investigated by FESEM. A cross-sectional image of the filled
MSC is shown in Figure 6.6. An uncompleted filling is clearly
observable and can be ascribable to a shrinkage of the
composite during the drying process. The amount of slurry
deposited is nevertheless suitable for use in supercapacitor
applications.

Figure 6. 6. Cross-sectional image by FESEM of the flled M
The dried slurry can be described as a composite formed by
PEDOT-shell wrapped around the rGO-MoO; particles. Figure
6.7 shows a MoO;-cluster with a large surface exposed to the
electrolyte. This aspect is fundamental for faradaic reactions
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allowing the enhancement of the supercapacitive
performance.

Figure 6. 7. FESEM image of a MoO,-cluster wrapped in a PEDOT-shell. The
exposed surface is large allowing good interaction with the electrolyte.

Interestingly, the PEDOT tends to form a spring-like rod
configuration after the drying procedure at room
temperature as shown in Figure 6.8. This spatial
configuration allows high surface exposition to electrolyte
which is a crucial factor in supercapacitor applications.

Figure 6. 8. High magnification FESEM image of the dried PEDOT forming
spring-like rod structures.

A further confirmation of the suitability of the filling by
capillarity was demonstrated by Raman analysis. A top-view
of the filled micro-supercapacitor is shown in Figure 6.9.a.
Raman analyses were performed on the sample in three
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different regions marked with 1, 2, and 3 to demonstrate the
presence of rGO-MoO; inside the channel.

The spectrum collected in region 2 shows the characteristic
features of rGO-MoO; confirming the suitable deposition by
capillarity in micro-supercapacitors. The MoO, features are
superimposed to weak peaks typical of PDMS: 711 cm™! (Si-C
symmetric stretching), 1409 cm~! (CH3 asymmetric bending),
2895 cm! (CHs symmetric stretching), and 2954 cm™! (CHs
asymmetric stretching).?®

—— 1 (PDMS ridge)
—— 2 (RGO-MoO, based paste)
—— 3 (PDMS ridge)

b)

Intensity (a.u.)

‘!t X 1.

Figure 6. 9. (a) optical microscope image of PDMS interdigitated structure
(5X objective), filled by rGO-MoO; based slurry; (b) Raman spectra collected
in 1, 2, 3 regions of figure (a), corresponding to PDMS separators (1,3) and
rGO-MoO;-based slurry filled microchannel (2)

T T T T T T T T T T
500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000 3250

Raman Shift (cm™)

6.3.4. Electrochemical measurements of the MSC filled
with the rGO-MoO:z aerogel.

Cyclic voltammetry measurements were performed on MSC
filled with the rGO-MoO;, aerogel. Curves are reported in
Figure 6.10. The inset shows the rate capability of the
materials. Areal specific capacitance (Footprint area) is
reported in the inset.
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Figure 6. 10. Cyclic voltammetry at different scan rates for MSC filled with
rGO-MoO;,; aerogel. In the inset, the rate capability expressed in areal
capacitance versus the scan rate

The maximum areal specific capacitance was obtained a scan
rate of 5 mV s'! with a value of 14 mF cm™2, which corresponds
to a specific energy of 7J cm™2. All the calculated values are
reported in Table 6.2.

Scan rate Csp Egp Efp
(mV st) (mF cm2) (mJ cm2) (mWh cm-2?)
100 2.9 1.5 0.4
50 4.2 2.1 0.6
10 9.2 4.6 1.3
5 14.0 7.0 1.9

Table 6. 2. Areal specific capacitance and specific energy calculated using
cyclic voltammetry at different scan rates

The FESEM analysis reported in the previous section
underlines a partial filling of the microchannels. The filling
ratio of the slurry in the maximum accessible volume is
estimated around 30%. This partial filling restricts the
device’s deliverable performance. Notwithstanding this
limitation, the performance measured is in agreement with
values reported in literature.? It is necessary to notice that
a comparison between different works is tricky as supported
by recent published review.? Indeed, the Ragone plot
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typically used for electrochemical devices has sense only for
the material. In this case, areal capacitance value is more
significant for the comparison of the deliverable
performance from devices.

Galvanostatic charge/discharge experiments were performed
at different current densities. Curves are reported in Figure
6.11. Areal specific capacitance values are inserted on the
same figure. A large IR drop can be observed. It might be due
to an inefficient ohmic junction between the current
collector and the needle from micromanipulators.

Cycling stability is a key characteristic for supercapacitors
and, even more importantly, for micro-supercapacitors. The
stability of the PDMS-based MSC was tested up to 20.000
cycles. The Figure 6.12 shows the capacity retention in
function of the cycles number with in inset the CV curves for
the 1%, 10.000t" and 30.000t" cycles.

wAcm™ mFem™

0.2

0.1

0.0 -

Potential | V

-0.1 4

T T T T T T
0 200 400 600 800 1000 1200 1400

Time /s

Figure 6. 11. Galvanostatic charge/discharge measurements and the
calculated values of areal specific capacitance in function of the current
density.
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Figure 6. 12. Cyclic stability investigation measured at 2 V s up to 20.000
cycles. In the inset, CV curves measured at 5 mV s-1 every 10.000 cycles.

The device demonstrates a perfect stability up 12.000 with
even a slight increase of the capacity probably due to a
better penetration of the liquid electrolyte within the PDMS
channels and, consequently, a larger interface between the
electrolyte and the active material. Then, two significant
failures can be observed after 18.000 cycles and 20.000
cycles, respectively. Many factors can explain these failures
such as electrolyte evaporation and salts deposition upon the
electrodes. Improvement can be envisaged with the use of a
cover or a packaging to avoid salt evaporation.
Electrochemical Impedance Spectroscopy (EIS) was also
carried on the device. The resulting Nyquist plot is shown in
Figure 6.13 with the equivalent circuit in the inset. The
uncompensated resistance R, was measured by i-interruption
and the result is consistent with the EIS measurement with
14kQ and 17.1kQ, respectively. The capacitive behaviour of
the material was confirmed by the shape of the Nyquist plot
with a depressed semi-circle at high frequencies and a steep
increase of the imaginary impedance at low frequencies. The
constant phase element in series CPE2 gives rise to the
capacitance and its phase angle is 82.8° (n = 0.92).

-229-



Chapter VI Micro-supercapacitors

40 4 1 M NaCl, Micro-SuperCap
o, ® data fit

304

20

-Z" | kQ

104

Ru R1 CPE2

>—
0 CPE1

T T T T T
20 30 40 50 60

Z' kQ

Figure 6. 13. Nyquist plot and its corresponding equivalent circuit of the
PDMS-based micro-supercapacitors recorded at OCP between 50 Hz and 5 mHz
with an amplitude of 10 mV. Parameters of the equivalent circuit are the
following: R, = 17.1 kQ; R; = 14.0 kQ; CPE1 Yo = 63.4 uMho and n = 0.793;
CPE2 Yy = 641 uMho and n = 0.92.

It is possible to extrapolate the areal specific power using
the following formula:
AV?

Pp = ——— 6.1
P Agp4Req (6.1)

where Req is the equivalent series resistance that was
experimentally estimated by charge-discharge cycles to a
value of 1.3 kQ.
The areal specific power was around 1 mW cm™2 which is
consistent with the values reported in literature.>? However,
obtained values are significantly lower than the calculated
values from measurements in planar configuration. Indeed,
deliverable performance for MSC is about four times lower.
As observed previously with FESEM image (Figure 6.6), the
microchannels are filled only partially with around 30% of
filling. So, if the filling was completely efficient (100% filled),
obtained values would be extremely consistent with the ones
measured from the planar configuration.

PDMS is flexible which is an important characteristic for
micro-supercapacitor applications. Bending tests were
performed to investigate the flexibility of the PDMS-based
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micro-supercapacitors. Cyclic voltammetry curves are
reported in Figure 6.14. As shown in the inset (top), two
different configurations were tested: concave and convex.
The second inset shows a performance comparison between
the different configurations. Obtained values of areal
specific capacitance are significantly different according to
the configuration. Indeed, the <concave configuration
provokes a decrease of 40% of the deliverable performance
in comparison with the flat configuration. The convex
configuration, instead, induces an increment of about 25% in
respect to the initial configuration. These significant
differences are mainly ascribable to the wettability of the
electrodes by the electrolyte. Indeed, the spring-like rods
configuration, described previously (Figure 6.8), has a larger
interface with the electrolyte in the convex configuration
because the interdigitated microchannels tend to get wider
and the electrolyte can wet more efficiently the active
materials. In an opposite way, the concave configuration
induces a stretching of the interdigitated microchannels
decreasing the accessibility for the electrolyte and,
consequently, the deliverable performance.

6.4. Conclusion
In this chapter, an innovative PDMS-based micro-
supercapacitor was fabricated through a photolithographic
process. The rGO-MoO; hybrid material was in-situ
synthesized using an easy one-pot hydrothermal procedure
starting from Graphene Oxide and phosphomolybdic acid as
Mo precursor. The active material displays both EDL (from
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Figure 6. 14. Study of the flexibility of the MSC in three configurations. Cyclic
voltammetry curves for all the configurations. In the top inset, a schematic
representation of the spatial configuration. The bottom inset shows the areal
specific capacitance in function of the configuration.

rGO) and pseudocapacitive (from Mo0QO;) behaviours. This
hybrid was dispersed in a PEDOT [poly(3,4-
ethylenedioxythiophene] solution used as conductive binder.
The filling of micro-supercapacitors was performed by
capillarity. Only a partial filling was possible which limits the
deliverable performance. However, the stability of the
material is high even without a packaging reducing the
electrolyte evaporation.

More interestingly, the composite formed by rGO flakes
decorated by MoO; micrometric structures wrapped by
PEDOT polymer demonstrates a good flexibility.

Finally, electrochemical performances measured for the
uncompleted filled PDMS-based micro-supercapacitor are
consistent with the most relevant papers in literature.

Further improvements can be envisaged such as: improving
the filling percentage, reducing electrolyte evaporation,
increasing the flexibility. Nevertheless, results showed in
this chapter are encouraging for micro-supercapacitor
applications.
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Chapter 7

Graphene-based Supercapacitors
for Wearable Applications

Among the devices used as supercapacitors, the ones based
on a standard planar configuration can be limited for some
recently proposed applications such as wearable
electronics.! In the past decade, wearable technologies, also
called “e-textiles” or “smart textiles”, have attracted much
attention. Indeed, these technologies could be used almost
continuously because, during all our lives, everyone is in
contact with textiles for up to 90% of the time. Consequently,
the market is predicted to reach $5bn in product revenue at
the end of the next decade.? However, the integration of
energy storage devices into textiles remains the main issue.3
In the last 5 vyears, flexible and fabrics-integrated
supercapacitors have emerged as valuable alternative to
standard bulky batteries.*> The first works used the
traditional planar configuration of supercapacitors
substituting the traditional foil current collectors by metal
grids or conductive fabrics.®=® The manufacturing of viable
devices for wearable applications is nevertheless still
problematic. To overcome this issue, considerable efforts are
devoted to build wire-shaped/fibre-shaped electrodes® 12 to
achieve fully-integrated wearables supercapacitors.?

This chapter is divided in two parts that focused on the fibre-
shaped supercapacitors and the scalable production of e-
textiles by mimicking an industrial process, respectively.
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Part A: Wired-shaped
Supercapacitors

Recently, wearable technologies have attracted
much attention. An in-situ hydrothermal
synthesis of reduced graphene oxide aerogels
onto a copper wire is investigated. The as-
synthesized sample shows a peculiar morphology
of the aerogel wadded around the current
collector. The fabricated device demonstrates
outstanding electrochemical properties in
comparison with state-of-the-art works.
Moreover, flexibility tests are performed, and
results are promising to move forward wearable
applications.

Part of the work described in this chapter has been
previously published in Carbon, 2016 (105), 649-654.

7.1. Motivations

Wire-shaped supercapacitors have attracted much attention
in the last couple of years due to their flexibility and
integrability to textile fabrics. They can be divided in two
categories according to their configuration (Figure 7.1):
coaxial fibre-like® supercapacitors and two-ply fibre-like
supercapacitors.’>13 Both use gel electrolyte to act both as
ion conductor and separator to avoid physical contact
between the electrodes.

Silver paint

a ) Active Carbon

Gel electrolyte
Chinese nx
stainless &eel

d‘_

Figure 7. 1. Schematic representation of (a) coaxial fibre-like® and (b) two-
ply fibre-like supercapacitors?3
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Several carbon-based materials were investigated to increase
the energy density without deteriorate the power density of
the devices. Indeed, carbon-based materials such as carbon
black, glassy carbon, and carbon nanotubes display high
specific surface area, stability over wide electrochemical
window alongside their earth abundance and low production
cost.%12,14.15 These materials were nevertheless
progressively abandoned for graphene or graphene-like
materials. Indeed, graphene has high electrical conductivity,
high flexibility and outstanding chemical and mechanical
properties. 1618

Graphene is also really attractive thanks to its strong C-C
bond which allows to be flexible and mechanically robust
enough to allow integration into textile.!® Graphene has been
already studied for wire-shaped supercapacitor applications.
However, production procedures used up to now are very
complex, such as: a graphene core fibre coated using
electrochemical deposition of graphene layer or using
graphene cylindrical electrodes deposited on Cu mesh around
a fibre decorated by radially grown ZnO nanowires.3,20,21
Nowadays, 3D-graphene-based structure with porous
framework is preferred in supercapacitor application to
monolayer graphene due to its higher specific surface area.
Moreover, the synthesis procedure is easier, clean and
sustainable, and, more importantly, a scalability can be
envisaged in the next future. Notwithstanding the
outstanding properties of the material, the deposition of the
porous structure around the wire to obtain a suitable
interface remains a key challenge.

To face this challenge, a concomitant in-situ reduction of
graphene oxide?? with a self-assembly procedure of rGO
flakes around a copper wire was here reported. The resulting
electrodes can be assembled in a two-wire configuration
achieving high performance flexible supercapacitors. The
resulting deposition of active materials on current collector
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during the hydrothermal synthesis permits to avoid the use
of binder, resulting in better electrochemical performance.

7.2. Experimental Section

7.2.1. Graphene aerogel synthesis

A 200 pum-diameter copper wire was used as support for the
aerogel synthesis. The wire was cleaned in acidic solution for
2 minutes, 1M HCI, to remove the native oxide layer on
surface. The cleaned wire was then washed repeatedly in
deionized water. The pure rGO aerogel synthesis was the
same as used previously (see Chapter 4). Briefly, 2 mg/mL of
Graphene Oxide powder (Cheap Tubes Inc.) were dispersed in
19 ml. After a 30 min of sonication, the homogeneous GO
dispersion was transferred in the hydrothermal Teflon
reactor. Synthesis occurs in a stainless-steel autoclave
during 12 hours at a temperature of 180°C. Finally, the
aerogel on Copper wire (rGO@Cu) was freeze-dried
overnight.

7.2.2. Wire-shaped Supercapacitor assembly

For supercapacitor measurements, a gel electrolyte was
used. The gel was prepared by heating the
Polyvinylpyrrolidone (PVP, Sigma Aldrich) containing 1M Nal
in water (Sigma Aldrich). The as-prepared rGO@Cu wires
were dip-coated into the gel solution and aligned onto a glass
slide after a partial gelification during 5 minutes at 80°C.
Then, wires were carefully assembled in a two-electrode
configuration. Finally, the gelification was completed with a
heating at 80°C for 5 minutes.

7.2.3. Characterization

The morphology of rGO self-assembled aerogel on copper
wire was investigated. The homogeneity of the rGO-based
coating was carefully monitored as well as the assembled
device by means of Field Emission Scanning Electron
Microscopy (FESEM) with a Zeiss Supra 40 microscope.
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Cross-sectional preparation of the samples by Focused lon
Beam (FIB) milling allows the investigation of the interface
between the rGO aerogel and the Cu-wire. The milling
occurred with a 30 kV acceleration voltage and 2 nA current
of Ga* ions. A current of 600 pA for used for the cleaning.
Both sample preparation and imaging process were
performed on a Zeiss Auriga dual-beam FIB-FESEM
workstation.

Raman spectroscopy at a wavelength of 514.5 nm (Ar-Kr laser
source) was carried on with a Renishaw inVia Reflex micro-
Raman spectrophotometer, equipped with a cooled CCD
camera.

The surface chemical composition was investigated by means
of X-ray Photoelectron Spectroscopy (XPS). The apparatus
used was a PHI 5000 Versaprobe scanning X-ray
photoelectron spectrometer (monochromatic Al K-alpha X-
ray source with 1486.6 eV energy, 15 kV voltage and 1 mA
anode current). The energy for survey spectra and HR peaks
were 187.85 eV and 23.5 eV, respectively. The spot for the
acquisition was 100 um. All samples were analysed using a
combined electron and argon ion gun neutralizer system to
reduce the charging effect during the measurements. The
analysis was carried out using the Multipak 9.6 software. The
core-level peak energies were referenced to Cls peak at
284.5 eV (C-C/C-H sp? bonds) and the background
contribution in HR scans has been subtracted by means of a
Shirley function.?? A 1-minute sputter cleaning was
performed using the Ar* source with a 2 kV ions accelerating
voltage (10 pA ion current).

BET (Brunauer-Emmett-Teller) Specific Surface Area was
measured using a Quadrasorb SI (Quantachrome). The N
adsorption/desorption isotherms were performed between
0.1 and 0.3 of relative pressure (P/Po). The pore size
distribution was estimated using the Density Functional
Theory (DFT) model.
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Electrochemical measurements were performed in a two-
electrode configuration. Cyclic Voltammetry measurements
were performed with a Metrohm Autolab PGSTAT128
potentiostat/galvanostat. Galvanostatic charge/discharge
measurements were obtained with an Arbin Instrument
Testing System model BT-2000.

7.3. Results and Discussions
A schematic representation of the hydrothermal synthesis,
starting from GO dispersion in water, and the supercapacitor
assembling are reported in Figure 7.2.a and 7.2.b,
respectively. Pristine GO sheets undergo a reduction during
the hydrothermal synthesis. The rGO flakes tend to wind
around the copper wire by a self-assembling process forming
a uniform coating. The resulting rGO@Cu wire was then dip-
coated into a PVP-based Nal electrolytic solution. Finally,
two rGO@Cu wires were manually assembled to form a two-
electrode symmetric configuration separated by the gel

Cu wire
£ 3

b) /\
Y
Y

a)

GO/DI
dispersion

i rGO
aerogel  Cuwire

Polymer
electrolyte

rGO aerogel ‘
@Cu wire

Figure 7. 2. Schematic representation of the (a) hydrothermal synthesis and
the (b) self-assembling of rGO flakes around the copper wire followed by the
supercapacitor assembling procedure.
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7.3.1. Morphological investigation
The as-synthesized rGO@Cu wire was investigated by FESEM
before and after the dip-coated step into the electrolytic
solution. Low-magnification images are shown in Figure 7.3.a
and 7.3.b. The self-assembling of rGO flakes results in a
homogeneous coating of the Cu wire.

For sake of investigation, the same hydrothermal process was
carried on Ti and Ni wires to study the effect of the support.
FESEM images are shown in Figure 7.4 for both samples. The
morphology for both samples are completely different.
Indeed, the coating is not homogeneous and, more

importantly, only partial.
B

Figure 7. 3. Low magnification FESEM images of the rGO@Cu sample in (a)
45°-tilted and top (b) view.

The structuration of the rGO around the wire is more like a
sponge. Moreover, the porous structure is significantly
different than the rGO@Cu sample. These observations
suggest a non-negligible effect of the metallic support on the
self-assembling of rGO flakes. The copper seems to allow a
good organization of the flakes around it in addition with its
catalytic action during the hydrothermal process as discussed
by Huang and co-workers.?
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\ \4\ B i : 8

Figure 7. 4. 45°-tilt FESEM images of (a,c) Ti and (b,d) Ni wires after the
hydrothermal process.

!

7.3.2. Cross-sectional study

The self-assembling of rGO flakes around the copper wire was
investigated using cross-section images. As reported in
Figure 7.5, the structural organization of rGO flakes creates
an interconnected porous framework. A higher magnification
is shown in the inset. This image displays a 3D-structure
constituted by wrinkled and curled-up rGO flakes. The self-
assembling mechanism occurs due to new interactions
created during the hydrothermal synthesis as reported by Xu
et al.?> Indeed, the pristine GO is hydrophilic due to its the
oxygen moieties implying a good dispersion in water. During
the hydrothermal process, a reduction of the oxygen
functionalities occurs in addition to the restoring of the m-m*
interaction. These concomitant phenomena allow the self-
assembling of rGO flakes in a 3D aerogel structure. This
hydrothermal synthesis was used for the first time to grow
such porous 3D structure wrapped around a copper wire. The
mass loading was measured to be about 200 pg/cm of active
material.
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The interface between the Cu wire and the rGO-based porous
structure is a critical aspect. For sake of understanding,
several cross-sections were prepared by FIB milling.

Figure 7. 5. Cross-section image of the interconnected 3D architecture of the
rGO aerogel at (a) low and (inset) high magnification. (b) Cross-section
image of a FIB-milled region.

The FIB-milled technique allows to obtain cross-section
samples without applying mechanical stress. This aspect is
critical because the presence of a mechanical stress could
affect the adhesion between the active material (rGO-based
aerogel) and the substrate (Cu wire). A FIB-milled region
showing the interface is shown in Figure 7.5. The image
demonstrates clearly the good adhesion of the rGO aerogel
onto the copper wire. Interestingly, an oxidized layer of
copper, with a thickness in the range of 400 — 700 nm, was
formed during the hydrothermal synthesis. This layer may
facilitate the adhesion of the rGO@Cu. The composition of
the oxidized copper layer and the proof of GO reduction will
be discussed in the XPS section.

7.3.3. Study of the chemical composition by XPS
XPS analyses were performed on the same segment used for
the FESEM characterization. This sample is clearly the most
interesting for the study of the chemical composition.
Indeed, it contains the rGO aerogel, which allows to study
the reduction process, and an exposed surface of Cu, where
rGO has been peeled off, allowing the study of the oxidized
layer. The high-resolution XPS spectra of the Cls region for
both pristine GO and the rGO aerogel are shown in Figure
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7.6.a and 7.6.b, respectively. During the hydrothermal
synthesis, a reduction of the oxygen moieties should occur
together with the establishment of the m-n* interaction. The
comparison of the pristine GO and rGO spectra confirm the
expected phenomena. Indeed, the contributions of the
carbon-oxygen bonds were dramatically reduced after the
hydrothermal synthesis. A semi-quantitative study of the HR
Cls peak further confirms these observations. In fact, the (C-
O + C=0 %)/(C-C sp? %) ratio decreases significantly from
(65.6/34.4)% to (34.1/59.1)% confirming a higher sp?
contribution. This change in the chemical composition is
important for supercapacitor applications because the
conductivity of the carbon-based matrix is directly linked to
the level of sp? contribution. The m—-n* transition is an
important feature because it is the fingerprint of extended
delocalized electrons. This HOMO-LUMO transition is
recognisable in the rGO spectrum while it is absent in the
pristine GO one.2?® This transition is observable through its
satellite peak that is located at ~¥6 eV from main Cls peak for
aromatic compounds.?’

c-0
- a) 'n? b) '\ c-cic-H
B / - cocH | 3
3 ."I‘ "ul " 3
z o) M z co |
[ = / ’ e c=0 \
7} : 3 . ’
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Figure 7. 6. XPS spectra of (a) GO powder and (b) rGO@Cu wire.

The hydrothermal reaction induces the formation of an
oxidized Cu layer at the surface of the wire as showed
previously with the FESEM analysis. The HR spectrum in the
Cu2p peaks region is reported in Figure 7.7.a. The un-
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sputtered sample displays a doublet for the Cu2p which is
characteristic of the presence of Cu?* species. The Cu2ps,
peak shows contribution of both Cu* and Cu?* with energy
values of 932.5 eV and 934.2 eV, respectively. The same
interpretation can be made for the Cu2pi/2 peak, which is
separated by 19.8 eV from the main peak. Nevertheless, the
contribution of metallic copper is not observable because the
oxide layer is thicker than 10nm that corresponds to the
penetration depth of the XPS beam. This observation is in
perfect agreement with the FESEM analysis.

For sake of investigation, a surface cleaning by Ar* sputtering
was performed for 1 minute. Interestingly, all the
contributions of the Cu?* were completely removed. Then,
the Cu2ps/2 contains only one peak ascribable to the Cu*. To
further confirm the previous allegations, XPS analysis was
also performed in the Cu LMM Auger region. The spectra
before and after the cleaning process are shown in Figure
7.7. The difference between the two spectra is more
significant. Indeed, the as-prepared sample shows a
characteristic satellite peak at higher binding energy before
the main peak around 570 eV and a shoulder at lower binding
energy. These three features are the fingerprint of the CuO.
The sputtered sample displays only the main peak located at
570.6 eV, which corresponds to the Cu;O0.

To summarize, the surface of the copper wire is covered by a
thick layer of Cu,0 and then a thin layer of CuO (<10 nm).
This partial oxidation of the Cu wire can be ascribed to the
hydrothermal reaction conditions and interfacial redox
reactions between the GO sheets and the active Cu surface.
Indeed, this chemical reaction was already reported for the
in-situ formation of highly ordered films starting from GO
using planar metallic substrates.?%29
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Figure 7. 7. XPS HR peaks of Cu2p (a) and Cu LMM Auger peaks (b) of
hydrothermally reduced rGO@Cu sample before (blue line) and after Ar* ion
sputtering (red line).

7.3.4. Chemical composition analysis by Raman

Raman spectroscopy was used to confirm the XPS results.
Pristine GO and rGO@Cu spectra are reported in Figure 7.8.
Spectra were centred in the characteristic region of
carbonaceous material. Indeed, the first order D and G peaks
are located at 1359 cm™! and 1598 cm™?, respectively. The 1D
peak is ascribable to the defects in the in plane-sp? domains
in graphene material. These defects, which can be distortion
or vacancies, are induced from the oxidation treatment. The
G peak is sharp for pure graphene material. However, it is
broader for reduced Graphene oxide due to a first-order
inelastic scattering process involving the degenerate iTO and
iLO phonons at the G point (E2g mode). The ratio 1p/1¢ is
close for samples before and after hydrothermal synthesis. A
significant decrease was expected after the hydrothermal
synthesis due to a reduction of the oxygenated moieties.
Nevertheless, the self-assembling of rGO flakes induces a
wrinkle of the flakes causing the increase of the defects. The
suitable reduction can be confirmed by the disappearance of
the photoluminescence background after the hydrothermal
synthesis. Indeed. This large band, present in the pristine GO
spectrum, is devoted to band-gap emission from electron-
confined sp? islands and to oxygen-related defect states.
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These observations are in line with the XPS previously
described.

— GO (pristine powder)
- RGO aerogel G

D

Intensity (a. u.)

1000 1500 2000

Raman shift (cm™)

Figure 7. 8. Raman spectra of pristine GO (black curve) and rGO@Cu (red
curve).

7.3.5. Specific Surface Area

The BET specific surface area was measured directly on the
rGO@Cu wire sample to avoid possible misleading results.
Indeed, the rGO coating on top of the covered wire has a
particular 3D porous framework. This configuration could be
deteriorated during the peeled off step necessary for
removing the material from the substrate. The N3-
adsorption/desorption isotherms are shown in Figure 7.9
with the pore size distribution plot calculated with the DFT
model in the inset. The BET specific surface area was
measured to 185 m? g1, which is significantly lower than the
pure rGO (460 m? g''). This decrease is ascribable to the
presence of the copper wire and, as observed from FESEM
images, the more packed structure of the rGO aerogel. The
average pore diameter is in the meso/macroporous region
with a monomodal pore size distribution centred between 1
and 5 nm. This distribution of porosity is beneficial for
supercapacitor applications. Indeed, mesopores provide
more active sites for interactions between electrode and
electrolyte.
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Figure 7. 9. Nj;-adsorption/desorption isotherms. The inset displays the
corresponding DFT pore size distribution plot

7.3.6. Electrochemical Characterization

The two wires-electrodes were assembled manually using
PVP-Nal as gel electrolyte. A cross-section of the device is
shown in Figure 7.10.a. The sample was cut using scissors
because the interested area was too large (= 400 x 100 pm?)
to be prepared using the FIB-milling technique.
Consequently, a mechanical stress was induced in the
sample. Notwithstanding this stress, the interface between
the rGO and the Cu wire is maintained. Figure 7.10.b shows
the interface between the active material and the gel
electrolyte. Even with an important mechanical stress caused
by the cut of the sample, the interface is perfectly preserved.
These results are promising. However, the integration of the
supercapacitors to textiles fabrics is the key challenge for
wearable supercapacitors. To demonstrate the integrability
of the rGO@Cu sample, a prototype was fabricated. It was 5
cm long and was inserted to cotton threads. The prototype is
shown in Figure 7.10.c with an inset showing an optical
microscope image, which confirms the suitable insertion.
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Figure 7. 10. (a) FESEM image of the cross-section of the assembled device,
(b) higher magnification of the rGO/PVP interface (indicated by the white
square in (a)). (c) Picture of the prototype showing the rGO@Cu wire
integrated to cotton threads.

Electrochemical performance of the wire-shaped
supercapacitors was evaluated by cyclic voltammetry in a
two-electrode configuration. The potential window used was
1V and the scan rates tested were 5 to 100 mV/s and 1 to 10
V/s as shown in Figure 7.10.d and 7.10.e, respectively. The
shape of the curves does not display any contribution of
oxygen moieties indicating the suitable reduction of the
graphene oxide during the hydrothermal synthesis. The
consistent response of rGO@Cu even at scan rates up to 10
V/s shows the fast charging/discharging dynamic of the
system. Nevertheless, for the higher scan rates, an important
slope is observable. This deviation from the box-like shape
characteristic of EDLC is ascribable to the oxidized layer on
the top of the copper wire, used as current collector.

Galvanostatic charge/discharge measurements were
performed to investigate the electrochemical behaviour of
the devices. The wire-shaped supercapacitors were subjected
to different current densities between 0.5 and 2 A/g (Figure
7.11.a), to different voltage windows between 0.5 and 1 V at
a current density of 0.5 A/g (Figure 7.11.b). The cycling
stability was also studied up to 10.000 cycles as shown in
Figure 7.11.c.
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Figure 7. 11. Galvanostatic charge/discharge measurements performed at (a)
different current densities and (b) in different voltage window.

The profile of the charge/discharge curves in Figure 7.11
indicates a resistive behaviour. Indeed, the typical triangular
shape of EDLC was not observed due to a voltage drop at the
beginning of the discharge. The performance of the rGO@Cu
sample is appreciable looking at its stability over high
current densities. The potential window was tested at a
current density of 0.5 A/g. No distortion of the curves was
observed, which confirms the good charging/discharging
process of the wearable supercapacitors.

The energy storage capabilities were calculated from the
cyclic voltammetry curves, according to the procedure
reported by Yu et al..* The linear specific capacitance was
measured to be 12.5 mF/cm. The mass loading of the rGO
aerogel on copper wire was 200 pg/cm. Then, the gravimetric
specific capacitance was 62.5 F/g at a scan rate of 5 mV/s.
The evolution of the gravimetric specific capacitance in
function of the scan rate is shown in Figure 7.12.

The decrease of the performance with the increase of the
scan rate is well-known. This effect is ascribable to a
limitation of the ions diffusion in the porous framework when
the analysis is fast.3® A comparison with the most relevant
paper in literature is shown in Figure 7.13 for both
gravimetric and linear specific capacitance. Obtained value
for the gravimetric specific capacitance is in the average of
the literature. However, the linear specific capacitance

-252-



Wearable Supercapacitors Chapter VII

displayed by rGO@Cu sample is significantly higher than the
reported works in literature.
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Figure 7. 12. Evolution of the gravimetric specific capacitance in function of
the scan rates. The inset shows a zoom for the lower scan rates.
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Figure 7. 13.comparison of the (top) gravimetric and (bottom) linear specific
capacitance of rGO@Cu with the most relevant papers in literature.31-37
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The stability of wearable supercapacitors is often limitative
for future applications. The Figure 7.14 reports the capacity
retention of rGO@Cu up to 10.000 cycles. The stability is
outstanding with only 5% of the initial capacitance loss after
10.000 cycles.

The bending of the sample generates mechanical stress that
can deteriorate the performance. Therefore, bending tests
were performed with an angle of 70°, 120°, and 160°. Results
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are remarkable with almost 99% of capacitance retention
after 1000 cycles in comparison with the un-bended sample.

For sake of completeness, capacitance was measured during
folding/unfolding cycles.
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Figure 7. 14. (a) Cyclic stability at a current density of 1 A/g (inset displays
the charge/discharge curves). (b) Capacitance retention after 1000 cycles at
70°, 120°, and 160°.

These cycles were performed between the un-bended sample
(0°) and a bending of 120°. This test can be discriminant for
real market applications. The figure 7.15 reports the capacity
retention up to 100 folding-unfolding cycles. A decrease of
the performance around 27% is observed. This value seems
to be elevated but, comparing to the literature, the result is
promising. Indeed, similar devices display 35% loss after only
11 cycles (Gogotsi and co-workers38) or 30% after only 50
cycles (Xu and co-workers3?).
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Figure 7. 15. capacitance measurements during 100 folding/unfolding cycles
from 0° to 120° of the textile-integrated fibre-supercapacitor. Insets show
digital photographs of the flat/bended devices.
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7.4. Conclusions

This first part of the chapter demonstrated the easy
fabrication of wearable supercapacitors using a green and
sustainable hydrothermal synthesis. The self-assembly of
rGO flakes around the copper wire created a homogeneous
coating. The interface between the active material (rGO) and
the current collector (Cu wire) was suitable for integration
to cotton threads. Good specific capacitance and stability up
to 10.000 cycles were obtained for rGO@Cu. Indeed,
obtained values for linear specific capacitance overcome the
most relevant works published in literature. Moreover, the
flexibility with different bending angles and, more
importantly, the capacitance retention over
folding/unfolding conditions were demonstrated. To
conclude, integrability and flexibility of rGO@Cu wire
electrodes drive them to be good candidates for energy
storage systems for smart textiles applications.
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Part B: Scalable and cost-
effective integration of
Exfoliated Graphene-based
Supercapacitors in Textile

Another approach dealing with a scalable
fabrication of electrochemically exfoliated
graphene-based wearable supercapacitors is
investigated. The deposition method s
mimicking an industrial procedure with a
deposition rate of 100 m/min on both nylon and
cotton fabrics. The graphene-based wearable
supercapacitors demonstrate high
electrochemical performance. Obtained results
are promising but, more importantly, the
explored approach is scalable and cost-effective.

7.5. Motivations

As described above, the key challenge for energy storage
devices is the integration to textiles keeping their
outstanding performances.®> However, the deposition
technique is a non-negligible factor because it influences
both the adhesion and the interface between the active
materials and the current collectors, the porous framework
and, consequently, the final electrochemical performances.
The deposition technique used should be tailored according
to the physicochemical properties of the active material and
the substrate employed.

Graphene and its derivatives graphene oxide and reduced
graphene oxide have attracted attention with their
remarkable intrinsic properties such as high conductivity,
flexibility, high tensile strength, optical transparency, and
low density.?%%? Numerous techniques have been already
investigated to coat textiles with graphene or its derivatives
materials such as dip coating#?=*%, vacuum filtration#>/46,
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brush coating®’=%°, direct electrochemical deposition3>,
electrophoresis®%°!, interfacial trapping method®?, wet
transfer of monolayer®®, screen printing®*°°>, or self-
assembling method>%>’, However, these are time consuming
and/or multi-stage manufacturing processes; not suitable for
large scale production. Therefore, there is a need for a
simple, low-cost, and scalable process for the fabrication of
next generation wearable e-textiles.

Moreover, despite the plethora of research regarding
graphene-based textiles supercapacitors, works reported in
literature have focused mainly on reduced graphene oxide as
active material. Nevertheless, development on
electrochemical exfoliation allows to obtain cheap graphene
with a good quality. Furthermore, these synthesis procedures
have attracted attention due to the environmental-friendly
condition and possible scalability in addition to the rapidity
of the process.>®5?

The aim of the second part of this chapter is to study
graphene-based wearable supercapacitors produced by
means of a padding method. This technique is mimicking an
industrial process and allows to produce 100 m of e-textiles
in only one minute. In addition to the simple, large scale and
cost-effective production used, the active material used is
the anodic exfoliated graphene which represents an
innovation in this growing research field.

7.6. Materials and Methods
7.6.1. Materials
Graphite flakes and Ammonium Sulphate used for the anodic
exfoliation were purchased from Sigma Aldrich. Two textiles
fabrics were tested: 100% cotton [“Cotton”] and nylon (1%
Elastane) [“Nylon”]. Both were manufactured internally in
the University of Manchester textile laboratory. Poly(vinyl
alcohol) [Mw: ~130,000] and Lithium Chloride (purity 2=
99.0%) were purchased from Sigma Aldrich.
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7.6.2. Exfoliation of Graphene and Graphene dispersion
preparation

The exfoliated graphene was prepared by anodic exfoliation
of graphite in (NH4)2S04 using the method already reported
by Parvez.® Briefly, the exfoliation was performed in a two-
electrode system using Platinum as the counter electrode
and a graphite flake as the working electrode. A direct
current (DC) voltage of +10 V for 3 minutes was applied to
dissociate and disperse the graphite flakes into the
electrolyte solution. The exfoliated product was collected by
vacuum filtration and washed repeatedly with deionised
water.

The obtained powder was then dispersed in
Isopropanol/water (50:50 V.) by sonication for 16 hours.
Thus, a dispersion of 1 mg/mL of Exfoliated Graphene was
obtained.

7.6.3. Continuous pad-drying of textiles with graphene-
based Ink

Textile fabrics were padded by means of “one dip-one nip”
process through exfoliated graphene dispersions to a wet
pick-up of “80% on the weight of the fabric. The pressure
between two nip rollers was maintained constant at 1 bar to
achieve ~80% pick up. The pick-up% was calculated using

following formula:

. The weight of graphene coated fabric - the dry weight of untreated fabric
Pick up%= ( g g g )

- - X100
The dry weight of untreated fabric

The exfoliated graphene padded fabrics were subsequently
dried at 100°C for 10 minutes and used without further
treatments for e-textile applications. This procedure was
repeated up to 5 times to assure a suitable deposition of
graphene inside the textile fabrics.

7.6.4. Physicochemical characterization
A Kratos Axis Ultra system spectrophotometer was used to
perform the XPS analysis on the surface of the exfoliated
graphene to assess its quality.
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Philips XL 30 Field Emission Gun Scanning Electron
Microscope (SEM) was used to analyse the surface
topography of the Exfoliated Graphene coated fabrics.

A topological analysis was performed using Atomic Force
Microscopy. The apparatus used was Digital Instruments
Nanoscope IIIA. The nanosheets were deposited on a SiO/Si
substrate. High Resolution - Transmission Electron
Microscopy was used to investigate the exfoliated graphene.
The instrument used was a Tecnai F30 operating a 300kV
fitted with a highly coherent Schottky field emission gun.
Raman analysis was applied to study both the exfoliated
graphene powder and the exfoliated graphene coated textiles
by means of a Renishaw InVia Reflex micro-Raman
spectrometer (Renishaw plc. Wottonunder-Edge, UK)
equipped with a cooled CCD camera. The Raman source was
a diode laser (Aex = 514.5 nm), and samples inspection
occurred through a microscope objective (100X), in
backscattering light collection. The parameters used for the
spectra acquisition were 5 mW laser power, 10 s of exposure
time and 3 accumulations. The sample of exfoliated graphene
powder was carefully pressed on a glass microscope slide
while the e-textiles was attached in order to be as flat as
possible.

The sheet resistance of conductive e-textiles was measured
with four-point probe measurements using a Keithley 2440
source-measure unit. Sheet resistance was calculated from
the average of ten measurements.

Cyclic Voltammetry (CV) and Galvanostatic charge/discharge
(GCD) measurements were performed using a PGSTAT302N
potentiostat (Metrohm Autolab, The Netherlands). All
electrochemical measurements were performed using PVA-
LiCl as neutral gel electrolyte in a two-electrode cell and
symmetrical configuration. Specific Capacitance was
calculated using the best practice methods established by
Stoller and Ruoff.6°
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7.7. Results and Discussions
7.7.1. Characterization of Exfoliated Graphene

To assess the surface chemical composition of the exfoliated
graphene, XPS analysis was carried on the sample. The HR
spectrum of the Cls region centred at 284.5 eV is reported
in Figure 7.16. The curve can be deconvoluted in 4 different
bands. The most intense feature corresponds to the C sp?
which can be relied to the conductivity of the carbon-based
material. A satellite peak was observable at ~¥6 eV from the
Cls main peak and corresponds to the m - mn* interaction.
This interaction is a fingerprint of carbon aromatic rings and
is ascribable to the delocalized electrons in the material.26:56
The two other figures are assigned to oxidized carbon such
as C-O and C=0. The presence of these groups is devoted to
the oxidation process allowing the exfoliation of graphite in
exfoliated graphene.

Intensity (a.u)

300 297 294 291 288 285 282 279
Binding energy (eV)
Figure 7. 16. XPS spectrum of the as-exfoliated graphene in the Cls region

In addition to the XPS analysis assessing the surface
composition, AFM analysis was performed to determine the
flakes thickness. The image is reported in Figure 7.17. Flakes
thickness was 2 nm, which corresponds to few-layers
graphene.
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Figure 7. 17. AFM image of solution-exfoliated graphene nanosheets

Then, the flake size was determined by means of SEM
analysis. The average lateral size measured was 7.9 um. The
SEM image and the relative size distribution are reported in
Figure 7.18.
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Figure 7. 18. distribution of the flake size by SEM analysis.

High Resolution Transmission Electron Microscopy (HRTEM)
image is shown in Figure 7.19, with the Selected Area
Electron Diffraction (SAED) pattern. Typical 6-fold symmetric
diffraction can be observed from the SAED pattern. The {1-
210} plan is stronger than the {0-110} indicating the high
crystallinity of a bilayer graphene sheet.>°6?
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Figure 7. 19. HR-TEM image of the as-prepared exfoliated graphene deposited
on Si wafer (left), SAED spectrum focused on the exfoliated graphene (right-
top) and direct measurement of the interplanar distance through a line
profile (right-bottom).

7.7.2. Exfoliated Graphene coated on Textiles

7.7.2.1. Morphological characterization by SEM

Figure 7.20 displays the Scanning Electron Microscopy image
of the morphology of the Exfoliated Graphene coated on
Cotton (Figure A and B) and Nylon (Figure C and D) using the
Padding method. Exfoliated Graphene flakes tend to wind
around the fibre of Cotton with a good homogeneity and
make a continuous conductive shell (Figure 7.20.A). Figure
7.20.B displays some defects present on the fibre surface.
Figure 7.20.C and 7.20.D, panel Cand D show the Nylon based
e-textile with the same magnification than panel A and panel
B, respectively. A different morphology is observable for the
Nylon fabrics in comparison with the Cotton fabrics. Indeed,
in the case of Nylon fabrics, Exfoliated Graphene flakes
seems to be more packed around the fabrics and to form a
homogeneous conductive layer on the surface of the textile
while the active material was dispersed around each fibre for
the Cotton sample.
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Figure 7. 20. SEM images of exfoliated graphene deposited on (A,B) Cotton
and (C,D) Nylon fabrics.

7.7.2.2. Structural characterization by Raman
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Figure 7. 21. Raman spectra for (A) cotton- and (B) Nylon-based electrodes.

Figure 7.21.A shows the Raman spectra, related to the
exfoliated graphene deposited by means of the Padding
method (Exfoliated Graphene @ Cotton, green curve),
plotted in comparison with the bare cotton alone (red curve)
and the exfoliated graphene powder used as active material
for the preparation of the e-textiles samples (blue curve).
Typical peaks of cotton (red curve) are observable in the
fingerprint region 1000 — 1500 cm™! and centred at 2728 cm-
1 and 2890 cm™!. In the fingerprint region, bands are
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ascribable to the C-C bond stretching while peaks at ~2728
cm'! and ~2890 cm™! can be assigned to the C-H stretching
modes in CH, groups. These assignments are in complete
accordance with the study reported previously by Uddin et
al..®?2 The exfoliated graphene spectrum (blue curve) shows
four bands centred at 1350 cm™!, 1580 cm-?, 2685 cm™!, and
2930 cmt. The first two features (1350 cm™%, 1580 cm™!) are
the most intense and correspond to the first order D peak
and G peak respectively. The intensity of the D peak is due
to the size reduction of in plane-sp? domains and can be
induced by the creation of defects, vacancies, and distortion
of the sp? domains after oxidation.®3%* The oxidation
occurred during the anodic exfoliation of graphite. The G
peak, which is due to the doubly degenerate zone centre Eg
mode is normally sharp and intense for pure graphene.®®
Conversely, the blue curve of Figure 7.21.A shows a broad
band resulting from the superposition of the G peak and the
D’ mode (1625 cm™!) due to defect scattering.®3® The band
at 2685 cm™! corresponds to the 2D peak (historically G’) and
confirms the quality of the anodic exfoliated material. The
last feature at 2930 cm™! is ascribable to the D + D’ peak
typical of oxidized graphene which is induced by the anodic
exfoliation of graphite as described above. The green curve,
corresponding to the spectrum of cotton coated by the
exfoliated graphene by means of the Padding technique,
shows the typical peaks of graphene materials (1350 cm™!,
1580 cm™!, 2685 cm™?, and 2930 cm™!) in addition to the bands
assigned to the cotton matrix (1000 — 1160 cm! region, 1460
cmt, 2700 — 3000 cm™?! region). Those are the more intense
bands for a cotton matrix and it is assumed that the less
intense features are hidden by the scattering modes of
exfoliated graphene. The Raman characterization allows to
confirm that the exfoliated graphene was suitably deposited
on the cotton fabrics. The Figure 7.21.B shows the Raman
spectrum of the exfoliated graphene (blue curve), which is
already discussed above, the spectrum of bare nylon fabric
(red curve) and the composite ‘Exfoliated Graphene @ Nylon’
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(green curve). The Raman spectrum of nylon depicts weak
features at 800 — 1300 cm! range which are ascribable to the
C-C skeletal backbone structure. The intense feature at 1440
cm™! corresponds to the CH; bending while the doublet at
1635 cm™! is characteristic of C=0 stretching mode in nylon.
The broad peak centred at 2920 cm! is ascribable to the C-H
stretching in CH2.577%% The spectrum of the nylon-based e-
textile (green curve) shows the representative features of
graphene overlapping the more intense peaks related to the
bending of CH, groups and the C-H stretching of the Nylon
matrix (1440 cm™! and 2918 cm™!). As reported before for the
cotton fabrics, the Raman analysis confirms that the
exfoliated graphene was suitably deposited on the nylon
fabrics by means of the padding technique.

7.7.2.3. Electrical properties of exfoliated graphene
coated on textiles

The electrical properties of Exfoliated Graphene coated e-
textiles by means of Padding method have been tested.
Figure 7.22 reports the sheet resistance values for Cotton
(blue curve) and Nylon (red curve) fabrics. Three samples
were tested for each fabric: reference sample (no padded),
sample padded 1 time, and sample padded 5 times.
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Figure 7. 22. Sheet resistance in function of the padding repetition

The sheet resistance of cotton fabric is significantly higher
than nylon one for all the samples. As expected, the sheet
resistance decreases with the increase of the padding
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repetition. The measured values after 5 repetitions were 700
kQ.cm and 1.9 MQ.cm for Nylon and Cotton, respectively. No
further decrease was observed after 5 repetitions (data not
reported).

7.7.3. Electrochemistry

After careful characterization of the Exfoliated Graphene
obtained by anodic exfoliation of Graphite and the resulting
e-textiles, electrochemical testing was carried out in a
symmetrical two electrode configuration. Individual
electrodes were prepared by means of the Padding method
without any additional polymeric binders or conductive
additives. The padded fabric has a dimension of 10 cm x 10
cm approximatively and was cut in small rectangular pieces
with an area of 1 cm?. The mass loading was 0.8 and 1.7
mg/cm? for Cotton and Nylon, respectively. In this work, a
gel electrolyte was used to avoid complex packaging
manufacturing and the possibility of electrolyte leakage
which is one of the main concern for e-textile applications.
For an evident reason of user’s safety, only pH neutral
electrolyte could be used for Supercapacitors in contact with
the user’s body even if the Specific Capacitance is lower than
for strong acidic or basic electrolytes.’® Lithium Chloride was
used because both cations and anions are small and allow to
obtain more concentrated electrolyte without phase
separation and diffusion limitation.

Cyclic Voltammograms (CV) are reported in Figure 7.23.A and
7.23.B for Cotton and Nylon respectively. The response of the
cell shows an almost rectangular shape for the Exfoliated
Graphene coated on Cotton and Nylon fabrics which is typical
for EDLC. The Nylon based e-textiles seems to be more
resistive at high scan rates. However, the obtained current
density for the Nylon fabrics are three or four times bigger
than for Cotton at the same scan rates. The main concern
about the deposition by means of padding directly on textile
is the inherent resistivity of the fabrics when compared to
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metallic current collectors typically used for Supercapacitors
applications. Figure 7.23.Cand 7.23.D show the galvanostatic
charge / discharge measurements for Cotton and Nylon based
e-textiles respectively. The shape of both chrono-
potentiograms is almost linear which reveal the good
capacitive behaviour at different discharge current densities.
However, chrono-potentiograms are slightly asymmetrical
with a slower charge than discharge and it is even more
noticeable for the Nylon-based e-textiles. At low current
density, the supercapacitor seems to charge itself slowly
probably due to a limitation of diffusion phenomena through
the packed layers of Exfoliated Graphene on the surface of
Nylon fabrics as it was discussed above with the SEM analysis
(Figure 7.20).
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Figure 7. 23. electrochemical characterization using Cyclic Voltammetry and
Galvanostatic Charge/Discharge measurements: (A,C) Cotton and (B,D)
Nylon.

The Specific Capacitance was calculated using the best
practice method established in literature from both cyclic
voltammograms and chrono-potentiograms.®® Results are
reported in Figure 7.24.
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The Specific Capacitance calculated using both techniques
(CV and GCD) correspond almost perfectly. Nylon-based e-
textile exhibits higher areal Specific Capacitance than
Cotton-based sample. The difference is much important with
a factor slightly above 5 at 10 mV/s (90 mF/cm? for Nylon
versus 17 mF/cm? for Cotton) or even with an order of
magnitude larger for galvanostatic charge / discharge

measurement at 0.1 mA/cm? (85 mF/cm? versus 8 mF/cm?).
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Figure 7. 24. Evolution of the areal specific capacitance calculated from CV
and GCD for both Cotton and Nylon textiles.

However, this difference decreases dramatically to almost no
significant difference between the samples for Specific
Capacitance calculated both from chrono-potentiograms (9
mF/cm? for Nylon versus 7 mF/cm? for Cotton). Interestingly,
the Specific Capacitance for the Cotton sample is almost
constant at the tested scan rates and current densities. These
differences of behaviour could be accredited to a difference
of morphology of the sample. Indeed, exfoliated graphene
flakes tend to wind around each fibre of the Cotton fabric
while they tend to form a layered structure on Nylon surface.
By consequences, the accessibility of the active material by
the ions from the electrolyte is easier in the case of Cotton
and the capacitive behaviour is slightly dependant of the
scan rate or the current density used for the measurement.
In the other way, ions need more time to form the double
layer in the case of Nylon-based e-textile because of the
minor accessibility of active material by ions from the
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electrolyte. Then, the Specific Capacitance decreases
dramatically when the scan rate or the current density is
increased due to a diffusion limitation of electrolyte through
the active materials.

7.7.4. Cycling Stability
The cycling stability is one of the main concern for comparing
Supercapacitors between each other regarding forward to
practical applications. It is well known that ideal Electrical
Double Layers Capacitors should demonstrate extremely high
Capacity retention after repeated charge / discharge cycles.
To evaluate our devices, cyclic stability tests were performed
at a current density of 1 mA/cm? up to 15.000 cycles. The
capacity retention for Cotton and Nylon-based textiles are
reported in Figure 7.25 with a blue and a red curve

respectively.
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Figure 7. 25. Cyclic stability performed at 1 mA/cm? up to 15.000 cycles for
Cotton and Nylon-based e-textiles

The Cotton-based e-textile displays an important increase of
the Capacity during the first 500 cycles This phenomenon can
be described as the conditioning of the assembled cell due to
the permeation of the electrolyte throughout the porous
active material.®® The capacity continues to increase but with
a slighter slope until reach the maximum around 5000 cycles.
After this point, the device shows a failure and the Capacity
Retention decreases gradually until a value of 85 % at 15.000
cycles. This failure could be due to the delamination of

-269-



Chapter VII Wearable Supercapacitors

Exfoliated Graphene flakes that where not perfectly
deposited around the fibre as described previously as defects
in SEM analysis (See Figure 7.20). Indeed, this failure was
not observed for the Nylon-based e-textiles which contains
more packed flakes of Exfoliated Graphene. Due to this
organization, the flakes are less sensitive to the delamination
process. Starting from the first cycles for this sample, the
conditioning of the cell is observable. Notwithstanding, the
Capacity continues to increase almost linearly and reach a
value around 150 % of Capacity Retention in comparison with
the starting value. This increase could be due to the diffusion
of ions from electrolyte through the packed layers of
Exfoliated Graphene. Then, the device displays an almost
constant behaviour. This lack of failure with the aging of the
device validates the possible application of this technique to
produce large scale nylon-based e-textiles.

7.8. Conclusions

The second part of this chapter illustrated a simple, cost-
effective and scalable production process of graphene-based
wearable textiles. The exfoliated graphene deposition on
both nylon and cotton substrates was suitably realized using
a padding method. This method is mimicking an industrial
process and allows to produce up to 100 m/min of graphene-
based wearable textiles. Exfoliated graphene flakes tend to
wind around the textiles fibres which create a good interface.
Even if the sheet resistance of both fabrics is non-negligible,
integrated textile supercapacitors show good specific
capacitance and high stability over 15.000 cycles. For all the
electrochemical measurements, nylon-based supercapacitors
demonstrate better performance than cotton-based ones.
The difference could be due to the intrinsic lower sheet
resistance of the fabric. To summarize, the padding method
used here can be envisaged for an up-scaling of graphene-
based wearable supercapacitors from laboratory to industrial
scale in this growing market.
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Concluding Remarks

Graphene has attracted attention of the scientific
community since its first isolation by Geim and Novoselov in
2004. Its outstanding properties are appealing for many
applications and, in particular, for energy storage
technologies.

The development of more efficient energy storage
technologies is crucial regarding the current worldwide energy
scenario and the use of renewable technologies to produce
electricity. Supercapacitors are electrochemical energy storage
devices with appealing characteristics such as fast charge-
discharge and long cycling life. However, they struggle about
the energy density that can be stored into the devices. To
overcome this issue, the research activities of this Ph.D. thesis
were focused on the increase of the energy density of
graphene-based supercapacitors without affecting their power
density.

In the first experimental section, different hybrid
supercapacitors based on hydrothermally reduced graphene
oxide decorated with transition metal oxide (Molybdenum
Oxide - MoO2) or transition metal dichalcogenide
(Molybdenum Disulfide - MoS;) were compared. Both
pseudocapacitive materials were synthesized starting from
phosphomolybdic acid, as Mo precursor, and in the case of
MoS;, L-cysteine was used as S precursor. The concomitant
synthesis of MoS; and reduction of GO induce the formation of
an aerogel structure containing indistinguishable two-
dimensional materials. Interestingly, the MoS; structure is
composed of both 1T (metallic) and 2H (semiconductor)
phases. The 1T phase is metastable, but nanodomains are
stabilized by the rGO flakes interconnected through the 3D
aerogel network. The electrochemical properties of this
polymorph active material are promising due to the increase of
one order of magnitude in the specific capacitance resulted
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from the comparison with the bare rGO. Moreover, the cycling
stability of this material was demonstrated up to 50.000 cycles.

In the second experimental section, the effect of L-
ascorbic acid (Vitamin C) as reducing agent for the concomitant
reduction of graphene oxide and the synthesis of molybdenum
oxide starting from phosphomolybdic acid was investigated. A
significant improvement of reproducibility of the GO reduction
grade was demonstrated. In addition, an enhancement of the
electrochemical performance and a higher stability of the
hybrid supercapacitors were demonstrated. Then, this material
was used to fabricate PDMS-based micro-supercapacitors.
Indeed, miniaturized supercapacitors are attractive to address
the crucial need of portable electronic devices. The followed
photolithography procedure permits to obtain PDMS-based
devices with high flexibility. The active slurry was composed by
reduced graphene aerogels decorated by molybdenum oxide
microparticles produced by one-pot hydrothermal synthesis
using L-ascorbic acid as reducing agent. In this slurry,
PEDOT:PSS was used as conductive binder. The filling of the
micro-supercapacitors occurred by capillarity. The so
fabricated devices show interesting performance consistent
with most relevant works in literature.

In the last experimental section, wearable
supercapacitors were investigated with the aim to transfer
supercapacitors from conventional configurations to textiles
applications. First, a flexible supercapacitor was produced
using one-pot hydrothermally synthesised reduced graphene
oxide aerogel self-assembled on a copper wire. The integration
in cotton fabrics was demonstrated. Moreover, the
electrochemical performance of the flexible supercapacitors
was superior to the relevant works published in this field. A
second approach was investigated with the scalable and cost-
effective production of wearable supercapacitors. The active
material was electrochemically exfoliated graphene produced
from graphite. The deposition technique is mimicking a textile
industrial plant with a deposition speed of 100 m/min and
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works on both nylon and cotton fabrics. The areal specific
capacitance was significantly better for nylon fabrics in
comparison with cotton fabrics at low current density.
Moreover, the ~cycling stability of both wearable
supercapacitors was demonstrated up to 15.000 cycles.

Despite the focus of the scientific community and the
interesting results obtained worldwide, graphene-based
supercapacitors are still struggling to be integrated in real
applications. The major issue is the price of the graphene that
cannot compete with activated carbon which is currently used
in industry. Hopefully, due to the “rush gold” for large-scale
synthesis of high quality graphene, the price will become
rapidly competitive. Hybrid supercapacitors showed specific
capacitance better than the pure Electrical Double-Layers
Capacitors, thus demonstrating that the former are more
versatile than the latter for the improvement of the energy
density as desired. However, graphene-based EDLCs provided
outstanding electrochemical performance at high current
density or high scan rate, where hybrid supercapacitors
displayed decrease of performance. This observation should be
taken in consideration to develop supercapacitors with
enhanced energy density without affecting the power density
characteristic of this technology.

Supercapacitors technologies have outstanding cycle life
allowing them to be used for “fit-and-forget” applications.
Nevertheless, current supercapacitors demonstrate high
electrochemical performance in a limited range of
temperature, pressure, and deformability. The game-changer
development will be the scalable and cost-effective production
of graphene-based supercapacitors with almost unlimited
properties of flexibility, tolerance to elongation/compression
cycles and operation in harsh environments (e.g. in a range of
temperature from — 200°C up to 300°C), thus allowing the
exploitation of these electrochemical energy storage devices
wherever it is necessary.
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