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SUMMARY (in Spanish)
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Los supercondensadores (SC) están experimentando una creciente demanda como
dispositivos avanzados para el almacenamiento de energía eléctrica. Entre la gran variedad de
materiales de carbono existentes, el grafeno ha surgido en los últimos años como el mejor
candidato como material activo para electrodos en SC. Su elevada superficie teórica y su excelente
conductividad eléctrica son características clave para esta aplicación.
A pesar del potencial del grafeno, su implementación en SC comerciales presenta actualmente
muchas incertidumbres. Esto es debido a que el mercado de los supercondensadores es
extremadamente sensible al precio y la producción de este material a escala industrial y con un bajo
coste todavía se enfrenta a numerosos desafíos.
En la actualidad, la ruta más prometedora para obtener grafeno para esta aplicación implica
una severa oxidación química de grafito para, posteriormente, ser sometido a procesos de
exfoliación y reducción. En este contexto, el objetivo principal de esta investigación es evaluar el
potencial de los productos intermedios de bajo coste, generados en las primeras etapas de dicho
proceso, como electrodos para estos dispositivos. Esta tesis se centra en el efecto que tienen los
precursores y procedimientos de síntesis en los materiales tipo grafeno resultantes, así como en el
impacto de sus características estructurales, texturales y químicas en el funcionamiento del
supercondensador. Adicionalmente, se ha llevado a cabo una comparación sistemática con los
perfiles generales encontrados para los supercondensadores basados en materiales de carbono.
Los materiales de carbono intermedios generados durante la síntesis de grafeno mediante
oxidación de precursores grafíticos pueden ser una alternativa competitiva como materiales activos
en electrodos de supercondesadores. La capacidad gravimétrica de la mayoría de ellos en
electrolitos acuosos y orgánicos es comparable con la de carbones activados y otros materiales
porosos de carbono con una superficie específica alrededor de 1000 m 2 g-1. Adicionalmente, los
óxidos de grafito pueden alcanzar una capacidad volumétrica mucho mayor lo que resulta un factor
clave para la miniaturización de los dispositivos.
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La estructura expandida derivada de la intercalación de grupos funcionales en la estructura
grafítica da lugar a un aumento en la superficie disponible al electrolito acuoso y facilita la
interacción con los mismos. Sin embargo, la movilidad iónica se ve obstaculizada por lentas
reacciones redox que limitan la respuesta del SC.
Los procesos de oxidación tienen que ser mejorados para lograr que el óxido de grafito sea
adecuado para supercondensadores orgánicos. Para ello se requiere un espaciado mayor entre
capas que facilite así el movimiento de los iones más voluminosos.
El enfoque estándar basado en la determinación de la superficie específica para evaluar el
potencial de los materiales de carbono en supercondensadores resulta excesivamente simple. La
adsorción de gases en materiales tipo grafeno no siempre proporciona el área involucrada en el
almacenamiento de energía. Adicionalmente, este tipo de materiales de carbono pueden
experimentar una caída en su porosidad durante su procesamiento en electrodos con un espesor y
una masa similar a los de los dispositivos comerciales.

SUMMARY (in English)

Supercapacitors (SCs) are under an increasing demand as advanced devices for electrical
energy storage. Among the wide variety of carbon materials, graphene has recently emerged as the
best candidate for SC electrodes. Its high theoretical surface area and outstanding electrical
conductivity result key features for this application.
In spite of the potential of graphene, its implementation in commercial SCs currently presents
many uncertainties. Particularly, the supercapacitor market is extremely sensitive to price and the
low cost production of graphene at industrial scale still faces numerous challenges.
Up-to-now the most promising route to obtain graphene for SC involves the harsh chemical
oxidation of graphite and subsequent exfoliation and reduction. In this context, the main goal of this
research is the assessment of the potential of low-cost intermediates generated in the early stages
of this process as supercapacitor electrodes. The study focuses on the effect of precursors and
synthesis procedures on the resulting graphene-related materials and the impact of their structural,
textural and chemical features on the supercapacitor performance. A systematic comparison with
the general patterns found for carbon based-SC is also carried out.
It is found that intermediate carbons generated during graphene synthesis by wet oxidation of
graphitic precursors may be competitive alternatives for supercapacitor electrodes. The
gravimetric capacitance of most of them in aqueous and organic electrolytes compares with those
of activated carbons and other porous carbons with specific surface area around 1000 m2 g-1.
Besides, graphite oxides may achieve much higher volumetric capacitance, which is a key factor for
the development of small devices.
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An expanded network resulting from the intercalation of oxygen functionalities into graphitic
structure increases the available surface for the aqueous electrolyte and facilitates the interaction
with the oxygen-surface groups. By contrast, ionic mobility is hindered by slow redox processes
which limit the SC response rate.
Oxidation processes have to be improved to achieve suitable graphite oxides for organic
supercapacitors. A nanoengineered interlayer spacing is required to facilitate the movement of
large ions.
The popular approach based on the specific surface area to assess the potential of carbons in
SC cannot be used in a straightforward manner. Standard gas adsorption on graphene-related
materials may not always provide the area involved in the energy storage. Additionally, this type of
carbons may experience a drop in their porosity during the processing of electrodes matching the
thickness and the carbon loading of commercial devices.

DIRECTOR OF THE DEPARTMENT FOR ENERGY
PRESIDENT OF THE ACADEMIC COMMISSION OF THE PhD PROGRAMME IN ENERGY ENGINEERING

UNIVERSITY OF OVIEDO
DOCTORATE PROGRAM: ENERGY ENGINEERING
(QUALITY AWARD)

ASSESSMENT OF
GRAPHENE-RELATED MATERIALS
IN SUPERCAPACITORS

PhD Thesis
Belén Lobato Ortega
2017

UNIVERSITY OF OVIEDO
DOCTORATE PROGRAM: ENERGY ENGINEERING
(QUALITY AWARD)

ASSESSMENT OF
GRAPHENE-RELATED MATERIALS
IN SUPERCAPACITORS
A dissertation submitted for the degree Doctor of Philosophy with
International Mention by

Belén Lobato Ortega
2017

“Utopia is on the horizon.
I move two steps closer;
it moves two steps further away.
I walk another ten steps
and the horizon runs ten steps further away.
As much as I may walk, I’ll never reach it.
So what is the point of utopia?
The point is this: to keep walking”
Fernando Birri
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ABSTRACT

Supercapacitors (SCs) are under an increasing demand as advanced devices
for electrical energy storage. Among the wide variety of carbon materials,
graphene has recently emerged as the best candidate for SC electrodes. Its high
theoretical surface area and outstanding electrical conductivity result key features
for this application.
In spite of the potential of graphene, its implementation in commercial SCs
currently presents many uncertainties. Particularly, the supercapacitor market is
extremely sensitive to price and the low cost production of graphene at industrial
scale still faces numerous challenges.
Up-to-now the most promising route to obtain graphene for SC involves the
harsh chemical oxidation of graphite and subsequent exfoliation and reduction. In
this context, the main goal of this research is the assessment of the potential of
low-cost intermediates generated in the early stages of this process as
supercapacitor electrodes. The study focuses on the effect of precursors and
synthesis procedures on the resulting graphene-related materials and the impact
of their structural, textural and chemical features on the supercapacitor
performance. A systematic comparison with the general patterns found for carbon
based-SC is also carried out.
It is found that intermediate carbons generated during graphene synthesis by
wet oxidation of graphitic precursors may be competitive alternatives for
supercapacitor electrodes. The gravimetric capacitance of most of them in aqueous
and organic electrolytes compares with those of activated carbons and other
porous carbons with specific surface area around 1000 m 2 g-1. Besides, graphite
oxides may achieve much higher volumetric capacitance, which is a key factor for
the development of small devices.
An expanded network resulting from the intercalation of oxygen functionalities
into graphitic structure increases the available surface for the aqueous electrolyte
and facilitates the interaction with the oxygen-surface groups. By contrast, ionic
mobility is hindered by slow redox processes which limit the SC response rate.
Oxidation processes have to be improved to achieve suitable graphite oxides
for organic supercapacitors. A nanoengineered interlayer spacing is required to
facilitate the movement of large ions.
vii

ABSTRACT

The popular approach based on the specific surface area to assess the
potential of carbons in SC cannot be used in a straightforward manner. Standard
gas adsorption on graphene-related materials may not always provide the area
involved in the energy storage. Additionally, this type of carbons may experience a
drop in their porosity during the processing of electrodes matching the thickness
and the carbon loading of commercial devices.
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RESUMEN

Los supercondensadores (SC) están experimentando una creciente demanda
como dispositivos avanzados para el almacenamiento de energía eléctrica. Entre la
gran variedad de materiales de carbono existentes, el grafeno ha surgido en los
últimos años como el mejor candidato como material activo para electrodos en SC.
Su elevada superficie teórica y su excelente conductividad eléctrica son
características clave para esta aplicación.
A pesar del potencial del grafeno, su implementación en SC comerciales
presenta actualmente muchas incertidumbres. Esto es debido a que el mercado de
los supercondensadores es extremadamente sensible al precio y la producción de
este material a escala industrial y con un bajo coste todavía se enfrenta a
numerosos desafíos.
En la actualidad, la ruta más prometedora para obtener grafeno para esta
aplicación implica una severa oxidación química de grafito para, posteriormente,
ser sometido a procesos de exfoliación y reducción. En este contexto, el objetivo
principal de esta investigación es evaluar el potencial de los productos intermedios
de bajo coste, generados en las primeras etapas de dicho proceso, como electrodos
para estos dispositivos. Esta tesis se centra en el efecto que tienen los precursores
y procedimientos de síntesis en los materiales tipo grafeno resultantes, así como
en el impacto de sus características estructurales, texturales y químicas en el
funcionamiento del supercondensador. Adicionalmente, se ha llevado a cabo una
comparación sistemática con los perfiles generales encontrados para los
supercondensadores basados en materiales de carbono.
Los materiales de carbono intermedios generados durante la síntesis de
grafeno mediante oxidación de precursores grafíticos pueden ser una alternativa
competitiva como materiales activos en electrodos de supercondesadores. La
capacidad gravimétrica de la mayoría de ellos en electrolitos acuosos y orgánicos
es comparable con la de carbones activados y otros materiales porosos de carbono
con una superficie específica alrededor de 1000 m2 g-1. Adicionalmente, los óxidos
de grafito pueden alcanzar una capacidad volumétrica mucho mayor lo que resulta
un factor clave para la miniaturización de los dispositivos
La estructura expandida derivada de la intercalación de grupos funcionales
en la estructura grafítica da lugar a un aumento en la superficie disponible al
electrolito acuoso y facilita la interacción con los mismos. Sin embargo, la
ix
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movilidad iónica se ve obstaculizada por lentas reacciones redox que limitan la
respuesta del SC.
Los procesos de oxidación tienen que ser mejorados para lograr que el óxido
de grafito sea adecuado para supercondensadores orgánicos. Para ello se requiere
un espaciado mayor entre capas que facilite así el movimiento de los iones más
voluminosos.
El enfoque estándar basado en la determinación de la superficie específica
para evaluar el potencial de los materiales de carbono en supercondensadores
resulta excesivamente simple. La adsorción de gases en materiales tipo grafeno no
siempre proporciona el área involucrada en el almacenamiento de energía.
Adicionalmente, este tipo de materiales de carbono pueden experimentar una
caída en su porosidad durante su procesamiento en electrodos con un espesor y
una masa similar a los de los dispositivos comerciales.
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1. INTRODUCTION

1. INTRODUCTION

1.1 SUPERCAPACITORS: STATE OF THE ART

Nowadays, rapidly growth in population and modernization provokes an
increasing worldwide energy demand. This situation leads to exhaustion of energy
resources and heavy environmental impact1. Given adequate support, renewable
energy technologies can meet most of the growing demand at lower prices than
those envisaged for conventional energy2.
In 2011, UN launched an initiative called Sustainable Energy for all
(SEforALL) which has as main goal to ensure the universal access to modern
energy service in 2030. In this context, the target is to duplicate both the global
energy efficiency and the share of renewable energy in the worldwide system.
Such programs will not only maximize the benefits of development, providing
significant cost saving, but also help to stabilize climate change in the long term3.
Renewable

energy

resources

are

abundant,

inexhaustible

and

environmentally friendly. New technologies focused on solar, wind, marine and
biomass sources will constitute the backbone of the future economic cycle. On a
LCA basis, electrical energy generated from them has an impact (in terms of
gCO eq/kWh) around ten times lower than that from coal4.
2

However, renewable resources fluctuate independently from demand. Their
discontinuous generation provokes destabilization of the electric grid with
potential blackouts and damages of industrial installations4. Consequently, a
provisioning network and usage regulations5 are essential for an optimal system
operation.
Among the several approaches to classify electrical energy storage
technologies (EES), the most commonly used is based on the mechanism through
which the process takes place (Fig. 1.1.).

3
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Fig 1.1. Classification of EES technologies attending to the process mechanism

Recently, there has been an impressive progress of electrochemical
capacitors (also called supercapacitors, SC). These devices correspond to a type of
capacitors which store high electrical energy densities (5-10 Wh kg-1) and provide
high power densities (> 10 kW kg-1). Additionally, these systems present a lifetime
over one million of charge-discharge cycling operations. As exhibited in Figure 1.2,
the supercapacitors cover the gap between dielectric capacitors and batteries and
fuel cells.

Fig. 1.2. Comparison of energy-power capabilities of different systems for electrical energy
storage

4
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The electrochemical capacitors supply a higher energy density than
capacitors, albeit with slightly lower values of power density. On the contrary,
comparing to the batteries, supercapacitors store significantly less energy to equal
size but, in return, such a limitation is compensated by its ability to supply power
pulses. Figure 1.3 summarizes the main differences in performance between an
electrochemical capacitor (3000 F, 2.7 V) and a lithium-ion battery (12 Ah, 2.8 V)6.

Fig 1.3. Captured (straight line) and stored (dashed line) specific energy for an
electrochemical capacitor cell (red) and Li-ion battery (black) [adapted from ref.6]

It is illustrated that for a charging time of more than 10 min, the battery has a
specific energy 15 times higher than the supercapacitor. On the contrary, the
battery stores only 5 times more energy when the performance time is reduced to
100 s. Clearly, batteries are more suitable for application where operation time is
not a key parameter.
Around 10 seconds, both systems display similar specific energy but the
supercapacitor recovers about 95% whereas the battery only achieves nearly 50%.
Therefore, the effective energy density of the electrochemical capacitor is twice
that of the battery.
5
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Finally, specific energy of the supercapacitor remains constant below 10 s
and the difference with battery increases significantly for shorter operation times
(∼1 s).
Table 1.1 shows a comparison of the main characteristics of Li-ion batteries,
supercapacitors and conventional capacitors.

Battery

Supercapacitor

Capacitor

1-5 hours

0.3-30 s

10-3-10-6 s

0.3-3 hours

0.3-30 s

10-3-10-6 s

Specific Energy (Wh kg-1)

10-100

1-10

< 0.1

Specific Power (W kg-1)

<1000

<10000

< 100000

Eficiency

0.7-0.85

0.85-0.98

∼1

Cyclelife

< 5000

> 500000

> 500000

Charge time
Discharge time

Table 1.1. Characteristics of different devices for electrical energy storage

The electrochemical capacitors have several advantages over batteries (long
operating life, excellent performance in a wide range of temperatures, lack of
maintenance and more friendly with environment) but, in fact, batteries and
supercapacitors currently perform as complementary items. Major applications of
SC are related with power supply units connected to batteries. Optimal
hybridization ratio depends on specific requirements and design parameters7.
Supercapacitors were commercialized in the seventies6 and nowadays, this
technology has a market growth rate greater than 25% every year (Fig. 1.4)8.

6
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$ million
2500
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500
0
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2013
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Fig.1.4. Global SC market ($ millions)

SC are already used in a wide variety of fields, among others, transportation,
industry, consumer electronics, medical, military, aerospace, etc. (Fig. 1.5).
According to a recent report published by IDTechEx 9, electronic and transport are
the most important sectors for supercapacitor. They are successful components in
uninterruptible power sources (UPS), phones, radios, speakers, computers, solidstate drives, toys, flashlights, emergency lighting, watches, cordless screwdrivers,
traffic signs, etc.

Fig. 1.5. Application fields of supercapacitors

7
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Transport is currently the most attractive segment market for SC
manufacturers because of the strict regulations for fuels consumption and
pollutants emissions10. This sector is extremely demanding in performance,
reliability and safety11.
These energy storage devices are also widely used to harvest power from
regenerative braking systems, leading to recharge the batteries of hybrid vehicles
or restarting the engine in fuel vehicles after a stop12. They are being used in a
variety of urban transport such as buses, trams, trains, subways, trucks and
garbage trucks which can reach up to 1000 start-stop cycles per day. They are also
present in industrial vehicles and machinery such as forklifts, dump trucks,
excavators, cranes, etc. In stationary stand–by applications, electrochemical
capacitors are better than other solutions due to outstanding power release. This
segment will be the backbone for the next economic cycle4.

Finally, smaller

markets for SC are aerospace, military and medical industries13–15.
Nowadays, the main R&D challenge for electrical energy storage is the
development of advanced systems which surpass the energy and power
capabilities of those already existing in the market. Current efforts are focused in
new electrode materials with optimized features, novel electrolytes capable of
operating at wider window potential and advanced configurations to optimize the
size16–18 and flexibility19–23 of the items.
It should be noted that the SCs market is much more sensitive to price than to
performance which means that the main target is currently being to reduce costs.
Since 50% of total cost of commercial SCs corresponds to the electrode (Fig. 1.6) 24
and 60-70% of this amount accounts for the active material, it is not surprising
that research efforts are mainly concentrated on the development of electrode
materials.

8
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% total
cost

Fig 1.6. Estimation of the contribution of the components to the supercapacitor cost
[adapted from ref.24]

The classification of supercapacitors (Fig 1.7) is usually performed according
to the mechanism by which electrical energy is stored. Three types of devices can
be distinguished: i) electrochemical double- layer capacitors, ii) pseudocapacitors
and iii) hybrid capacitors.

Fig 1.7. Classification of electrochemical capacitors

9
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The operation of electrochemical double layer capacitors (EDLC) is based on
the separation of negative and positive charges generated in the electrodeelectrolyte interface when a potential difference is applied to the electrodes. Such
an electrostatic interaction between the charged electrode surface and the
electrolyte ions (no faradaic reactions) allows very fast charge-discharge processes
without significant degradation of electrodes and electrolytes.
Currently, the majority of commercial electrochemical capacitors correspond
to EDLC in which electrodes are made of porous carbons. These materials exhibit a
high porosity and electrical conductivity, good corrosion resistance and stability in
a wide temperature range. Due to their low cost, activated carbons result the most
competitive candidate for SC. Depending on their porous structure and chemical
features, activated carbons exhibit specific capacitances ranging between 50 and
300 F g-1 25–27.
Pseudocapacitors store electrical energy through electrosorption and redox
reactions or intercalation processes between the electrode and the electrolyte at
certain potentials. Most common electrode materials in these devices are based on
transition metal oxides and conducting polymers. Among metal oxides, ruthenium
oxide (RuO2) displays the better performance with high specific capacitance (720
F g-1) and excellent electrical conductivity (300 S cm-1)28 but its high price hinders
the large scale implementation. More economic alternatives are MnO2, TiO2, Cr2O3,
Co2O3, V2O5, NiO, SnO2, etc. and mixed oxides with perovskite structure (SrRuO3) or
nitrides (VN)29–35. In parallel, research is devoted to the deposition of metal oxides
nanoparticles on the surface of porous materials in order to reduce the oxide
amount36–39.
Electroactive polymers in supercapacitors include derivatives of polypyrrole
(PPy), poly (3-methylthiophene) (PT), polyethylenedioxythiophene (PEDOT) and
polyaniline (PANI), which may reach capacitances over 300 F g-1 40. They acquire
electrical conductivity up to 500 S cm-1

41

by insertion of electrolyte into the

polymer matrix. Nevertheless, the polymers suffer swelling and contraction during
charge and discharge resulting in a low cyclability. At the present, composites of
polymer-carbon with high capabilities are being investigated to overcome this
drawback42–47.
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Hybrid

capacitors

operate

under

a

combination

of

EDLC

and

pseudocapacitive mechanisms. This set-up provides the possibility to operate at
higher voltages and to reach higher capacitance although the cycle life is somewhat
reduced. Supercapattery is a recent term proposed to describe a wide variety of
devices in which the charge storage mechanisms of both the supercapacitor and
battery are combined into one device in order to reach the high power density of
the former and the energy density of the latter48,49. As an example of Lithium Ion
Capacitors (LICs), the system based on Li4Ti5O12/carbon composite combines the
intercalation-deintercalation of lithium ions at the anode and the adsorptiondesorption of ions at the carbon cathode50–52.
Attending to the composition of the electrodes, there are symmetric systems
with equal electrodes and asymmetric devices in which electrodes are made of
different active material, regardless of the operating mechanism (Fig. 1.7). An
example of the latter would be a SC with one electrode being composed of
activated

carbon

and

the

other

one

corresponding

to

an

activated

carbon/graphene composite.
The most important parameters which characterize the behavior of a
supercapacitor is the maximum amount of energy that is capable of storing E (J),
and the maximum power P (W) which can release.
The energy (E) of a supercapacitor is expressed by:

where CSC (F) is the electrical capacitance of the device and V (V) the
operating voltage.
Power is another important parameter that determines how quickly the
supercapacitor accumulates and supplies the energy. It is given by:

being RESR the equivalent series resistance (ESR).
Schematically, an electrochemical double-layer capacitor consists of two
electrodes separated by an ion-permeable membrane impregnated with an
11
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electrolyte solution which acts as ion-conducting medium (Fig.1.8).

Fig 1.8. Scheme of an EDLC

Following this configuration, the system performs by each electrode acting as
a capacitor and both connected in series. Therefore, the overall capacitance, CSC, is
given by the equation Eq.1.3:

being C1+ and C2- the capacitance of positively and negatively charged
electrode, respectively.
By analogy with a conventional capacitor, capacitance (C) in Farads (F) is
defined as:

where ε is the dielectric constant, A is the extent of the electrolyte-electrode
interface and d is the effective thickness of the double layer (Fig. 1.8). The value of
the latter parameter depends on the electrolyte concentration and size of the ions.
For concentrated solutions, d is ~ 5-10 Å.
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As the energy storage in EDLCs is based on electrostatic interactions at the
electrode–electrolyte interface, the characteristics of both components strongly
affect this interface. On the one hand, materials with high specific surface area and
suitable porous network as well as affinity with the electrolyte are highly required
for electrodes [Eq.1.4]. On the other hand, the operation voltage and internal
resistance of SCs are mainly constrained by the properties of the electrolytes
[Eq.1.2].

1.2 ELECTROLYTES FOR SUPERCAPACITORS
The wide variety of electrolytes is generally classified into three main
categories: liquid electrolytes, solid-state or quasi-solid-state electrolytes and
redox-active electrolytes (Fig.1.9a). Up to date, the SC manufacturers use liquid
electrolytes, mainly of organic type (Fig. 1.9b).
a)

b)

Fig 1.9. Classification of electrolytes a) and its use in commercial supercapacitors, b) AN and
PC refer to organic electrolytes using, respectively, acetonitrile and propylene carbonate as
solvent [adapted from ref.53]

13
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Aqueous electrolytes are usually concentrated solutions of H 2SO4 or KOH,
although pH neutral solutions, such as Na 2SO4 or Li2SO4 have also been studied to
reduce the corrosion 54. The small size of the ions of aqueous electrolytes facilitates
the participation of the entire electrode surface in the double-layer formation but
the narrow potential window available for operation (Table 1.2) limits the energy
storage. On the positive side, the high conductivity (up to 1 S cm-1) of the aqueous
media reduce the resistance of the cell, which favors relatively high powers.
Quaternary ammonium salts dissolved in acetonitrile or polypropylene
carbonate are the most used in commercial SC (Fig. 1.9b). Their main advantage is
the ability to operate up to 2.8 V, which leads to high energy densities. On the
contrary, their ionic conductivity is lower than that of the aqueous electrolytes and
their bulky ions may not access to the overall electrode surface. Additionally, they
require the total absence of moisture in the device so the assembly is much more
complex (Table 1.2).
The other electrolytes are still under investigation, among them is worthy to
mention ionic liquids (ILs). They correspond to molten salts composed of a bulky,
asymmetric organic cation and weakly coordinating inorganic/organic anion 55. ILs
exhibit very low vapor pressure which is associated with low risk of explosion and
environmental impact. Their stability allows operating at high voltages and
temperatures over 80 °C (Table 1.2). Numerous ionic liquids are being investigated
and those based on pyrrolidinium and imidazolium have resulted very promising
for EDLCs54.
In order to avoid the high viscosity and low conductivity of most ILs, mixtures
with organic solvents, such acetonitrile or propylene carbonate are being
extensively studied56–60.
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Electrolyte

Aqueous

Organic

Ionic Liquid

Operation Voltage

0.8-1 V

2.5-2.8 V

up to 3.5 V

Conductivity

High

Low

Often low

Safety

Safe

Non-safe

Safe

Cost

Low

High

High

Environment

Friendly

Unfriendly

Friendly

Manipulation

Air

Inert

Inert

Table 1.2. Comparison of standard features of liquid electrolytes

1.3 CARBONS FOR EDLC ELECTRODES
The great technological implementation of nanoporous carbons in
supercapacitors stems from their high porosity and electric conductivity,
mechanical and thermal stability, corrosion resistance, high purity, ease of
processing and low cost.
Activated carbons are the mostly used in commercial SC due to their
availability in different ways (granular, fibers, fabrics, etc.) and their competitive
performance/cost ratio. Traditionally, they are produced by charring carbon-rich
compounds followed by physical activation using steam, air, carbon dioxide, etc. or
by a chemical process employing ZnCl2, H3PO4, NaOH, KOH, K2CO3, etc. to create
porosity. There are a wide variety of materials to be used as precursors such as
coal61, coke61, pitch62,63, etc. but actually biomass wastes64–75 (wood, shells, fruit
pits, etc.) are worldwide used. Nowadays, activated carbons from coconut shell
stands out as electrode materials in commercial supercapacitors76.
The existence of activated carbon in fibrous form (length/diameter greater
than 10/1 ratio and a diameter less than 250 microns 77) is highly interesting for SC
application. Activated carbon fibers are very strong, flexible and light and may be
used directly without binders. They also have higher conductivities (between 2001000 S cm-1) than conventional activated carbons. However, its high production
cost limits its use to very specific applications.
Activated carbons possess BET-surface areas in the range of 500-2500 m2 g-1
and achieve specific capacitances virtually between 150 and 300 F g-1 in the
15
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aqueous electrolytes whereas these values are generally limited to 75-150 F g-1 in
the organic media and to 35-120 F g-1 in ionic liquids61–75,78–85.
Different studies have pointed out the limitations of activated carbons for
high power applications. Although they may present wide pore size distributions
in the range 0.4-50 nm, in the majority of activated carbons more than 90% of the
total surface corresponds to micropores (< 2 nm). Therefore, it has been suggested
that part of the porosity may be not accessible to the electrolytes. Additionally, the
micropores significantly hinder the ions motion and high rate capability, which is
one of the advantages of EDLCs, may not be achieved. These limitations are more
pronounced in the case of organic electrolytes and ionic liquids due to their larger
ions86–89 .
In this context, it has been suggested that high-surface-area carbons with a
porosity formed essentially by micropores and with mesopores (2-50 nm) acting
as transport channels or almost exclusively by mesopores with sizes in a narrow
range would be more advantageous for EDLCs electrodes. The preparation of
carbon materials with these porous features is not easy through conventional
methods of activation90 and diverse techniques91 have been developed to obtain
carbons with pore volumes > 1 cm3 g-1, BET-surface areas around 1500-2000
m2 g-1 and narrow pore size distributions in the range 2-50 nm. These materials
may achieve specific capacitance of 150-225 and 100-180 F g-1 in aqueous and
organic electrolytes, respectively92–101. More recently, advanced carbons with
hierarchical porosity have been prepared from different precursors and following
diverse procedures. Their specific capacitance is in the range of 120-300 F g-1, 120180 F g-1 and 150-200 F g-1, in aqueous, organic and ionic liquids electrolytes,
respectively102–109. It has been reported that those nitrogen and/or oxygenenriched materials achieve 300-640 F g-1

110–113.

These anomalous values are

claimed to be a result of their porous structure being specially adapted for quick
charge/discharge response.
In the last years, carbon gels have attracted interest in their potential for SC.
They correspond to agglomerates or chains of colloidal type polymeric
nanoparticles (obtained from a sol-gel reaction) which retain the polymer
structure after the carbonization process. Organic gels are mainly prepared from
phenol, furfural, resorcinol or formaldehyde and, depending of the process to
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solvent removal, they are classified in xerogel, aerogel and cryogels114,115. The
latter are not so interesting for SC because of their higher cost.
Carbon gels present a porosity of more than 80% of the total volume, with
high proportion of mesopores and BET surface between 400 and 900 m2 g-1. These
properties can be modulated by controlling the variables in the preparation
process. Some studies have shown that the activation of aerogels and xerogels
generates microporosity116–119, allowing to duplicate the capacitance up to
250 F g-1 in aqueous electrolyte and 150 F g-1 in organic medium120–127. It appears
that their capacitances are not significantly reduced with current density
indicating the interest of carbon gels for high power applications.
Carbon nanotubes (CNTs) are cylindrical carbon structures, having diameters
of nanometer scale. They can be considered as graphite sheet rolled on itself and
are presented as a monolayer or single wall (single-wall carbon nanotubes,
SWCNT) and a series of concentric tubes forming multilayer nanotubes (multi-wall
carbon nanotubes, MWCNT). Carbon nanotubes are generally prepared by
Chemical Vapor Deposition (CVD), Arc-discharge method and Laser Ablation128,129.
The porosity of carbon nanotubes consists essentially of mesopores with low
specific surface ranging between 100 and 400 m2 g-1. This mesoporous structure is
easily accessible to electrolyte ions and a high electrical conductivity makes them
very good materials for high power- supercapacitors. However, the limited
capacitance, 5-80 F g-1 130,131 and much higher cost compared to conventional
porous carbons hinders their implementation at large scale132. Although specific
post-treatments

(activation,

configurations133–142

oxidation,

etc.)

and

advanced

electrode

may increase their performance significantly (capacitance in

the aqueous and organic media can achieve 300 and 100 F g-1)143–147, they are still
less competitive than other carbons. Currently, the main application of CNTs is as
additive because its presence, even in small quantity, notably increases the
electrode conductivity and improves the overall operation of the devices132,148 .
Carbon nano-onions (CNO) correspond to concentric shells of graphitic
carbon, ca. 5-10 nm in diameter. They are synthetized by vacuum annealing of 5
nm nano-diamond powders at 1200–2000 °C

149.

As with carbon nanotubes, their

mesoporous surface is fully accessible to the electrolyte ions, but it is limited to
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500 m2 g-1 150. Their better performance was found after modification and/or
functionalization of CNO surface by dopping with Ni(OH)2 and NiO 151.
Carbide derived-carbons (CDCs) have been promoted as excellent materials
for SC electrodes. Their synthesis is performed by extracting of the metal from
carbide powders (SiC, TiC, ZrC, HFCs, NbC, Cr2C3, WC, etc.) in a chlorine flow at high
temperature (700-1000 °C)152,153. They correspond to nanostructured materials
whose structural properties (size and morphology of particles) and textural (pore
volume, pore size distribution, specific surface area) can be tailored by the control
of synthesis variables153–155. Such advanced carbons display a high microporosity
development formed by extremely narrow pore size distributions and with BETsurface surpassing 2000 m2 g-1. It has been reported that CDCs with a porosity
suiting the desolvated ions size can reach up to 170 F g-1 in the organic
electrolyte156–160 whereas capacitances as high as 250 F g-1 and 185 F g-1 have been
reported, respectively, in aqueous156,161–163 and ionic liquid electrolytes58,161,164–166.
It should also be noted that, as a result of its high density, their volumetric
capacitance (in F cm-3) is much higher than that of most porous carbons.
Over the last decade, the behavior of a large variety of carbon materials in
EDLC systems has been analyzed in depth with the objective of determining the
influence of their textural and chemical characteristics in the storage of energy.
Following the simplest approach from [Eq. 1.4], the gravimetric capacitance
(C in F g-1)is expected to be proportional to the specific surface area of the carbon
used in the electrode. The lack of a clear linear relationship between C and SBET
(Figs. 1.10a and b) has encouraged studies on the specific role of carbon porosity
in the formation of the double layer and a variety of interpretations has been
proposed. Among others, it has been argued that some materials have a significant
proportion of narrow micropores inaccessible to ions of electrolyte and, therefore,
the entire surface is not used for charge accumulation132,167–170. This hypothesis
seems reasonable but it results puzzling that the capacitance tends to level off in
microporous materials with pores mostly above 1.2-1.5 nm in width and negligible
ultramicroporosity (< 0.7 nm). In this context, the limitation of C in highly porous
carbons was ascribed to a space constriction for charge accommodation in their
very thin pore walls 171.
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,

Fig. 1.10. Evolution of gravimetric capacitance of carbons in aqueous and organic
electrolytes with specific surface area estimated by BET equation, SBET (a, b) and by a
combination of different methods, Stotal (c, d)172

It was also suggested that the capacitance corresponds to separate
contributions from the surface of the micropores walls (C mi) and the external
surface (Cext)173–177. The fact that the sets of Cmi and Cext values differ between types
of carbons reveals that this approach does not provide a general description178,179.
The finding that the double-layer capacitance of the edge orientation of
graphite was one order of magnitude higher than that of the basal layer180 led to
indicate that carbons with similar specific surface area but higher ratio of
edge/basal orientations may reach higher capacitance178.
Finally, it has been pointed out that pores with sizes matching ions dimension
result more effective, maximizing the capacitance normalized by the surface area
(in F m-2)181–183 .
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Different studies have illustrated that the specific surface area of carbons
based on the standard analysis of the N 2 adsorption isotherm at 77 K by the BET
equation is unreliable to evaluate the actual porosity involved in charge storage.
Firstly, the constraints of both the physisorption of N 2 at 77 K and the methods
used for the isotherm analysis sometimes lead to a misleading picture of the
porous structure. Secondly, the total surface area of carbons loses their meaning
when the supercapacitor operates with organic electrolytes and ionic liquids. The
access of their larger ions depends on the pore size distribution and the presence
of constrictions at the entrance of the pores, the overall porosity being not fully
available.
IUPAC systematically draws attention to the specific limitations of each of the
methods available for the interpretation of physisorption isotherms 184,185. In the
case of microporous carbons, BET-surface corresponds to the area equivalent to
the total volume adsorbed and, consequently, it was found that S BET
underestimates the total surface area of carbons with a high proportion of pores
below 0.8 nm and overestimates it in micropores above 1.1 nm172. On the other
hand, little discrepancies have been found between areas derived by other
approaches such as comparison plot (Scomp), the Dubinin equation (SDR) and the
adsorption of phenol from aqueous solutions (Sphenol) whereas the specific surface
based on the density functional theory (SDFT) shows some scatter with respect to
the other determinations172.
Therefore, instead of relying on a single determination, it is more adequate
the simultaneous use of several independent techniques in order to cross-check
results and eliminate possible contradictions. It has previously reported172 that the
average value of SDR, Scomp, SDFT, Sphenol leads to reasonably accurate evaluation of
the specific surface area (Stotal) of carbons. A systematic study of a large variety of
microporous carbons186 found that:

being Lo the average micropore width.
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Figs. 1.10c and d illustrate a totally different pattern for the dependence of C
and Stotal than that achieved by the standard SBET. An increase of the capacitance
with the more reliable Stotal is suggested, although, in view of the scatter, it is only
indicative for the whole spectrum of porous carbons.
Different studies have noted that the absence of a proportionality in Fig. 1.10c
with values ranging between 0.1 and 0.3 F m-2 simply reflects the fact that in
classical aqueous electrolytes such as H2SO4 and KOH, the energy storage
mechanism does not correspond exclusively to an electrochemical interaction and
certain surface functionalities also participate through Faradaic pseudocapacitive
reactions187–194. Thus, it has been found a pronounced influence on the capacitance
from reversible oxidation/reduction of hydroquinone/quinone O-groups and
pseudo-capacitive interactions on negatively charged pyrrolic- and pyridinic-N
functionalities. An enhancement of electron transfer through the carbon appears to
derive from positive charge on quaternary-N and pyridinic-N-oxide187,188,190–192.
Studies of activated carbons in 2M aqueous H2SO4 reported that the fraction
of the surface functionalities desorbed as CO in TPD experiments contributes by
around 50-60 F mmol-1 193–195. The correction of the experimental capacitances by
subtracting the corresponding pseudocapacitance led to 0.105 F m-2 which
virtually corresponds to the effective contribution from the double-layer in 2M
aqueous H2SO4 194. It coincides with the lower bound displayed in Fig. 1.10c found
for carbons with low oxygen content.
The possibility to enhance the energy density of aqueous supercapacitors by
pseudocapacitance has stimulated the development of carbon materials with a
tailored surface. It has been claimed that outstanding capacitance can be achieved
by functionalized carbons with extremely low specific surface areas determined by
N2 adsorption at 77 K. Materials derived from biomass wastes 196,197,
melamine198,199, polyaniline200–203, polypyrrol204 and sodium alginate205 are able to
reach surface-capacitance values ranging from 0.8 to 33 F m-2 which are largely
beyond the upper-limit of around 0.25-0.3 F m-2 found for typical porous
carbons193,194,206,207. Such an enhancement is usually attributed to a huge
pseudocapacitance afforded by certain surface groups acting as extraordinary
redox active sites.
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Recent studies by Wu et al.208,209 challenged this interpretation by illustrating
that

the

pseudocapacitance

of

functionalized

carbons

may

be

largely

overestimated due to inadequate characterization of the porous structure. As
previously reported210, low N2 adsorption capacity of carbons is not always
indicative of the absence of pores. Thus, textural characterization by CO 2
adsorption at 273 K revealed that the specific surface area of a laver-based carbon
was as high as 410 m2 g-1 instead of < 2 m2 g-1 probed by N2 at 77 K
systematic studies by Wu et

al.209,

208.

Further

on a variety N-doped carbons confirmed that

pores below 0.7 nm participate actively in the formation of the double-layer in
aqueous electrolyte and the initial values of 0.31-2.52 F m-2 based on SN2 between
22 and 312 m2g-1 actually range between 0.16 and 0.28 F m-2 when one uses the
more reliable 383-587 m2 g-1 of SCO2.
It should be emphasized that the specific surface areas determined by
physical adsorption with the help of standard molecular probes (N 2, Ar, CO2)
involve micropores of widths as low as 0.3-0.4 nm, which are not accessible to the
large ions of organic electrolytes181 and ionic liquids78,183. In addition to the pore
size distribution, unexpected reductions in capacitances are also caused by the socalled “bottle-neck pores”. The presence of constrictions at the entrance of the
pores, which hinder the access of ions compatible with the pore size, cannot be
detected by the classical gas adsorption of small molecules. It follows that
predictions based on the classical probes (N2, Ar, CO2, etc.) no longer apply and the
technique must be adapted in order to provide an accurate assessment of the
surface area available to larger ions.
In this context, immersion calorimetry results a powerful tool as the
enthalpies of immersion of the carbon into liquids with different molecular
dimensions (0.33-1.5 nm) reveal the volume accessible to the different probes. By
this complementary technique, one obtains the “effective pore-size distribution”
(and implicitly the effective surface areas), as opposed to the adsorption which
provides the “absolute PSD”. Recent results211 based on the combination of N2physisorption and immersion calorimetry into CH2Cl2 (0.33 nm), C6H6 (0.41 nm)
and CCl4 (0.63 nm) reported that the surface accessible to the cation Et4N+ of the
organic electrolyte Et4NBF4 in acetonitrile was reduced by 20-27 % with respect to
the total surface area of carbon monoliths electrodes. The extent of the surface
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involved in the energy storage is limited by that accessible to Et 4N+ as the anion
has a smaller size.
So far, the most selective approach is the use of adsorption of molecules
suiting the critical dimension of ions. As shown earlier186,212, carbon tetrachloride
(0.63 nm) and norbornadiene (0.65 nm) are convenient probes for the reliable
assessment of the surface area accessible to the cation Et4N+ (0.68 nm). Figure
1.10d illustrates that the total surface of a variety of activated carbons is no
perceptible for the organic electrolyte. Fig. 1.11 shows that such deviation from the
general pattern for the organic electrolyte disappears when one uses the surface in
pores above 0.63 nm, assessed directly with the help of adsorption of carbon

-1

C (F g )

tetrachloride or immersion calorimetry.

Surface area (m2 g-1)

Fig. 1.11. Variation of the specific capacitance of activated carbons in TEABF4/AN with the
total surface area (■) and the surface in pores larger than 0.63 nm (■). Data for typical
activated carbons with no ultramicropores (□) are included for comparison

The excellent linear correlation between C and S obtained for different
carbon materials with average pore sizes between 0.66 and 15 nm186,212 (dot line in
Fig. 1.11) provides useful insights into the operation of carbons in SC. In the case of
1M (C2H5)4NBF4 in acetonitrile (TEABF4/AN) as electrolyte, the performance
corresponds essentially to a double-layer mechanism, as opposed to the behavior
in aqueous media.
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In summary, the effective surface area accessible to the ions, which may
differ considerably from the BET-surface and the more advanced DFT-PSD
derived-surface, leads to a constant pattern for surface-capacitance of carbons. The
systematic study of a large variety of porous carbons reported 0.094±0.011 F m-2
in TEABF4/AN and 0.105±0.007 F m-2 in aqueous H2SO4 after correcting for
pseudo-capacitance effects186,194,212.
This finding is of great importance in the field of carbon basedsupercapacitors as it suggests the existence of limits for such systems. A constant
surface-capacitance indicates that the upper-bound for specific capacitance (and
consequently, the energy storage capacity of the resulting SC) would be
determined by the specific surface area that can be generated in carbons. Although
tremendous progress has been made by engineering appropriate porous
structures, an overall assessment based on results obtained in our laboratory and
data quoted in the literature (for the latter the actual surface of microporous
carbons was calculated by the correction of the BET-surface by using [Eq. 1.5])
suggests that a realistic maximum for the total surface area of carbons is currently
around 1700-1800 m2 g-1 98,101,156,182,213–224.
The preparation of carbons with a much larger surface and, hence, higher
energy storage density is one of the greatest challenges faced by supercapacitors.
In this context, a material such as graphene with an extremely high surface area,
(fully accessible to the electrolytes ions) of 2630 m2 g-1 and an outstanding
electrical conductivity has emerged as the best candidate for SC electrodes.

1.4 GRAPHENE FOR SUPERCAPACITORS
According to IUPAC: “graphene is a single carbon layer of graphite structure,
describing its nature by analogy to a polycyclic aromatic hydrocarbon of quasi
infinite size”

225.

Nevertheless, under the term "graphene" is often included a

variety of related carbon materials with few or multilayer stacks. These other
members of graphene family of 2D materials exhibit significantly different
properties. Recently, an editorial communication in Carbon226 has pointed out the
need for a clear nomenclature. Thus, graphene is defined as “a single-atom-thick
sheet of hexagonally arranged, sp2-bonded carbon atoms that is not an integral part
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of a carbon material, but is freely suspended or adhered on a foreign substrate”,
and the nomenclature of “graphene materials” or “graphene-based materials” as
overarching phrases are recommended to be used to describe the emerging 2D
materials complemented by the precise description of the product.
As shown Fig. 1.12, graphene is considered as the origin of all graphitic
forms227.

Fig. 1.12. Graphene as origin of all graphitic forms [reprinted with permission from227.
Copyright 2007 Nature Publishing Group]

Although graphene had been reported previously 228,229, its isolation in 2004
attracted the attention of the scientific community.
Based on its exceptional properties (Table 1.3), graphene is a potential
material in a wide range of applications fields (Fig.1.13) but recent reports230–232
have highlighted that the market is pivoting towards the energy storage
applications, being estimated more than third in 2026.
Property

Details//Values

Reference

97.7 % ± 0.1

233

> 200000 cm2 V-1 s-1

234

Thermal conductivity

[4.84 ± 0.44-5.30 ±0.48] 10-3 W m-1 K-1

235

Specific surface area

2630 m2 g-1

236

Breaking strength

42 N m-1

237

Young’s modulus

1 TPa

237

Optical transparency
Electron mobility

Table 1.3. Properties of graphene
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Electronics

Photonics

Transistors

GRAPHENE
Energy
storage &
harvest

Sensors

Composite
materials

Fig 1.13. Fields of application of graphene and market trend

The preparation of graphene materials can be accomplished by two different
approaches (Fig. 1.14). Top-down processes are generally based on the exfoliation
of bulk graphite while bottom-up synthesis produces graphene by assembling
molecular precursors.
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238–240
238-240

241–243
244–250

241-243

251
252–254
255–265

244-250

266–281

251

282–298
299–308

252-254

255-265

266-308

Fig 1.14. Main synthesis methods of graphene and graphene-related materials
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Figure 1.15 summarizes the main advantages and drawbacks of the diverse
graphene-type materials depending on their synthetic route as well as the impact
on the final cost

Figure 1.15. Advantages and limitations of diverse methods of graphene synthesis and
dependence of quality/cost [adapted from ref.309 ]
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The potential of graphene materials for supercapacitors has been reported by
numerous scientific studies. Table 1.4 briefly summarizes some results obtained
with different graphene materials in supercapacitors both as main active material
and in composite electrodes.
Despite such outstanding data there is still much uncertainty about the role of
this material in SC. Some authors have suggested that results obtained at
laboratory scale may not give a realistic picture of the performance in actual
supercapacitors.
Frequently, the electrochemical measurements are carried on electrodes that
do not suit the characteristics of those used in commercial SC. Thus, graphene
based-electrodes usually have a very low weight and are extremely thin which can
lead to overrate the material’s behavior. Additionally, measurements accomplished
in 3-electrode cells provide much higher capacitances than in a packed 2-electrode
device310.
Moreover, exceptional performance claims for electrodes may fail when all SC
components are included. The energy and power density of the real device would
be around 12 and 3 times lower, respectively, than those estimated from the
performance of the material in 1 mg-electrode. Also, it should be taking into
account that a system with 2-μm electrodes of a material with low packing density
is useless for storing large amounts of energy311.
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Specific
Material

Method

Capacitance

Specific Energy
Electrolyte

(F g-1)

Graphene

Theoretical calculation

550

CMG

Chemically

135

EG
DG
CG

modified-

/Specific Power

Ref.

(Wh kg-1/W kg-1)
312

5.5 M KOH

310

graphene

94

1M TEABF4/PC

(1-atom thick)

99

1M TEABF4/AN

117-75

1M H2SO4 -PYR14TFSI

35-40

1MH2SO4 -PYR14TFSI

6

1MH2SO4

264

5.5 M KOH

122

MeEt3NBF4/AC

167

[BMIM][BF4]/AN

174

[EMIM][TFSI]/AN

276

EMIMBF4

215

1M H2SO4

-/414k

273

EMIMBF4

150.9/ 776.8k

120

TEABF4

166

BMIMBF4/AN

150

TEABF4/AN

200

EMIM TFSI

166

1M KOH

283

1M H2SO4

N2-doped

128

EMImBF4

Boron-doped graphene by

173

6M KOH

3.86/125

322

321

0.5M Na2SO4

38.1-500

323

Exfoliation

of

graphitic

Transformation

of

oxide

nanodiamond

313

Prepared from camphor
over Ni nanoparticles
G-200

Low

temperature

exfoliated graphene
Activated
asMEG-O

microwave-expanded

GO

spheres
LSG-EC

GO reduced by laser-

314

315

74/338k
316

scribed
SSG

Self-stacked,
graphene

solvated
(water

as

spacer)
GO

Exfoliation

of

platelets

oxide in PC and thermal

RG-O

reduction at 200°C

a-MEGO

Activation with KOH of
microwave

graphite

exfoliated

graphene oxide

HGNCs

Hollow
nanocages

graphene-like
by

quasi

chemical vapor deposition
CNG

Crumpled

317

318

70/250k

319

320

321

graphene
BG

pyrolisis
SmRGO

Samarium-doped reduced
graphene

oxide

by

sonochemical procedure
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CuO/RGO

Cupper oxide and reduced

80

1M Na2SO4

324

262

1M Na2SO4

325

367

1M H2SO4

59-9k

326

270

1M H2SO4

24/1.5k

327

194

BMIMPF6

92.5/640

328

446

1M H2SO4

348

1M H2SO4

25.8/367.17

631

1M BMIMBF4/AC

178.2/473.3

303

1M H2SO4

13/-

331

183

1M H2SO4

11.33/745

332

566

6M KOH

29.4/10k

333

386

6M KOH

503

2M Li2SO4

39.28/128.01k

38

251

1M Li2SO4

29/1200

335

355

6M KOH

9.38/500

336

graphene oxide films by
hydrothermal process
Fe2O3-NTs

Hematite nanotubes and

rGO

reduced graphene oxide by
hydrothermal route

PREGO

Phosphorus-doped
exfoliated graphene

NtGO

Crumpled N2-doped
graphene by thermal
expansion and
hydrothermal doping

N-RGOH

N-doped graphene
hydrogel

SRGA

S-incorporated RGO

329

aerogel
NDG

N-doped from silk cocoon
by pyrolysis at 400°C

3D-

SiO2 templated directed

graphene

CVD

330

monolith
N/P-G

Nitrogen/phosphorus co-

monolith

doped graphene by
hydrothermal method

NS-G

Nitrogen/sulphur codoped graphene by onepot hydrothermal

NG-Fe3O4

Plasma induced nitrogen-

334

doped graphene-based
arerogel
RuO2/CNT/

Graphene foam covered

RGM

with RuO2 nanoparticles
and anchored CNTs

MnO2-CNT-

Carbon nanotubes–

graphene-

graphene hybrids grown

Ni hybrid

on porous Ni foam to
immobilize MnO2
nanoflakes

RGO/MnOx

Core–shell reduced

@HCNs

graphene oxide
/MnOx@carbon hollow
nanospheres by
hydrothermal process
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RGO-PANI

Polymerization in situ of

596

3M NaOH

337

439

1M H2SO4

338

310

1M KCl

aniline and reduction of
GO with hydrazine, and reoxidation of PANI by
strong oxidant
RGO-PANI

3D reduced graphene
oxide /polyaniline
nanocomposite film
prepared by diffusion
driven layer-by-layer
assembly

S-G/PPy

Sulphonatedgraphene/polypyrrolle

Synthetized by a two-step

RGO12

method, CNTs/PIn by in

339

2.8/3600

one step electrodeposition

CNT/PIn/

4.3/108.9

383

0.1M KCl

340

190

1M H2SO4

341

Bar-coating method

81

H3PO4/PVA gel

3D

hydrothermal treatment of

352

1M Na2SO4

343

graphene

graphene oxide (GO) and

foam/PANI

in-situ synthesis of PANI

nanorods

nanorods on the surface of
320

1M H2SO4

344

situ polymerization
followed by addition of GO
solution and reduced by
hydrazine
PVA-RGO

GO-PVA combined by
sonication and thermal
reduced

rGO-

2.83/3589.5

342

PEDOT/
PSS

graphene hydrogel
PANI@GNS

PANI coated graphene
nanoscrolls by in-situ
polymerization

Table 1.4. Graphene and graphene-based materials as electrode for supercapacitors.
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The actual application of graphene in commercial SCs still faces many
challenges. One of the most important is the production of high quality material, on
industrial scale at low cost, and in a reproducible way. As illustrated in Fig. 1.15, a
number of physical and chemical methods have been proposed to produce singlelayer graphene but most of the materials obtained at large scale are a wide variety
of multilayer-graphenes with chemical and structural imperfectness which do not
reach the expected outstanding performance345–347. Depending on the synthesis
route, there are marked differences in yield, efficiency, cost, scalability as well as in
morphology, structure, chemistry, texture, etc. of the resulting materials 348,349. As
an example, Fig. 1.16 reports that the oxygen content in graphene materials
produced by diverse methods ranges from 0.2 up to 40%. Simply changing the
reducing agent, the composition of the materials differs significantly. Moreover,
the different shapes of the N 2 adsorption isotherms show that the materials have a
different porosity. Importantly, the total area of the graphene related-materials
estimated by this technique usually do not exceed 500 m 2 g-1, this value is
significantly lower than the theoretical 2600 m2 g-1 of graphene and 1000 m2 g-1 of

3

-1

Vads (cm STP g )

the standard activated carbons (Fig.1.16)

Fig.1.16. Chemical and textural properties of graphene-related materials synthesized by
different methods
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A second issue to take into account is that the excellent intrinsical properties
of graphene must be fully utilized in the electrode. Graphene suffers from
agglomeration and re-stacking and this effect is increased during processing of
graphene based-electrodes. This leads to a loss in effective surface area and
electrical conductivity.
Finally, graphene needs to compete with porous carbons used in commercial
devices. At present, supercapacitor carbon is a premium activated carbon grade
(ash < 1%; halogen, iron impurities < 100 ppm) with a cost of around 15 $ kg-1.
This relatively low price makes advanced materials (multiwall-carbon nanotubes,
carbide derived-carbons, nanotemplated carbons, etc.) systematically fail in the
market. In this context, the future of graphene in SC is actually very doubtful, the
scaling-up of production is still in process and long-term cost projections around
5-40 $ kg-1

76 are

highly uncertain. While graphene devices can be able to reach

energy-power densities well over double those of conventional activated carbon, a
market niche can be found for them. On the other hand, the structural integrity of
graphene may not be a priority for supercapacitor electrodes and graphene
related-materials of lower cost might be good alternative candidates.
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2.1. OBJECTIVES
Among the wide variety of methods proposed to obtain graphene, the topdown method based on the exfoliation of graphite is the most commonly used for
mass production1,2. This can be achieved through (i) direct liquid exfoliation by
shearing and sonication, (ii) intercalation of electrolyte ions and electrochemical
initiated-exfoliation or (iii) by intercalating functionalities between the carbon
layers to weaken their interaction followed by diverse exfoliation processes3,4.
Current research efforts are mainly focused on the last route in view of its high
yield, potential scalability and excellent processability of the resulting materials.
Up-to-now the most promising approach to obtain relatively inexpensive
graphene at large scale for supercapacitors involves harsh oxidation of graphite in
acid media followed by an exfoliation process to produce graphene oxide and,
finally, a controllable reduction to obtain reduced graphene oxide5–8. In this
context, the main goal of this research work is to evaluate the potential of low-cost
intermediates generated in the early stages of this process as supercapacitor
electrodes.
Specific objectives of the study include the following:
 Assessment of the effect of the precursors and methods of synthesis on the
electrochemical operation of the resulting graphene-related materials. The
ultimate goal is to determine the key factors which lead to materials with better
supercapacitor performance by easily scalable and inexpensive methods.
 Evaluation of the influence of the structural, textural and chemical features
of such graphene-related materials on their behavior as supercapacitor electrodes.
 Systematic comparison to determine how graphene related-materials fit
into the general profiles found for carbon based-supercapacitors.
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2.2. LAYOUT
Chapter 1 describes the present state of the art of supercapacitors with
special emphasis on the operation of carbon materials as electrodes. It also reports
the great interest of graphene for this type of devices and highlights strengths and
weaknesses of this material. Chapter 2 summarizes the objectives and illustrates
the layout of the present manuscript. Both the materials and the different
characterization techniques are briefly described in Chapter 3. Chapter 4 focuses
on the main experimental data obtained in the present study and the
corresponding interpretation. They are summarized in a compendium of articles
published in international scientific journals. The indexes of quality of the journals
are collected in Annex 1. Chapter 5 draws general conclusions.
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3.1. MATERIALS
The variety of materials under study in the present work is described below:



3.1.1. Paper I:

Graphite oxide S43 produced at large scale by the Norwegian technology
start-up company, Abalonyx AS. The synthesis was based on the oxidation of
graphite Nanocon-1 (NNC Corporation, Japan) following a modified Hummer’s
method1,2. Nitrate was not used in order to avoid noxious fumes, resulting in a
more environmentally friendly process. After oxidation, the material was washed
twice with 5% HCl and once with 1% HCl. Subsequent centrifugation provided a
very doughy product containing around 32 wt% of graphite oxide in water. Airdrying overnight resulted in flakes of graphite oxide.
Biomass-based activated carbon Picactif SC, a product of PICA (France). It
is an essentially mesoporous carbon (pore size > 2 nm) although with a significant
contribution of supermicropores (1.5-2 nm). Its surface area estimated by BET
equation is as high as 2260 m2 g-1.
Graphene nanoplatelets C-750 marketed by XG Sciences (USA). They are
obtained by mechanical exfoliation of graphite and typically consist of aggregates
of sub-micron platelets, particle diameter < 2 µm and thickness of a few nm. C750
displays a SBET of around 700 m2 g-1.

69

3. EXPERIMENTAL



3.1.2. Paper II:

Graphite oxides GO-75 and GO-150. Samples of a natural graphite (Alfa
Aesar) with particle sizes below 75 and 150 µm were subjected to chemical
oxidation by the Hummer’s method modified by Jeong 3. Sulphuric acid (350 ml)
was mixed with the graphite powder (2 g) at 0-5 °C for 15 minutes. Potassium
permanganate (8 g) and sodium nitrate (1 g) were added portion-wise at 0 °C and
stirred for 30 minutes and then at 35 °C (30 min). Water (250 ml) was added via
dropping funnel and the mixture was heated to 98 °C for 3 hours. The reaction was
terminated by adding 500 ml of deionized water and 40 ml of 30% H 2O2. The
dispersion was filtered off through nylon filter, washed with diluted HCl (10 wt%)
to remove metal ions and then with water until pH of filtrate was about 7.
Reduced graphite oxides rGO-75 and GO-150. The oxidized samples, GO75 and GO-150, were further sonicated and treated with hydrazine to get the
reduced graphene-like materials rGO-75 and rGO-150, respectively. Deionized
water (150 ml) was added to graphite oxide (1 g) and vigorously stirred for 24
hours at room temperature. The suspension was subsequently sonicated in a bath
sonicator (Kraintek, 70 W, 38 kHz) for 3 hours, in a tip-probe sonicator (Hielscher
UP200S, 200 W, 24 kHz) for 30 minutes and, finally, for 1 hour in the bath
sonicator. The mixture was treated with ammonia (1.5 ml) and hydrazine
monohydrate (3 ml) and stirred vigorously at 85 °C for 24 hours under reflux
condenser. After cooling, the suspension was filtered off through nylon filter,
washed with deionized water (500 ml) and with methanol (50 ml). The cake was
dried at 75 °C for 24 hours.
These graphene related-materials have been produced by the innovative
company Danubia NanoTech, sro (Slovakia).
Activated carbon Picactif SC (see 3.1.1)
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3.1.3. Paper III:

GANF®. Helical-ribbon nanofibers manufactured by Grupo Antolín Ingeniería
(Spain). They were synthetized by floating catalyst technique using natural gas and
sulphide feedstock over 1100 °C4–6.
Functionalized carbon nanoplatelets OF1 and OF2 obtained by wet
oxidation of GANF following a slight modification7 of the Hummer’s method1. The
reactive solution (NaNO3/H2SO4/KMnO4/GANF) was stirred at 35 °C for 150 min
(Oxidation 1) or overnight (Oxidation 2). A subsequent mild mechanical exfoliation
was carried out in water or other polar solvents by tip sonication8.
Reduced graphene oxides rGO1-X and rGO2-X synthesized by flash heating
in air of OF1 and OF2, respectively, at temperatures (X) of 400, 600, 800 and
1000 °C.
Activated graphene nanoplatelets OF1-A and OF2-A derived from a typical
activation process of OF1 and OF2 under CO2 at 800 °C for 2 hours.
Graphene oxides GO1 and GO2 prepared by sonication of the respective
functionalized carbon nanoplatelets in an ultrasound bath cleaner (J.P.Selecta
Ultrasons system, 50-60 kHz) for 4 h.
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For shake of clarity, the different processes are summarized below:

Fig. 3.1. Scheme of the preparation of graphene-related materials from
helical-ribbon carbon nanofibers
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3.2. CHARACTERIZATION TECHNIQUES
Detailed studies of the materials characteristics were accomplished by the
combination of diverse techniques:

Fig. 3.2. Layout of materials characterization
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3.2.1

Chemical characterization

3.2.1.1. Elemental Microanalysis
The content of C, H, N and S was determined by combustion in pure oxygen
environment of 1 mg of the sample at 1050 °C in a LECO microanalyzer CHNS-932.
Carbon dioxide, water and sulphur dioxide formed under those conditions were
quantified by infrared spectroscopy. On the other hand, nitrogen oxides (NOx)
were reduced by copper to result in nitrogen gas, being quantified by thermal
conductivity (TCD).
The content of oxygen was determined by pyrolysis at 1350 °C in a LECO
VTF-900.

3.2.1.2. Temperature Programmed Desorption (TPD)
The different materials were characterized by thermally programmed
desorption (TPD), which led to the amounts of CO and CO2 released from the
oxygen-containing surface groups. According to the literature9, hydroxyl-, ether-,
anhydride-, quinone- and carbonyl-functionalities desorb as CO while carboxyl-,
anhydride- and lactone-groups form CO2.
The experiments were carried out in a fully automated analyzer AutoChem II
2920 (Micromeritics). The samples were placed in a U-shaped tubular quartz
reactor and heated at 10 °C min-1 up to 1000 °C, being the flow rate of argon carrier
gas 50 mL min-1. As detector was coupled a quadrupole mass spectrometer
Omnistar (Pfeiffer-Vacuum). Quantification of desorbed compounds was
performed by means of previous calibration of a gas mixture (1% CO+1% CO2 in
argon).

3.2.1.3. X-ray Photoelectron Spectroscopy (XPS)
X-Ray Photoelectron Spectroscopy (XPS) is based on the photoelectric effect.
The sample is exposed to a monochromatic X-ray beam, leading to the ejection of
core-level electrons. The emitted energy is a function of its binding energy and
characteristic of the element. Therefore, the analysis of the corresponding
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spectrum provides information on the elemental composition, empirical formula
and chemical and electronic state of the elements within a surface region.
For the measurements, a customized SPECS system working under a pressure
of 5·10-9 mbar with a MgKX-ray source operated at 150 W was employed. The
XPS high-resolution spectra were analyzed by CasaXPS software. In order to
identify the functional groups and their distribution on the surface, C1s, O1s, N1s
bands were deconvoluted by applying Gaussian-Lorentzian (80:20) functions, after
Shirley background correction.

3.2.2. Morphology

3.2.2.1. Scanning Electron Microscopy (SEM)
SEM micrographs were taken in a field emission gun scanning electron
microscope QUANTAN FEG 650 (FEI) operating at 5 kV10 and 30 kV11. It was
equipped with three different detectors which provided complementary
information on morphology and topography (Secondary Electrons Detector),
image contrasts depending on composition (Backscattered Electrons Detector) and
elemental composition in selected sections of the sample (Energy Dispersive
Spectroscopy Detector).

3.1.2.2. Transmission Electron Microscopy (TEM)
The materials were observed by TEM in a 2000EX-II (JEOL) instrument with
an acceleration voltage of 160 kV. The samples were previously dispersed in water
by sonicating for 15 min. A drop of such suspension was placed on a holey carbon
film supported on copper grids where was dried.
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3.2.3. Structural features

3.2.3.1. X-Ray Diffraction (XRD)
The X-ray diffraction (XRD) is a non-destructive characterization technique
which has been widely used to get information on the degree of structural ordering
in carbon materials. X-ray diffractograms were obtained in a D5000 (Siemens)
instrument operating at 40 kV and 40 mA and employing CuK radiation (=
1.5406 Å). The data were collected at steps of 0.02 ° and intervals of 1 s per step in
the 2range of 5-90 °.
Bragg’s law describes the condition for constructive interference from
successive crystallographic planes (hkl) of the crystalline lattice [Eq. 3.1]:
(

)

where λ is the wavelength of the X-ray, θ is the scattering angle, n is an
integer representing the order of the diffraction peak, d is the interplanar spacing
of the lattices and hkl are Miller’s indices of the analyzed planes.
The crystallite size along the c-axis (Lc), corresponding to the height can be
determined from the XRD line broading by means the Scherrer12 equation [Eq.
3.2]:

being Dhkl the crystallite size in the direction perpendicular to the lattice
planes, K a numerical factor frequently referred to as the crystallite-shape factor,
Bhkl the half maximum intensity breadth of the X-ray diffraction peak and θ the
Bragg angle.
Warren and Bodenstein13 particularized this equation [Eq.3.3] for carbon
materials, obtaining Lc from the (002) diffraction peak:
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where  is the half-width intensity of the 002 reflection after correcting the
instrumental contribution and is calculated by [Eq. 3.4]:
(

1/2

)

B and b correspond to the experimental and instrumental line broadening,
respectively.

3.2.3.2. Raman Spectroscopy
This technique is based on detecting the inelastic scattered light after the
irradiation of the sample with a monochromatic light source, such as a laser. The
position and the intensity of the bands reflect the molecular structure as well as
subtle changes on the crystalline form.
The analyses were accomplished in a high-resolution LabRam HR UV800
(JYV-Jobin Yvon) Raman spectrometer coupled to confocal microscope BXFM-ILHS
(Olympus). A CDPS532M (JSDU) argon DPSS laser was employed at λ=532 nm,
with a spot size of 3-5 m and output power at 24.3 mW. The spectra were
recorded from 800 to 3500 cm-1.

3.2.4. Textural characterization
3.2.4.1. Physical adsorption of N2
N2 adsorption isotherms consisted in determining the volume adsorbed by
the sample at different relative pressures and at a constant temperature of 77 K
(Micromeritics ASAP2010).
The samples were previously dried at 100 °C in an oven for 1 hour and
degassed at temperatures between 50 and 250 °C under high vacuum (10-4 torr)
overnight or till no volatile matter removal was detected. The degassing
temperature depended on the temperature treatment to which the material was
subjected during its preparation.
This technique was not only used to assess the textural features of the
graphene-related materials on which this study is focused but also to evaluate the
porosity of other carbon materials used in complementary studies (see Annex).
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In order to get reliable insights, N2 isotherms were analyzed by different
methods:

BET equation
The most widely method to estimate the specific surface area of a material
was proposed by Brunauer, Emmet and Teller (BET method) 14. The linearization of
the N2 isotherm by the BET equation provided the monolayer capacity

and,

subsequently, the specific area of the solids was estimated by [Eq.3.5]:
S=
taking into account the area occupied by a molecule of N2 at 77 K ( =0.162
nm2) and the Avogadro’s number (NA).
SBET was obtained by selecting in each case the best linear fit of the
corresponding plot following the criteria listed by Rouquerol et al 15. They found
that the linear range for the BET analysis in the case of microporous carbons is
below the classical domain of p/po between 0.05 and 0.3.
A systematic study by Centeno et al.16 has shown that the BET surface area is
closely related to the micropore volume and suggests an area of approximately
2200-2300 m2 cm-3, whatever the micropore width. It follows that SBET can be
representative only for carbons with pore widths around 0.9 nm. Therefore, other
methods must be considered to provide a reliable assessment of the total surface
area.

Dubinin-Radushkevich equation
Physical adsorption of gases and vapors in microporous carbons is described
by the Dubinin-Radushkevich (D-R)14 equation [Eq.3.6]. It relates the
thermodynamic potential A=RTln(po/p) to the volume W of condensed vapour
filling the total micropore volume Wo,
2

[ (

) ]

being β=0.33 for N2.
78

3. EXPERIMENTAL

The characteristic energy Eo is related to the average width Lo of slit-shaped
micropores by the equation
(

)

The surface area of slit-shaped micropores is close to the simple geometrical
relation:
(

)

It follows, that for microporous carbons the total surface area is:
Stot(DR)= Smi + Se,

[Eq. 3.9]

where Se (external surface) is the area found in larger pores and on the
outside of the sample. The external surface can be obtained by different
techniques, such as comparison plot.
Comparison plot.
The N2 isotherms were also analyzed by the method developed by Gregg and
Sing17

and, subsequently, refined by Kaneko et al18. and Setoyama et al19. It consists

of the comparison of the isotherm of the sample under study with that of a nonporous carbon material used as reference. In the present study, it was the carbon
black Vulcan 3G with a specific surface area of 82 m2 g-1.
Comparison approach provided data on the total pore volume (V p), total
surface area (Scomp) and external surface area (Se) of the different samples.

Density Functional Theory (DFT)
The specific surface area was also evaluated by the DFT-software included in
ASAP2010 software.
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KJS Method
An estimate of the mesopores size distributions was obtained by applying
the method proposed by Kruk, Jaroniec and Sayari (KJS) 20. The maximum of the
distribution probed by N2 was taken as pore size (Dp).

3.2.4.2. Physical adsorption of CO2
The characterization of samples by CO2 adsorption at 273 K provides
complementary information to that derived with N2 at 77 K as adsorbate. As
previously reported21, a low N2 adsorption capacity may not indicate the absence
of porosity but a hindered access. Due to the low adsorption temperature (77 K),
the filling of narrow cavities is a very slow process, and the equilibrium is not
achieved under the standard operation times. By contrast, CO 2 is adsorbed more
quickly as the higher adsorption temperature (273 K) allows avoiding diffusional
problems. Moreover, as a consequence of the relatively high saturation pressure
(~ 26000 Torr), the standard CO2 isotherm at 273 K is typically performed up to
relative pressure p/po of 0.03 and provides exclusively information on the socalled ultramicroporosity (< 0.8 nm).
The measurements were carried out in a NOVA 4200e analyzer
(Quantachrome Instruments). The samples were previously vacuum outgassed 12
hours at 50-100 °C.
The textural parameters were obtained from the analysis of the isotherm by
applying the Dubinin-Radushkevich equation [Eq. 3.6].

3.2.4.3. Helium Pycnometry
This technique was used to estimate the true density of the samples. It is
based on the measurement of the true volume by the displacement of inert gas
(helium) by the solid phase of the sample. The analyses were carried out in
AccuPyc 1330 Pycnometer (Micromeritics) connected to a vacuum pump for
previous outgassing. The tests were carried out on samples dried at 100 °C for 1
hour.

80

3. EXPERIMENTAL

3.2.5. Electrochemical characterization
This study has put special emphasis on working with electrodes matching the
thickness and carbon loading of commercial electrodes (100-300 m in thickness
and 10-15 mg cm-2) in order to avoid extremely thin electrodes and/or very low
content of active material which lead to overrate the material’s performance. The
tests have been carried out in 2-electrodes cells to mimic a packed device. Finally,
the electrochemical tests were accomplished with the most widely used
electrolytes in commercial devices, 2M aqueous H2SO4 and 1M (C2H5)4NBF4 in
acetonitrile (TEABF4/AN)
The electrochemical tests were performed in a potentiostat-galvanostat
PGSTAT 30 (Autolab-Ecochemie) equipped with a FRA32M module.
The electrochemical performance of a wide variety of carbons was tested
under the same experimental conditions in a sandwich-type cell. The device
consists of two electrodes separated by a glass fiber paper Whatman 934AH and
placed into a PTFE Swagelok cell. The current collectors are made of inert stainless
steel Hastelloy N125. The device is shown schematically below

Fig. 3.3. Schema of the cell used for electrochemical tests device

The configuration of the cell corresponds to each electrode (C1+, C2-) acting as
a capacitor and both connected in series. The total capacitance of the
supercapacitor is described by equation [Eq.1.3] [(1/Csc) = (1/C1+) + (1/C2-)] and,
therefore, for a symmetrical system with equal electrodes implies that:
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The electrode composition was 90% dried carbon material, 5% carbon black
(Super-P, MMM) as conductive additive and 5% PTFE (Sigma-Aldrich) as binder.
This mixture was homogenized in an agate mortar, rolled and punched into pellets
of 8 mm in diameter and 100-300 microns in thickness. The electrodes were dried
in an oven at 100 °C for 1 hour prior to be tested by Galvanostatic ChargeDischarge

cycles,

Cyclic

Voltammetry

and

Electrochemical

Impedance

Spectroscopy (EIS).

3.2.5.1. Galvanostatic charge-discharge cycles
Galvanostatic cycling was carried at different current densities of 1, 3, 5, 7,
10, 20, 50, 70 and 100 mA cm-2. The system was subjected to a constant current
density (current intensity divided by the geometric area of the electrode
(0.503 cm2)) while the potential versus time was recorded between 0 and 0.8 V for
aqueous medium and between 0 and 2 V for the organic electrolyte.

Fig.3.4. Galvanostatic charge-discharge cycles

The cell capacitance was calculated from the slope of the discharge section
applying:

where i is the current intensity, td is the discharge time, Vd is the discharge
potential and mc the mass of active material.
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The gravimetric capacitance (F g-1) given in the present study is generally
relative to the mass of the graphene related-material in a single electrode.
From the galvanostatic measurements the resistance of the cell (RESR) has
also been determined from equation:
E1 = 2 ∙ i ∙ RESR

[Eq.3.12]

where E1 is the potential drop due to this resistance and i is the applied
current.
This parameter displays the non-ideal behavior of the system and
corresponds to various ohmic contributions associated to the cell configuration
(electrolyte resistance, electrode resistance, electrode-collector resistance, etc.)22.
An overall assessment of the potential of the different materials for
supercapacitors was provided for the capacity to store energy:
(

2

)

2

and the ability to deliver power:

In order to make easier the comparison, the performance was referred to the
specific energy density and specific power density:

where mc corresponds to the mass (kg) of active material in both electrodes.

3.2.5.2. Cyclic voltammetry.
Cyclic voltammetry consisted in a linear potential sweep between 0 and 0.8 V
in the case of the aqueous electrolyte and up to 2 V in the organic medium at a
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constant scan rate. The sweep is reversed after reaching maximum potential. The
measurements included at least 5 cycles at scan rates of 1, 2, 5, 10, 20 and 50mVs-1.

Fig.3.5. Voltammogram of a carbon based- EDLC

The specific capacitance (F g-1) was calculated by the equation:

(

| |)

being qa and qc anodic and cathodic charge, respectively, corresponding at
positive and negative sweep; mc is the mass of active material in the cell and

is

the potential window.
The slope

/

is related to the equivalent series resistance (ESR) of the

device.

3.2.5.3. Electrochemical Impedance Spectroscopy (EIS)
Electrochemical impedance spectroscopy is a powerful technique for the
characterization of supercapacitors providing reliable information on the
dependance of the behavior with frequency. In this work, the measurements were
carried out in a frequency response analyzer FRA32M module (Autolab, Metrohm)
in the range of 0.2 mHz to 60 kHz. The AC amplitude was ±15 mV.
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If it is considered a porous electrode as a whole capacitance by simply using
the impedance data23,24, then:
( )

( )

The impedance ( ) can be written under its complex form:
( )

( )

( )

Equations [3.18] and [3.19] lead to eq. [3.20]:

( )

( ))
( ( )
| ( )|

Hence, it is possible to define:
( )

where

( )

( )

( )
( )

( )

( )
( )

( )

( ) is the real part of the capacitance ( ).

( ) is the imaginary

part of the capacitance ( ). | ( )| is the impedance modulus.
Nyquist plot (Fig. 3.6) depicts the real part of the impedance versus the
imaginary part. Each point is the impedance at one frequency. It can be
distinguished three responses which provide different information24–28:
-

at low frequencies is characteristic a vertical line parallel to y-axis, which
reflects a capacitive behavior.

-

at high frequencies is observed the contribution of the resistance for ESR.
Rs is usually ascribed to the ionic resistance of the bulk electrolyte. R a is
associated to that of the electrode and the electrode/collector contact.

-

the middle range of frequencies is known as Warburg response, which is
a line at 45° angle with the real axis. This section reflects the intraparticle
ion-transport resistance.
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Fig. 3.7 represents the change of the real part of capacitance versus
frequency. The capacitance increases when the frequency decreases, being
constant at low frequencies.
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The characteristic curve obtained by plotting the change of the imaginary
part of capacitance versus frequency (Fig. 3.8) exhibits a maximum at a given
frequency which is defined as a time constant

where

:

is the angular frequency at the maximum of the C’’ peak.
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4.1. PUBLICATION I
Chemical oxidation of graphite constitutes a really promising route for the
large-scale production of graphene. Attending to the requirements for low-cost
electrodes of supercapacitors, the potential of the material obtained in the earliest
stage of this process has been studied.
At present, there is a great interest focused in the wide difference that exists
between the surface-capacitance (in F m-2) of diverse graphene related-materials.
The accuracy of standard characterization of the porosity of carbons for
supercapacitors is assessed for the present case.
“Graphite Oxide: An Interesting Candidate for Aqueous Supercapacitors”
A graphite oxide produced in tons per year by the Norwegian company
Abalonyx AS has been deeply studied as candidate for supercapacitor electrodes in
both aqueous and organic electrolytes. The synthesis is based on a modified
Hummers procedure in which nitrate is not used, resulting in a more
environmentally friendly process. The resulting material, S43, is composed of
carbon flakes with a layered structure and oxygen content as high as 39.2 wt%.
The novel procedure patented by Abalonyx produces a successful
intercalation of oxygenated-functionalities and, consequently, a remarkable
expansion of the structure of the raw graphite takes place. XRD reports a widening
of the interlayer spacing from the typical 0.335 nm to ~ 0.65 nm on average. Such
process diminishes the Van der Waals interactions between carbon sheets and the
abrupt release of labile functionalities as CO and CO2 in TPD experiments results in
blasting at around 127 °C. The high concentration of oxygen functional groups is
also confirmed by C/O ratio of 2.6, estimated by XPS. The surface oxygen is
distributed in 23.2% of C-O (epoxy, hydroxyl) bonds, 14.2% of C=O functionalities
and 16.8% of O-C=O carboxyl type-groups.
The collapsed cyclic voltammograms obtained for the device based on
electrodes made of 95 wt% of the graphite oxide and 5 wt% of PTFE as binder
reveals an extremely low electrical conductivity which prevents electrochemical
energy storage. This shortcoming can be easily overcome by the addition of only
5% of a carbon black to the composite electrode. The steep current change at the
switching potentials reflects quick charge propagation in the electrodes made of
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90 wt% of S43, 5 wt% of PTFE and 5 wt% of Super-P whereas the clear
rectangular-shaped CV curves confirm the suitability of the graphite oxide for
electrochemical capacitors. Galvanostatic charge-discharge cycling reports specific
capacitances of 159 F g-1 in 2M H2SO4 aqueous electrolyte and 82 F g-1 in the
organic medium 1M TEABF4/AN.
Although the gravimetric capacitance is a very relevant parameter, what
really makes the graphite oxide promising for SC is its volumetric capacitance as
high as 177 F cm-3 in H2SO4 and 59 F cm-3 in TEABF4/AN.
Regarding operation of the aqueous supercapacitor, the device based on S43
successfully competes with that using the high surface activated carbon Picactif SC
in terms of energy-density whereas it provides a similar power-density to the SC
with graphene nanoplatelets.
On the contrary, the performance of S43 is rather poor in TEABF 4/AN. The
drop in the specific capacitance with the current density reflects the difficulties of
the relatively large TEA+ ion (0.68 nm) to access and move in the interlayer
spacing (0.65 nm as determined by XRD) and the supercapacitor suffers from low
power release. Further improvement of oxidation process is required to achieve a
nanoengineered spacing for application in organic devices.
The comparison of the gravimetric capacitance of S43 with those found for a
variety of carbons under the same testing conditions, suggests an outstanding
performance of the graphite oxide. Whereas S43 displays a specific surface area
SBET of only 15 m2 g-1, its specific capacitance is similar to those of activated
carbons and other porous carbons with specific surface area around
m2

g-1.

900–1200

Moreover, S43 largely surpasses the specific capacitance achieved by

graphene nanoplatelets obtained by mechanical exfoliation of graphite.
The present graphite oxide achieves an extraordinary interfacial capacitance
(C/SBET) of 10.6 F m-2 in H2SO4, if compared to 0.1-0.3 F m-2 reported previously for
carbon materials. The contribution from huge pseudocapacitance due to the
incorporation of high amounts of oxygen on graphene sheets cannot be argued
since an unreasonable value of 5.5 F m-2 is also achieved in the organic electrolyte.
Systematic studies on carbons reported that the pseudocapacitance is negligible in
TEABF4/AN, the capacitance essentially corresponding to a contribution from the
double-layer of around 0.094 F m-2.
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Such anomalous high interfacial capacitance in both electrolytes may suggest
that the expanded graphitic structure induces a capacitance enhancement but CO 2
adsorption at 273 K provides further information. The analysis of the CO2 isotherm
reports a surface area of 178 m2 g-1 which is much higher than that from N2
adsorption. In spite of being more reliable to evaluate the available interface in
very narrow cavities, SCO2 still gives rise to surface-capacitance extremely high in
the aqueous and organic electrolytes (respectively, 0.89 and 0.46 F m-2). Although
factors other than porosity may be playing a role, these puzzling values suggest
that the specific surface area determined by standard gas adsorption (i.e. N 2 and
CO2 as adsorbates) may be misleading in the present case as it does not reflect the
electrochemically active surface of the carbon in the SC. It appears that the
electrolyte ions are able to intercalate into the expanded graphene sheets of
charged electrodes but this surface is not matched by a totally different process
such as gas adsorption.
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A graphite oxide, obtained on a large scale at low cost as an intermediate in the graphene production,
achieves speciﬁc capacitances (159 Fg1 in H2SO4 and 82 Fg1 in (C2H5)4NBF4 in acetonitrile) that
compete with those of activated carbons and largely surpass the values obtained with graphene
nanoplatelets. More promising, the high electrode density leads to volumetric capacitances of 177
and 59 F cm3 in the aqueous and the organic electrolytes, respectively, which are above most data
reported for carbons. In the aqueous electrolyte, the graphite oxide stands out on energy density when
compared to graphene nanoplatelets and on power capability if compared to an activated carbon
commercialized for supercapacitors, whereas in the organic electrolyte, the limited interlayer spacing
restricts the mobility of the larger ions into the expanded graphitic structure. This study also illustrates
that the speciﬁc surface of carbons measured by standard gas adsorption may not be a relevant parameter
as it does not always match the electrochemically active area involved in the energy storage.
ã 2014 Elsevier Ltd. All rights reserved.
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1. Introduction
Supercapacitors (SC) are under an increasing demand as
alternative energy storage devices. Their high rate capability,
pulse power supply, long cycle life and low maintenance cost make
them highly attractive for powering electric vehicles, portable
electronic devices, uninterruptable power supplies, etc. [1].
The electrochemical double layer capacitor (EDLC) is a type of
supercapacitor in which the energy is physically stored by means of
ion adsorption at the electrode/electrolyte interface [2]. A wide
variety of carbons (activated carbons, carbon nanotubes, templated
carbons, carbide-derived carbons, carbon gels, carbon blacks,
glassy carbons, etc.) have been extensively investigated as
electrodes in EDLC [3–10]. The number of candidates has increased
with the recently discovered graphene, since its large theoretical
surface area and high electrical conductivity result key features for
application in SC [11–14].
In spite of the potential of graphene, it still needs to compete
with activated carbons in terms of cost/performance [11,12,15] to
be used in practice. In this context, up-to-now the most promising
approach to obtain graphene for SC involves the chemical

* Corresponding author. Tel.: +34 985119090.
E-mail address: teresa@incar.csic.es (T.A. Centeno).

oxidation of graphite followed by an exfoliation process to produce
graphene oxide and, ﬁnally, a controllable reduction to obtain
reduced graphene oxide [11–14]. As lower-cost materials for
supercapacitors are a priority, the intermediate graphene oxide
will have an advantage over reduced graphene oxide. It has been
reported that graphene oxide itself may be promising in EDLC
electrodes [16,17] but its application appears to be limited by its
low conductivity [11,12,14].
Currently, graphene oxide has not been commercially available
in large quantities, normally selling in gram quantities, partly due
to the lack of a sustainable production process. However, Abalonyx
AS, a Norwegian technology start-up company, has recently
developed an improved method for the production of graphene
oxide, based on a modiﬁed Hummers procedure [18,19], that will
now be mass produced. Nitrate is not used in order to avoid
noxious fumes, resulting in a more environmentally friendly
process now being scaled to tons/year capacity.
Herein, we report that graphite oxide, generated on a large scale
at low cost in the early stages of graphene oxide preparation may
become competitive for electrodes in aqueous supercapacitors.
The systematic comparison of its electrochemical performance
with an activated carbon available on the market for SC and
commercial graphene nanoplatelets provides reliable information
on the relative potential of the graphite oxide for energy storage
devices.

http://dx.doi.org/10.1016/j.electacta.2014.10.095
0013-4686/ ã 2014 Elsevier Ltd. All rights reserved.

97

4.1. PUBLICATION I

246

B. Lobato et al. / Electrochimica Acta 149 (2014) 245–251

2. Experimental Section
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Graphite oxide S43 was prepared on large scale by a modiﬁed
Hummers method [16,18] using 100 g Nanocon-1 graphite (NNC
Corporation, Japan) as raw material resulting in about 160 g
graphite oxide. After oxidation, the material was washed twice
with 5% HCl and once with 1% HCl and ﬁnally centrifuged, resulting
in a thick aqueous paste with about 32 wt% graphite oxide. The
material was spread on a plastic sheet and air-dried over night. As a
result dry ﬂakes of graphite oxide were obtained.
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2.2. Material characterization
A variety of techniques was used to monitor the chemical and
structural changes occurring in the different materials. Experimental details are described in the Supporting Information (SI).
The chemical characterization of the sample used (batch S-43)
was carried out by elemental microanalysis and by X-ray
photoelectron spectroscopy (XPS). It was further studied by
Thermal Programmed Desorption (TPD) experiments from room
temperature to 1000  C.
The morphology of the samples was examined by Scanning
Electron Microscopy whereas the structural characterization
involved X-Ray Diffraction and Raman Spectroscopy.
The textural features were estimated from physisorption
isotherm of N2 at 77 K and CO2 at 273 K. The density of the
sample was determined by He picnometry.
The electrochemical performance was tested in a sandwichtype capacitor set up with two carbon pellets separated by glassy
ﬁbrous paper (300 mm thick) and placed in a Swagelok cell. The
dried S43 ﬂakes were mixed with polytetraﬂuoroethylene to form
electrodes consisting of 95 wt.% active material and 5 wt.% binder.
The electrode was rolled to a thickness of 140 mm, punched into a
8 mm diameter and dried in an oven at 100  C for 24 h. Due to the
poor performance, the carbon black Super-P (MMM Carbon) was
further added to the composite electrode. The electrolytes were
2 M H2SO4 aqueous solution and 1 M (C2H5)4NBF4 in acetonitrile
(TEABF4/AN). The capacitance was determined by galvanostatic
charge-discharge cycles (Autolab-Ecochimie PGSTAT 30) at different current densities, from 1 to 100 mA cm2, and cyclic
voltammetries at scan rates ranging between 1 and 50 mVs1.
The cell voltage ranged from 0 to 0.8 V for aqueous medium and
between 0 and 2 V for the organic electrolyte. The gravimetric
capacitance (F g1) given in the present study is relative to the
graphite oxide mass in a single electrode made of 90%wt. of S43, 5%
wt. of PTFE and 5%wt. of Super-P. The experimental values reported
correspond to those obtained after 10 charge-discharge cycles for
each current intensity.
Electrochemical impedance spectroscopy (EIS) measurements
were performed using a by sinusoidal signal of  15 mV from 2
104 Hz to 60 kHz in a PGSTAT 30 (Autolab B.V., Metrohm)
potentiostat equipped with a FRA32 M module.
The electrochemical performance of the graphite oxide was
systematically compared with two carbons available on the
market: i) the activated carbon Picactif SC (Pica, USA) and ii)
graphene nanoplatelets C-750 (XG Sciences, USA) (see Supporting
Information). The three samples were tested under the same
experimental conditions.
3. Results and Discussion
The procedure developed by Abalonyx results in an extensive
oxidation as indicated by the high increase in the oxygen
percentage from 0.3 wt.% of the raw graphite to 39.2 wt.% for the

0
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Fig. 1. TPD proﬁle of the graphite oxide showing blasting at 127  C.

graphite oxide material (labeled as S43). TPD experiments (Fig. 1)
reveal the presence of labile oxygen-containing functionalities
which start releasing even below 100  C.
There is an abrupt generation of CO and CO2 in a very narrow
range at around a temperature as low as 127  C which results in
blasting (Fig. 1). Such behavior indicates a high concentration of
oxygen functional groups intercalated into the graphene sheets
which diminishes the Van der Waals interactions [20,21].
Moreover, there is a continuous and smooth weight loss between
350 and 1000  C which corresponds mainly to the release of more
stable functionalities desorbing as CO. The high concentration of
oxygen functional groups is also conﬁrmed by C/O ratio of 2.6,
estimated by XPS. The surface oxygen is distributed in 23.2% of C-O
(epoxy, hydroxyl) bonds, 14.2% of C¼O functionalities and 16.8% of
O—C¼O carboxyl type-groups.
SEM images illustrate that S43 is composed of ﬂakes with a
layered structure (Fig. 2a, see also Figure S1). The analysis by
HRTEM (Fig. 2b, see also Figure S2) reveals the presence of both
graphene layers and oxidized regions with surface functional
groups.
As reported by XRD proﬁles (Fig. 3a), the oxidation based on
Hummers method induces a signiﬁcant expansion in the graphite
structure [21]. The intense (001) peak at 13.64 observed for
S43 derives from the incorporation of water and oxygenatedfunctionalities on the carbon sheets which leads to the widening of
the interlayer spacing from the typical 0.34 nm to  0.65 nm on
average.
In the Raman spectrum, a wide D-band typical for sp3
hybridation becomes prominent and the relative intensity of D
to G band, ID/IG, is around 0.9 (Fig. 3b). This indicates the reduction
of the in-plane sp2 domains induced by the introduction of
defective levels (edges, atomic vacancies, functionalities) and
disorder [22]. XPS reports 22.2% of C-C in aromatic rings.
The electrochemical performance of the graphite oxide was
tested in a sandwich-type capacitor set up with two electrodes
separated by glassy ﬁbrous paper. In a ﬁrst attempt, the electrodes
were formed by 95%wt. of S43 and 5%wt. of PTFE as binder. The
collapsed cyclic voltammogram at 1 mV s1 in H2SO4 (Fig. 4, left)
reveals an extremely low electrical conductivity which prevents
electrochemical energy storage. As illustrated by Fig. 4, this
shortcoming can be overcome by the addition of a carbon black to
the composite electrode.
The steep current change at the switching potentials (Fig. 4,
right) reﬂects quick charge propagation in the electrodes made of
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Fig. 2. SEM (a) and HRTEM (b) images of the graphite oxide.
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Fig. 3. XRD (a) and Raman (b) spectra for the graphite oxide and the raw graphite.
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90%wt. of S43, 5%wt. of PTFE and 5%wt. of Super-P, the clear
rectangular-shaped CV curve conﬁrming the suitability of the
graphite oxide for electrochemical capacitors.
An outstanding performance of the graphite oxide S43 is
suggested by Fig. 5 where the dependence of the limiting
capacitance (estimated at 1 mA cm2) with the total surface area
for a variety of activated carbons is shown. The analysis of N2
adsorption isotherm (77 K) on S43 powder leads to a speciﬁc
surface area SBET of only 15 m2 g1 (8 m2 g1 in the electrode)
whereas speciﬁc capacitances as high as 159 F g1 in the aqueous
electrolyte and 82 F g1 in the organic medium are achieved. These
values compare with those of activated carbons and other porous
carbons with speciﬁc surface area around 900–1200 m2 g1
[23–31] and largely surpass those achieved by the graphene
nanoplatelets.
It can be assumed that, in the aqueous electrolyte, the abundant
oxygen-containing groups attached to the S43 surface act as redox
sites and provide a signiﬁcant pseudo-capacitance, leading to an
enhancement of the overall capacitance. However, the extremely
high values cannot be explained based solely on huge pseudocapacitance contributions. Moreover, in the case of the organic
electrolyte the pseudocapacitive processes do not apply signiﬁcantly [24,29–31] and the capacitance is mainly due to the extent
of the surface accessible to the ions.
The anomalous high surface related-capacitance in both
electrolytes may suggest that the expanded graphitic structure
induces a capacitance enhancement. The characterization of
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Fig. 6. Characteristic curve obtained from N2-77 K and CO2-273 K adsorption on the
graphite oxide.

S43 by CO2 adsorption at 273 K provides some further insights.
The analysis of the CO2 isotherm by the Dubinin-Radushkevich
equation [32] reports a micropore volume of 0.09 cm3 g1 with an
average micropore size of 1.06 nm and a surface area of 178 m2g1
(much higher than the 15 m2g1 from N2 adsorption). The
characteristic curve [32,33] in Fig. 6 reﬂects the signiﬁcant
difference in the adsorption of N2 and CO2 by the graphite oxide.
As previously reported [33], the low N2 adsorption capacity
does not indicate the absence of porosity but a hindered access.
Due to the low adsorption temperature (77 K), the ﬁlling of narrow
cavities is a very slow process, and the equilibrium is not achieved
under the standard operation times. By contrast, CO2 is adsorbed
more quickly as the higher adsorption temperature (273 K) allows
avoiding diffusional problems.
Even using the surface estimated by CO2, the present carbon
exhibits a much higher capacitance per speciﬁc surface area (in F
2
m ) than other porous carbons [29,34]. This suggest that the
speciﬁc surface area determined by standard gas adsorption (i.e. N2
and CO2 as adsorbates) may be misleading in the present case as it
does not match the electrochemically active surface of the carbon
in the SC. As previously reported [35–37], the high gravimetric
capacitance of S43 would result from intercalation of the electrolytes into the expanded graphene sheets.
Taking into account a contribution from the double layer in the
organic electrolyte of around 0.095 F m2 (obtained by a systematic
study of a large variety of carbon materials) [29,34], one obtains
that the surface of S43 participating in energy storage would be
around 860 m2 g1.
This value and the surface capacitance of 0.105 F m2 [29,34]
found for carbons in the aqueous electrolyte allows estimating a
pseudocapacitance of 69 Fg1 which corresponds to  44% of the
overall capacitance of the graphite oxide in 2 M H2SO4.
This pseudocapacitive contribution appears to display a good
reversibility. In fact, after very stressful electrochemical measurements by cyclic voltammetry, galvanostatic cycling and electrochemical impedance spectroscopy, the original performance was
further cross-checked by repeating some tests and remained
unchanged.
From an industrial point of view, it is important to note that the
high true density of the graphite oxide (1.90 g cm3) as well as its
good packing at electrode (1.24 g cm3) lead to volumetric capacitances of 177 F cm3 in H2SO4 and 59 F cm3 in TEABF4/AN, which are
above most values reported for carbon-based electrodes [38]. This
feature is highly relevant for the design of compact devices.
As shown in Fig. 7, the rate capability of the graphite oxide in the
aqueous H2SO4 electrolyte is very similar to that of the activated
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Fig. 7. Evolution of the speciﬁc capacitance of the graphite oxide S43 ( ), the graphene nanoplatelets ( ) and the activated carbon Picactif SC () with the current density in
the aqueous and the organic electrolytes.

carbon Picactif and the capacitance at 70 mAcm2 maintains about
60% of the limiting value at 1 mA cm2. Although the capacitance
decaying rate for S43 is more marked than that observed for the
graphene nanoplatelets, the value at 100 mA cm2 still remains
26% higher.
The Nyquist plot of the cell (Figure S3, Supporting Information)
provides insights on the response with the operating frequency. A
magniﬁcation of the high frequency region (Fig. 8) conﬁrms that
the graphite oxide and Picactif display a similar behavior in H2SO4
although the typical 45 segment due to the resistance of ions
diffusion into the bulk of S43 is somewhat larger. In the case of the
graphene nanoplatelets, there is a short transition between
the semicircle and the vertical capacitive behavior indicating that
the diffusional contribution is much less relevant and the ESR is
signiﬁcantly lower.
The constant time t (i.e. the minimum time the cell needs to be
charged or discharged) outlined in Fig. 8 (inset) shows that the
narrow spacing in S43 does not affect signiﬁcantly the charge/
discharge process in the aqueous medium and t is 7.9 s for the
S43 against 10 s for Picactif. The higher value for Picactif may be

related to the larger extension of the surface area accessible to the
electrolyte rather than to limitations from the pore width.
Ragone-type plot relating energy storage capacity (energy
density) to average power density (both obtained from the
galvanostatic cycles) summarizes the potential of the graphite
oxide for aqueous supercapacitor. Fig. 9 provides quite reliable
information as far as all samples were tested under the same
conditions at lab-scale. As the supercapacitor performance also
depends on the experimental device, the values are not relevant
but the proﬁles themselves.
The comparison with the devices based on the other two
carbons reports that S43 successfully competes with the highsurface activated carbon in terms of energy-density whereas it
provides a similar power to that of graphene nanoplatelets.
In the organic electrolyte, the performance of S43 is far below
that of the commercial carbons. The drop in the speciﬁc
capacitance with the current density (Fig. 7) reﬂects the difﬁculties
of the relatively large TEA+ ion (0.68 nm) to access and to move in
the interlayer spacing ( 0.65 nm as determined by XRD) and the
supercapacitor suffers from slow charge-discharge rate.
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The Nyquist plot (Fig. 8) shows that the vertical capacitive
behavior in the low frequency region is deﬂected due to diffusional
constrictions. Moreover, the time constant peak is formed by two
contributions, indicating the presence of regions with signiﬁcant
differences in the accessibility. Further developments of the
oxidation process are in due course to achieve larger spacing
between the carbon sheets which would deﬁnitely enhance the
performance of the organic supercapacitor.

enhance the performance of the graphite oxide in the organic
supercapacitor.
This study also illustrates that the popular approach based on
the speciﬁc surface area to assess the potential of carbons in SC
cannot be used in a straightforward manner. For certain carbons,
the surface measured by standard gas adsorption (i.e. N2 and CO2
as adsorbates) may be misleading as it does not match the
electrochemically active surface in the supercapacitor.

4. Conclusions
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MATERIALS
For comparison two carbons available on the market were used:
i) Activated carbon Picactif SC (Pica, USA). It is an essentially mesoporous carbon
(pore size > 2 nm) although with a significant contribution of supermicropores (1.5-2
nm). Its surface area estimated by BET equation is as high as 2260 m2/g. This value is
misleading as the presence of pores 1.5-2 nm leads to a SBET surface area much higher
than the real surface area [1]. The combination of different techniques reports a real
surface area of 1231 m2/g.
ii) Graphene nanoplatelets C-750 (XG Sciences, USA). Its particles typically consist of
aggregates of sub-micron platelets that have a particle diameter of less than 2 µm and a
typical particle thickness of a few nanometers with a surface area estimated by BET
equation of around 700 m2/g. This value is unreliable as this sample presents a high
contibution of pores around 1.9 nm. The estimation of the specific surface area of this
material by a combination of different techniques reports a real surface area of 479
m2/g.
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CHARACTERIZATION
Elemental analysis, TPD (temperature programmed desorption), XRD, Raman
spectroscopy, XPS, SEM, and Gas adsorption were used to monitor the chemical and
structural changes occurring in the different materials.


Elemental analysis
A LECO Tru Spec microanalyzer was used to calculate the (C, H, N) composition of the
carbons. The oxygen content was directly in a LECO-TF-900 furnace coupled to a
LECO-CHNS-932 microanalyzer.



TPD
Thermal Programmed Desorption system consisted of an electrical furnace with a Ushape quartz glass reactor connected to a mass spectrometer OmnistarTM (Pheiffer
Vacuum). Initially, the samples were degassed under an Argon flow (50 ml min-1) at
room temperature for 1 h. Then they were heated from room temperature at a heating
rate of 10ºC min-1, up to 1000ºC.



XPS
For X-ray photoelectron spectroscopy measurements, a customized SPECS system was
employed working under a pressure of 5*10-9

-ray source

operated at 150 W.
The XPS high-resolution C1s spectrum was deconvoluted employing GaussianLorentzian (80:20) functions after Shirley background correction in order to identify the
functional groups and their respective percentages. The C1s signal was fitted to six
components centered at binding energies of 284.6 eV, 285.5 eV, 286.6 eV, 287.7 eV,
289.0 eV, 290.3 eV assigned, respectively, to graphitic or sp2-hybridised carbon,
damaged structures or sp3-hybridised carbon, hydroxyl/epoxy/ether groups, carbonyl
groups and carboxyl groups and π-π* shake up (typical for sp2-hydridized carbon).
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Microscopy
The morphology of the samples was examined by Scanning Electron Microscopy using
a field emission gun scanning electron microscope QUANTAN FEG 650 (FEI)
operating at 30 kV.

Figure S1. SEM images of the raw graphite (left) and the graphite oxide S43 (right)
The observation by HRTEM shows regions with different oxidation degree

Magnification

Non-oxidized graphene layer

Oxidized graphene layer

Edge

Figure S2. HRTEM images of graphite oxide S43
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XRD
XRD analysis of powdered samples was performed using a D5000 (Siemens)
diffractometer. The radiation frequency employed was the Kα1 line from Cu
(1.5406A°), with a power supply of 40 kV and 40 mA. The reflections were recorded at
-90°.



Raman
Raman spectroscopy was performed on a labRam HR UV 800 (Horiba-Jobin YVon)
coupled to a confocal microscope BXFM-ILHS (Olympus). The source of radiation was
a laser DPSS (CDPS532M) operating at a wavelength of 532 nm and a power of 24.3
mW. Spectra were recorded from 800 to 3500 cm-1.



Textural characterization
The textural features were estimated from the analysis of nitrogen sorption isotherm at
77K by different methods such as BET equation, Dubinin´s theory, DFT approach and
comparison plot. [1-5]
It was complemented with the analysis of the adsorption isotherm of CO2 at 273 K with
the Dubinin-Radushkevich equation . [1-5] This equation describes the volume filling of
micropores by vapours over a wide range of relative pressures and temperature.
W = Wo exp[-(RTln(po/p)/βEo)2 ]
where
- Wo is the limiting volume of the micropores and W the volume filled at (T; p/po).
- Eo is the so-called characteristic energy of adsorption, which depends on both the
solid and the adsorbate.
It has been shown that for adsorptives without specific interactions with the carbon,
there exists a scaling factor, called the affinity coefficient β, relative to benzene taken as
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a reference. For the adsorbates used in this study, N2 and CO2, β(N2) = 0.33, and β(CO2)
= 0.36.
The representation of W versus ln RTln(po/p)/β)2 (Characteristic curve) is a straight line
whose intersection with the ordinate axis provides the micropore volume Wo and from
the slope the value is obtained the characteristic energy (Eo).
The characteristic energy Eo is related to the average size of the micropores Lo by the
equation Lo (nm) = 10.8 /[Eo (kJ/mol) – 11.4]
For slit-shaped micropores the corresponding surface area (Smi) is determined by the
equation Smi (m2/g) = 2000Wo (cm3/g) / Lo (nm)



Electrochemical performance
Electrochemical characterization of carbon electrodes was conducted in two-electrodes
Swagelok cell in which glassy microfibre paper (Whatman 934-AH) was used as
separator. In a first test, the electrodes were prepared by mixing 95 wt% of dry S43
flakes with 5 wt% of polytetrafluoroethylene (PTFE). Due to their poor performance,
the carbon black Super-P was further added to the composite (90 wt% S43, 5 wt%
PTFE, 5 wt% Super P). Supercapacitor electrodes were processed as cylindrical pellets
of 8 mm diameter and ca. 140 µm height.
Cyclic voltammetry (CV) tests at various scan rates (1-50 mV s-1) as well as
galvanostatic charge-discharge cycles at different current densities (1-50 mA cm-2) were
performed between 0 and 0.8 V in 2M aqueous H2SO4 and from 0 to 2 V in the organic
electrolyte TEABF4-acetonitrile. Electrochemical impedance spectroscopy (EIS)
measurements were performed by applying a sinusoidal signal of ± 15 mV from 2 10-4
Hz to 60 kHz in a PGSTAT 30 (Autolab B.V., Metrohm) potentiostat equipped with a
FRA32M module.
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Figure S3. Nyquist plot for the graphite oxide S43 (■), the graphene nanoplatelets GNP
(□) and the activated carbon Picactif SC (○).
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Although wet oxidation of graphite is a simple method to synthesize
graphene materials, it has been observed that a high amount of non-exfoliated
graphite still remains. In this context, the oxidative procedures may result more
efficient on precursors formed by a smaller number of carbon sheets. The potential
of carbon nanofibers and the impact of the oxidation time on the morphological,
structural, textural and chemical features have been evaluated. Subsequent
treatments of the O-rich graphene nanoplatelets provided a wide variety of
graphene-related materials. Their comparison allows summarizing their strengths
and weaknesses in aqueous supercapacitor.
“Large-scale conversion of helical-ribbon carbon nanofibers to a variety of
graphene-related materials”
The following study has been focused on helical-ribbon carbon nanofibers
GANF®, manufactured industrially by Grupo Antolín Ingeniería (Spain) as
precursor of a large variety of graphene related materials. GANF ® are made of 5-6
stacked graphene sheets rolled up along the fiber axis forming a continuous spiral
(20-80 nm in diameter and SBET of 107 m2 g-1). Such structure disappears when the
nanofibers are unraveled and cut by a modified Hummer’s oxidation and
subsequent mild sonication, resulting in highly functionalized graphene
nanoplatelets. At glance, the treatment for 150 min and overnight appear to be
equally successful, the corresponding materials displaying very similar oxygen
content (~38 wt%) and surface functionalities.
A first indication of the impact of the oxidation time is provided by N 2
adsorption at 77 K. Whereas the SBET of the agglomerated fluffy nanoplatelets
obtained by 150 min-oxidation dropped to 4 m2 g-1, the more prolonged process
yielded bigger layered items with 45 m2 g-1.
XRD spectra clearly illustrated that 150 min is not sufficient to succeed with
the intercalation of functional groups resulting in a disordered carbon structure
with an interlayer spacing of around 0.38 nm. On the contrary, overnight oxidation
led to an efficient intercalation of oxygen functionalities with subsequent structure
expansion (basal spacing of 0.82 nm).
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The simple adjustment of the oxidation time of the nanofibers allows the
tailoring of the interlaying distance of the resulting O-rich graphene nanoplatelets
and a wide variety of graphene-related materials can be obtained through
ultrasonication, flash-pyrolysis in air at temperatures between 400 and 1000 °C or
standard activation with CO2 at 800 °C. Detailed comparison of the functionalized
carbon nanoplatelets, graphene oxides, reduced graphene oxides and activated
carbon nanoplatelets reveals the wide spectrum of their properties with specific
surface areas in the range of 4–500 m2 g-1, oxygen content from 38 to 5 wt% and
different morphology and structural ordering.
The impact of the structural, textural and chemical changes experienced by
the helical-ribbon GANF® on the electrochemical performance have been simply
monitored by cyclic voltammetry at different scan rates between 1 and 50 mVs -1.
Galvanostatic charge–discharge cycles confirmed the general patterns.
Whereas the pristine GANF® display only 10 F g-1 at 1 mV s-1, the capacitance
of the oxygen-rich graphene nanoplatelets greatly raised to 82 and 104 F g-1.
The comparison of the performance of the functionalized graphene
nanoplatelets reveals the key role of the interlayer spacing. It is observed that a
more expanded structure not only facilitates the ions access but also enhances
their interaction with the oxygen-surface complexes on the carbon sheets. As a
result, an extra pseudo-capacitance is added. In return, the ions mobility is
hindered by such slow redox processes and lower charge efficiency is observed
under dynamic conditions.
Subsequent exfoliation of graphene nanoplatelets by sonication leads to an
increase in the specific capacitance up to 100–120 F g-1 but the oxygenfunctionalities cause strong electron localization. The charge transport in the
graphene oxides shuts down and the resistive character notably limits their
potential for supercapacitors.
Flash-pyrolysis of functionalized carbon nanoplatelets in air results to be a
promising approach for the mass production of graphene-related materials,
reduction and exfoliation taking place simultaneously. It appears that a larger
spacing leads to a thermally unstable material which experiences a sudden deintercalation of O-groups at 140 °C. In the case of pyrolysis of the material obtained
by overnight-oxidation, an efficient exfoliation is achieved and the typical
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defected/wrinkled graphene sheets derived from thermal treatment of graphene
oxides are obtained. The less expanded functionalized nanoplatelets derived from
150 min-oxidation does not undergo blasting and separated graphene sheets are
hardly detected after flash-treatment at 1000 °C.
The removal of the surface O-groups by flash-pyrolysis in air at 1000 °C of the
functionalized graphene nanoplatelets enhanced the charge propagation but the
capacitance is significantly reduced to 46-79 F g-1. They have only 5% of residual
oxygen and, therefore, the contribution from pseudocapacitance is much less
significant. The reduced graphene oxides obtained at 1000 °C follow the general
pattern found for porous carbons with contributions of 0.16–0.17 F m-2 typical for
carbons with somewhat oxygen and essentially performing by double-layer
formation. Unlike the limitations observed for graphite oxide and functionalized
graphene nanoplatelets, N2 adsorption seems a quite reliable technique to evaluate
the surface of reduced graphene oxides involved in energy storage.
By alternatively activating the functionalized graphene nanoplatelets with
CO2 at 800 °C a very distinctive electrochemical behavior can be achieved. The
resulting activated nanoplatelets emerged as more effective than the reduced
graphene oxides obtained by flash-pyrolysis at 1000 °C in capacitance but not in
response rate.
It should be emphasized that the lower-cost functionalized nanoplatelets
displayed the more promising behavior for aqueous supercapacitor.
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Large-scale conversion of helical-ribbon carbon
nanoﬁbers to a variety of graphene-related
materials†
B. Lobato,a C. Merino,b V. Barrancoc and T. A. Centeno*a
Helical-ribbon carbon nanoﬁbers produced on an industrial scale were successfully converted in highly
functionalized graphene nanoplatelets by using a slight modiﬁcation of the Hummers oxidation method.
The duration of the oxidative process severely aﬀected the interlayer spacing in the resulting
nanoplatelets and, consequently, they showed very diﬀerent exfoliation behavior. Therefore, it was
possible to obtain a variety of graphene-related products through their ultrasonication or thermal
treatments such as exfoliation-reduction by ﬂash-pyrolysis in air at temperatures between 400 and
1000  C or standard activation with CO2 at 800  C. Detailed comparison of the functionalized carbon
nanoplatelets, graphene oxides, reduced graphene oxides and activated carbon nanoplatelets reveals the
wide spectrum of their properties with speciﬁc surface areas in the range of 4–500 m2 g1, oxygen
content from 38 to 5 wt% and diﬀerent structural ordering. This study also underlines the impact of the
structural, textural and chemical changes experienced by the carbon nanoﬁbers along the various
processes on the performance as supercapacitor electrodes. This preliminary study, based on cyclic
voltammetry in 2 M H2SO4 aqueous electrolyte, is a summary of the strengths and weaknesses of the
diﬀerent graphene-related materials for this application. The helical-ribbon carbon nanoﬁbers displayed
only 10 F g1, the capacitance of the functionalized graphene nanoplatelets greatly rose to 104 F g1
with clear contributions from pseudocapacitance. Values around 100–120 F g1 were found for the
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graphene oxides and activated graphene nanoplatelets although a marked resistive character is detected.
Flash-pyrolysis at 1000  C leads to lower capacitance (79 F g1) but much quicker charge propagation.
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Among all these materials, the lower-cost functionalized graphene nanoplatelets displayed the better
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behavior for aqueous supercapacitors.

Introduction
The unique properties of graphene have raised great interest
for its application in numerous elds ranging from energy
storage, biomedical uses, composites, functional coatings to
electronic devices, etc.1–5 Among the wide variety of methods
proposed to obtain graphene,1 the top-down method based on
the exfoliation of graphite is the most commonly used for
mass production. This can be achieved through (i) direct
liquid exfoliation by shearing and sonication, (ii) intercalation
of electrolyte ions and electrochemical initiated-exfoliation or
(iii) by intercalating functionalities between the carbon layers
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to weaken their interaction followed by diverse exfoliation
processes.6,7
Current research eﬀorts are mainly focused on the last route
in view of its high yield, potential scalability and excellent
processability of the resulting materials. It is commonly performed by harsh oxidation of graphite in acid media and
subsequent ultrasonication3,8,9 to generate graphene oxide
nanoplatelets. A controlled reduction leads nally to reduced
graphene oxide.3,9 Such a method is simple but a high amount
of non-exfoliated graphite still remains. Further studies have
reported that oxidative methods may result more eﬃcient on
materials formed by a smaller number of carbon layers sheets
such as MWCNTs10,11 and carbon bers.12
Twisted ribbon-shaped carbon nanobers (GANF®)
comprise a multilayer ribbon of 5–6 stacked graphene layers
rolled up along the ber axis forming a continuous spiral.13–15
Such a conguration facilitates interlaminar accessibility if
compared to natural graphite and MWCNTs12 and the helical
ribbon is successfully unraveled and cut by strong oxidation
and mild sonication. It has been found that the resulting graphene oxide nanoplatelets lead to impressive improvements in

This journal is © The Royal Society of Chemistry 2016
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the fracture toughness and the fatigue life of the GO/epoxy
nanocomposites.16
We now report a further study on the potential of these
singular carbon nanobers, produced at industrial scale by the
oating catalyst method in a continuous CVD process, as
precursor of graphene materials. It is shown that the duration
of the oxidation severely aﬀects the interlayer spacing in the
resulting functionalized graphene nanoplatelets (OFs) and,
consequently, their intrinsic properties. Furthermore, the
availability of OFs with diﬀerent spacing makes possible to
obtain a variety of graphene products by ultrasonication,
exfoliation-reduction by ash-pyrolysis in air or by standard
activation with CO2.
This is an attractive approach toward a fabrication route of
graphene-related materials at industrial scale. The clear
distinction between functionalized graphene nanoplatelets,
graphene oxides, reduced graphene oxides and activated graphene nanoplatelets with a wide features spectrum suggests
their potential towards many applications.
Currently, supercapacitors (SC) are under an increasing
demand as alternative energy storage devices. They are
advanced systems where the electrical energy is physically
stored by electrostatic adsorption of electrolytes ions on
conductive electrodes. They are capable of storing and
providing high amount of electrical energy in very short periods
of time and display extremely long cycling-life and low maintenance cost. These features hold application for powering
electric vehicles, portable electronic devices, uninterruptible
power supplies, etc.17,18
A wide variety of carbons have been extensively investigated
as electrodes in SC17,18 but the unique set of properties of graphene such as an extremely large theoretical surface area and
outstanding electrical conductivity makes it the most promising
candidate to improve energy density without sacricing
power.3,4,19,20 However, systematic studies have pointed out that
the method by which graphene is synthesized denes its electrochemical properties, the surface charge and hydrophobicity.5,21 In fact, functional groups, structural defects, presence
of metal oxides or surfactants impurities, residual moieties,
arrangement of graphene-type sheets, etc. notably interfere
towards the supercapacitors performance.22–25
As a rst attempt, the possibilities of the variety of products
produced by this method as SC electrodes have been briey
examined. The absence of surfactants in the synthesis allows
getting reliable information of the impact of the structural,
textural and chemical changes along the various processes on
the electrochemical response of the resulting graphene
materials.

RSC Advances

Fig. 1 schematically summarizes the diverse treatments
carried out for the synthesis of the diﬀerent materials.
Wet oxidation of carbon nanobers. Functionalized carbon
nanoplatelets were prepared from GANF by using a slight
modication10 of the Hummers oxidation method.26 To achieve
diﬀerent oxidized materials, in the rst oxidation step, the
reactive solution (NaNO3/H2SO4/KMnO4/GANF) was stirred at
35  C12 for 150 min (oxidation 1) or overnight (oxidation 2). A
subsequent mild mechanical exfoliation was carried out in
water or other polar solvents by tip sonication.12 The resulting
functionalized graphene nanoplatelets were labeled as OF1 and
OF2, respectively.
Flash-heating. It was performed in air by rapid insertion of
OF1 and OF2 into hot furnace at temperatures ranging from
400  C to 1000  C. The resulting reduced graphene oxides were
designated as rGO1-X and rGO2-X which indicates that the
materials were prepared from OF1 and OF2 at temperature X.
Activation. In a typical process, OF1 and OF2 were heated
under CO2 at 20  C min1 up to 800  C and 2 hours soaking,
resulting samples OF1-A and OF2-A, respectively.
Further sonication of the highly oxidized nanoplatelets.
Following the standard procedure to obtain graphene oxide,
GO1 and GO2 were prepared, respectively, by ultrasonication of
OF1 and OF2 in an ultrasound bath cleaner (J.P.Selecta Ultrasons system, 50–60 kHz) for 4 h.
Materials characterization
A variety of techniques was used to monitor the chemical and
structural changes occurring in the diﬀerent materials.
A LECO Tru Spec microanalyzer was used to calculate the
(C, H, N) composition of the oxidized carbon bers. The oxygen
content was directly determined in a LECO-TF-900 furnace
coupled to a LECO-CHNS-932 microanalyzer. The accuracy was
around 5%.
The chemical characterization of the samples was completed
by the analysis of the surface chemistry by X-ray photoelectron
spectroscopy (XPS). For the measurements, a customized SPECS
system was employed working under a pressure of 5  109
mbar with a MgKa X-ray source operated at 150 W. The XPS
high-resolution spectra were analyzed by CasaXPS soware. In
order to identify the functional groups and their respective

Experimental
Materials synthesis
Helical-ribbon carbon nanobers (GANF® grade D&S) manufactured by Grupo Antolı́n Ingenierı́a (Burgos, Spain)13–15 using
natural gas and a sulphide feedstock at over 1100  C by the
oating catalyst technique were used as raw material.
This journal is © The Royal Society of Chemistry 2016

Fig. 1

Scheme of the materials synthesis.
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percentages, C1s spectra were deconvoluted by applying
Gaussian–Lorentzian (80 : 20) functions, aer Shirley background correction.
The morphology of the samples was examined by Scanning
Electron Microscopy (SEM) on a QUANTAN FEG 650, (FEI)
equipment operating at 5 kV and by Transmission Electron
Microscopy (TEM) 2000EX-II (JEOL) instrument, using acceleration voltage of 160 kV.
The structural characterization involved X-ray diﬀraction by
a D5000 (Siemens) instrument operating at 40 kV and 40 mA
and employing CuKa radiation, l ¼ 1.5406 Å (the data were
collected at steps of 0.02 and intervals of 1 s per step in the 2q
range of 5–90 ) and Raman Spectroscopy by means of a highresolution LabRam HR UV800 (JYV-Jobin Yvon) spectrometer
coupled to confocal microscope BXFM-ILHS (Olympus). A
CDPS532M (JSDU) argon DPSS laser was employed at l ¼
532 nm, with a spot size of 3–5 mm and output power at 24.3 mW
(the spectra were recorded from 800 to 3500 cm1).
The textural features were estimated from the analysis of
nitrogen sorption isotherms at 77 K (Micromeritics ASAP 2010)
by diﬀerent methods such as BET equation, Dubinin's theory,
DFT approach and comparison plot.27,28 The experimental error
in the determination of surface area has been estimated to be
around 10%.
Electrochemical measurements
The behavior of the various materials as supercapacitor electrodes was studied in a two-electrode system with two carbon
pellets (8 mm in diameter) separated by glassy brous paper
(300 mm thick) and placed in a Swagelok cell. The electrodes were
prepared by mixing 90 wt% of the carbon powder with 5 wt% of
polytetrauoroethylene (PTFE) and 5 wt% of carbon black
(Super-P). Cyclic voltammetry (CV) tests at various scan rates
(1–50 mV s1) were performed between 0 and 0.8 V in 2 M H2SO4
aqueous electrolyte. The specic capacitance of the electrode
was calculated according to C ¼ [qa + |qc|]/mcV, where qa and qc
are the anodic and cathodic voltammetric charges on positive
and negative sweeps, V is the potential range and mc is the
weight of carbon loaded in the composite electrode.29 Galvanostatic charge–discharge cycles at current densities between 1 and
100 mA cm2 (not shown) were used to cross-check (Table S2†).

Paper

Raman spectra (a) and TPD proﬁles (b) for carbon nanoﬁbers
and oxygen-rich graphene nanoplatelets.

Fig. 2

of Csp2 and C–O (epoxy, hydroxyl) functionalities at the expense
of C]O (carbonyl) groups in OF1.
Nevertheless, XRD spectra (Fig. 3) clearly illustrate the
impact of the oxidation time on the structure of the resulting
oxygen-rich nanoplatelets. The intense crystalline (002) peak at
2q ¼ 26.0 observed for the highly graphitic nanobers is shifted to a broad band centered at 23.5 for OF1 (Fig. 3a) indicative
of a disordered carbon structure with a somewhat larger interlayer spacing (centered at 3.8 Å). It appears that 150 min is not
suﬃcient to succeed with the intercalation of functional groups.
On the other hand, oxidation (2) based on a longer treatment
results in an eﬃcient intercalation with subsequent structure
expansion. The prominent (001) peak at 10.9 in the OF2
pattern (Fig. 3b) reects the enlargement of the basal spacing to
8.2 Å due to functional groups randomly attached to the graphene layers. This value is in the range found for graphite oxide
materials obtained by typical Hummers' procedure.30
TPD experiments conrm further diﬀerences in the functionalized graphene nanoplatelets. OF2 is thermally unstable
and experiences a sudden de-intercalation of O-groups as CO
and CO2 at a temperature as low as 140  C (Fig. 2b). Such gases
removal at high rate generates an internal pressure that exceeds
the van der Waals forces that hold the graphene sheets together
and it results in blasting.3,31 The labile oxygen-containing
functionalities desorbing at 80–200  C are less signicant in
OF1 and the CO2 and CO evolution takes place gradually over
a wide temperature range. As a consequence of this progressive

Results and discussion
Characteristics of the graphene-related materials
At rst glance, oxidation processes (1) and (2) appear to be
equally successful. The Raman spectra for the resulting samples
yield virtually identical traces (Fig. 2a). The relative intensity
ID/IG notably varies from 0.03 for the pristine nanobers up to
0.96 and 0.86 for OF1 and OF2, revealing the reduction of the inplane sp2 domains induced by the introduction of defects and
disorder.
The negligible oxygen content in the highly pure GANF is
increased to around 38 wt% in the functionalized nanoplatelets
whereas the C/O ratio in their surface is 3.8 (Table S1†). The
analysis of C1s XPS spectra reports a somewhat higher density
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XRD spectra of carbon nanoﬁbers, functionalized graphene
nanoplatelets and reduced graphene oxides.

Fig. 3
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gas removal and of the less expanded structure, OF1 does not
undergo blasting.
The N2 adsorption on GANF (Fig. 4a) reports a specic
surface area of 107 m2 g1 which corresponds to the inner and
outer surfaces of nanobers with diameters from 20 to 80 nm.13
Such structure disappears when the nanobers are unraveled by
oxidation (Fig. 5), the resulting porosity depending largely on
the treatment duration. Whereas the N2-surface area of the
agglomerated uﬀy nanoplatelets obtained by oxidation (1)
drops to 4 m2 g1, the longer process (2) yields bigger layered
nanoplatelets (Fig. 5) with 45 m2 g1 (Fig. 4a).
The analysis of the isotherm of OF2 reports a small presence
of supermicropores around 1.7 nm and a wide pore size
distribution up to 70 nm (not shown) which is originated from
voids among nanoplatelets.
Flash-pyrolysis of functionalized carbon nanoplatelets in air
results to be a promising approach for the mass production of
graphene-related materials, reduction and exfoliation taking
place simultaneously. While reduction occurs gradually and the
oxygen content decreases following a very similar prole for
both OFs (Fig. 6), detailed comparison of the two series of
reduced graphene oxide (rGOs) consistently underlines the
impact of the interlayer distance of the starting carbon nanoplatelets on the resulting porosity. The thermal treatment of
OF1 leads to a narrowing of the (002) peak and a shi towards
the d-spacing of the pristine carbon nanobers (Fig. 3a). This
change indicates a re-stacking of the carbon sheets but not at
the level for the raw GANF.
On the contrary, such eﬀect is not observed in the case of
using OF2 nanoplatelets as precursor (Fig. 3b). The signal
located at 11.2 disappears completely and rGO2-1000 exhibits
a weak and extremely broad (002) peak, suggesting almost no
carbon domains stacking aer treatment at 1000  C.
It appears that the larger spacing of OF2 greatly reduces the
attractive interactions between the layers and the blasting leads
to a disrupted structure.
TEM images of rGO1-1000 and rGO2-1000 (Fig. 5) illustrates
the relevance of the interlayer spacing on the exfoliation
success. In the case of the material obtained by oxidation
overnight (OF2), a highly eﬃcient exfoliation is achieved and
the typical defected/wrinkled graphene sheets derived from
thermal treatment of graphene oxides are obtained. On the
contrary, the less expanded OF1 shows a limited exfoliation and

Fig. 4 N2 adsorption isotherms of carbon nanoﬁbers, oxygen-rich
graphene nanoplatelets, reduced graphene oxides and activated
carbon nanoplatelets.

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 SEM pictures of GANF and functionalized carbon nanoplatelets
obtained by oxidation and TEM images of the reduced graphene
oxides prepared by ﬂash-pyrolysis at 1000  C.

separated graphene sheets are hardly detected in rGO1-1000
(Fig. 5).
The shape of the N2 isotherms of the rGOs (Fig. 4b and c) is
typical type IV reported for exfoliated carbon bers31 and
reduced graphene oxides.32–34 They exhibit a well-dened
capillary condensation step at p/p0 0.5–0.8 which reveals
a wide mesopore size distribution. The hysteresis loop shows no
limiting adsorption at high p/p0, which is oen associated with
slit-shaped pore coming from the aggregates of nanoplate-like
particles.27 This eﬀect is more signicant for series derived
from OF2 (Fig. 4c).
Fig. 6 illustrates that the evolution of the specic surface area
of the rGOs with the ash-pyrolysis temperature is critically
dependent on the precursor. For materials derived from OF1,
the increase in the surface is virtually completed at around 400

C, achieving a maximum value of 282 m2 g1 at 600  C. On the
other hand, the exfoliated materials from the more expanded
nanoplatelets OF2 nearly duplicates the surface of those
produced from OF1, reaching close to 500 m2 g1 at 1000  C.

Fig. 6 Evolution of the speciﬁc surface area and oxygen content with
ﬂash-pyrolysis temperature.
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As a consequence of their diﬀerent interlaying space, the
functionalized nanoplatelets also demonstrated very distinctive
behavior against standard activation process by CO2 at 800  C.
While such a treatment on OF1 generates a striking development of micropores, the activation of OF2 results in a mesoporous structure. Thus, OF1-A is an essentially microporous
material with an average size of pores around 1.23 nm and very
limited contribution from pores wider than 2 nm which reaches
389 m2 g1. This value is 1.4 times higher than that of the
mesoporous rGO1-800 obtained by ash heating in air at the
same temperature.
The activation of the more expanded OF2 leads to a limited
increase of the surface. The blasting experienced at around
150  C appears to be the dominant process and OF2-A achieves
only 250 m2 g1 which is half of the surface of the reduced
graphene oxide rGO2-800.
Regarding the surface chemistry, the treatment by CO2
produces a limited removal of functionalities and the oxygen
content in OF1-A (15.0%) and OF2-A (12.8%) is, respectively,
50 and 30% higher than in the corresponding materials
produced by ash pyrolysis at 800  C.

Performance as supercapacitor electrodes
The impact of the structural, textural and chemical changes
experienced by the helical-ribbon GANF on the performance as
SC electrodes can be simply monitored by cyclic voltammetry at
diﬀerent scan rates between 1 and 50 mV s1. Similar patterns
are obtained by galvanostatic charge–discharge cycles (Fig. S3†)
and conrm the diﬀerent electrochemical operation of the
diverse graphene-related materials.
Fig. 7 briey summarizes the general trends in the capacitance of the products generated by direct oxidation of carbon
nanobers and subsequent treatments (Fig. 1). Whereas the
pristine carbon nanobers GANF display only 10 F g1 at 1
mV s1, the capacitance of the functionalized nanoplatelets OF1
and OF2 greatly raises to, respectively, 82 and 104 F g1. It is
impressive that these materials with only 4 and 45 m2 g1 can
achieve nearly equal capacitance as that of activated carbons
(1000–1200 m2 g1) used in commercial SC.34 As reported elsewhere,36 such outstanding surface-capacitance in F m2 only
reects the limitation of the standard N2 adsorption at 77 K to
probe the eﬀective surface involved in the ions adsorption in
this type of carbons made of expanded carbon layers.
The comparison of the OFs performance illustrates the key
role of their interlayer spacing. At low scan rate the capacitance
of OF2 is signicantly higher than that of OF1 (Fig. 7a) with
clear contributions from redox reactions (broad peak at
0–0.5 V). It is likely that the more expanded structure of OF2 not
only facilitates the ions access but also enhances their interaction with the oxygen-surface complexes on the carbon sheets.
As a result, an extra pseudo-capacitance involving surface
oxygen-groups17,18,35 is added. In return, as the ions mobility is
hindered by such slow redox processes,17 the capacitance of
OF2 at 50 mV s1 drops to about 25% of the value at 1 mV s1
whereas OF1 maintains 50% of its limiting capacitance
(Fig. 7b).

57518 | RSC Adv., 2016, 6, 57514–57520

Fig. 7 Cyclic voltammograms at 1 mV s1 (a, c, e and g) and evolution
of the speciﬁc capacitance with the scan rate (b, d, f and h) for the
diﬀerent graphene-related materials.

Noteworthy is the similar electrochemical behavior exhibited
by the graphene oxides obtained by further high-energy ultrasonication of the oxidized nanoplatelets in water (Fig. 7c and d).
At low current density, GO1 achieves 30% greater ability than
that of the raw nanoplatelets whereas a slight variation is
detected for GO2. This suggests that the exfoliation of OF1
allows access to such a large area as in the expanded material
OF2. Despite this improvement, the separation of the carbon
sheets and the presence of defects23 generate a resistive character in GOs3,18,33 and their capacitance is reduced by around
85–90% at 50 mV s1 (Fig. 7d).
The arrangement of graphene sheets on the surface of the
electrode may also play a role as far as they could align diﬀerently than the nanoakes resulting in a lower charge eﬃciency24
under dynamic conditions. Therefore, their potential for
supercapacitors is notably limited by the poor response rate.
The removal of the oxygen functionalities by thermal
processes leads to an enhancement of the electrical conductivity.3 As illustrated by the steeper current change at the
switching potentials observed in the CV (Fig. 7e) and the
symmetry and linear slopes of the charge–discharge cycles
(Fig. S3†), the rGOs obtained at 1000  C display quicker charge
propagation than the oxygen-rich nanoplatelets OFs and the
graphene oxides GOs but the capacitance is much lower

This journal is © The Royal Society of Chemistry 2016
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(Fig. 7f). They have only 5% of residual oxygen, six times lower
than that of OFs and, therefore, the contribution from pseudocapacitance is much less signicant. The reduced graphene
oxides obtained at 1000  C follow the general pattern found for
porous carbons with contributions of 0.16–0.17 F m2 typical
for carbons with somewhat oxygen35,37 and essentially performing by double-layer formation. The larger specic surface
area of rGO2-1000 helps to store more charges at the electrode–
electrolyte interface and achieves 79 F g1 against 46 F g1 of
rGO1-1000.
By alternatively activating OFs with CO2 a very distinctive
electrochemical behavior can be achieved (Fig. 7g and h). The
microporous OF1-A doubles the limiting capacitance obtained
by ash-pyrolysis at 1000  C although displays a lower eﬀectiveness in terms of capacitance stability.
In the case of the more expanded nanoplatelets OF2, this
treatment gives a poor yield. The limiting capacitance is notably
decreased to only 65 F g1 and around 90% is lost at 50 mV s1.

Conclusions
This study shows that wet oxidation of helical-ribbon carbon
nanobers (GANF) produced at industrial scale enables the
synthesis of a large variety of graphene-related materials.
By the control of the Hummers' based-oxidation time,
unrevealing and cutting of GANF lead to highly functionalized
graphene nanoplatelets with diﬀerent interlaying spacing and,
consequently, with a distinctive exfoliation potential. Their
availability makes possible to obtain a number of graphenerelated products by ultrasonication or thermal treatments
such as ash-pyrolysis in air at temperatures between 400 and
1000  C or standard activation with CO2 at 800  C. The wide
variety of structural, chemical and textural properties of the
resulting graphene-like materials suggests their potential
towards many applications.
A preliminary evaluation as supercapacitor electrodes in 2 M
H2SO4 summarizes the impact of the changes experienced by
the carbon nanobers along the various processes. Whereas the
helical-ribbon carbon nanobers displayed only 10 F g1 in 2 M
H2SO4, the functionalized nanoplatelets achieved a capacitance
as high as 104 F g1. A more expanded structure not only
facilitates the ions access but also enhances their interaction
with the oxygen-surface complexes and nanoplatelets with
larger spacing display an extra pseudo-capacitance. By contrast,
the ions mobility is hindered by slow redox processes and the
corresponding supercapacitor shows a limited response rate.
Further exfoliation of oxygen-rich nanoplatelets leads to an
increase in the specic capacitance up to 100–120 F g1 but the
separation of the carbon sheets and the presence of defects
generate a resistive character in the resulting graphene oxides.
The removal of the oxygen functionalities by ash-pyrolysis
at 1000  C results in quicker charge propagation although the
capacitance is much reduced due to less signicant contributions from redox-type reactions.
The alternative activation of functionalized nanoplatelets
with CO2 results to be more eﬀective than ash air-heat
This journal is © The Royal Society of Chemistry 2016
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treatment in terms of specic capacitance but does not
succeed in capacitance stability.
It is worth noting that, among the present graphene-related
materials, the lower-cost functionalized nanoplatelets displayed
the better behavior for aqueous supercapacitor.
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Table S1. Chemical characteristics of the pristine carbon nanofibers and functionalized
graphene nanoplatelets

Elemental
XPS
analysis
Sample
C

O

C1s

O1s

N1s

Csp2

Csp3

C-O

C=O

OH-C=O

(%)

(%)

(%)

(%)

(%)

C/O
(%)

(%)

(at.%)

(at.%)

(at.%)

GANF

99.6

0.4

-

-

-

-

-

-

-

-

-

OF1

51.8

36.9

78

21

1

4.0

54.0

16.4

13.5

3.6

11.7

OF2

55.5

38.7

78

22

-

3.6

37.8

35.3

7.6

7.6

10.0

1
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Figure S1. SEM images of the reduced graphene oxides prepared by flash-pyrolysis at
1000ºC

rGO1-1000

rGO2-1000

2
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Figure S2. TEM images of diverse graphene-related materials
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Figure S3. Galvanostatic charge-discharge cycles at 1 A/g (20 mA/cm2) for the different
graphene-related materials
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Table S2. Specific capacitance obtained from galvanostatic charge-discharge tests (after
200 cycles) and cyclic voltammetry

Galvanostatic
chargedischarge
cycles

Cyclic
Voltammetry

Intensity
(mA/cm2)
1
3
5
7
10
20
30
50
70
100
Scan rate
mV/s)
1
2
5
10
20
50

OF1

OF2

GO1

GO2

rGO1-1000

rGO2-1000

OF1-A

OF2-A

82
75
71
69
66
59
54
48
44
40

118
104
94
87
79
62
51
31
-

105
91
76
68
55
40
32
17
-

120
101
85
70
60
46
30
-

42
39
38
37
36
33
31
26
22
18

80
76
74
72
69
59
50
37
30

100
96
94
92
89
75
53
20
-

69
60
53
46
34
10
-

OF1

OF2

GO1

GO2

rGO1-1000

rGO2-1000

OF1-A

OF2-A

83
79
70
64
56
44

104
93
76
62
47
28

107
94
74
52
34
17

116
97
69
48
30
12

46
43
38
35
31
25

79
76
70
63
53
36

98
92
79
64
42
16

65
59
45
30
17
6

-

The capacitance C was determined by galvanostatic charge–discharge voltage cycles from
0 to 0.8V at different current densities ranging from 1 to 100 mA/cm2 of electrode surface.
The specific capacitance C (F/g) of a single electrode has been calculated by using the
equation
C = 2 I td /mc Vd,
where I is the current density, td the time spent during the discharge,Vd the voltage
decrease in the discharge and mc is the weight of carbon loaded in the composite electrode
(M.D. Stoller and R.S. Ruoff, Energy Environ. Sci., 2010, 3, 1294).
.

5
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Samples of a natural graphite with particles below 75 and 150 µm were
oxidized following the Hummers-Jeong method. The combination of different
techniques allowed assessing the impact of the particles size of the raw graphite on
the properties and performance of the resulting reduced graphite oxide.
The assessment of the electrodes porosity reveals uncertainty about how far
the correlations found for porous carbons can be applied to graphene-like
materials.
“Reduced graphite oxide in supercapacitor electrodes”
Two samples of a natural graphite with particles below 75 and 150 µm were
oxidized following the Hummers-Jeong method and, subsequently, sonicated and
reduced with hydrazine.
The effect of the particles size of the raw graphite on the chemical
composition of the graphite oxide appears rather little. The total oxygen content is
around 51% and similar groups are observed on the surface of the two graphite
oxides. The interlayer space doubles after oxidation, the structural expansion
induced by intercalation of oxygen-functionalities being more relevant in the case
of particles below 75 µm.
The treatment with hydrazine reduces both oxidized samples quite efficiently
and the oxygen content drops to 17–18%. Such a reduction is accompanied by
agglomeration and re-staking of graphene oxide items during filtering/drying
processes. This process is favored by smaller particles.
The electrochemical tests showed an efficient double layer formation of the
reduced graphite oxides in both aqueous and organic electrolytes. Their specific
capacitance at 1 mA cm-2, around 170 F g-1 in H2SO4 and 84 F g-1 in TEABF4/AN, is
comparable with those of highly porous activated carbons and materials obtained
by standard chemical reductions of graphene oxide. It is worth noting that both
samples reach similar limiting capacitance although their textural parameters are
quite different.
N2 adsorption isotherms performed on the electrodes reveal the existence of
further agglomeration and re-stacking of the powdered materials upon electrode
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processing. The problem arises during the fabrication of electrodes with features
of commercial devices where rGOs experience a drop in their surface area of
around 50%. This may be a limitation for the use of this type of materials in SC as
the activated carbon Picactif SC decreases its surface area by only 6% in the
electrode.
Although the particle size of the raw graphite has no significant effect on the
physico-chemical characteristics of the reduced materials, that exfoliated from
smaller particles results more advantageous for the release of the stored electrical
energy (high power). Interestingly, this effect is more noticeable in the aqueous
electrolyte despite having smaller ions. With H2SO4 as electrolyte, the ions mobility
is also hindered by slow redox reactions involving oxygen functionalities on the
carbon surface and its effect is more marked in larger particles. In TEABF 4/AN, the
interactions with the surface groups are less relevant and the somewhat better
frequency response reflects shorter paths lengths in smaller particles.
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a b s t r a c t
The current energy needs have put the focus on highly efﬁcient energy storage systems such as supercapacitors. At present, much attention focuses on graphene-like materials as promising supercapacitor electrodes.
Here we show that reduced graphite oxide offers a very interesting potential. Materials obtained by
oxidation of natural graphite and subsequent sonication and reduction by hydrazine achieve speciﬁc
capacitances as high as 170 F/g in H2SO4 and 84 F/g in (C2H5)4NBF4/acetonitrile. Although the particle size
of the raw graphite has no signiﬁcant effect on the physico-chemical characteristics of the reduced materials, that exfoliated from smaller particles (<75 lm) result more advantageous for the release of the
stored electrical energy. This effect is particularly evident in the aqueous electrolyte.
Graphene-like materials may suffer from a drop in their speciﬁc surface area upon fabrication of electrodes with features of the existing commercial devices. This should be taken into account for a reliable
interpretation of their performance in supercapacitors.
Ó 2015 Elsevier Inc. All rights reserved.

1. Introduction
Among the wide variety of carbon materials that are being studied for supercapacitor electrodes, graphene has recently emerged
as the best candidate due to its outstanding speciﬁc surface area
and electrical conductivity [1,2]. Undoubtedly, it has great potential but its actual application still has many challenges. One of
the most important is the industrial production of homogeneous
graphene in a reproducible manner. It has been illustrated that
⇑ Corresponding author. Fax: +34 985297662.

the structural, chemical, textural and electrical properties are
highly dependant on the synthesis method. Thus, the graphene
materials obtained at large scale present much lower electrical
conductivity and speciﬁc surface area than graphene monolayer
[3–5]. Moreover, the preparation procedures have dramatic inﬂuence upon the speciﬁc capacitance [6]. From the economical point
of view, graphene materials offer good performance but at high
cost [7] and the supercapacitor market is much more sensitive to
price than to an extraordinary behavior [8]. In this context, activated carbons still remain much more competitive for commercial
SC [7,8].

E-mail address: teresa@incar.csic.es (T.A. Centeno).
http://dx.doi.org/10.1016/j.jcis.2015.01.037
0021-9797/Ó 2015 Elsevier Inc. All rights reserved.
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At the present, much basic research is focused on the study of
the inﬂuence of the synthesis parameters on the ﬁnal characteristics of the graphene materials. The ultimate goal is to determine
the key factors that lead to materials with optimal performance
by easily scalable and inexpensive methods [3–5].
Graphite oxide (GO) is attracting great attention because it
offers a promising route to large quantities of graphene [4,5]. The
graphite intercalation with oxygen-containing groups [4,9]
increases the interlayer spacing and the oxidized graphite easily
exfoliates into individual graphene oxide ﬂakes. The oxygen-functionalities cause strong electron localization shutting down the
charge transport in graphene oxide [10] but its reduction by chemical or thermal processes leads to a structure close to graphene
with high electrical conductivity [4].
The structural integrity of graphene may not be a priority for
supercapacitor electrodes and reduced graphite oxides (rGO)
obtained by oxidation of natural graphite and subsequent sonication and reduction by hydrazine offer a very interesting potential.
It is shown that the particle size of the raw graphite has a limited effect on the structural, textural and chemical features of the
reduced graphite oxides. As a consequence, rGOs from particles
below 75 and 150 lm display very similar speciﬁc capacitances
around 170 F/g in H2SO4 and 84 F/g in (C2H5)4NBF4/acetonitrile at
low current density.
On the contrary, the particle size of the graphite has an impact
on the behavior at high frequency and particles smaller than 75 lm
result more efﬁcient for high power.
This work also illustrates a loss of 50% in the speciﬁc surface
area of rGO when processed in electrodes with features of commercial devices. As comparison, an activated carbon used in commercial supercapacitors reduces its surface by only 6% in the
electrode. This should be taken into account to evaluate how far
the correlations between the textural properties and the SC performance found for carbons [11–13] can be applied to graphene-like
materials.

2. Experimental
2.1. Materials preparation
Samples of natural graphite (Alfa Aesar) with particle sizes
below 75 and 150 lm (Alfa Aesar) were subjected to chemical oxidation by the modiﬁed Hummer’s method by Jeong [14]. Sulfuric
acid (350 ml) was mixed with the graphite powder (2 g) at 0–
5 °C for 15 min. Potassium permanganate (8 g) and sodium nitrate
(1 g) were added portion-wise at 0 °C and stirred for 30 min and
then at 35 °C (30 min). Water (250 ml) was added via dropping
funnel and the mixture was heated to 98 °C for 3 h. The reaction
was terminated by adding 500 ml of deionized water and 40 ml
of 30% H2O2. The dispersion was ﬁltered off through nylon ﬁlter,
washed with diluted HCl (10 wt.%) to remove metal ions and then
with water until pH of ﬁltrate is about 7.
The oxidized samples, GO-75 and GO-150, were further sonicated and treated with hydrazine to get the reduced graphene-like
materials rGO-75 and rGO-150, respectively. Deionized water
(150 ml) was added to GO (1 g) and vigorously stirred for 24 h at
room temperature. The suspension was subsequently sonicated
in a bath sonicator (Kraintek, 70 W, 38 kHz) for 3 h, in a tip-probe
sonicator (Hielscher UP200S, 200 W, 24 kHz) for 30 min and,
ﬁnally, for 1 h in the bath sonicator. The mixture was treated with
ammonia (1.5 ml) and hydrazine monohydrate (3 ml) and stirred
vigorously at 85 °C for 24 h under reﬂux condenser. After cooling,
the suspension was ﬁltered off through nylon ﬁlter, washed with
deionized water (500 ml) and with methanol (50 ml). The cake
was dried at 75 °C for 24 h.

Buglione et al. [6] and Park et al. [15] have schematically
illustrated the chemical transformations that occur in similar
processes.
2.2. Materials characterization
The chemical characterization of the samples involved the
determination of the total oxygen content and the surface functionalities by XPS whereas the structural features were studied
by XRD. The textural properties were estimated from the analysis
of N2 isotherms at 77 K by different methods [13]. The electrical
conductivity was measured by the four-probe method using rGO
compact ﬁlms.
The rGO particles were processed into electrodes by rolling a
mixture with 5 wt.% PTFE and 5 wt.% carbon black into 250 lm
thick ﬁlms. Disks of 8 mm in diameter and carbon loading
15 mg/cm2 were punched out. The electrochemical performance
was tested in a two-electrode cell with a glassy ﬁbrous paper as
separator. Cyclic voltammetry tests at various scan rates (1–
50 mV/s) as well as charge–discharge cycles at different current
densities (1–70 mA/cm2) were performed in 2 M aqueous H2SO4
(0–0.8 V) and 1 M (C2H5)4NBF4 in acetonitrile (TEABF4/AN, 0–2 V).
Electrochemical impedance spectroscopy (EIS) measurements
were performed by applying a sinusoidal signal of ±15 mV from
2  10 4 Hz to 60 kHz.
Experimental details regarding preparation and characterization of the samples are summarized in the Supporting Information
(SI).
3. Results and discussion
It appears that the particle size of the raw graphite has no signiﬁcant inﬂuence on the chemical composition of the materials
obtained through Hummer–Jeong oxidation. Both GO-75 and
GO-150 display total oxygen content of around 51% and similar
surface groups (Figs. 1a and S1). The major difference is a somewhat higher presence of C–O functionalities in the material derived
from smaller particles.
On the contrary, the structural expansion induced by the oxygen-functionalities and water intercalated between the graphitic
layers is notably affected by the size of the raw particles
(Fig. 1b). The XRD spectrum of GO-75 displays an intense peak
(0 0 1) at 10.7° indicating the increase in the interlayer spacing by
a factor of 2.5 (0.83 nm) compared to that of the starting graphite
(0.335 nm). The less intense and broader signal at 20.7° suggests
that the intercalation is not homogeneous since GO-75 also contains disordered regions with a wide range of spacing (centered
at 0.43 nm).
The expansion by oxidation is more limited when larger graphite particles are used; the XRD peak observed for GO-150 at 12.4°
corresponds to a smaller interlayer distance (0.72 nm) than that
in the GO-75 sample whereas the very broad signal around 23°
reveals some amount of a highly disordered carbon structure.
The treatment with hydrazine reduces both oxidized samples
quite efﬁciently and the structural differences observed for GOs
are not signiﬁcantly reﬂected in the reduced materials. The oxygen
content drops to 17–18% for rGO-75 and rGO-150 although XPS
analysis suggests that the reduction is somewhat more effective
for the latter. Its spectrum displays only one asymmetric peak
due to sp2 hybridized carbon whereas that for rGO-75 still shows
a weak signal associated to oxygen groups (Figs. 1a and S1).
The successful reduction is conﬁrmed by the disappearance of
the (0 0 1) peak in the XRD patterns of rGOs (Fig. 1b). The partial
reappearance of signals at around 24.4° and 43° indicates, respectively, that agglomeration and re-staking of graphene oxide items
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Fig. 1. XPS (a) and XRD (b) spectra for the graphite oxides (GO) and the reduced graphite oxides (rGO).
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Fig. 2. N2 isotherm of rGOs and the activated carbon Picactif SC in powder and in the electrode (the adsorbed volume is referred to carbon mass in the samples). As BET
equation overrates the real surface area of Picactif [13], the values for this material correspond to the average of the other more reliable determinations.

occur to some extent during ﬁltering/drying processes, being
favored by smaller particles.
The entanglement and overlap of the rGO ﬂakes lead to a notable porosity and speciﬁc surface areas as high as 617 m2 g 1 for
rGO-75 and 516 m2 g 1 for rGO-150 are achieved. The shape of
the N2 isotherms (Fig. 2a) is typical type IV and reﬂects the mesoporous character of both rGOs. The well-deﬁned capillary condensation step at p/po  0.4–0.8 observed for rGO-75 reveals an
interconnected network of mesopores of different shape and size
below 20 nm. In the case of the material with larger particles
rGO-150, the hysteresis loop is given by slit-type pores smaller

than 10 nm. The analysis by the Dubinin–Radushkevich equation
reports that 40% of the total pore volume of rGOs corresponds to
wide micropores with an average size of 1.5–1.6 nm.
Despite the large concentration of structural defects [16] introduced by the hydrazine treatment, the electrical conductivity of
our chemically reduced samples is recovered sufﬁciently up to
around 1 S/cm. Figs. 3 and 4 illustrate that reduced graphite oxide
is a material indeed adequate for the energy storage in SC. The
charge–discharge curves at different current densities show good
symmetry and linear slopes, which is indicative of efﬁcient electrochemical double layer formation in both aqueous H2SO4 (Fig. 3a)
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Table 1
Speciﬁc capacitance (F/g) of the reduced graphite oxides at different current densities
(mA/cm2). The values are relative to the rGO mass in a single electrode.
Reduced graphite oxide

rGO-75
rGO-150

H2SO4

TEABF4/AN

207

response than rGO-150 due to shorter paths lengths in smaller
particles.
4. Conclusions
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and TEABF4 in acetonitrile (Fig. 4a) electrolytes. The rectangular
shape of the cyclic voltammograms (Figs. 3b and 4b) conﬁrms a
near-ideal capacitive behavior with good rate performance.
The potential of the reduced graphite oxides in SC is suggested
by their speciﬁc capacitance at 1 mA/cm2, around 170 F/g in the
H2SO4 and 84 F/g in the organic medium (Table 1), which is comparable with those of highly porous activated carbons [11–13]
and materials obtained by standard chemical reductions of graphene oxide [3,4].
It is worth noting that both samples reach similar limiting
capacitance although their speciﬁc surface is quite different. N2
adsorption isotherms performed on the rGO-electrodes (Fig. 2a)
reveal the existence of further agglomeration and re-stacking of
the powdered materials upon electrode processing and their surface area drops to only 270 m2/g, regardless of the particle size.
Therefore, the speciﬁc surface area determined for the graphene
materials in powder may be misleading as it does not correspond
to the effective surface available in the electrode. Moreover, this
should be also considered for the interpretation of the performance
of graphene materials within the general patterns reported for
standard carbons [11–13]. As illustrated by Fig. 2b, the biomassbased activated carbon Picactif SC, developed by PICA (France)
for supercapacitor electrodes, decreases its surface area by only
6% in the electrode. As previously reported [13], in the case of Picactif SC which displays large micropores above 1 nm, the BET equation overrates the real surface area. Its speciﬁc surface was
obtained from the average of the values obtained by Dubinin’s theory, DFT approach and comparison plot.
While the particle size does not affect the SC behavior at low
intensities, it has an impact on the high power performance. Table 1
shows that the change of current density from 1 to 70 mA/cm2
reduces the speciﬁc capacitance of rGO-75 in 29% in H2SO4 and
20% in TEABF4/AN. For rGO-150, the capacitance decrease is 75%
and 51%, respectively.
The better capacitance retention observed for the reduced
graphite oxide from smaller particles correlates with its faster performance observed by EIS. Figs. 3c and 4c illustrate that the device
based on rGO-75 displays a nearly ideal capacitive behavior with a
marked vertical slope at the low-frequency region. By contrast, larger particles lead to a higher electrode resistance as well as to the
enhancement of diffusional restrictions for ions adsorption.
Interestingly, the inﬂuence of the particle size on the ability to
operate at high frequency is more evident in the aqueous electrolyte despite having smaller ions. As shown in Fig. 3d, the material
with smaller particles achieves capacitance saturation at higher
frequency and its response is much faster. The maximum operating
frequency fmax (at which the capacitance drops to 50% of its maximum value) of rGO-75 is 2.9 higher than that of rGO-150. With
H2SO4 as electrolyte, the ions mobility is also hindered by slow
redox reactions involving oxygen functionalities on the carbon surface [17] and its effect is more marked in larger particles.
In TEABF4/AN, the interactions with the surface groups are less
relevant and rGO-75 demonstrates somewhat better frequency

Reduced graphite oxide is an interesting candidate for SC electrodes, achieving speciﬁc capacitances as high as 170 F/g in aqueous H2SO4 and 84 F/g in (C2H5)4NBF4/acetonitrile.
The speciﬁc surface area determined for graphene-like materials in powder may be misleading as it does not reﬂect the available
surface in the electrode. The problem arises during the fabrication
of electrodes matching the thickness and the carbon loading of
commercial devices where rGOs experience a drop in their surface
area of around 50%. On the other hand, this reduction is only 6% in
the case of the activated carbon Picactif SC used in commercial
devices. This should be addressed for a coherent interpretation of
the performance of graphene materials within the general behavior
reported for carbon-based SC.
The size of the raw graphite has no relevant effect on the physico-chemical characteristics of the reduced graphite oxides. As a
consequence, rGOs from particles below 75 and 150 lm in size display very similar supercapacitor performance at low current density. On the contrary, the material exfoliated from smaller
particles results more advantageous for the release of the stored
electric energy. This effect is particularly noticeable in the aqueous
electrolyte.
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Characterization of the materials
The O content in the samples was determined by a LECO-TF-900 furnace
coupled to a LECO-CHNS-932 microanalyzer. The surface functionalities of the
GO samples were detected by X-ray photoelectron spectroscopy (XPS) using
fully automated Thermo Scientific K-Alpha XPS system. The spectra have been
decomposed into four peaks centered at 284.3, 284.9, 286.7 and 288.5 eV,
corresponding to carbon sp2, carbon sp3, C-O-C and COOH functional groups,
respectively [1].
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Figure S1. Deconvolution of the XPS spectrum of the materials
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X-Ray Diffraction (XRD) analysis was performed by using a D5000-Siemens
diffractometer (Kα1 line from Cu (1.5406 Å), power supply of 40 kV and 40 mA).
The textural features were estimated from the analysis of N 2 isotherms at 77K
(Micromeritics ASAP 2010) by different methods such as BET equation,
Dubinin´s theory, DFT approach and comparison plot [2]. The pore size
distributions (PSD) were obtained by applying the Kruk-Jaroniec-Sayari (KJS)
method to the adsorption branch of the N2 isotherm [3].
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Figure S2. Pore size distribution of the reduced graphite oxides

The electrical conductivity of rGO materials was measured by the four-probe
method using precise Keithley 2400 source meter. The samples were prepared
in the form of compact films by vacuum filtration (measurement of in-plane
conductivity) with average thickness of about 30 m.
The rGO particles were processed into electrodes by mixing with 5 %wt PTFE
and 5 %wt carbon black (Super P). The mixture was homogeneized in an agate
mortar, formed into electrodes by rolling it into 250 µm thick film, and finally by
punching out 8 mm diameter discs. The carbon loading was ~ 15 mg/cm2. The
electrochemical performance was tested in a two-electrode cell with rGO pellets
separated by glassy fibrous paper (Whatman 934-AH).
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Cyclic voltammetry (CV) tests at various scan rates (1-50 mV/s) as well as
charge-discharge cycles at different current densities (1-50 mA/cm2) were
performed between 0 and 0.8 V in 2M aqueous H2SO4 and from 0 to 2 V in the
organic

electrolyte

1

M

(C2H5)4NBF4

in

acetonitrile

(TEABF4/AN).

Electrochemical impedance spectroscopy (EIS) measurements were performed
by applying a sinusoidal signal of ± 15 mV from 2 10 -4 Hz to 60 kHz in a
PGSTAT 30 (Autolab B.V., Metrohm) potentiostat equipped with a FRA32M
module.
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The results of this study allow drawing the following general conclusions:
 Innovative methods based on modified Hummer´s oxidation of graphite
and helical-ribbon carbon nanofibers result very efficient to produce
highly functionalized graphene nanoplatelets at industrial scale and with
low cost.
 The duration of the oxidative process severely affects the interlayer
spacing in helical-ribbon carbon nanofibers. This leads to graphene
nanoplatelets with a distinctive exfoliation potential which make possible
to obtain a wide variety of graphene-related products by ultrasonication
or thermal treatments such as flash-pyrolysis in air at temperatures
between 400 and 1000 ºC or standard activation with CO2 at 800 ºC.
 The influence of particle size of the raw graphite on the chemical
composition of the graphite oxide obtained by Hummers-Jeong method
appears rather little. On the contrary, the structural expansion induced by
intercalation of oxygen-functionalities is more significant in the case of
using particles smaller than 75 µm.


The particle size of the raw graphite has no significant effect on the
physicochemical characteristics of reduced graphite oxides obtained by
Hummers-Jeong oxidation and subsequent reduction by hydrazine. The
material obtained from smaller particles experiences a more marked
agglomeration and re-staking of graphene-type items.



Intermediate carbons generated during graphene synthesis by wet
oxidation of graphitic precursors might be competitive alternatives for
supercapacitor electrodes. The gravimetric capacitance of most of them in
aqueous and organic electrolytes compares with those of activated
carbons and other porous carbons with specific surface area around
1000 m2 g-1. Besides, graphite oxides may achieve much higher volumetric
capacitance, which is a key factor for the development of small devices.



An expanded network resulting from the intercalation of oxygen
functionalities into graphitic structure increases the available surface for
the aqueous electrolyte. It also facilitates the interaction with the oxygensurface groups, resulting in an extra pseudo-capacitance. By contrast, ionic
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mobility is hindered by slow redox processes which limit the response
rate of the supercapacitor.


Oxidation processes have to be improved to achieve suitable graphite
oxides for organic supercapacitors. A nanoengineered interlayer spacing is
required to facilitate the movement of large ions.



The systematic study of a variety of graphene-related materials derived
from carbon nanofibers illustrates the strengths and weaknesses of each
type of material in supercapacitors. The capacitance of helical-ribbon
carbon nanofibers is only 10 F g-1, whereas functionalized graphene
nanoplatelets display 104 F g-1 with significant pseudocapacitance.
Graphene

oxides

100–120 F

g-1

and

activated

graphene

nanoplatelets

achieve

with marked resistive character. Reduced graphene oxide

synthesized by flash-pyrolysis at 1000 ºC results in quicker charge
propagation and much reduced capacitance. It is worth noting that, among
all these graphene-related materials, the lower-cost functionalized
nanoplatelets displayed the better behavior for aqueous supercapacitor.


The particle size of the raw graphite has no significant effect on the
physicochemical characteristics of the resulting hydrazine-reduced
graphite oxides. They display very similar supercapacitor performance at
low current density but that obtained from smaller particles (< 75 μm)
results more advantageous for the electric energy release. This effect is
particularly noticeable in the aqueous electrolyte



The popular approach based on the specific surface area to assess the
potential of carbons in SC cannot be used in a straightforward manner.
The specific surface of graphene-related materials measured by standard
gas adsorption may not always reflect the area involved in the energy
storage. Additionally, graphene type-materials may experience a drop in
their surface area during the processing of electrodes matching the
thickness and the carbon loading of commercial devices. This should be
taken into account for a reliable interpretation of their performance in
supercapacitors.
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Los resultados obtenidos en esta tesis permiten extraer las siguientes
conclusiones generales:
 Métodos innovadores basados en la modificación del proceso de oxidación
de Hummers resultan muy eficientes para producir nanoláminas de
grafeno altamente funcionalizadas a partir de grafito y nanofibras
helicoidales de carbono a escala industrial y con bajo coste.
 La duración de la oxidación de nanofibras helicoidales de carbono tiene un
gran efecto sobre la distancia interplanar. Esto conduce a nanoláminas de
grafeno con un potencial de exfoliación distintivo que hacen posible
obtener una amplia variedad de materiales tipo grafeno mediante
tratamientos por ultrasonidos o térmicos como la pirólisis instantánea en
aire a temperaturas entre 400-1000 °C o la activación estándar con CO2 a
800 °C.


La influencia del tamaño de partícula del grafito de partida sobre la
composición química del óxido de grafito obtenido por el método de
Hummers-Jeong parece poco relevante. Por el contrario, la expansión
estructural inducida por la intercalación de grupos funcionales es más
significativa en el caso de utilizar partículas menores de 75 μm.



El tamaño de partícula del grafito precursor no tiene un efecto relevante
sobre las características físico-químicas de los óxidos de grafito reducidos
obtenidos mediante la oxidación de Hummers-Jeong y su posterior
reducción con hidrazina. Sin embargo, el material sintetizado a partir de
partículas más pequeñas experimenta procesos de re-apilamiento y
aglomeración mucho más significativos.



Los materiales de carbono intermedios generados durante la síntesis de
grafeno por oxidación húmeda de precursores grafíticos podrían
constituir

una

alternativa

competitiva

para

electrodos

de

supercondensadores. La capacidad gravimétrica de la mayoría de ellos en
electrolitos acuosos y orgánicos es comparable con la que presentan
carbones activados y otros materiales porosos de carbono con una
superficie específica alrededor de 1000 m2 g-1. Además, los óxidos de
grafito pueden alcanzar una capacidad volumétrica mucho mayor. Éste
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resulta ser un factor clave para el desarrollo de dispositivos de pequeño
tamaño.


La estructura expandida resultante de la intercalación de grupos
funcionales en la estructura grafítica da lugar a un aumento de la
superficie disponible para el electrolito acuoso. Además, facilita su
interacción con los grupos funcionales superficiales, dando lugar a una
pseudocapacidad extra. Por el contrario, la movilidad iónica se ve
obstaculizada por procesos redox lentos que limitan la velocidad de
respuesta del supercondensador.



Es necesario mejorar los procesos de oxidación para lograr óxidos de
grafito adecuados para supercondesadores orgánicos. Con el fin de
facilitar el movimiento de los iones más voluminosos, se requiere un
espaciado entre capas especialmente diseñado para estos electrolitos.



El estudio sistemático de una variedad de materiales tipo grafeno
derivados de nanofibras de carbono ilustra las fortalezas y debilidades de
cada tipo de material grafénico en supercondensadores. La capacidad de
las nanofibras de carbono es de sólo 10 F g-1, mientras que las
nanoláminas de grafeno funcionalizadas alcanzan un valor de 104 F g-1,
mostrando una pseudocapacidad significativa. Los óxidos de grafeno y las
nanoláminas de grafeno activadas presentan capacidades en el rango de
100-120 F g-1 con una marcada resistencia eléctrica. El óxido de grafeno
reducido sintetizado por pirólisis instantánea a 1000 °C presenta una
propagación más rápida de la carga y una capacidad mucho más reducida.
Cabe señalar que, de entre todos estos materiales, las nanoláminas
funcionalizadas de bajo coste mostraron el mejor comportamiento
electroquímico para supercondensadores acuosos.



El tamaño de partícula del grafito de partida no tiene una influencia
significativa sobre las características físico-químicas de los óxidos de
grafito reducidos con hidracina por lo que presentan un comportamiento
en supercondensadores muy similar a baja densidad de corriente. Sin
embargo, aquellos obtenidos a partir de partículas más pequeñas
(<75 μm) resultan mejores en el suministro de potencia. Este efecto es
particularmente notable en el electrolito acuoso.
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El enfoque estándar basado en la superficie específica de los materiales de
carbono para evaluar su potencial para SC, resulta demasiado simple. La
superficie específica evaluada en los materiales tipo grafeno por adsorción
de gases no siempre refleja el área involucrada en el almacenamiento de
energía. Adicionalmente, los materiales de tipo grafeno pueden
experimentar una caída en su área superficial durante el procesamiento de
electrodos con espesor y masa de carbono similares a los utilizados en
dispositivos comerciales. Esto debe tenerse en cuenta para una
interpretación correcta de su funcionamiento en supercondensadores.
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Chem. Chem. Phys., 17, 15687-15690 (2015).

III.

Sebastian Pohlmann, Belén Lobato, Teresa A. Centeno, Andrea Balducci.
”The influence of pore size and surface area of activated carbons on the
performance of ionic liquid based supercapacitors”. Phys. Chem. Chem.
Phys., 15, 17287-17294 (2013).

The results were also presented in several international symposia:

I.

Teresa A. Centeno, Belén Lobato, Gelines Moreno-Fernández, Andrea
Balducci. “Physico-Chemical Features of Carbons and their Behaviour in
Electrochemical

Capacitors”.

Invited

Talk.

66th

Annual

Meeting

International Society of Electrochemistry. Taipei (Taiwan), 2015.
II.

B. Lobato, A. Pérez-Pisonero, V.Barranco, C. Merino, T.A. Centeno.
“Graphene-type materials from carbon fibers for supercapacitors”. Poster.
ISEECAP 2013-3rd International Symposium on Enhanced Electrochemical
Capacitor, Taormina (Italy), 2013.

III.

Urszula Kosidlo, Victor Siong, Teresa A. Centeno, Belén Lobato, Antonino
Veca, Carsten Glanz, Ivica Kolaric, “Nanocarbons as electrode materials for
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a b s t r a c t
The potential application of graphene nanoplatelets as electrode material in supercapacitors with high
energy density was investigated. The electrode were prepared with commercially available graphene
nanoplatelets before and after being functionalized with MnO2 particles, and with those electrochemically exfoliated from graphite. The morphology, structure and the speciﬁc surface area properties of each
material were analyzed prior to test the electrochemical performance of the corresponding electrodes
under the design constraints of real devices by cyclic-voltammetry (CV) and charge/discharge (CD)
measurements. The results indicated that graphene nanoplatelets show potential in replacing activated
carbon for the fabrication of supercapacitors with high energy density, while the efﬁcient usage of active
surfaces available of the electrode material should be considered.
Ó 2015 Elsevier Ltd. All rights reserved.

1. Introduction
The advancements of complex electronics systems over the last
years have led to the increasing demand of portable energy usage
and storage [1,2]. In this instance, powerful and reliable energy
storage systems are sought after as power supply units for emerging applications in the ﬁeld of electro-mobility. In the automotive
ﬁeld, many applications, such as the device actuation, heating of
seats and starting of the engine or energy recuperation during
braking require not only a device with high energy density, but
also one that is able to deliver/store the energy within a short period of time (i.e. high power and high charging rate). In spite of their
low power densities [3], batteries are the most commonly applied
solution to the aforementioned challenges thanks to the high
energy density they offer [4].
In recent times, supercapacitors are thought to be among
promising candidates to replace or to be coupled with batteries
for these applications with the aim of enhancing the power densities of the devices [5]. In comparison to batteries, a supercapacitor
modus operandi offers higher power densities, faster charging
⇑ Corresponding authors. Tel.: +34 627018518 (A. Pruna).
E-mail addresses: victor.siong@yahoo.com (V. Siong), ai.pruna@gmail.com (A.
Pruna).

rates and theoretically unlimited cyclability [6]. However, the main
drawback of the commercially available supercapacitors is their
limited energy densities. Therefore, one of the main focal point of
today’s research in this ﬁeld is oriented at increasing the energy
density of supercapacitors. In this aspect, advancements have been
assisted by the discovery of novel advanced materials which are
capable of bringing the energy density of supercapacitors to a level
more comparable to batteries [7,8]. A common approach to
enhance the capacitance of a supercapacitor cell, and its energy
density lies in providing the electrodes with more active sites for
the storage of charge compounds, such as the ions of the electrolyte. To achieve this goal, supercapacitors have been fabricated
with materials that are able to provide high surface area. Till date,
the commercially available supercapacitors constitute mainly of
carbon-based electrodes and among them, activated carbon ones
are the most commonly employed due to its high speciﬁc surface
area, ranging from a few hundreds to 1500 m2 g 1, low cost and
long cycling life [9,10]. However their complex pore structures of
irregular pore sizes have been reported to impede the access of
electrolyte ions resulting in an increased electrode’s resistance
and reduced capacitance [10].
Amid the search for systems with high efﬁciency, graphene has
emerged as one of the most promising alternative for electrode
developments in devices including batteries [11], fuel-cells [12]

http://dx.doi.org/10.1016/j.compscitech.2015.03.004
0266-3538/Ó 2015 Elsevier Ltd. All rights reserved.
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supercapacitors [13,14], in optoelectronics [15,16] and nanoﬁllers
[17]. This is accredited to the high intrinsic electrical conductivity
and high speciﬁc surface area [18–20] obtainable from this material; from the point of view of a capacitive device, these properties
translate to high power and high energy density [21,22]. On top of
that, graphene can be structured on the current collectors to provide paths with higher accessibility for ions within the electrolytes
as compared to activated carbon.
In the present work three different types of multi-stacked graphene, also known as graphene nanoplatelets are studied for
supercapacitor electrode materials. The ﬁrst type of graphene
nanoplatelets was obtained commercially and will be referred to
as ‘‘GNP’’, while the second type – ‘‘MnO2/GNP’’ – represents
GNP which has been functionalised with MnO2 particles in order
to increase the material’s energy density through the pseudocapacitive effect it demonstrates in protic and certain aprotic
electrolytes [23,24]. Finally, the last type was obtained through
electrochemical exfoliation of graphite and will be referred to as
‘‘eGNP’’.
A series of investigations have been carried out to characterize
the properties of these three GNPs before and after being processed
into electrodes. For the electrochemical characterisations of the
electrodes, a 2-electrode electrochemical cell was speciﬁcally
designed to mimic the setup of a supercapacitor in order to compare each electrode performance under the design constraints of
a real device. Therein the most important parameters of a
supercapacitor required in speciﬁc power electronics to serve
end-user applications were evaluated.
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determine the speciﬁc surface areas (ASAP 2010 Micromeritics
nitrogen adsorption apparatus).
2.3. Electrode fabrication
The three types of stacked multi-layer graphene, (1) GNP, (2)
MnO2/GNP and (3) eGNP, were employed for the fabrication of
electrodes with accordance to common industrial practices as follows. The graphene materials (10 wt%) were dispersed in 1:1 (w/w)
H2O/2-propanol mix with the help of a rotor/stator homogeniser
(Silent Crusher M, Heidolph Instruments) for 20 min at
20,000 rpm. Thereafter, pre-prepared poly(vinylideneﬂuoride–
hexaﬂuoropropene) (PVDF–HFP 1% in 2-propanol) was added
drop-wise as a binder (10% w/w ratio with respect to the amount
of graphene materials) at a homogeniser rotation speed of
26,000 rpm. The resulting ink was allowed to homogenize for a further 20 min at 26,000 rpm. Once prepared, the inks were coated
onto collectors, made of aluminum foil, with the bar-coating
method to a wet coating thickness of 300 lm. The coatings were
left to dry in air for 60 min at 70 °C before the dried mass loadings
of the active electrode material were measured and reported as
1.93, 2.05, 2.03 and 7.26 mg cm 2, respectively for GNP, eGNP,
MnO2/GNP and activated carbon. The active material loading
should not be confused with the amount of carbonaceous materials. In the case of electrodes prepared with MnO2/GNP, the mass
of the electrode coating is shared between graphene nano-platelets
and MnO2. For benchmarking purposes, the results were compared
to performance of commercial supercapacitor electrodes consisting
in activated carbon coated on aluminum foil current collectors.

2. Experimental
2.1. Material synthesis
All reagents were of analytical grade and used without further
treatment. Distilled water was used in relevant situations.
Commercial GNP (from XG Sciences, www.xgsciences.com, trade
name xGnP C-750) was used as-obtained for electrode preparation
and also as the scaffold for MnO2 functionalization in case of
MnO2/GNP. The functionalization process was performed in accordance with the process described by Yu [25]. The commercial GNP
was ﬁrst dispersed in a 0.01 mol L 1 KMnO4 followed by the drop
wise addition of 0.05 mol L 1 citric acid until the solution turned
brown-purple. The mixture was further heated up to 80 °C in a distillation column with full reﬂux for 7 h. The functionalised GNP
was ﬁltered out and dried at 80 °C for 12 h.
For the synthesis of eGNP, graphite (from Mueller & Roessner,
tradename MREG-E) was subjected to anodic electrochemical
exfoliation [26] at a potential of 7 V. The exfoliation took place in
a setup consisting of ﬁve graphite electrodes (two of which served
as anode, while the other three were placed on each side of the
anode acting as the cathode) partially submerged in a 0.1 mol L 1
NaOH and placed 15 mm apart. The exfoliated materials were ﬁltered through polycarbonate membranes (Millipore, 0.4 lm) with
a pressure aided ﬁltration setup (Sartorius 16249). Successive
washings were performed with de-ionized water until ﬁltrate of
neutral pH was obtained.
2.2. Material characterization
The morphology and structure of the employed materials were
analyzed by means of scanning electron microscopy (SEM,
QUANTA FEG 650, FEI microscope), Raman spectroscopy (HR UV
800 (JYV-Jobin YVon), laser wavelength 532 nm) and X-ray diffraction (XRD) (diffractometer D5000 Siemens using Cu Ka radiation).
Nitrogen adsorption/desorption isotherms were analyzed to

2.4. Electrochemical testing
The performance of the prepared electrodes was evaluated
within the potential window of 0–2.5 V using an aprotic electrolyte
consisting of 1 M TEABF4/acetonitrile solution. The tests were conducted in a 2-electrode cell conﬁguration [27]. The electrode cell
was designed speciﬁcally to mimic the build-up and the working
principle of an actual supercapacitor. Two graphite current collectors were used to sandwich the two electrode samples in order to
avoid chemical interactions between the copper collectors and the
electrolyte in case of possible leakage. A glass microﬁber ﬁlter
(Whatman, 934-AH™) pre-soaked in the electrolyte was used as
the separator and two sheets of rubber insulators, each with a
2  2 cm2 window, were aligned between the electrode samples
to prevent short circuit between the two pieces of graphite and
also to limit the amount of surface exposed to the electrolyte.
The electrochemical performance of the fabricated electrodes
was evaluated by means of cyclic voltammetry (CV) and constant-current charge/discharge measurements (CD) with an AMEL
500 potentiostat. The speciﬁc capacitance values were obtained
from the CV and CD curves [18], by integrating the area under
the charging cycle and from the discharge slopes of the response
curves using the equation C = I/(dV/dt). The absolute capacitance
measured from the exposed surface was thereafter converted into
the speciﬁc capacitance of the electrode with the following equation Csp = 4  C/m, where C is the capacitance measured from the
exposed surface and m the total mass of the cell. The factor of 4
was included to adjust the cell’s absolute capacitance to the electrodes speciﬁc one (Csp) in case of symmetrical capacitors. The
equivalent series resistance (R) was also measured from the discharge CD curves, usually associated to ohmic effects. R represents
the sum of all resistances present in the setup (i.e. arising from
electrodes, electrolyte, interfacing contacts, leads, etc.). The R value
was calculated from the voltage and current values with the formula R = DV/DI [18].
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3. Results and discussion
3.1. Materials characterization
3.1.1. Morphology and structure
The micrographs of the graphene materials tested for
supercapacitors are presented in Fig. 1. By comparing the two
images in Fig. 1a and b, it can be clearly observed that the graphitic
stacks are expanded with sub-micrometer spacing upon electrochemical exfoliation. On the other hand, by comparing the two
micrographs in Fig. 1c and d, the successful functionalization of
GNP materials in Fig. 1d is indicated by the presence of particles
with size ranging from nanometers to microns which is further
conﬁrmed by the XRD spectrum in Fig. 2a. A sharp peak was
observed at 26.2° attributed to graphitic-like structure of GNPs

while two weak broad diffraction peaks appeared at 36.5° and
66.4°, respectively, indicating the formation of MnO2.
Raman spectroscopy was performed to analyse the graphite
material before and after the electrochemical exfoliation process
as depicted in Fig. 2b. The graphite reﬂected a commonly seen
spectra with the G peak originating from the in-phase vibration
of the graphite lattice and 2D-band at around 1580 cm 1 and
2700 cm 1 respectively; along with those features a small D-band
at about 1350 cm 1 was also observed [28]. The Raman spectra of
exfoliated graphite exhibited an intense D-band merged with the
G-band. The exfoliated graphite, as well as the commercial GNP
(www.sgsciences.com) exhibited an increased ID/IG intensity ratio
with respect to graphite which indicates increased local defects
and disorder due to the presence of sp3 hybridized carbons, as a
consequence of electrochemical exfoliation or production

Fig. 1. SEM micrographs of the graphite subjected to electrochemical exfoliation (a), the resulted eGNP material (b), the commercial GNP before (c) and after
functionalization with MnO2 nanoparticles (d).

Fig. 2. (a) XRD spectra for MnO2/GNP material and (b) Raman spectra for eGNP compared to un-exfoliated graphite and (c) nitrogen adsorption isotherms obtained at 77 K.
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Table 1
Electrochemical parameters of the tested electrodes as a function of active loading
material.
Active loading
material

Asp
(m2 g

GNP
eGNP
MnO2/GNP
Activated carbon

479
12
39
1000

Csp (F g

1

)

1

)

CV

CD

70
5.4
27.5
40

61.6
4.5
21.6
30.7

R
(X)

Psp
(kW kg

21.5
15.4
7.8
9.2

5.45
1.59
10.50
11.70

1

)

Esp
(W h kg

1

)

13.00
0.94
4.60
4.47

procedure. However, the GNP material exhibited lower defect/disorder degree than the eGNP. Finally, a signiﬁcantly different broad
2D band was reﬂected by eGNP in comparison to shouldered peak
from graphite. The occurrence of this modulated shape indicates
the presence of graphene stacks/layers positioned on top of
another in a disorderly fashion [29].
3.1.2. Speciﬁc surface area
In order to determine the speciﬁc surface area of the investigated materials, N2 adsorption/desorption isotherms were
obtained, as depicted in Fig. 2c. An increase of speciﬁc surface area
by 2.6 times was observed upon electrochemical exfoliation process, where the eGNP was determined to possess a speciﬁc surface
area, Asp, of 12 m2 g 1. This low value is similar to other results in
previous literature and it can be attributed to the stacked structure
of the material [30].
Owing to the presence of super-micropores (I0 = 1.92 nm) in the
material which can lead to unreliable results, the isotherms of the
commercial nanoplatelets before and after functionalization with
MnO2 were analyzed with the Dubinin–Radushkevich model and
Kaneko’s comparison plot to obtain an average value instead of
using the commonly applied BET model [31–33]. With that, a
speciﬁc surface area of 479 m2 g 1 was determined of GNP while
the speciﬁc surface area after the functionalization process was
found to be 39 m2 g 1; this reduction in Asp is due to the presence
of MnO2 particles, which increased the GNP density.
For referencing purposes, activated carbon was also subjected
to N2 adsorption and the corresponding isotherm is plotted in
Fig. 2c. The corresponding analysis by Dubinin–Radushkevich
equation and Kaneko’s comparison plot indicated a total surface
Asp, of 1000 m2 g 1. N2-adsorption measurements performed also
on the prepared electrodes conﬁrmed that the electrode fabrication
process did not adversely affect the active material’s properties as
the isotherms obtained for the ink coatings were similar to respective graphene nanoplatelets before being processed into
electrodes.
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3.2. Electrode performance
3.2.1. Cyclic voltammetry measurements
The electrochemical parameters of major importance for a
supercapacitor in terms of speciﬁc capacitance, Csp, equivalent series resistance, R, speciﬁc power, Psp, and the speciﬁc energy, Esp,
were evaluated by means of CV measurements at a scan rate of
25 mV s 1 and the CD obtained at 0.25 A g 1. The results are summarized in Table 1. It is observed that GNP resulted in larger Csp
than the commercial activated carbon electrode while the functionalization with MnO2 led to a decrease of it. In order to explain
the obtained results, CV data were analyzed as a function of the
scanning rate ranging 10–100 mV s 1. The CV curves corresponding to each type of coating material following a stabilization process of 60 charging/discharging cycles are depicted in Fig. 3. A
substantial capacitive behavior was observed for each material,
as an appreciable area formed between the charging and discharging curves of the CV scans. The largest charge storage capability
was observed from the electrode made with GNP, which is in
agreement with the Asp measurements. However, the shape of
the CV curves for GNP appears more elliptical with increasing scan
rates, indicating a slow charging/discharging rate at high scan rates
and it is attributed to the resistive contribution of the electrode
that limits the power a supercapacitor is capable to deliver.
In spite of the lower current densities, the CV response for eGNP
appears to be more rectangular than for GNP, independently of the
scan rate. The lower current densities indicate a lower charge storage capacity for eGNP that allows the electrode to reach its saturation current at the each respective voltage due to the small
change in equilibrium, and thus contributing to a more rectangular
CV shape. However, it can be seen that the response of the discharge cycle has a higher gradient than in the charging cycle indicating slow discharge rates and a higher resistance. The obtained
results are consistent with the low Asp exposed to the electrolyte
found from the nitrogen adsorption measurements.
In case of the electrode based on MnO2 functionalised GNP, the
gradient of the charging cycle is observed to increase with the scan
rate while no obvious oxidative peaks have been observed indicating the absence of the intended pseudocapacitive effects in this
aprotic electrolyte. The gentle gradient change detected between
1.2 and 2.2 V can be attributed to the interactions between the
MnO2 particles and the impurities in the electrolyte [34]. The steep
initial gradient followed by a much ﬂatter one during the discharging cycle indicated a low resistance in the release of stored charges.
By comparing the performance of the electrodes in Fig. 3a and b, it
is evident that MnO2 functionalised GNP resulted in a relatively
lower resistance, while the smaller CV area for the MnO2/GNP

Fig. 3. CV curves at various scan rates for the electrodes based on: (a) GNP, (b) MnO2/GNP and (c) eGNP.
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Fig. 4. Galvanostatic charge/discharge curves at 0.25 A g
area utilization ratio with the active material loading.

1

and evolution of surface

indicated a lower charge storage capability. This can be attributed
to a lower amount of graphene nanoplatelets in the electrode
based on the MnO2/GNP so that the intended pseudocapacitance
in the presence of MnO2 was not activated with the use of this
aprotic electrolyte.
3.2.2. Charge/discharge measurements
Constant current charge/discharge tests (CD) were performed to
further characterize the electrode performance and to determine
the R of each capacitive cell. It is known that in CD measurements,
the discharge slope indicates the rate at which equilibrium voltages are reached during the constant release of stored charges.
Thus, a low slope indicates higher amounts of stored charges and
higher capacitance. As depicted in Fig. 4, GNP-based electrode
exhibited the slowest rate in reaching the determined voltage
and the highest speciﬁc capacitance. In terms of resistance, GNP
showed the biggest voltage drop at the beginning of the discharge
cycle and the R value was observed to increase in the order MnO2/
GNP < eGNP < GNP, as shown in Table 1.
Since the electrochemical results showed lack of redox peaks in
the CV curves for GNP and eGNP and linearity of corresponding CD
curves, these results point out that the main contribution to the
capacitance measured for these graphene nanoplatelet-based electrodes arise from electrochemical double layer effect. In case of
MnO2/GNP, the broad but small oxidative features were only
observed in the CV curves but not the CD ones. However, the speciﬁc capacitance from both methods was similar (see Table 1), indicating electrochemical double layer effect as source for the
majority of its charge storage capability.
Although the capacitance values obtained in this work seem
lower than other data reported for similar graphene nanoplatelet-based electrodes [25,35], they could be attributed to different
properties resulted from fabrication procedures and investigation
parameters. For this reason, we further introduce the ratio Csp/Asp
representing the speciﬁc surface area utilization in order to assess
the electrode efﬁciency for charge storage application with regards
to the utilization of the available Asp.
3.2.3. Active surface area utilization
The active surface area utilization values were calculated by
dividing the speciﬁc capacitance determined from the CD curves
to the Asp value of the active material for each electrode and are
presented in Fig. 4 (right) with reference to the commercial activated carbon. Although a correlation between high speciﬁc surface
area and superior capacitance can be identiﬁed from the three GNP
based samples, the corresponding ratios are not linear. For
exempliﬁcation, GNP material had the highest Asp but exhibited
the lowest utility of the available active surface.

The presence of MnO2 particles in the MnO2/GNP based electrode was indicated to enhance the surface utilization efﬁciency
probably through the faradic reactions. More signiﬁcantly, the
MnO2/GNP coating contained lower carbonaceous loading than
GNP that could result in a better electronic network and allowed
a higher percentage of the active material to be exposed to the
electrolyte. Conversely, a higher carbonaceous material loading in
GNP-based electrode could lead to a poorer electronic network
and also higher amounts of unused surface, in agreement with
the higher R measured for GNP electrode.
In spite of the lowest Asp, the eGNP-based electrode exhibited
higher Csp/Asp ratio than GNP one which can be attributed to a larger pore size of the eGNP that increase the accessibility for the ions
in the electrolyte. However, considering the high intrinsic resistance of eGNP, inherent from the anodic exfoliation process, the
voltage drop across the electrode material could have lead to a
lower active surface utility compared to MnO2/GNP.
In what concerns the active surface area utilization for the commercial electrode, it should be noted that the higher carbonaceous
loading for this electrode can lead to a higher agglomeration of the
active material during the electrode preparation which in turn
minimizes the active surface exposed to the electrolyte. The lower
Csp/Asp observed for the activated carbon electrode points out that
properly sized pores accessible to the electrolyte are preferable for
better utility of the available active surface.
4. Conclusions
A systematic investigation for supercapacitor performance considering conventional electrode fabrication methods was focused
on three types of graphene nanoplatelets. The electrochemical
results showed that GNP-based electrode exhibited higher speciﬁc
capacitance than the activated carbon. On the other hand, in term
of utilization of active surface area, the Csp/Asp ratios showed that
the presence of MnO2 particles enhanced the efﬁciency in surface
utilization while the electrochemical exfoliation resulted in larger
pore size for the nanoplatelets that allowed increased accessibility
to the electrolyte ions. It is considered that the desired capacitance
of the electrode should be optimized ﬁrstly to promote more efﬁcient usage of the available surface of the active material and secondly to improve electrical percolations from the collector to the
electrode material, minimize the resistance, and increase the
device’s power density.
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Alejandra Garcı́a-Gómez,a Gelines Moreno-Fernández,a Belén Lobatob and
Teresa A. Centeno*b

DOI: 10.1039/c5cp01904d
www.rsc.org/pccp

The results obtained for binder-free electrodes made of carbon
monoliths with narrow micropore size distributions confirm that
the specific capacitance in the electrolyte (C2H5)4NBF4/acetonitrile
does not depend significantly on the micropore size and support
the foregoing constant result of 0.094  0.011 F m

2

.

The reliable assessment of surface areas in nanoporous carbons
is of great relevance to gain clear insights into their performance
in supercapacitors. It was shown recently that there are important
diﬀerences between the surface area estimated by the standard
BET model and practically all other methods.1 Basically, SBET
underestimates the real surface area of carbons with a high
proportion of micropores below 0.8 nm and gradually overestimates it in micropores above 1.1 nm. Only in the micropore
range of 0.8–1.1 nm, SBET coincides with the values from the
other determinations.1,2
In this context, it was illustrated that the anomalous increase3
in the surface-capacitance (C/S in F m 2) claimed for carbidederived carbons (CDCs) with pores smaller than 1 nm derives
from the unreliable assessment of their area by the classical BET
equation.2,4 The original sampling used by Chmiola et al.3 was
limited to 5 CDCs for the region below 1.1 nm and for wider
pores they considered data quoted in the literature. Stoeckli
et al.4 re-examined this issue by considering: (a) a larger variety
of carbons and (b) the reliable determination of the total surface
area available to the electrolyte ions by using simultaneously
several independent methods. Such extended study showed
that there is a linear correlation between the gravimetric
capacitance [in F g 1] and the surface involved in the electrochemical double-layer formation [in m2 g 1]. Therefore, the
contribution from the carbon surface to the capacitance in the
(C2H5)4NBF4/acetonitrile electrolyte (Et4NBF4/AN) is practically
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constant around 0.094  0.011 F m 2 in the range of 0.66
to 1.6 nm and shows a similar pattern even up to 15 nm.4
Additionally, following corrections for pseudocapacitance
eﬀects, it resulted that C/S is also independent of the micropore
width in the aqueous H2SO4 and KOH electrolytes.5
The reliability of the constant experimental values of C/S within
the experimental uncertainty was confirmed by further studies
from diﬀerent approaches by Stoeckli et al.2,6,7 Additionally,
evidences supporting the constant pattern were also provided
by other authors. The study of Feng et al.,8 based on the surface
area of carbons beads estimated by the Density Functional
Theory (DFT) and in disagreement with SBET, led to values in
Et4NBF4/PC of 0.087, 0.099 and 0.097 F m 2 at pore widths
below 1 nm, between 1 and 2 nm, and above 2 nm, respectively.
Relatively constant C/S in pores larger than 0.8 nm was also
obtained from modeling based on DFT and taking into account
the solvent.9,10
This paper presents a new and straightforward demonstration as a response to the criticisms addressed to the constant
capacitance, namely that11–14
 The presence of binder in the electrode could push the
increase in C/S further down.
 The pore size distribution of carbons may hide an underlying variation of the surface-capacitance with the pore size.
The fact that the results of C/SBET vs. micropore size obtained
by Chmiola et al. and Stoeckli et al. are very similar already
weakens these points but the controversy over this issue still
remains.
It has been shown that monolithic electrodes report direct
correlations between porous features of carbons and their
supercapacitor performance.15,16 The present study of binderfree electrodes made of carbon monoliths with a very narrow
micropore size distribution provides further experimental evidences
on the constant surface-capacitance in the organic electrolyte
Et4NBF4/AN.
Two carbon monoliths, here-after called M1 and M2, were
obtained as slices of multichannel carbon bars. They consist of
carbon walls and square channels both arranged along the
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Fig. 2 Micropore size distribution obtained by immersion calorimetry of
the carbon monoliths.

Fig. 1 N2 adsorption–desorption isotherms of the carbon monoliths
(inset, pictures of the carbon monoliths M1 and M2).

Immersion calorimetry of M1 into liquids with molecular
dimensions between 0.33 and 1.5 nm leads to the eﬀective
micropore size distribution (PSD),17 as opposed to the adsorption
which provides the absolute distribution by using the small N2
molecule as probe. Fig. 2 shows an extremely narrow PSD in M1,
with the majority of the pores in the range 0.63–0.76 nm, suiting
the size of the cation Et4N+.3 The good agreement observed
between the adsorption and immersion experiments indicates
the absence of ‘‘molecular sieves’’ effects or ‘‘bottle-neck’’ at the
entrance of the micropores.17
The DR analysis conducted on the isotherm of M2 reveals
comparable characteristics to those of M1 with a micropore
volume of 0.44 cm3 g 1, an average micropore size of 0.69 nm,
a microporous surface of 1275 m2 g 1, an external surface of
3 m2 g 1 and a total surface area of 1278 m2 g 1 (Table 1). In spite
of the similar average micropore width of M1 and M2, the latter
displays a more heterogeneous PSD with significant presence of
micropores in all ranges (Fig. 2).
It appears that the activation process does not modify the
porous structure above 2 nm but it increases the micropore
volume and the average micropore size is enlarged to 1.01 nm.

cylinder axis (Fig. 1, inset). A detailed description of the carbon
walls was reported elsewhere.16 Carbon monolith M1-A resulted
from the activation of M1 in flowing CO2.
As summarized in Table 1, the three monoliths achieve
similar gravimetric capacitance, being 91 and 93 F g 1 for M1
and M1-A and 86 F g 1 for M2.
The type-I isotherms obtained for the three carbon monoliths (Fig. 1) reveal that their porosity consists exclusively of
micropores (width o2 nm) with a negligible contribution of
meso-macropores (Fig. S1, ESI†).
The analysis of the isotherm of M1 by the Dubinin–Radushkevich
(DR) equation reports that it has a volume of micropores of
0.42 cm3 g 1 corresponding to pores with an average size (L0)
of 0.73 nm. These values lead to a microporous surface area of
1151 m2 g 1. Additionally, the comparison with the isotherm
obtained for the non-porous carbon Vulcan 3G confirmed that
the contribution of pores larger than 2 nm is not significant
and the external surface (non-microporous) is only 1 m2 g 1.
Therefore, the total area of M1 is the sum of both values,
SDR = 1152 m2 g 1 (Table 1).

Table 1

Porosity features and capacitance values of the carbon monoliths

Gravimetric
capacitance

Porosity characteristics

Surface-capacitance

Carbon
monolith

L0
(nm)

SDR
(m2 g 1)

Scomp
(m2 g 1)

Sphenol
(m2 g 1)

SBET
(m2 g 1)

Stotal
(m2 g 1)

S40.63
(m2 g 1)

C (F g )

C/SBET
(F m 2)

C/Stotal
(F m 2)

C/S40.63
(F m 2)

M1
M2
M1-A

0.73
0.69
1.01

1152
1278
1151

1107
1276
1114

1000
1286
1193

619
599
1154

1086
1280
1153

878
933
898

91
86
93

0.147
0.144
0.081

0.084
0.067
0.081

0.104
0.092
0.104
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The PSD obtained for M1-A confirms the enlargement of the
pores, the surface area being mostly in pores with sizes between
0.76 and 1.5 nm (Fig. 2). The SDR of the activated monolith
accounts for 1151 m2 g 1 (Table 1).
In order to get a more reliable determination of the specific
surface area of the carbon monoliths, the N2 isotherms were
also analyzed by other methods such as the comparison plot
(Scomp) and the BET equation (SBET). These data were further
cross-checked with the corresponding enthalpy of immersion
of the carbon monoliths into dilute aqueous solution of phenol
(Sphenol).1,2 Table 1 summarizes the specific surface areas derived
from the diﬀerent approaches.
The good agreement between SDR, Scomp, Sphenol and SBET for
M1-A (Table 1) confirms that the BET method provides reliable
results for materials with pores around 0.9–1.0 nm.1 On the
contrary, there is a noticeable difference (around 50%) between
the value obtained by the BET equation and the other determinations in the case of M1 and M2 (Table 1). As reported previously,1
SBET underestimates the total surface area of carbons with a high
proportion of pores below 0.8–0.9 nm, which is precisely the case
of M1 and M2. Based on the convergence of values, the total
surface area of the carbon monoliths was derived from the
average between the areas obtained from the three independent
methods Stotal = (SDR + Scomp + Sphenol)/3.
In a first step, Stotal appears to be more reliable than SBET,
with the corresponding consequences on surface-capacitance
C/S values summarized in Table 1. Thus, C/SBET and C/Stotal are
similar in M1-A but C/Stotal is clearly much lower than C/SBET in
the two monoliths with micropores below 1 nm.
Secondly, it must be emphasized that Stotal corresponds to
the area accessible to small molecules such as nitrogen and
phenol which probe the surface area of pores down to B0.4 nm.
In the case of the present carbons with a significant fraction of

Communication

their porosity below 0.7 nm (Fig. 1a), the surface area accessible
to the desolvated cation (the largest dimension being 0.68 nm3)
would be much reduced.4,18 The extent of the surface involved
in the energy storage is limited by that accessible to Et4N+ as the
anion BF4 has a smaller size.19
For the three monoliths, the combination of N2 adsorption
and the enthalpies of immersion into CH2Cl2, C6H6 and CCl4
allows estimating the surface area of the micropores in the
ranges 0.33–0.41 and 0.41–0.63 nm (So0.63).17,20 It follows that
the surface close to that accessible to Et4N+ corresponds to
S40.63 = Stotal So0.63. Table 1 shows that S40.63 for the present
monoliths is around 75% of their Stotal.
As implied by the data of Table 1, the determination of the
surface-capacitance leads to strongly diverging results, depending on the choice of the surface area. Fig. 3 clearly illustrates
the diﬀerence in the C/S vs. micropore size based on SBET or on
the surface accessible to the electrolyte. Fig. 3a shows the trend
for C/SBET and it includes data for the present monoliths, a
variety of 21 porous carbons tested by Stoeckli et al.4 ( ) and the
5 carbide-based carbons (m) which led to the hypothesis of an
anomalous increase in pores below 1 nm.3 It is observed that
carbon monoliths with pore widths around 0.7 nm achieve
outstanding capacitances of 0.147 and 0.144 F m 2, even
surpassing the highest value obtained for CDCs,3 whereas C/SBET
decreases to 0.081 F m 2 for the activated monolith with a porosity
around 1 nm. Fig. 3a illustrates that these data fit into the general
profile, an enhancement below 1 nm and a drop above 1.3 nm,
reported earlier on the basis of the unreliable BET-surface area by
Chmiola et al.3 and Stoeckli et al.4
On the contrary, the values referred to the more reliable
S40.63 drop to 0.104 and 0.092 F m 2 for M1 and M2, respectively (Table 1) in accordance with 0.104 F m 2 for M1-A. As
shown in Fig. 3b, these refined data based on the real surface

Fig. 3 Variation of the surface-capacitances in the Et4BF4/AN electrolyte for the carbon monoliths, a variety of porous carbons ( )2 and carbide-based
carbons (m)4 with their average micropore size. Left: the use of SBET leads to an enhancement below 1 nm. Right: the use of the surface of pores above
0.63 nm (accessible to the larger ion) leads to a constant contribution.
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involved in the electrochemical double-layer formation follow
the regular pattern found by Stoeckli et al. with a contribution in
Et4NBF4/AN of (0.094  0.011) F m 2 between 0.7 and 15 nm.2
The present results obtained for binder-free electrodes made of
carbon monoliths with narrow micropore size distributions provide a strong evidence that the specific capacitance C/S in F m 2
does not depend significantly on the micropore size and support
the foregoing constant result. The gravimetric capacitance of
carbons depends mainly on the surface available to the cation
of the organic electrolyte.
The need for a reliable characterization of carbons in SC is
often overlooked, but of fundamental importance to assess
competing claims.

Experimental
Carbon monoliths M1 and M2 were obtained from multichannel
carbon bars 650 CPI and 1200 CPI, respectively. They were
manufactured by MAST Carbon International Ltd from extrusion
of a phenolic resin and subsequent carbonization and activation
and display 650 and 1200 channels per square inch, respectively.
Carbon monolith M1-A was obtained by heating M1 in flowing
CO2 at 800 1C for 6 hours, up to a weight loss of 7%.
The porosity of the carbon monoliths was characterized by N2
adsorption at 77 K (Micromeritics ASAP 2010) and by immersion
calorimetry at 293 K. The N2 isotherm was analyzed by the
Dubinin’s theory, the Kaneko’s comparison plot and the BET
equation. The total surface area was also determined from the
enthalpy of immersion of the carbon monoliths into 0.4 M
aqueous solution of phenol (Sphenol).2,17
The assessment of the micropore accessibility was obtained
from the enthalpies of immersion into liquids having diﬀerent
critical molecular sizes such as dichloromethane (0.33 nm),
benzene (0.41 nm), carbon tetrachloride (0.63 nm), cyclododeca1,5,9-triene (0.76 nm), and tri-2,4-xylylphosphate (1.50 nm).17
The electrochemical study was carried out in two-electrode
Swagelokt-type cells at room temperature. The carbon monoliths acting as electrodes were separated by a glassy fibrous
paper (Whatman 934 AH) and immersed in 1 M solution of
(C2H5)4NBF4 in acetonitrile. Two tantalum rods were used as
current collectors. The gravimetric capacitance was determined
from galvanostatic measurements between 0 and 2 V (Autolab
potentiostat/galvanostat-302 N) at a current density of 1 mA cm 2,
i.e. in nearly steady state to prevent any kinetic eﬀect on the
capacitance measurement.
The specific capacitance was determined from the discharge
run by using C = 2Itd/Em, where I is the current applied,

15690 | Phys. Chem. Chem. Phys., 2015, 17, 15687--15690
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td is the time spent along the discharge, and m is the mass of
one electrode.
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positive eﬀect on the EDLC energy storage, but its high viscosity limits the power density. The mixture
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thus notably enhances EDLC operation.

in the specific capacitance of the investigated materials. The use of PYR14TFSI as an electrolyte has a
50 : 50 wt% propylene carbonate–PYR14TFSI provides high operative voltage as well as low viscosity and

1. Introduction
Electrochemical double layer capacitors (EDLCs), also named
supercapacitors, are currently considered to be some of the
most promising electrochemical storage devices.1,2 In EDLCs
the charge is stored at the interface between the electrode,
typically including activated carbon (AC) as active material, and
the electrolyte, which usually contains quaternary ammonium
salts dissolved in propylene carbonate (PC) or acetonitrile
(ACN).3,4 Currently available EDLCs can be charged and discharged within seconds, display high power (up to 10 kW kg1)
and extremely high cycle life (>500 000).5 The energy storage
capability of these systems, in the order of 5 Wh kg1, meets the
needs of present applications.6 Nevertheless, it is not suﬃcient
for new uses proposed for EDLCs. Consequently, in the last few
years tremendous eﬀorts have been made in order to increase
the energy of these devices.
The energy (E) of an EDLC is described by the equation
E = 1/2CV2, where C and V are the capacitance and operation
voltage, respectively. Taking this equation into account, it is
evident that the increase in V represents the most convenient
strategy to increase the energy of these devices. Several studies
have shown that operative voltages above 3 V prevent high cycle
life when standard electrolytes containing propylene carbonate or
a
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acetonitrile are used in combination with AC-based electrodes.7,8
In this context, new types of electrolytes have been proposed for
high voltage EDLCs in the last few years.
Ionic liquids (ILs) are presently considered to be the most
attractive alternative electrolytes, as recent studies have shown
that their use enables the realization of safe EDLCs with
operative voltages as high as 3.5 V.9 IL-based electrolytes can
be divided into two main categories: (i) the so-called solventfree electrolytes made of solely ILs9–11 and (ii) solvent-containing
electrolytes in which ILs are dissolved in organic solvents, e.g. PC
or ACN and act as conducting salts.12,13 Both types have different
physico-chemical properties which result in advantages and
disadvantages for their application as electrolytes. Solventcontaining ILs typically display higher conductivity than the
solvent-free ones. On the other hand, due to the lack of any
flammable solvent, the latter are a safer choice than the former.14
Additionally, both categories often display higher viscosity and
different dielectric constants compared to conventional organic
electrolytes.
As the energy storage in EDLCs is based on electrostatic
interactions at the electrode–electrolyte interface, the characteristics of both components strongly affect this interface.15,16
The current ACs for supercapacitors present a porosity tailored
for utilization primarily either in aqueous or organic solvents
but their capacitance in IL might be significantly reduced due
to the larger size of ions.17
This paper examines the performance of five commercial
activated carbons with average micropore widths between 1.04
and 1.45 nm, using a solvent-free IL (N-butyl-N-methyl-pyrrolidinium bis(trifluoromethanesulfonyl)imide, PYR14TFSI) and a
solvent containing IL (PC-PYR14TFSI (50 : 50 wt%)) as electrolytes.
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For convenience, this mixture will be referred to as PC-PYR14TFSI.
In order to better understand the eﬀect of the electrolytes’
properties on the performance of EDLCs, conventional 1 M
(C2H5)4NBF4 in PC (1 M Et4NBF4 in PC) has also been included
for comparison.
This study illustrates the importance of a reliable structural
characterization of porous carbons used as active electrode
materials in EDLCs and, in particular, the determination of
the surface area available to the electrolytes. Moreover, it also
shows that the selection of the electrolyte is a key factor in the
optimization of the electrochemical performance of the carbon
electrode. The application of the ionic liquid PYR14TFSI as an
electrolyte has a positive eﬀect on the EDLCs energy storage due
to its high maximum operative voltage of 3.7 V. This enhancement is countered by the high viscosity of pure PYR14TFSI,
resulting in a limited power density. The use of the mixture
50 : 50 wt% propylene carbonate–PYR14TFSI notably enhances
the EDLC operation due to its maximum operative voltage of
3.5 V and nevertheless a low viscosity compared to PYR14TFSI.

2. Experimental section
2.1.

Ionic liquids

The ionic liquid N-butyl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (PYR14TFSI) was synthesized according
to the procedure reported in ref. 18. Propylene carbonate, PC,
was used as received (UBE, Japan). The conducting salts tetraethylammonium tetrafluoroborate (Et4NBF4) and PYR14TFSI
were dried under vacuum and stored in a drybox. Using these
salts and solvents, two electrolytes were prepared: 1 M Et4NBF4
in propylene carbonate and a mixture 50 : 50 wt% of propylene
carbonate and PYR14TFSI (PC-PYR14TFSI). All electrolytes displayed water contents lower than 30 ppm, as measured using
the Karl Fischer technique.
Table 1 summarizes the viscosity and the conductivity of the
electrolytes at 25 1C (ref. 19) as well as the size of the corresponding ions.10,20
2.2.

Carbons

Five commercial activated carbons, M30 (Osaka Gas Co.), SC10
(Arkema-Ceca), CWH30 (Gryfskand) and E-Supra and DLC
Super 30 (Norit), were used as active materials in the composite
electrodes. Their porous characteristics were determined using
complementary techniques such as N2 adsorption at 195 1C
(Micromeritics ASAP 2010) and immersion calorimetry (Clavettype calorimeter) at 20 1C.15,16 The characterization of the
carbons was based on the analysis of the adsorption isotherm by
the Dubinin–Radushkevich equation, the comparison-plot method,

Table 1

Characteristics of the electrolytes

Electrolyte

Viscosity
(mPa s)

Conductivity
(mS cm1)

1 M Et4NBF4 in PC
PC-PYR14TFSI
PYR14TFSI

2.6
5.6
62

13.0
10.3
2.6
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the NLDFT approach and the BET equation as well as by immersion calorimetry into 0.4 M solution of phenol in water.15,21 The
micropore accessibility, on the other hand, was assessed by the
enthalpies of immersion (DiH) into liquids having different critical
molecular sizes ranging from 0.33 nm to 1.50 nm.15,16 The total
oxygen content of the carbon surface [O] was estimated from the
enthalpy of immersion of carbon into benzene (DiH[C6H6]) and
into water (DiH[H2O]).22
Scanning electron microscopy (SEM) micrographs were taken
by using an accelerating voltage of 3 kV, a working distance of
3.5 mm and a magnification ranging from 5000 to 50 000
(Auriga scanning electron microscope (Carl Zeiss)).
2.3.

Electrochemical tests

The electrodes used for the electrochemical tests were composed of 85 wt% active material (AC), 10 wt% conductive agent
(Super C65, Timcal) and 5 wt% binder (sodium carboxymethylcellulose, Walocel CMC 2000, Dow Chemicals).19 An aluminum
current collector was used in all tests. The average active material
mass loading was about 2.5 mg and the electrode area was
1.13 cm2. As separator, a Whatman GF/D glass microfiber filter
(thickness: 675 mm) with a diameter of 13 mm was used in all
experiments. The separator was drenched with 100 mL of the
considered electrolyte.
All electrochemical tests were carried out at 20 1C with
Swageloks-type cells using a VMP multichannel potentiostatic–
galvanostatic system (Biologic Science Instruments, France)
connected to a climatic chamber. The capacitance of the AC
electrode was determined using a three-electrode configuration
cell. In this configuration the AC-based working electrode was
used against a counter electrode (AC-based) with an active mass
loading at least 15 times higher than that of the working
electrode. An Ag wire quasi-reference electrode was used as a
reference electrode. EDLCs were assembled using two identical
electrodes. Cyclic voltammetry was carried out at scan rates
between 5 and 200 mV s1. Galvanostatic charge–discharge tests
were performed applying current densities ranging from 5 to
50 mA cm2. All electrochemical measurements were carried out
at 20 1C. The electrochemical tests allowed estimating the values
of capacitance referred to the active material in the electrode
(Cam), equivalent series resistance (ESR), coulombic efficiency
(Z), average power (Paverage) and energy (Eaverage).10 The equations
used to calculate Paverage, Eaverage and Cam are shown below.
Paverage ðW kg1 Þ ¼

Eaverage ðWh kg1 Þ ¼ i 

Cam ¼
Ion size (nm)
Anion

Cation

0.46 20
0.7 10
0.7 10

0.69 20
1.1 10
1.1 10

Phys. Chem. Chem. Phys., 2013, 15, 17287--17294

Eaverage  3:6
td
ð

E
dtd
mam  3:6

i
dE=dt  mam

where i is the current in ampere (A), E is the cell voltage in volt
(V), td is the discharge time in seconds (s), mam is the active
material’s weight of both electrodes in gram (g) and dE/dt is the
slope of the discharge curve in millivolts per second (mV s1).
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3. Results and discussion
The viscosity and the conductivity of the three investigated
electrolytes are compared in Table 1. PYR14TFSI presents the
highest viscosity and the lowest ionic conductivity, whereas
the solvent-containing mixture PC-PYR14TFSI and the standard
electrolyte 1 M Et4NBF4 in PC display rather similar values.
Regarding the ion size, the cation and the anion of the conventional electrolyte are much smaller (35% and 30% for the cation
and the anion, respectively) than those of the two PYR14TFSIcontaining electrolytes.
SEM images (Fig. 1) show that the carbon M30, produced
from mesophase microbeads, is composed of spheres of around
50 mm in diameter. The other ACs derive from lignocellulosic
precursors and display a large variety of irregular particles.
An overview of the main porous properties of the activated
carbons is provided by the results of the adsorption and immersion experiments summarised in Table 2 (see also Table S1, ESI†).

Fig. 1

The analysis of the N2 adsorption isotherm by the Dubinin–
Radushkevich equation shows that the porosity of the carbons
consists mainly of micropores (width o2 nm) with a limited
proportion of larger pores. The average micropore size Lo
ranges from 1.04 to 1.45 nm and the microporous surface area
Smi is between 655 and 1090 m2 g1. The comparison plot
based on the reference N2 adsorption for a non-porous carbon
leads to external (non-microporous) surfaces Se that account for
less than 40 m2 g1.
The specific surface area of carbons evaluated by Kaneko’s
comparison method (Scomp), the NLDFT approach (SDFT) and by
immersion calorimetry into 0.4 M aqueous solution of phenol
(Sphenol) are in good agreement with the predictions of the D–R
equation SDR = Smi + Se (Table S1, ESI†). On the other hand, the
area estimated by BET equation, SBET, strongly diverges from
the other determinations. As already reported,22 SBET is representative only for carbons with pore widths around 0.9 nm and
overrates the surface area of the materials with a high contribution of micropores above 1 nm. Therefore, a reliable assessment of the total surface areas has been obtained by using the
average value TSA = (SDR + Scomp + SDFT + Sphenol)/4, rather than
to rely on a single determination.
As reported in Table 2, the total surface area is around
700 m2 g1 for CWH-30 and E-Supra, whereas Super-30 and
SC-10 achieve, approximately, 1000 m2 g1. In the case of the
superactivated carbon M30, the specific surface area is increased
up to 1167 m2 g1. The data also report that the TSA of the
carbons with average pore sizes of 1.04 nm (CWH-30) and
1.13 nm (E-Supra) are no longer perceptible for the electrolytes
and the surface area accessible to the ions is notably smaller
than the total surface area measured by N2 molecule adsorption
methods.
The profiles derived from immersion calorimetry with molecules of diﬀerent sizes reveal significant diﬀerences in the
accessibility of the microporous system of the five activated
carbons. Fig. 2 shows the volumes Wo(Lc) accessible to the
molecules of critical dimension Lc, as calculated from the

SEM pictures of the activated carbons.

Table 2

Characteristics of the investigated carbon materials

Determined from N2 adsorption
Carbon

[O]
Smi
Se
TSA
SBET
Wo Lo
(mmol m2) (nm) (nm) (m2 g1) (m2 g1) (m2 g1) (m2 g1)

CWH-30
E-Supra
Super-30
SC-10
M30

0.80
0.66
0.56
0.43
1.11

This journal is

0.38
0.37
0.60
0.65
0.79

c

1.04 731
1.13 655
1.24 968
1.31 992
1.45 1090
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23
36
9
21
10

724
685
971
1020
1167

940
845
1618
1728
2398

Fig. 2 Micropore volume of activated carbons accessible to liquids with diﬀerent
molecular sizes.
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enthalpy of immersion DiH(Lc). The carbons CWH-30 and
E-Supra present a significantly reduced accessibility. It appears
that CCl4 (0.63 nm) is excluded from around 22% of the total
micropore volume and only 60% is accessible to the largest
molecule, TXP (1.5 nm). This eﬀect is less relevant in Super-30
with an average micropore size of 1.24 nm, 91% and 78% of the
total microporosity being accessible to CCl4 and TXP, respectively. On the other hand, SC-10 and M-30 correspond to highly
activated carbons with an open porosity in the supermicropores
range and their system is equally accessible to molecules of
diﬀerent sizes. In view of their average micropore size (1.31 and
1.45 nm, respectively), the free access of TXP may result
surprising, but it just indicates that the structure of these
samples is not rigid and that very large molecules may induce
deformations in the micropores system. This is not unusual for
carbons with high degrees of burn-oﬀ and, therefore, thin pore
walls.23
Fig. 3 compares the gravimetric capacitance (a) and the
normalized capacitance to the total surface area TSA (b) of the
investigated ACs as obtained by 3-electrode setup CVs carried out
at 5 mV s1 in the investigated electrolytes. According to previous
studies, Et4NBF4 in PC was used applying an overall potential
of 2.7 V4 while for PC-PYR14TFSI and PYR14TFSI the potential
was 3.5 V.12
In the first approximation, it appears that the gravimetric
capacitance of the diﬀerent materials correlates, in all electrolytes, with the total surface area. A diﬀerence between the lowand high-surface carbons is clearly visible (Fig. 3a). M30 displays
the highest values for surface area and gravimetric capacitance
and a slightly distorted CV profile. This distortion could be
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Fig. 3 Cyclic voltammograms derived from 3-electrode setup CV-experiments at
a scan rate of 5 mV s1. (a) Specific capacitance per weight of active material,
(b) normalized capacitance to the total surface area TSA of carbons.
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caused by the presence of faradic reactions due to the higher
content of oxygenated surface groups of this carbon compared to
the others. On the other hand, the carbons with low specific
surface areas (CWH30 and E-Supra) reach visibly lower gravimetric capacitances. The CV shape for CWH-30 and E-Supra in
1 M Et4NBF4 in PC reflects the eﬀect of molecular sieving due to
the limited accessibility of Et4N+ cations (0.68 nm) as suggested
by the restricted access of CCl4 (0.63 nm) to the overall microporosity of these carbons (Fig. 2). The lack of symmetry cannot
be observed in PYR14TFSI based electrolytes due to the size of
both the PYR14+ cation and the TFSI anion. Their access to the
microporous structure of CWH-30 and E-Supra is limited, thus
confining the normalized capacitance on both sides of the
cyclic voltammogram.
It has been widely reported that the capacitance of carbons
in diﬀerent electrolytes depends on a variety of factors but,
among them, the ratio between the pore width and the ion size
resulted to be a key parameter.1,7,24 Further insights are provided by the normalized capacitance per unit of total surface
area (Fig. 3b). When compared to the values observed for the
gravimetric capacitance, the diﬀerence between the high and
the low surface area ACs appears less significant. For carbons
SC-10 and M30, without pores below 0.7 nm and in the absence
of constrictions at the entrance of larger pores, the total surface
area TSA also represents the area accessible to the ions. On the
other hand, although the average width of the micropores
in CWH-30 and E-Supra, 1.04 and 1.13 nm, respectively, is
compatible with the size of the ions, their access is hindered by
the existence of a distribution of micropore sizes and gate
eﬀects, as indicated by the immersion calorimetry experiments
(Fig. 2).
The comparison of the normalized capacitance in PC-PYR14TFSI
and pure PYR14TFSI definitely shows the influence of the
characteristics of the electrolyte itself rather than the eﬀect of
ion dimensions (the ions size is the same for both electrolytes).
The lower capacitance of all carbons in PYR14TFSI can be attributed to the high viscosity of pure IL in comparison with the
mixture PC-PYR14TFSI and the absence of solvent molecules.25
The study was extended to EDLC devices with two identical
electrodes. In agreement with the results obtained in a 3-electrode
configuration (Fig. 3a), the gravimetric capacitance displayed
by the EDLCs increases with the specific surface of the active
material. In PYR14TFSI the EDLCs capacitance was, in most of
the cases, about 10% lower than that observed in the mixture
PC-PYR14TFSI (Fig. 4a).
The eﬀect of pore size distributions of the carbons on the
EDLCs performance in diﬀerent electrolytes is clearly revealed
when the normalized capacitance per square meter of surface
area is considered. Fig. 4b illustrates the evolution of the
specific capacitance of EDLCs as a function of the total surface
area of carbons. The surface related-capacitance in 1 M Et4NBF4
in PC is very similar to M30, SC-10 and Super-30 (around
0.027 fm2) suggesting a total accessibility of the overall surface
area of these materials. In contrast, the reduction in the normalized
capacitance observed for CWH-30 and E-Supra indicates that the
surface area accessible to Et4N+ and, therefore, the eﬀective surface
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Table 3

Fig. 4 (a) Specific capacitance at 20 mV s1 as obtained from 2-electrode setup
CV experiments, (b) variation of the gravimetric capacitance with the total surface
area of carbons. The numbers indicate the value of normalized capacitance for
each carbon.

in the formation of the double layer is significantly lower than
the total TSA determined with small probe N2.
As PYR14TFSI possesses much larger ions than Et4NBF4
(Table 1), the eﬀect of pore size distribution of carbons on
the EDLCs capacitance is more significant in the IL-based
electrolytes. The fact that the normalized capacitance for SC-10
and M-30 (0.026–0.027 fm2) in PC-PYR14TFSI is very similar to
that obtained in 1 M Et4NBF4 in PC indicates no hindrance for
the larger ions of the ionic liquid. This is also supported by the
data shown in Fig. 2, as the entire surface of M-30 and SC-10 is
totally accessible to any size in the range of the investigated ions.
The slight deviation observed for Super-30 and the significant
drop for CWH30 and E-Supra in PYR14TFSI based-electrolytes
reflects the restricted accessibility associated with the corresponding PSDs. Fig. 2 reports a limited presence of pores below
1 nm for Super-30 but the contribution appears much more
relevant in the carbon materials CWH30 and E-Supra.
Finally, slightly lower normalized capacitance observed in
PYR14TFSI compared to PC-PYR14TFSI would correspond to the
eﬀect of the higher viscosity of the pure IL as well as the lack of
solvent.
In order to further investigate the EDLC systems, 2-electrode
setup CV experiments at 20 mV s1 were conducted. The
specific capacitance of these EDLCs is in agreement with the
results obtained from 3-electrode setup CVs displayed in Fig. 3.
From the data shown in Fig. 4a it is possible to estimate the
average capacitance contribution of the surface area for total
accessibility, resulting in 0.027 fm2 for 1 M Et4NBF4 in PC and
PC-PYR14TFSI and 0.024 fm2 in PYR14TFSI (Fig. 4b). In fact,
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Estimated eﬀective surfaces in the diﬀerent electrolytes

Carbon

S [1 M Et4NBF4 in PC]
(m2 g1)

S [PC-PYR14TFSI]
(m2 g1)

S [PYR14TFSI]
(m2 g1)

CWH-30
E-Supra
Super-30
SC-10
M30

485
467
889
970
1230

367
419
856
1019
1133

321
417
804
1004
1142

these values quantify the interaction of each electrolyte with the
carbon surface and can be used to calculate, as a first approximation, the surface area accessible to them. Thus, back calculations based on C (fg1)/Cs (fm2) lead to the eﬀective surface of
the investigated carbons in the diﬀerent electrolytes (Table 3).
The data displayed in Table 3 illustrate that the TSA of the
carbons with average pore sizes of 1.04 nm (CWH-30) and
1.13 nm (E-Supra) is no longer perceptible for the electrolytes
and the surface area accessible to the ions is notably smaller
than the total surface area measured using N2 molecule adsorption methods. This suggests that the average micropore pore
size may not be a reliable characteristic in order to assess the
potential use of a carbon with a specific electrolyte.
As shown in Fig. 5a, the normalized capacitance per surface
area changes from carbon to carbon, where larger micropore
accessibility leads to higher capacitance values per overall surface
area. When compared to the values observed for the gravimetric
capacitance, the diﬀerence between the high and low surface area
ACs appears less important. As shown in Fig. 5b, at low scan rates
the normalized capacitance displayed by M30 and SC-10 is

Fig. 5 (a) Cyclic voltammograms of evaluated carbons in three diﬀerent electrolytes
at 20 mV s1, using normalized capacitance (fm2); (b) normalized capacitance of
evaluated carbons at diﬀerent scan rates, as obtained from the respective cyclic
voltammograms. Values of normalized capacitance are per m2 of overall surface area.

Phys. Chem. Chem. Phys., 2013, 15, 17287--17294

17291

169

6.3. PUBLICATION A.III
View Article Online

Open Access Article. Published on 21 August 2013. Downloaded on 19/03/2017 21:02:36.
This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

Paper

PCCP

the highest among the investigated ACs. It is interesting to
note that while in 1 M Et4NBF4 in PC the capacitance of M30
(0.03 fm2) is slightly higher than that of SC-10 (0.026 fm2),
in both IL-based electrolytes the capacitance of these ACs is
almost identical. With the exception of M-30, the change from
5 to 200 mV s1 reduces the normalized capacitance approximately 20% in Et4NBF4/PC and 27% in PC-PYR14TFSI. In spite
of M-30 having the most accessible porous structure, it shows
significantly lower capacitance retention and only 54–50% of
the value at 5 mV s1 retained at 200 mV s1.
These results clearly indicate that the rate capability cannot
be solely explained by taking into account average pore sizes or
pore size distributions. Several parameters have an influence on
these characteristics, such as the intrinsic electronic conductivity
of the carbon and the density of oxygen-surface groups.17,26 It
should be pointed out that, among the present carbons, the
mesophase-derived carbon M30 displays the highest density of
oxygen surface functionalities of 1.1 mmol m2 (Table 2).
On the other hand, the capacitance retention in the highly
viscous PYR14TFSI is not as high as in the other two electrolytes.
Moreover, it appears to be greatly dependent on the extension
of the surface area of carbons accessible to the IL rather than
on the pore width. The electrical conductivity of the electrode
(which has not been taken into account in this investigation)
might play a role in the electrode performance.
The electrochemical characterization of the EDLCs was completed by galvanostatic charge–discharge experiments at current
densities ranging from 5 to 50 mA cm2. The charge–discharge
profiles (4500th cycle) at 10 mA cm2 illustrated in Fig. 6a show

the typical triangular shape and no faradaic reactions are observed.
The ohmic drop is strongly affected by the conductivity and
viscosity of the corresponding electrolytes and the values follow
the pattern Et4NBF4 in PC o PC-PYR14TFSI { PYR14TFSI. Among
the present carbons, M30 shows the largest ohmic drop, also
reflected in its rate behaviour (Fig. 6b). Although SC10 has a
performance similar to Super 30 in 1 M Et4NBF4 in PC, it
exhibits lower power capabilities in PYR14TFSI-based electrolytes,
indicating that the influence of micropore structure and TSA is
greatly dependent on the chosen electrolyte.

Fig. 6 (a) Charge–discharge profiles of evaluated carbons in the three electrolytes
at 10 mA cm2. Due to different weights of active material per EDLC, the discharge
time has been referred to the active materials mass in the EDLC; (b) specific
capacitance over cycling at different scan rates ranging from 5 to 50 mA cm2.

Fig. 7 Ragone plot for the diﬀerent carbons in the three electrolytes. The values for
power/energy were determined at current densities ranging from 5–50 mA cm2.
For neat PYR14TFSI, the current densities ranged up to only 20 mA cm2 due to the
high viscosity of the electrolyte.
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Fig. 6b reveals that the electrolyte determines the capacitance retention of each carbon and whereas the EDLCs containing Et4NBF4 in PC and PC-PYR14TFSI display good capacitance
retention up to 50 mA cm2, performance of the device with
PYR14TFSI is limited to 20 mA cm2. This limited performance
at 20 1C has been already reported in literature.10
As not only energy, but also power are important characteristics of an EDLC, using the results of the above mentioned
tests, the average energy and power of all investigated systems
are illustrated by the Ragone-like plot of Fig. 7. It is observed
that the use of ILs has a positive eﬀect on the energy storage of
EDLCs, but the high viscosity of the solvent-free electrolyte
PYR14TFSI leads to a limited power density. As shown, the
use of PC-PYR14TFSI consents to improve the performance of
IL-based EDLCs significantly, allowing the realization of devices
with a good compromise between high energy and acceptable
power compared to 1 M Et4NBF4 in PC when used at currents
below 50 mA cm2.
Fig. 7 clearly illustrates that the selection of the carbon is
extremely important for the optimization of these devices. A
carbon with relative high surface area of around 900 m2 g1, an
average pore size in the order of 1.2–1.3 nm and limited gate
effects such as Super 30, appears to take full advantage of the
electrolyte PC-PYR14TFSI.

4. Conclusions
This study illustrates the importance of a reliable textural
characterization of activated carbons used for ionic liquid-based
EDLCs. The analysis of 5 activated carbons with micropore
widths between 1.04 and 1.45 nm shows that the total surface
determined by standard small molecules such as N2 might be
misleading as it may be no longer available for the electrolyte
ions. The average micropore pore size may be unreliable to
assess the suitability of a carbon for a specific electrolyte. The
existence of a distribution of pore sizes and/or constrictions at
the entrance of the pores may hinder the access of the electrolyte
to the overall porosity. It has been observed that the total surface
area of some carbons with average micropore sizes above 1 nm is
not accessible to PYR14TFSI. The diﬀerent accessibility has been
identified as the main reason for the diﬀerence in the specific
capacitance of the investigated materials. However, the eﬀect of
other factors, such as surface chemistry, electric conductivity,
etc. should not be neglected.
The results of this work show that the ionic liquid PYR14TFSI
has a positive eﬀect on the EDLCs energy storage when used as
an electrolyte, due to its high maximum operative voltage of
3.5 V. Nevertheless, the high viscosity of PYR14TFSI leads to a
limited power density. The use of the mixture PC-PYR14TFSI
notably enhances the EDLC operation due to its viscosity
comparable to conventional organic electrolytes and thus a
comparable power density. A carbon with a relatively high
surface area of around 900 m2 g1, an average pore size in
the order of 1.2–1.3 nm and no gate effects such as Super 30,
appears necessary to take full advantage of the electrolyte
PC-PYR14TFSI.
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Considering these results, the selection of the electrolyte
appears to be a key factor for optimizing the electrochemical
performance of the carbon electrode. Two properties result
of extremely importance: the electrochemical stability of the
ions (necessary to guarantee high operative voltage) and the
concentration of the salt or ionic liquids into the electrolyte
(which has to be as high as possible in order to guarantee high
energy density). The use of an electrolyte able to satisfy both
requirements, like PC-PYR14TFSI, results very promising for the
improvement of the energy and power density of EDLCs.
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A. Wokaun, Electrochim. Acta, 2010, 55, 4412–4420.
6 P. Sharma and T. S. Bhatti, Energy Convers. Manage., 2010,
51, 2901–2912.
7 T. A. Centeno, O. Sereda and F. Stoeckli, Phys. Chem. Chem.
Phys., 2011, 13, 12403–12406.
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Supplementary Information
The influence of pore size and surface area of activated carbons on the
performance of ionic liquids based supercapacitors
Sebastian Pohlmann a, Belén Lobato b, Teresa A. Centeno *b, Andrea Balducci *a
E-mail: andrea.balducci@uni-muenster.de
The structural characterizations were performed by N2 adsorption at 77 K (Micromeritics ASAP 2010). The
standard software package provided the surface areas SNLDFT and SBET. The isotherm data was also analyzed by
applying Kaneko’s comparison plot technique and Dubinin’s theory. The total surface area was also determined by
immersion calorimetry into 0.4 M solutions of phenol in water, using the factor of -0.105 J m

-2 1,2

The total oxygen content of the carbon surface [O] has been estimated from the enthalpy of immersion of carbon into
benzene (-iH[C6H6]) and into water (-iH[H2O]).

4

Table S1. Characteristics of the activated carbons obtained by different techniques.

Carbon

[O]
-1
(mmol g )

[O]
-2
(µmol m )

Lo
(nm)

Smi
2

Se
-1

(m g )

2 -1

(m g )

Specific surface area estimated by different methods
SDR
2 -1

Scomp
2 -1

SDFT
2 -1

(m g )

(m g )

(m g )

Sphenol
2 -1

SBET
2 -1

(m g ) (m g )

TSA
2 -1

(m g )

CWH-30

0.58

0.80

1.04

731

23

754

722

720

701

940

724

E Supra

0.45

0.66

1.13

655

36

691

692

628

728

845

685

Super 30

0.54

0.56

1.24

968

9

977

965

1021

921

1618

971

SC-10

0.44

0.43

1.31

992

21

1013

990

1050

1025

1728

1020

M30

1.29

1.11

1.45

1090

10

1100

1153

1257

1159

2398

1167
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