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ABSTRACT: High-surface area activated graphene has a three-
dimensional porous structure that makes it difficult to prepare
dispersions. Here we report a general approach that allows the
preparatioon of stable water-based dispersions/inks at concen-
trations of ≲20 mg/mL based on activated graphene using
environmentally friendly formulations. Simple drying of the
dispersion on the substrate allows the preparation of electrodes
that maintain the high specific surface area of the precursor
material (∼1700 m2/g). The electrodes are flexible because of the
structure that consists of micrometer-sized activated graphene
grains interconnected by carbon nanotubes (CNTs). The
electrodes prepared using activated graphene demonstrate
performance superior to that of reduced graphene oxide in supercapacitors with KOH and TEA BF4/acetonitrile electrolytes
providing specific capacitance values of 180 and 137 F/g, respectively, at a specific current of 1 A/g. The high surface area of
activated graphene in combination with the good conductivity of CNTs allows an energy density of 35.6 Wh/kg and a power density
of 42.2 kW/kg to be achieved. The activated graphene dispersions were prepared in liter amounts and are compatible with most
industrial deposition methods.

Supercapacitors are a very promising solution for energy
storage.1 The key advantages of supercapacitors compared

to batteries are the superior power density and more stable
performance with a significantly higher number of charge−
discharge cycles.2 Commercial supercapacitors are typically
produced using porous carbon materials, e.g., activated
carbons. Many other kinds of nanostructured carbon materials
and composites have been tested on the laboratory scale,
aiming to improve the energy density of supercapacitors,3,4

which remains lower than those of batteries.
Graphene is a promising material for the preparation of

supercapacitor electrodes5 because of the combination of a
high theoretical specific surface area (SSA ∼ 2630 m2/g) and
good conductivity.6 However, bulk graphene-related materials
(GRMs), e.g., most commonly reduced graphene oxide
(rGO), demonstrate much lower BET SSA values of 300−
800 m2/g.7,8 Moreover, the SSA values are most often
reported only for precursor materials rather than for ready-to-
use electrodes.
The precursor graphene needs to be assembled into a three-

dimensional (3D) structure to make supercapacitor electrodes,
which requires the use of different types of spacers to prevent
restacking into graphitic structure, binders, and other added
components. A significant drop in SSA occurs in most of the
procedures required for the preparation of electrodes,
depending on how individual graphene sheets are reas-

sembled.9,10 The assembly procedure is also decisive for the
formation of pores in the electrode structure.
In contrast, “activated graphene” (a-rGO) prepared using

KOH activation of rGO has a rigid 3D structure and well-
defined pore size. The unique combination of a high surface
area (∼3000 m2/g), easily accessible hierarchical porosity,
high conductivity, and mechanical stability makes activated
graphene a very attractive candidate for supercapacitor
applications.11−14 Gravimetric capacitance values in the
range of 90−170 F/g have been reported for supercapacitors
prepared using a-rGO,11−13 with a single report of even higher
values of ≤326 F/g.15 Attempts to improve the performance
of a-rGO electrodes have been reported by variation of
precursors, modification of structure, and pore size distribu-
tion of these materials.16−18 However, relatively complex
procedures have always been reported for preparation of a-
rGO electrodes.
Using aqueous a-rGO dispersions for the preparation of

high-surface area electrodes could provide significant advan-
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tages for possible applications. The dispersions based on some
GRM materials have been reported as a precursor for
electrode preparation using, e.g., spray deposition, ink jet
printing, or simple brush/blade deposition.19−22 However,
preparation of aqueous a-rGO dispersions is rather challenging
due to the rigid 3D porous structure of the material composed
by interconnected highly defected graphene sheets. These
sheets cannot be separated from each other without the loss of
the high surface area. Moreover, graphene23,24 and a-rGO are
strongly hydrophobic.25 The most common approach for
preparing stable dispersions of hydrophobic graphene relies on
liquid phase exfoliation in organic solvents, which are most
often rather toxic and undesirable for industrial applications
due to environmental concerns.26

An alternative approach based on an aqueous medium and
various additives would be preferable.26 However, this
approach has not yet been demonstrated for the preparation
of dispersions based on activated graphene.
Here, we report a simple approach that allows the

preparation of stable aqueous dispersions with a tunable
concentration using high-surface area activated graphene. The
dispersions consist solely of environmentally friendly and
nontoxic precursor materials available in bulk amounts and
allow precise control of the a-rGO concentration starting from
diluted to highly concentrated (>20 mg/mL). The dispersions
are compatible with most of the industrial electrode
deposition methods, e.g., spray, brush, or blade deposition.
Mechanically flexible electrodes prepared by simple drying of
the dispersion maintained a high SSA (>1700 m2/g) and
demonstrated high conductivity (>800 S/m) and excellent
performance in supercapacitors.
The main purpose of this study was to prepare high-surface

area graphene-based electrodes for supercapacitors starting
from aqueous and environmentally friendly dispersions. The
formulation of a graphene dispersion ideal for the preparation
of supercapacitors must combine the following properties. The
dispersion must be stable and sufficiently concentrated (a few
milligrams per milliliter). The concentration and viscosity
must be easily adjustable for the specific deposition method.
The dispersion must be compatible with standard industrial
deposition methods, provide good adhesion of the electrode
material to the substrate after solvent evaporation, ideally not
breaking even on flexible current collectors, maintain a high
surface area directly after deposition and simple evaporation
of the solvent, preferably without additional treatments, and
provide good conductivity and high density for the best
gravimetric and volumetric performance in supercapacitors.
Both rGO and a-rGO are strongly hydrophobic and do not

disperse in water without special additives. First, we tested
common industrially applied rheology modifiers, fumed silica,
and carboxymethylated cellulose, which indeed provide stable
aqueous gel-like dispersions when mixed with rGO. However,
the adhesion of films deposited using these dispersions on
steel was found to be rather poor. Therefore, adhesion-
promoting and binding components were added as part of the
formulation. The commonly used binders (fluorinated
polymer dispersions and styrene butadiene rubber) are
electrically insulating, which makes them less suitable for
supercapacitor devices. Therefore, we decided to use carbon
nanotubes (CNTs) as an alternative electrically conductive
binder.27,28 The CNTs are known to exhibit excellent
mechanical properties and conductivity but are also hydro-
phobic. The direct dispersion of strongly hydrophobic CNTs

in aqueous medium is not possible. However, recent studies
demonstrated that graphene oxide (GO) can be used as an
efficient dispersing agent for dispersing rGO and carbon
nanotubes in water.29,30 Stable dispersions were prepared
using GO-stabilized carbon nanotubes as a binder component,
rGO as a filler, and fumed silica as a rheology-modifying and
thickening additive. Moreover, a similar formulation was
found to be very efficient for the preparation of a-rGO and
porous carbon dispersions.
The dispersions are prepared in three simple steps. (1)

Carbon nanotubes are dispersed in water using a graphene
oxide additive using high-shear mixing by ball milling. (2)
Fumed silica is added to stabilize the dispersion and to tune
its rheological properties. (3) Reduced graphene oxide or
lightly milled a-rGO is added to the fluid mixture and milled
again.
The rGO dispersions were applied on a steel substrate and

air-dried, resulting in a homogeneous film with an SSA of 240
m2/g (see the nitrogen adsorption data in Figure S2c). The
decrease in SSA relative to that of precursor rGO [329 m2/g
(Figure S1b)] demonstrates that rGO sheets partly restack
during the preparation of the dispersion and drying. The effect
of CNTs [SSA of 1184 m2/g (Figure S2)] in preventing
restacking was not observed in our experiments, unlike some
previous reports on composite rGO−CNT materials.9,31

In contrast to rGO, “activated graphene” (a-rGO) is a
material with a rigid porous 3D structure. It cannot be
dispersed to “single sheets” and provides a very high surface
area [2580 m2/g for the sample used in our tests (Figure S2)]
because of the combination of a large pore volume and a small
pore size (see the Supporting Information for the character-
ization of precursor a-rGO).25 Therefore, the real challenge in
the preparation of aqueous dispersions is to make relatively
large (micrometer size) grains of a-rGO soluble without
breaking their porous structure. Here, we demonstrate that
stable aqueous dispersions can be produced using a-rGO filler
by using the same procedure that was used for rGO with an
only slight adjustment of the relative amount of components.
The design of dispersion composition and the functions of

each component are summarized in Figure 1. It provides a

rather general approach for the preparation of dispersions/
inks with a broad range of concentrations, density, viscosity,
adhesion, conductivity of dried electrodes, and film stability
under conditions of flexibility.
The dispersion is based on the balance of four components.

The major part is high-surface area graphene-related material
(filler). CNTs provide mechanical strength, electrical con-

Figure 1. Schematic representation of the aqueous rGO and a-rGO
dispersion design for supercapacitor electrodes. The functions of the
individual components are noted. The pie chart areas represent the
weight content of each component in the dispersion.
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ductivity, and connection between a material’s grains, while
graphene oxide and fumed silica help to stabilize hydrophobic
components in an aqueous dispersion. GO is easily adsorbed
on the surface of CNTs because of the coexistence of
randomly distributed hydrophilic and hydrophobic areas
within GO sheets.32,33 CNTs are essentially graphene rolled
into a tube. Therefore, a similar mechanism of GO interaction
is expected for CNTs, graphene, and a-rGO. The π-stacking
interaction of hydrophobic parts of GO sheets with an
activated graphene surface on one side and strong interaction
of hydrophilic parts of GO with water on the other side help
to make a-rGO particles stable in dispersions. GO is also quite
flexible and capable of wrapping grains of an irregular shape.
We believe that the ability of GO to wrap and/or envelop
both hydrophobic (a-rGO and CNTs) and hydrophilic
particles (SiO2) helps to improve the stability of dispersions.
It is clear that the dispersion properties can be tuned in a
rather broad range, providing dispersions for many applica-
tions. Using fumed silica and graphene oxide is crucial for the
preparation of stable dispersions, but both of these
components are not conductive. However, it is well-known
that electrically insulating GO can easily be converted into
more conductive rGO using a relatively mild heat treat-
ment.34,35

The formulations described below were mostly sought for
the preparation of supercapacitor electrodes and simple
brush/blade deposition. The components shown in Figure 1
were mixed in different proportions and tested for adhesion,
conductivity, and surface area. In particular, good results were
obtained using a component weight ratio of 10:1:1:1 (a-
rGO:GO:SiO2:CNT).
Both rGO and a-rGO demonstrated the good stability of

the fluid dispersion. No visible precipitation was observed
even after shelf storage for several days (see Figure 2d and the
Supporting Information).
The aqueous dispersions (Figure 2a) were deposited onto a

flexible stainless steel substrate and vacuum-dried, producing
electrodes with typical thicknesses of ∼100−500 μm (Figure

3c). The electrodes show good adhesion to the substrate and
do not split even after severe bending of steel foil (Figure 2c).

Scanning electron microscopy examination of the high-surface
area coating revealed the presence of micrometer-scale
particles of activated graphene connected by carbon nano-
tubes (Figure 3).
A sample of the electrode was peeled off from the steel

substrate and used for nitrogen sorption tests. The a-rGO-
based electrode deposited using an aqueous dispersion
exhibited a high BET surface area of ∼1720 m2/g and a
cumulative SSA by QSDFT of ∼1050 m2/g (Figure 4).

Remarkably, the coated dispersion showed a pore size
distribution very similar to that of precursor powder a-rGO
with a pore size of <4 nm and a relatively large pore volume
(∼1 cm3/g) (Figure 3).
One can conclude that the 3D structure a-rGO survives all

treatments involved in the preparation and deposition of the

Figure 2. (a) Image showing a dense a-rGO aqueous dispersion. (b)
The dispersion can be easily prepared in liter amounts. (c) The a-
rGO dispersion deposited and dried on a flexible stainless steel
substrate shows good adhesion even under bending conditions. (d)
Dispersions are stable after days of shelf storage showing no
significant precipitation.

Figure 3. SEM images of dried and annealed at 200 °C on an a-rGO
electrode: (a) cross section, (b) surface, (c) high-magnification image
of an a-rGO particle with a porous structure, and (d) micrometer-
sized a-rGO particles interconnected by CNT bundles.

Figure 4. Pore size distribution evaluated using analysis of nitrogen
sorption isotherms (QSDFT model) for precursor powder a-rGO
and an electrode sample prepared by simple drying of an a-rGO
dispersion. The cumulative SSA plot shows that the surface area
originates in both samples from <4 nm pores.
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dispersion. The electrical conductivity of a-rGO electrodes can
be improved by postdeposition annealing at 200 °C, which is
above the main step in thermal deoxygenation of precursor
GO as demonstrated by thermogravimetric analysis (see
Figure S8). A further increase of the annealing temperature to
250 °C does not provide significant further improvement of
electrodes. The rGO flakes formed as a result of the thermal
treatment provide better electrical contact between a-rGO
grains and significantly improve the overall conductivity of
electrodes.
The performance of a-rGO electrodes prepared by coating

and drying aqueous dispersions (with and without post-
deposition annealing) was evaluated using a two-electrode
supercapacitor setup in an aqueous electrolyte (6 M KOH)
and an organic electrolyte (1 M TEA BF4 in acetonitrile).
Relatively high values of specific current and CV curve shapes
close to rectangular were observed directly after coating using
not annealed a-rGO electrodes at scanning rates of ≤100 mV/
s, with deviations from the rectangular shape at higher
scanning rates (Figure 5 and Figure S12). Almost linear
charge−discharge curves confirm that a-rGO-based electrodes
demonstrate the predominantly electric double-layer capaci-
tance nature of charge storage (Figure S12). The performance
of a-rGO-based electrodes was found to be significantly better
compared to that of electrodes prepared using rGO base
dispersions already before postdeposition annealing (Figure
S15). The high surface area of coated a-rGO electrodes (BET
SSA = 1720 m2/g) provides a clear advantage for the
performance of supercapacitor electrodes compared to
reference coating based on rGO (BET SSA = 240 m2/g).

As a result, the rGO-based electrode coating showed a
significantly lower gravimetric capacitance in aqueous and
especially in organic electrolytes (Figure S15). More
importantly, electrodes based on the low-surface area rGO
filler were mechanically unstable during electrochemical
characterization and decomposed when tested at high current
densities (Figure S15).
As expected, thermal annealing of coated electrodes at 200

°C significantly improved all of the parameters in the
performance of a-rGO-based supercapacitors and resulted in
a more square shape of CV, a lower ESR, improved operation
at high current densities, and an increase in gravimetric
capacitance (Figure 5).
The best samples exhibited high specific capacitance values

of ∼180 F/g (6 M KOH electrolyte) and ∼140 F/g (1 M
TEA-BF4 in AN) obtained for the annealed a-rGO electrodes
(Figure 6).
On the basis of the galvanostatic charge−discharge data, the

a-rGO electrodes showed an energy density of 35.6 Wh/kg
and a power density of 42.2 kW/kg in a TEA BF4/AN
electrolyte (≤4.5 Wh/kg and ≤11.7 kW/kg, respectively, for a
KOH electrolyte) (Figure 6f).
That is comparable to the electrodes prepared earlier using

pure a-rGO and relatively complex preparation proce-
dures.11,36 Note that the specific energy and specific power
values that we report were calculated per unit mass of the
electrode, without taking into account the mass of the
electrolyte and packaging. The electrolyte and packaging
constitute a significant fraction of the total weight of a

Figure 5. Effect of a-rGO-based electrode annealing on the performance in supercapacitors in a KOH electrolyte: (a) more square shape of CV
curves, (b) better conductivity that is evident from the Nyquist plot (smaller semicircle and a steeper slope of the linear part), (c) improved
gravimetric capacitance (especially at high current rates), and (d) increased power and energy density.
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supercapacitor;37 therefore, the actual energy storage param-
eters of a packaged supercapacitor cell will be lower.
It should be noted that heat treatment at 200−250 °C can

easily be introduced directly into the procedure of electrode
preparation, e.g., by direct application of dispersion on a hot
substrate. The dispersions prepared using the proposed
formulations are compatible with various possible deposition
methods, including, e.g., spray deposition or ink jet printing.
However, the formulations need to be tested and optimized
for specific deposition methods, which requires additional
studies.
In summary, our study provides the first example of stable

aqueous a-rGO dispersions that preserve the main properties

of the precursor material (high surface area and good
conductivity) after simple coating and drying. The dispersions
are compatible with the main industrial methods of electrode
deposition such as brush/blade deposition, spray coating, and
ink jet printing. Moreover, the electrodes prepared using the
coated dispersions provide gravimetric and volumetric
capacitance values similar to powder-based a-rGO electrodes
(∼180 F/g).12,13,19 We suggest that the superior performance
of a-rGO electrodes in a supercapacitor is related to a
combination of the high surface area of filler material and
improved contact between material grains provided by carbon
nanotubes. Carbon nanotubes are also easy to bend, which
provides the improved flexibility of electrodes (Figure 2c).

Figure 6. Electrochemical performance of the coated a-rGO electrodes annealed at 200 °C and measured in a two-electrode configuration using
(a and b) aqueous (6 M KOH) and (c and d) organic (TEA BF4/AN) electrolytes. (b and d) CV curves at varied scanning rates. (a and c)
Galvanostatic charge−discharge curves at varied current density values. (e) Specific capacitance vs current density calculated using the
galvanostatic discharge data. (f) Ragone plot.
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Micrometer-sized a-rGO grains provide the main contribution
to the high surface area of electrodes, while CNTs
interconnect the grains into flexible conductive electrode
material.
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