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ABSTRACT: Composites of commercial graphene and polymer-derived
nanoporous carbons were activated with KOH and CO2 to increase the
porosity. The materials are characterized using the adsorption of nitrogen,
SEM/EDX, and potentiometric titration. Their electrochemical performance
was measured in two and three electrode cells in H2SO4 as an electrolyte.
Activation results in a significant increase in the capacitance owing to the
development of porosity and an increase in the surface oxygen content. To
account for the beneficial effect of the volume of pores smaller than 0.7 nm
on the double layer capacitance and of surface wettability on ion transfer to
these pores, a charge storage accessibility factor, CSAF, was proposed as a
product of the volume of pores smaller than 0.7 nm and surface oxygen
content. The results indicate that there is a dependence between CSAF and
the energy storage in carbon-based supercapacitors provided that the
electrical double layer capacitance in small pores is the predominant mechanism of charge storage.
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■ INTRODUCTION

It is generally accepted that the porosity of activated carbons in
combination with their surface chemistry governs their
capacitive performance.1−17 That performance is based on the
formation of an electrical double layer in the small pores and on
the Faradaic reactions on the surface.1−16 The latter determine
pseudocapacitance, and they are especially important in
aqueous electrolytes.6,8−16 Surface functional groups, which
contribute to pseudocapacitance are quinones/hydroquinones
and pyridinic and pyrrolic-like nitrogen moieties.8−10,13,15,16

Since the capacitance in aqueous electrolytes is based on the
deposition of hydrated ions, the wettability of a carbon surface
and not restricted charge transfer are also important features to
consider.18,19 While the former can be enhanced by the
presence of polar heteroatoms, for the latter high electronic
conductivity is beneficial. Generally the electrical conductivity
of the electrodes is enhanced by an addition of conductive
graphite or carbon black for electrochemically active carbon
materials. They certainly help in a charge transfer within the
electrode but the internal conductivity in the pore space where
ions are stored is rather not affected. To improve the properties
of active material carbon nanofibers,20,21 carbon nano-
tubes,17,22−24 and graphene25,26 are added to the porous
carbons. Graphene25 and electrochemically modified graphite,27

owing to their conductivity and a theoretically high surface area,
have been recently explored as additives to nanoporous
carbons. Even though some studies report a significant

improvement in the capacitance owing to the graphene
addition,26,28 there are some results published with contra-
dictory findings. For instance, Totir and co-workers indicated
the negative effects of commercial graphene addition to
activated carbons,29 and Buglione and Pumera demonstrated
that the capacitance of the composites of graphene and carbon
nanotubes was an arithmetic average of the capacitance of the
individual components.30

Recently, we have addressed the complexity of the factors
affecting the capacitive behavior of the composites built from
graphite oxide (GO) or graphene and nanoporous carbons.31,32

The results suggested that for a good performance the right
combination of the volume of small pores and conductivity are
important. The polar functional groups also play a role since
they affect the wettability of carbons and thus the charge
transfer to very small pores. To account for all these factors the
parameter describing the utilization of the pore space for
double layer capacitance was derived by dividing the
capacitance by the volume in pores smaller than 0.7 nm.
These pores were indicated as crucial for accumulating the
charge owing to the similarity of their size to the size of the
electrolyte ions.1,2 The linear trend of the dependence of this
parameter on conductivity of the specific composite tested was
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found. In recent papers, Gogotsi and co-workers addressed in
detail the effect the pore size and pore size distributions on the
energy density.33,34 Analyzing the performance of various
carbons of specific pore sizes in various electrolytes, they
stressed the effects of ion desolvation and their accessibility to
the small pores similar to the size of the ions.4 Since the
maximum energy density can be reached with the “optimal”
pore size and it depends on the ion size and the operating
voltage, the carbons with narrow pore size distribution and very
small pores were indicated as the most suitable energy storage
media.34

Since the performance of supercapacitors is based on the
presence of the proper porosity and this includes the size of the
pores and their volume, the aim of this work is to further
explore the concept of the active pore space utilization and its

importance for the capacitive behavior. The composites of
graphene and nanoporous carbons derived from the
commodity polymer addressed previously32 were activated
with CO2 and KOH to increase/change the volumes of pores
active in energy storage and to broader the range of surface
properties. Even though quite high capacitances were
measured, we focus rather on determining the factors, which
contribute to these values and not on achieving the record
performances. These factors include the specific porosity,
conductivity, and wettability of the resulting composites.

■ EXPERIMENTAL SECTION
Materials. Poly(4-styrenesulfonic acid-co-maleic acid) sodium salt

(PS) was used as a nanoporous carbon precursor. The details of this
carbon preparation are published elsewhere.35 This sample is referred

Figure 1. SEM images of the surface for the materials studied.
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to as C−I. The polymer was used as a source of nanoporous carbon in
graphene−carbon composites. The content of graphene recalculated
per carbon yield of the C−I material was 5 and 20%. The dissolved in
distilled water polymer was mixed with graphene, and the formed
dense suspensions were dried before the carbonization. Commercial
graphene was obtained from the METSS Corporation. The
composites were referred to be CGr5 and CGr20. Then, the samples
were activated with CO2 (flow rate 50 mL/min) at 850 °C for 2 h and
with KOH. In the case of the latter, carbon was impregnated with an
aqueous solution of 6 M KOH (KOH/carbon weight ratios of 1/1), as
described elsewhere.36 Then the sample was dried and heated at 300
°C for 3 h in nitrogen atmosphere. As a next step, it was heated at 800
°C for 2 h in N2. The heating rate was 10 °C/min. To remove
potassium, the carbons were extensively washed in 0.1 M HCl in a
Soxhlet apparatus and then with water to constant pH. The activated
materials have CO2 or KOH added to their names.
Methods. Electrochemical Measurements. The capacitive per-

formance of all carbon samples was investigated in 1 M H2SO4 using
two- and three-electrode cells. The working electrode was prepared by
mixing the active material with polyvinylidene fluoride (PVDF) and
commercial carbon black (carbon black, acetylene, 50% compressed,
Alfa Aesar) (8:1:1) in N-methyl-2-pyrrolidone (NMP) until
homogeneous slurry. The slurry was coated on a Ti foil (current
collector) with the total surface area of 1 cm2 of an active material. The
electrodes were dried at 120 °C for 24 h and then weighted. The total
mass was between 3 and 5 mg and two electrodes with identical weight
were selected for the measurements.
Cyclic voltammetry and galvanostatic charge−discharge were used

in evaluation of the capacitive performance. The measurements were
carried out using VersaSTAT MC (AMETEK, Princeton Applied
Research) within the potential window of 0−1 V with the scanning
rate of 5 and 100 mV/s (cyclic voltammetry) and the current loads of
50 and 100 mA/g and 1 A/g (galvanostatic charge/discharge).
Cyclic voltammetry at the scan rate of 5 mV/s was also recorded in

a three-electrode cell using the Ag/AgCl (3 M KCl) reference
electrode and an active material as a working and platinum rod as
counter electrode, respectively.
Potentiometric Titration. Potentiometric titration measurements

were performed with a DMS Titrino 716 automatic titrator
(Metrohm). The details on the experiments are presented in Ref 18.
The experimental data was transformed into proton binding curves, Q,
representing the total amount of protonated sites. From them, the pKa

distributions and the numbers of groups represented by certain pKa

values were calculated.37,38

Evaluation of porosity. Sorption of nitrogen at its boiling point was
carried out using ASAP 2020 (micromeritics, surface area, and porosity
analyzer). Before the experiments, samples were outgassed at 120 °C
to constant vacuum (10−4 Torr). The surface areas (BET method),
total pore volumes, Vt, (from the last point of isotherm at relative
pressure equal to 0.99), volumes of micropores, Vmic, volume in pores
less than 0.7 and 1 nm, V<0.7 nm and V<1 nm, mesopore volumes, Vmes,
along with pore size distributions were calculated from the isotherms.
The last four quantities were calculated using density functional
theory, DFT.39

SEM/EDX. Scanning electron microscopy (SEM) images were
performed at Zeiss Supra 55 VP. The accelerating voltage was 5.00 kV.
Scanning was performed in situ on a sample powder without coating.
Electron-dispersive X-ray spectroscopy (EDX) analysis was done at
magnification 5000× and the content of elements on the surface was
calculated.

DC Conductivity Measurements. The DC conductivity was
measured using a 4-probe method on the polymer-based carbon and
composites graphene/carbon pellets with the same composition as
that used to make the electrodes (see description in Electrochemical
Measurements). The prepared powder was pressed by a Carver Press
machine applying 2 tons pressure and a disk-shaped well-packed
pellets with diameter 8 mm were formed. The pellets were dried in
oven for 12 h. The pellets’ thickness was measured by a spring
micrometer. The measurement of conductivity was carried out using
the Keithley 2400 multimeter.

■ RESULTS AND DISCUSSION
The activation of nanoporous carbon and its composites with
graphene addressed in ref 32 was done to increase the porosity.
Since the small pores, similar to the sizes of the electrolyte ions
are expected to be the main contributor for charge
storage,4,33,34 and sulfuric acid is our electrolyte with the sizes
of hydrated sulfate ions [SO4

2−(H2O)12] of 0.533 nm,40 the
pores smaller than 0.7 nm should be the features of paramount
importance in our composites provided that the formation of
EDL is the main charge storage mechanism. The SEM images
presented in Figure 1 show that activation visibly increased the
porosity. Interestingly, after activation with KOH very uniform
transport mesopores or macropores are present in the
nanoporous carbon. On the other hand, activation with CO2
results in more heterogeneous morphology with much larger
pores. While compared to the nontreated samples,32 the
significant activation of the carbon phase is found. The changes
in the graphene phase seem to be much less visible indicating
its resistance to activation.
The details on the porous structure obtained from the

analysis of the nitrogen adsorption isotherms are collected in
Table 1 and Figure 2. Apparently activation with KOH is much
more aggressive on the composites than on the nanoporous
carbons. It significantly increases the volume of micropores and
the volume of small mesopores. While the former governs the
capacitance, the latter is important for the ion transport. The
mesopores in the broad range of their sizes are especially
developed in the composite with 5% Gr activated with CO2.
This is consistent with the morphology of the nanoporous
carbon phase visible in Figure 1. Activation of CGr20 either
with CO2 or KOH results in a similar porosity in the range of
pores with sizes less than 2 nm. Pores with sizes between 3 and
5 nm are formed only after activation with KOH. That high
porosity of the materials activated with KOH is expected to be

Table 1. Parameters of Porous Structure Calculated from Nitrogen Adsorption Measurements and the Samples’ Conductivities,
σ

sample SBET (m2/g) Vt (cm
3/g) Vmeso (cm

3/g) V<0.7 nm (cm3/g) V<1 nm (cm3/g) Vmic(DFT) (cm
3/g) σ (S/m)

C−I 1386 0.904 0.463 0.140 0.232 0.441 14.4
C−I−CO2 1615 1.237 0.692 0.190 0.251 0.545 20.1
C−I−KOH 1766 1.527 0.990 0.163 0.264 0.537 38.9
CGr5 775 0.540 0.269 0.134 0.172 0.271 123.1
CGr5−CO2 1231 1.437 1.168 0.091 0.116 0.269 32.5
CGr5−KOH 1315 0.886 0.451 0.180 0.264 0.435 54.8
CGr20 783 0.608 0.364 0.101 0.145 0.244 209.2
CGr20−CO2 1083 0.870 0.553 0.140 0.187 0.317 93.2
CGr20−KOH 1162 0.868 0.499 0.139 0.219 0.369 120.8
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an important factor affecting their electrochemical performance.
If we consider the ratio of the volume of micropores to the total
pore volume as a parameter describing the degree of
microporosity, the materials studied certainly have a high
volume of large transport pores and activation with CO2 results
in the mesoporous materials especially in the case of CGr5−
CO2 for which the degree of microporosity is only 20%.
The examples of the CV curves measured in two electrode

cell are presented in Figure 3. The curves for the activated
composites have rectangular shapes, and the shape is only
slightly disturbed with the high scan rate. On the other hand,
the unactivated samples show the limitations in charge transfer
with an increase in the scan rate.32

The CV curves measured in three electrode cell also show
the rectangular shape with the humps representing Faradaic
reactions (Figure 4). While the reduction processes are visible
for all samples, oxidation reactions are very weakly marked for

the composites oxidized with CO2. One reduction hump at the
potential 0.5 V vs Ag/AgCl is seen on the CV curve for CGr5−
CO2 and two humpsat about 0.55 and 0.25 V vs Ag/AgCl for
CCr20−CO2. That latter hump is also seen for both
composites oxidized with KOH. Both activated nanoporous
carbons do not exhibit the hump at 0.25 V, which is an
indication of the differences in surface chemistry between the
carbon and the composites. We link the reversible humps to the
presence of quinone/hydroquinone groups.8,9,16 The semi-
quinone radical anions (Q•−) might contribute to oxygen
reduction reactions41 as proposed by Kruusenberg and co-
workers.42 The irreversible humps at 0.25 V vs Ag/AgCl might
be related to oxygen reduction reaction (ORR). They are
especially visible for the samples activated with KOH which is
in agreement with the results presented in Figure 4. Moreover,
in the case of carbons activated with CO2 where sulfur is
present, the humps in the CV curves can be also linked to the
Faradaic reactions of sulfoxides and sulfones.43

The capacitance was calculated from charge discharge
profiles collected in Figure 5. At low current, the triangular
shapes are exhibited. The shape changes with an increase in a
current load and at 1 A/g the Ohmic drop is clearly visible for
C−I−CO2 and CGr5−KOH. This drop was taken into account
in calculating the specific capacitance. Comparison of the
capacitance at different current loads for the initial and
activated samples is presented in Figure 6. Apparently a
significant increase in the capacitance is found on the modified
composites and the best performing samples are those activated
with KOH. That superiority of the KOH activation method
over CO2 is especially seen for the sample with 5% graphene.
On the other hand, when the capacitance retention ratio (ratio
the gravimetric capacitance at 50 mA/g and 1 A/g) is compared
(Figure 7), CGr5−CO2 is much more stable than its
counterpart activated with KOH. For the sample with 20%
Gr, the opposite trend is found.
The dependence of the capacitance on the volume of pores

smaller than 0.7 nm is plotted in Figure 8. Although a weak
trend of an increase in the capacitance with an increase in
V< 0.7 nm is found, the dependence is far from linear and it
becomes even worse with an increase in the size of the pores
whose volume is considered. This is consistent with the results
reported by Kondrat and co-workers34 and the detailed analysis
of the pore accessibility related to the size of the electrolyte ions
presented by Gogotsi and co-workers.4,33 The contribution of
pseudocapacitance, which should play a more dominant role in
larger pores where functional groups can exist, can contribute
to this poor correlation. Its effect is visible and is especially
important for the KOH activated materials. The observed trend
follows the trends in the redox reactions visible on CV curves
measured in three electrode cells (Figure 4).
To address the effects of functional groups on the overall

performance, the surface chemistry has to be analyzed.
Although not all oxygen-containing groups can contribute to
the pseudocapacitance, all of them should affect the wettability
of the carbon surface owing to the polarity of oxygen. Table 2
collects the surface contents of elements and the numbers of
strong acids (pKa < 7), weak acids (pKa > 7), and the total
number of groups. The latter three quantities were determined
from potentiometric titration experiments. As seen, two
activation methods used have quite opposite effects on the
distribution of surface acidic groups. While the KOH treatment
results in an increase in the number of strong acids, after CO2
treatment the number of weak acids visibly increased with the

Figure 2. Pore size distributions for the materials studied.
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small fraction of the strongly acidic groups. Even though strong
acids are not expected to contribute to the pseudocapacitance,
their presence should positively affect the wettability of carbons
and thus should result in a more efficient ion transfer to small
pores, provided that those pores are not blocked by the
functional groups and the material has a sufficient DC
conductivity. Some of the surface functional groups contribute
to pseudocapacitance as seen in the reversible redox humps in
H2SO4.
Potentiometric titration results are in a general agreement

with those of EDX surface analysis. Apparently activation with
KOH results in more oxygen on the surface than after the CO2

treatment and an increase is especially visible for the composite
with 5% graphene. Less sulfur is detected on the surface of the

CGr20 sample than on that of CGr5. Interestingly on the
surface of CGr5−CO2, a marked amount of sodium is present.
Since that amount is higher than that of sulfur, we linked it to
sodium carbonates existing in the small pores of this composite
formed during activation. The removal of carbonates by water
washing from such pores can be restricted. More oxygen on the
surface of CGr20 than on that of CGr5 detected by EDX can
have a positive effect on wettability of this sample and its
capacitive behavior. In fact, at the high scan rate, the CV curves
for CGr20 measured in two electrode cells show the least
limitation in the charge transfer (Figure 3). On the surface of
the composites activated with KOH a noticeable amount of
potassium is present. As in the case of sodium, its effective

Figure 3. CV curves in two electrode cell at different scan rates in 1 M H2SO4 as an electrolyte: 5 mV/s (A, B) and 100 mV/s (C, D).

Figure 4. CV curves in three electrode cell vs Ag/AgCl at scan rate 5 mV/s in H2SO4 as an electrolyte.
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removal from small pores is difficult to achieve and its presence
can enhance the conductive properties.
While the volume of pores smaller than 0.7 nm is very well-

defined and measured, as a main quantity affecting the
wettability, we have chosen to use the content of oxygen
atoms on the surface determined from EDX analysis. Since the
volume of small pores, and wettability, should increase the
active pore space utilization for EDLC,32 we define the product
of the volume of pores smaller than 0.7 nm and the content of
oxygen atoms as a new empirical quantity, a charge storage

accessibility factor, CSAF. In Figure 9 the dependence of the
capacitance on the CSAF is presented. To better visualize the
broader applicability of this new parameter to assess the
capability of carbons to store energy, the data on the
unactivated samples, presented in ref 32 is also included. In
the case of these samples the effect of pseudocapacitance on the
overall performance was very small and therefore we found

Figure 5. Charge/discharge profiles at different current loads in
H2SO4.

Figure 6. Comparison of the capacitance at different current loads in
H2SO4 as an electrolyte for the initial samples32 and those activated
with CO2 and KOH.

Figure 7. Comparison of the capacitance retention ratio in H2SO4 for
the initial samples32 and those activated with CO2 and KOH.
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them as suitable to support the dependence proposed in this
paper. Although not perfect, there is an indication of a linear
trend between the electrochemical capacitance and the CSAF.
Even though other factors such as electronic conductivity must
affect the performance,31,32 we hypothesize that the deviations
from linearity are caused by Faradaic reactions and for the
carbon systems with an exclusive EDL charge storage
mechanism more ideal behavior is expected. Since CSAF
links the pore volume, where the actual energy storage takes
place, and the hydrophilicity determining feature that enhances
the ions transport to these pores, assessment of its value can
lead to the information on an expected specific capacitance of
carbon. It is important to understand that the limits must exist
in the values of CSAF for nanoporous carbons. The content of
oxygen on their surface is limited to preserve the integrity of
graphene layers. Usually the carbons with a high content of
oxygen have a small volume of pores smaller than 0.7 nm owing
to the high extent of the activation/oxidation process that
results in a pore broadening effect. Moreover, a high number of
oxygen functional groups can also block the small pores for
adsorbate molecules and even nitrogen or carbon dioxide used
to determine the pore volume might not be able to enter them.
The DC conductivity of the samples studied is collected in

Table 1. Interestingly, the activation of nanoporous carbon
slightly increases its conductivity in spite of the increase in the
pore volume in the surface oxygen content. A plausible
explanation for this is an increase in the degree of carbon matrix
aromatization by prolonged exposure to a high temperature

treatment. Activation of the composites, especially with CO2
decreases the conductivity significantly. We link this effect to
the formation of pores and defects in the composites. The
larger pores in the samples activated with CO2 lead to lower
conductive properties. Taking into account that in the
composite with 5% graphene sodium and potassium cations
are present and they increase the apparent conductivity, the
conductivity of the pure carbon phase in these materials is
expected to be even lower. This low conductive properties must
be compensated by other factors as surface wettability since the
active pore space utilization defined as the capacitance per unit
volume of pores smaller than 0.7 nm32 is rather high, especially
for CGr5−CO2 (over 2000 F/cm3). This composite has a high
surface area in pores larger than 1 nm, and the effect of
functional groups on the small pores accessibility should be
minimal. Owing to the contribution of cations to the measured
conductivity and the importance of surface wettability in the
case of highly porous materials with the marked volume of
transport pores no direct linear dependence of the active pore
space utilization on conductivity was found. Although some
trend of an increase in this parameter with an increase in the
conductivity can be noticed, there are some “outliers”. For
these samples obviously other factors as wettability and pore
accessibility play an important role. The lack of the dependence
of the pore space utilization32 on the conductivity does not
necessary cross out the significance of conductivity for charge
storage utilization. The latter is apparently very important but

Figure 8. Dependence of the capacitance in H2SO4 on the volume of
pores smaller than 0.7 nm.

Table 2. Contents of Surface Elements from EDX Analysis and the Numbers of Strongly Acidic (pKa < 7), Weakly Acidic (pKa >
7), and Total Acidic Groups

EDX (in atomic %) (mmol/g)

sample C O S Na K pKa < 7 pKa > 7 total

C−I 91.9 7.1 1.0 0.377 0.311 0.688
C−I−CO2 88.4 11.3 0.3 0.171 0.529 0.700
C−I−KOH 86.5 13.5 0.247 0.426 0.673
CGr5 89.2 8.5 1.7 0.6 0.273 0.441 0.714
CGr5−CO2 87.5 9.2 1.7 1.7 0.117 0.534 0.651
CGr5−KOH 87.1 11.4 1.5 0.256 0.550 0.806
CGr20 88.4 10.7 0.9 0.127 0.294 0.421
CGr20−CO2 87.5 11.7 0.8 0.122 0.301 0.423
CGr20−KOH 88.4 11.3 0.3 0.218 0.419 0.637

Figure 9. Dependence of the capacitance measured in H2SO4 on the
CSAF. The data from ref 32 is marked as dark symbols.
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its direct effects can be only seen if other crucial factors such as
pore size distributions and wettability of the sample surfaces are
more or less comparable and not other factors as, for instance,
the presence of metals affect the conductivity.
For the performance of carbonaceous materials as super-

capacitors, the stability after multiple cycles of charge/discharge
is an important factor. As seen from Figure 10 both nanoporous

carbon and the composite with 5% the graphene phase are very
stable. Interestingly, for the composite activated with KOH,
CGr5−KOH, an increase in the performance is found. This
increase in sulfuric acid is about 10%. One reason for this
behavior can be the decomposition/reduction of surface
functional groups blocking the entrances to the small pores44

and carbon aging.45 Even though the pseudocapacitive effect is
expected to decrease in its extent, its contribution to the overall
capacitance could be compensated by the electrical double layer
storage mechanism. Another plausible explanation is in the
nanoscale expansion of porous carbon electrodes as recently
discussed by Arruda and co-workers.46 They found that a
charging/discharging process can lead to the swelling of carbon
pore networks, especially when the subnanometers pores are
present. The occurrence of 1.5 at % potassium in the small
pores of CGr5-KOH and the chemical reactions in the pore
system can also contribute to this hypothesized swelling effect.

■ CONCLUSIONS

The results presented in this paper support the importance of
pores smaller than 0.7 nm, and their accessibility for electrolyte
ions for the double layer capacitance. Activation of the
nanoporous carbon−graphene composites increased not only
the volume of small pores but also the amount of oxygen
groups on the surface. Even though the effects of these groups
on the capacitance via Faradaic reactions are not very
significant, they increased the wettability of the surface and
thus the pore space could be more efficiently used by the
electrolyte ions. The product of the volume of pores smaller
than 0.7 nm and the atomic % of oxygen on the surface was
defined as the charge storage accessibility factor, CSAF. The
indication of the dependence of the gravimetric capacitance on
this factor was demonstrated, especially for the system when
the pseudocapacitance was marginal and a double layer
capacitance was the main charge storage mechanism.
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