
ORIGINAL PAPER

Charge transport in activated carbon electrodes: the behaviour
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Abstract In this study, the electrochemical performances of
different aqueous electrolytes (6 M KOH, 2 M KCl and
0.5 M K2SO4) in activated carbon electrodes are evaluated
with regard to their use in electrochemical double layer capac-
itor (EDLC). The results from cyclic voltammetry, galvano-
static charge/discharge and electrochemical impedance spec-
troscopy (EIS) were analysed. The lowest value of equivalent
series resistance (ESR) and the highest values of specific ca-
pacitance and coulombic efficiency were observed, when
KOH was the electrolyte. The impedance spectroscopy plots
were fitted to an equivalent circuit of ladder type to evaluate
the resistances to ion transport at different levels of hierarchies
in the pore network. Also, the quality of the double layer
capacitance at lower hierarchy that primarily contributes to
the overall capacitance of the device was evaluated from the
leakage resistance in the equivalent circuit. The fitted circuit
parameters were further reviewed vis-à-vis the specific con-
ductance of chosen electrolyte, and the number of successive
charge–discharge cycles prior to the EIS measurements.
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Introduction

Electric double-layer capacitors (EDLCs), also known as
supercapacitors have superior power density, reversibility

and long cycle life [1–4]. Supercapacitors bridge the gap be-
tween the electrolytic capacitors and batteries. These energy
storage devices find applications, where peak power is re-
quired. In supercapacitors, the charge is stored electrostatical-
ly in a double layer on the surface of the electrode. Activated
carbon (AC) is most widely used as electrode material due to
its high specific surface area [3–13]. Most of the internal sur-
face area of carbon material is contained in the lowest level of
hierarchy in the pore network. Thus, the pore size distribution
becomes equally important in charge transport.

Other than the internal pore structure of an electrode, the
electrochemical performance of a supercapacitor depends on
the electrochemical stability window, the size of electrolyte
ions, the conductivity of the electrolyte and the choices of the
electrode material and the current collector [5–12]. The ionic
liquid based electrolytes provide widest electrochemical stabil-
ity window (3–4V), though its use is restricted due to high cost.
Organic electrolytes offer a good stability window of 2.7–2.8 V
at a less cost [2]. Aqueous electrolytes are inexpensive and
environment friendly, while offering a narrower stability win-
dow. The acidic electrolytes have produced high capacitance,
though its use is contingent upon sourcing a suitable anti-
corrosive current collector [14]. Among alkaline electrolytes,
6 M KOH showed the highest ionic conductivity. Another
aqueous electrolyte that has excellent stability is alkali sulphate.
The stability window in this case exceeds 1.6 V, thus improving
the energy density of the EDLC [14–14]. Also, the size of
electrolyte ions with reference to the pore size may critically
influence the electrochemical performance. The pores in the
lowest hierarchy (i.e., the micro pores of size <2 nm) provide
a significant fraction of the surface area for double layer capac-
itance. The access to these pores is required to achieve a high
value of specific capacitance [11, 15–18]. Only the ions, small-
er than the size of the micro pore can access the potential
surface area to the fullest for charge storage [4, 18].
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In this article, the electrochemical performance of
6 M KOH is compared with the performances of two neutral
aqueous electrolytes. The cyclic voltammetry, galvanostatic
charge/discharge and electrochemical impedance spectrosco-
py (EIS) studies were conducted for this purpose. Further, the
impedance spectroscopy [19–27] results were analysed to un-
derstand the transport of ions in the pore network of activated
carbon. The EIS results are fitted to an equivalent circuit of
ladder type. The resistances, encountered by these electrolyte
ions while penetrating into the multiple levels of hierarchy in
the pore network are compared.

Methods

A slurry of carbon powder was prepared by mixing activated
charcoal powder (Merck Specialities Pvt. Ltd., Mumbai) with
poly methylmethacrylate (Alfa Aesar) in the weight ratio of
9:1. Here, acetone (Sigma Aldrich) was used as a solvent. The
Torey carbon fibre paper (TGP-H-120, with bulk density of
0.45 g/cm3, electrical resistivity of 80 mΩcm and thickness of
0.37 mm) served as the current collector and was coated with
the carbon slurry. The coating was made with the help of a

doctor’s blade only on one side of the carbon fibre paper. The
coated carbon papers were dried in an oven at 70 °C for 5 h.
The thickness of the active layer was 0.07 mm. The size of the
each electrode is 1 cm × 1 cm.

A symmetric EDLC cell was assembled in plexi glass with
two identical electrodes, separated by Whatman® qualitative
filter paper of grade 1. Aqueous solutions of 2 M KCl (Merck
Specialities Pvt. Ltd., Mumbai), 0.5 M K2SO4 (Sigma
Aldrich) and 6 M KOH (Merck Specialities Pvt. Ltd.,
Mumbai) were used as electrolytes in separate experiments.
The concentrations were decided based on solubility and per-
formance with other electrodes, as reported in literature.
Experiments were also performed in three electrode cell, with
Pt plate as the counter electrode and Ag/AgCl as the reference
electrode. Cyclic Voltammetry, Electrochemical Impedance
Spectroscopy and Galvanostatic Charge/Discharge experi-
ments were performed using Versa STAT 3 potentiostat/
galvanostat (Princeton Applied Research, USA). A voltage
window of 0–0.9 V was used for KOH and KCl electrolytes.
In case of K2SO4, 0–1.7 V was taken as the voltage window
for electrochemical analysis. The results from impedance
spectroscopy were fitted to ladder-type equivalent circuit.
Simplex algorithm was used for error minimization in
Matlab R2013b from Mathworks Inc.

The Brunauer-Emmett-Teller (BET) surface area and pore
size distribution of the carbon powder were estimated from
nitrogen adsorption–desorption experiments (Autosorb 1 MP,
Quantachrome Instruments, USA).

Results and discussions

Two most critical factors in the transport of electrolyte ions are
the conductivity of the electrolyte and the pore structure of the
electrode material. The adsorption–desorption experiment for

Fig. 1 DFT pore size distribution (activated carbon powder)
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Fig. 3 Cyclic voltammograms for three electrolytes using three electrode
cell

Fig. 2 Cyclic voltammograms for three electrolytes using symmetric two
electrode cell
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analysis of pore structure revealed the BET surface area of the
carbon powder as 900.15 m2/g. The average pore radius and
pore volume were found to be 1.16 nm and 0.49 cm3/g, respec-
tively. After mixing with the binder, these values were reduced
to 481.18m2/g, 3.39 nm and 0.41 cm3/g, respectively. The pore
size distribution from the density functional theory is given in
Fig. 1. The presence of micro and meso pores is evident here.
The micro pores are mostly in the size range of 0.3–1.5 nm. In
order to achieve maximum capacitance, micro pores are the
target sites for the double layer, as the micropores contain most
of the internal surface area. The mesopores offer the rest of the
internal surface. More importantly, the meso pores allow the
transport of ions from the bulk electrolyte into the micro pores.

Cyclic Voltammetry (CV) curves are presented in Figs. 2
and 3. Specific capacitance is proportional to area inside the
CV curve. This area represents the product of the average
current and the applied voltage. Specific capacitance of single
electrode in two and three electrode cell is estimated by the
following equations: [28].

Ccell ¼
∫V2

V1
I Vð ÞdV

2 V2−V1ð Þϑ Cell capacitance ð1Þ

Celectrode ¼ 2� Ccell

m
Specific capacitance in two electrode cell ð2Þ

Celectrode ¼ Ccell

m
Specific capacitance in three electrode cell ð3Þ

Here I(V) is the current, as a function of voltage V, (V2−V1)
is the voltage window used, m is the mass of active electrode
material for one electrode and ϑ is the scan rate. The specific
capacitance values from the two electrode set-up are consis-
tent with the results from the three electrode set-up (Table 1).
In the case of three electrode set-up, a redox peak appeared at a
lower voltage in the CV scan, compared to the results from the
two electrode set-up. This is most possibly due to the oxygen
functionality in activated charcoal. The highest specific capac-
itance was obtained, when KOH was the electrolyte. This is
consistent with the high specific conductance of KOH. Also,
for KOH as electrolyte, steep decrease in specific capacitance
was observed, when the scan rate was increased from 10 to
100 mV/s (Fig. 4). Beyond this point, the specific capacitance
remained unaltered with further increase in scan rate. The
variation of the specific capacitance is not this significant in
case of KCl and K2SO4 as the electrolytes. As such, lower
scan rate allows the electrolyte ions to penetrate fully into
the pore network and reaches an equilibrium in the formation
of a double layer. Accordingly, a higher capacitance is expect-
ed at a lower scan rate. The ionic conductance of KOH is
significantly higher in comparison with other two electrolytes
and manifested in a larger change in capacitance with the scan
rate. This may be noted here that the ionic conductivity of
aqueous KOH, KCl and K2SO4 are 440, 208 and
120 mScm−1 [15, 29, 30], respectively.

Table 1 Performance summary: specific capacitance of single electrode (Cs), energy density and coulombic efficiency

Electrolyte Three electrode cell Two electrode cell

Cs (F/g)
( at 10 mV/s)

Cs (F/g)
( at 10 mV/s)

Cs (F/g)
(at 0.1 A/g)

Energy density
(Wh/Kg)

Coulombic
efficiency (%)
(at 0.1 A/g)

KOH 73.10 71.7 66.8 3.76 97.28
KCl 32.32 59.3 62.1 3.49 94.25
K2SO4 53.54 47.6 42.8 8.95 93.14

Fig. 4 Variation of specific capacitance with scan rate Fig. 5 Galvanostatic charge/discharge curves for three electrolytes
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The specific capacitance was also studied from galvanosta-
tic charge–discharge experiments. The galvanostatic charge–
discharge curves are presented in Fig. 5. Specific capacitance
was calculated from galvanostatic charge and discharge data
using the following equation: [28]

Celectrode ¼ 2� Ccell ¼ 2� I
dV

dt

� � ð4Þ

Here, I is the current density in A/g (mass of single elec-
trode is taken); dV/dt is the slope of the discharge curve. The
highest specific capacitance of 66.78 F/g was observed with
KOH electrolyte at the current density of 0.1 A/g. The high
value of specific capacitance for KOH is consistent with the
results from cyclic voltammetry. As discussed earlier in the
context of cyclic voltammetry results, the strong dependence
of specific capacitance on charging rate for KOH electrolyte
arises from higher ionic conductivity, smaller hydrated ion
size and high ionic mobility. This is further discussed in latter
sections of this article. The performances of the three electro-
lytes are summarized in Table 1. Variation of specific

capacitance with current density is plotted in Fig. 6.
Significant drop in capacitance was observed with increase
in current density from 0.1 to 1 A/g for KCl and KOH elec-
trolytes. In case of K2SO4 electrolyte, the drop in capacitance
is insignificant with change in current density from 0.1 to 1 A/
g. Faster charging and discharging with uncompromised spe-
cific capacitance are evident, when K2SO4 was used as the
electrolyte.

The stability with the three electrolytes was examined by
submitting the EDLC to repeated charge–discharge cycles.
The specific capacitance is plotted in Fig. 7 as a function of

Fig. 8 Comparison of EIS data

Fig. 9 Real and complex parts of impedance as a function of frequency
for the three electrolytes

Fig. 6 Variation of specific capacitance with current density

Fig. 7 Effect of charge–discharge cycles on the capacitance
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the number of charge–discharge cycles, performed prior to the
measurement. After 1000 cycles, 96% of the specific capaci-
tance was retained, with K2SO4 as the electrolyte. The reten-
tion with KCl and KOH electrolytes are 94 and 93%, respec-
tively, after 1000 cycles.

The profile of an isosceles triangle for the charge–discharge
cycle indicates an ideal behaviour, and allows the use of Eq. 5
to estimate the coulombic efficiency.

ηt ¼ tC
.
tD

� �
� 100 ð5Þ

Here, tCis the time period for charging and tD is the time
period for discharging. The coulombic efficiency is another
indicator of the stability of activated carbon electrodes with
the three electrolytes. At the current density of 1 A/g, the
coulombic efficiency was found to be 100% for all the three
electrolytes. At a lower current density (0.1 A/g), the coulom-
bic efficiency got slightly reduced to 97.28, 93.14 and 94.25%
for KOH, KCl and K2SO4, respectively. The reduction at low-
er current density is possibly due to the side reactions from
impurities, whose proportional contribution became insignifi-
cant at higher current densities. Further, the coulombic effi-
ciency was estimated at the end of 100 cycles at the current
density of 1 A/g. The efficiency was found 95 and 90%, re-
spectively, for KOH and KCl as electrolyte. The efficiency
remained 100%, when K2SO4 was the electrolyte.

With a consistent set of electrochemical responses involv-
ing the three electrolytes, further studies were undertaken to

Fig. 11 Change in EIS profiles due to charge–discharge cycles for a KOH, b KCl and c K2SO4 electrolytes

Fig. 10 Phase angle as a function of frequency for the three electrolytes

Fig. 12 Ladder-type equivalent circuit
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analyse the characteristics of the double layer capacitance at
varied extent of penetration by the electrolyte ions into the
pore network. Electrochemical impedance spectroscopy
(EIS) was performed in the frequency range of 0.01 Hz to
1 MHz. Nyquist plots for the three electrolytes are presented
in Fig. 8. The same plot at higher frequency is shown in
magnified form as inset of Fig. 8. EIS with KOH as electrolyte
indicates the lowest value of equivalent series resistance
(ESR = 0.97 Ω), when compared with the intercepts for KCl
(1.3Ω) and K2SO4 (1.55 Ω), respectively. ESR includes resis-
tances offered by (i) electrode-electrolyte interface, (ii) elec-
trode and current collector interface and (iii) bulk electrolyte
resistance. The relative magnitudes of ESR for the three elec-
trolytes are in agreement with the respective ionic conductiv-
ities. With regard to the bulk electrolyte resistance, the differ-
ence was made by the mobility of anions in the micropores.
The cation (K+) remained same in all three electrolytes,
though at different concentrations. The smaller hydrated ion
size of the OH− ions (0.4240 nm), higher ionic conductivity
and a relative ionic mobility of 2.7 (relative to K+) resulted in
the highest specific capacitance with KOH electrolyte. Small
hydrated ion size of Cl−(0.448 nm) and a relative ionic mobil-
ity of 1.03 (relative to K+) provided a moderate level of spe-
cific capacitance for the KCl electrolyte. The aqueous alkali
sulphate showed the least specific capacitance due to larger
hydrated anions (0.556 nm), lower ionic conductivity and low
relative ionic mobility (0.54) [31–]. Table 4 presents the ESR
values, reported in literature [33–35] for the given electrolytes.
The ESR values are consistent with the values from the pres-
ent study. Figs. 9 and 10 present the real and complex imped-
ance, and the phase angle as a function of frequency. The
phase angle varies from 90 to 45° with frequency as per the
de Levi’s model. The angle 90° refers to an ideal capacitor,
and the 45° is derived from the transmission line model, de-
scribing transport of ion through a single uniform pore. In pore

network, with pore size distribution, the smaller pores are not
penetrated, particularly when the frequency is large. Further,
the penetration depends on the size of ions and the interaction
with the internal surface. Hence, the net restive and capacitive
contributions, respectively, to the phase angle, varied with the
type of electrolyte. This is reflected in the three different lines
in Fig. 10.

One important aspect of this study is the longer-term elec-
trode–electrolyte interactions and the stability of the electrode
after several charge–discharge cycles. EIS was performed af-
ter 5 cycles and 100 cycles of charge–discharge, respectively.
The effect of charge–discharge cycles on the Nyquist spectra
is presented in Fig. 11. A nominal shift of Nyquist plot to-
wards imaginary impedance axis was observed after the
charge–discharge cycles, indicating some dynamic dispersion
of ions inside the pores [14]. The magnitude of the shift was
the highest in the case of KCl electrolyte. The ESR value, as
observed from the intercept of the Nyquist plot to the real
impedance axis was found to decrease slightly with the num-
ber of cycles.

The EIS data was further analysed through equivalent cir-
cuit model. The fitting of data to ladder-type electrical circuit
is presented in Fig. 12. The circuit represents three levels of
hierarchy in pore network. Here, one set of pores, branches
into the other set. The parameter R1 includes the ESR. The
parameters R2 and R3 represent the resistances to access pores
at the lower level of hierarchy in the network. C3 represents
the capacitance at the lowest hierarchy. The overall capaci-
tance of the electrode will primarily be contributed from the
pores at lower hierarchy (micro pores). R4 represents the leak-
age resistance associated with C3 and signifies the non-
ideality in the double layer capacitance. Table 2 lists the con-
verged values of circuit parameters. Table 2 indicates that the
resistance outside the pore network (e.g., bulk electrolyte re-
sistance) is the lowest for KOH. This is consistent with the

Table 2 Regressed values of circuit parameters (κ is specific conductance of the electrolytes in mS/cm;R1 is equivalent series resistance;C1 is value of
the capacitive element representing capacitance in first level pore hierarchy; C2 and C3 represents the capacitance for the intermediate and the lowest
hierarchy pores, respectively; R2 and R3 are the resistances to charge propagation at intermediate and the lowest hierarchal pores)

Electrolyte κ (mS/cm) R1 (Ω) C1 (F) R2 (Ω) C2 (F) R3 (Ω) C3 (F) R4 (Ω) Chi2

KOH 400 1.57 3.8 × 10−3 6.81 0.011 61.36 0.017 223.1 0.082

KCl 208 2.11 1.4 × 10−3 8.01 0.009 31.97 0.023 126.6 6.44 × 10−4

K2SO4 120 2.89 1.0 × 10−3 11.02 0.007 66.25 0.011 348.5 0.119

Table 3 Regressed values of
circuit parameters after 5 cycles Electrolyte R1 (Ω) C1 (F) R2 (Ω) C2 (F) R3 (Ω) C3 (F) R4 (Ω) Chi2

KOH 1.13 5.5 × 10−3 2.17 0.027 19.85 0.031 143.3 0.034

KCl 1.77 1.7 × 10−3 4.12 0.016 15.99 0.032 139.3 0.044

K2SO4 2.21 8.3 × 10−4 5.25 0.011 23.99 0.018 306.1 0.064
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intercept on the real axis in Fig. 8, as discussed before.
However, at deeper levels of hierarchy, the resistances for
KOH and K2SO4 become at par with each other. This shows
the reduced importance of bulk electrolyte properties at the
lowest level of hierarchy in the pore network. Further, the
resistance to access the lowest hierarchy was the least, when
KCl was the electrolyte. At the same time, the leakage resis-
tance R4 is the least for the KCl electrolyte. Therefore, the
transport and charge storage at the lowest hierarchy shows
some non-ideality with KCl that was not significant with other
two electrolytes. After 100 cycles of charge–discharge, no
major change in the fitted parameters was observed. The mi-
nor changes in the parameters may be attributed to the differ-
ence in mobility of ions. For example, SO4

2− ions are much
bulkier than OH− and Cl− ions, and their attachment to surface
or penetration into the pores may not remain same after sev-
eral charge–discharge cycles. The impurities at the surface,
and side reactions, involving impurities may also change the
values of the parameters to insignificant extent Tables 3 and 4.

The above analysis indicates KOH as the electrolyte of
choice due to the ease of ion transport and the quality of the
double layer. However, the highest energy density was ob-
served with the K2SO4 electrolyte. The energy density is

directly proportional to the square of the charging voltage.
The highest energy density for K2SO4 is because of the wide
voltage window (0–1.7 V), within which no oxidation or re-
duction takes place. The Ragone plot for the three aqueous
electrolytes is presented in Fig. 13. K2SO4 shows the highest
energy density and power density and is suited for high power
applications. The energy density and power density by K2SO4

electrolyte with activated carbon electrodes are 8.6 Wh/kg (at
0.1 A/g) and 6.2 kW/kg (at 1 A/g), respectively. KOH showed
good power density, though lacked energy density to the level,
realized by K2SO4.

Conclusions

The article addressed the transport of electrolyte ions and the
quality of double layer capacitance in activated carbon elec-
trodes with alkaline, neutral salt and alkali sulphate electro-
lytes, respectively. The trends with specific capacitance were
found consistent with the ionic conductivity and hydrated an-
ion size of the electrolytes. The results from cyclic voltamm-
etry and chronopotentiometry show the highest specific ca-
pacitance with KOH as electrolyte that depends more strongly
on the scan or charging rate. This behaviour is considered as
another manifestation of the electrolyte’s high ionic conduc-
tivity. The relative magnitudes of the equivalent series resis-
tance from the EIS plots are consistent with the bulk ionic
properties of the respective electrolytes. The EIS data was
fitted to the ladder-type equivalent circuit. The converged
values of resistance in the upper level of hierarchy are consis-
tent with the ESR value and the ionic conductivity for the
respective electrolytes. However, at lower level of pore hier-
archy, the resistance to KOH electrolyte was found at par with
the resistance to K2SO4 electrolyte. This is in contradiction to
the respective ionic conductivities. Thus, the bulk electrolyte
properties became less dominant at the level of micropores.
Further, some non-ideality in transport and charge storage was
observed with KCl electrolytes at the lowest hierarchy. After
several cycles of charge–discharge, small changes in the EIS

Table 4 The ESR values in literature for the given electrolytes in carbon electrodes

Electrode Electrolyte Specific capacitance Equivalent series
resistance

Activated carbon [33] obtained by heat treatment of bituminous at
temperatures from 520 to 1000o C followed by KOH activation
at 700 or 800o C

6 M KOH 286 F/g (0.1 A/g) 0.17 Ω

Nanoporous carbon black based [34] 2 M KCl 33.58 F/g (10 mV/s) 7.1 Ω.cm2

Activated carbon from phenol-melamine-formaldehyde resin [35] 6 M KOH 210 F/g (2 mV/s) 1.33 Ω

Carbon powder based on activated charcoal 6 M KOH 71.7 F/g (10 mV/s) 66.8 F/g (0.1 A/g) 0.97 Ω

2 M KCl 59.3 F/g (10 mV/s) 62.1 F/g (0.1 A/g) 1.3 Ω

0.5 M K2SO4 47.6 F/g (10 mV/s) 42.8 F/g (0.1 A/g) 1.55 Ω

Fig. 13 Comparison of the performance of three electrolytes through
Ragone plot
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plots were observed, though the specific capacitance was
retained to the extent of 96% after 1000 cycles. The impor-
tance of power and energy density is underscored through a
comparison of the performances in Ragone plot.
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