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Abstract
As an alternative to binder-based overlay of carbon powder on the current collector, the precursor sol may be carbonized directly
on the current collector for the purpose of making supercapacitor electrodes. The disintegration of precursor sol into fine droplets
prior to the deposition and subsequent removal of solvent from the deposited gel through lyophilization may enhance the internal
surface area and the pore connectivity. This article presents the impedance spectroscopy analysis of such electrodes and reports
the resistance to transport of electrolyte ions in such pore network through meaningful equivalent circuits. Neutral, alkaline, and
acidic electrolytes were considered in this study. Multiple levels of hierarchy in the pore network are considered here to ascertain
the extent of heterogeneity and branching in the pore structure. The electrodes from the binder-based overlay of carbon powder
are studied here for comparison. The method of spray coating, followed by in situ carbonization seems to have produced a pore
structure, which is less branched. The resistance to access the internal surface is more uniform over the entire domain for such
electrodes. The equivalent series resistance was found significantly smaller for these electrodes.

Introduction

The electrochemical double-layer capacitors (EDLCs) are pas-
sive electrical energy storage devices with high-power density,
good energy density, high reversibility, and longer cycle life.
These energy storage devices are used in high power applica-
tions including portable electronics, hybrid electric vehicles,
smart grids, and storage of solar and wind energy [1–4].
EDLCs differ from the conventional capacitors by the mecha-
nism of charge storage. The charge is stored in the electric
double layer at the electrode-electrolyte interface. Activated
carbon with high surface area and low costs are widely used
as electrode material. Different carbon materials e.g., glassy
carbon, carbon in the form of onions, microbeads, cloths, fi-
bers, aerogels, cryogels, xerogels, carbide-derived carbons, and
nanotubes [5–19] were used in making EDLC electrodes. The
active electrode layer on the current collector is formed through
binder-based laying of carbon powder. The making of compos-
ite electrode by wetting a fibrous solid with polymeric precur-
sor and subsequent carbonization was also reported [20].

The capacitance of an EDLC depends on the internal sur-
face area of the electrodes, the pore size distribution, and the
resistance, encountered by the ions to access the internal sur-
face. The pore size distribution plays an important role in
propagation of electrolyte ions through the pore network.
The macropores branch out into the mesopores, through
which the ions diffuse into the smallest pores. In order to
obtain the maximum charge storage in the double layer, the
internal surface area of micro pores needs to be accessed by
the electrolyte ions to the fullest extent [8, 19, 21].

In this article, the carbon material for the electrode was
obtained from a hydrogel precursor, containing Resorcinol
(Re) and Formaldehyde (F). The gel was further processed
through freeze drying and carbonization. Important properties
of carbon materials from such precursor gels are the high
surface area, a tunable nanoporous structure, and a good elec-
trical conductivity [22–26]. Further, a better electrode was
developed here by splitting the precursor sol into fine droplets
on the current collector, and by retaining the pore structure
within the RF gel through use of lyophilization for removal
of solvent from the deposited layer.

The pore structure of these electrodes was analyzed by
electrochemical impedance spectroscopy (EIS) with aqueous
solution of potassium chloride (2 M KCl) as electrolyte. 2 M
KOH and 2 M H2SO4 solutions were also used as electrolyte
in separate experiments for comparison. The EIS is an
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effective tool for studying the diffusion of electrolyte ions in a
porous electrode [16, 27–30]. Since de Levie’s transmission
line model [31], various equivalent circuits were proposed to
relate the electrochemical impedance at different imposed fre-
quencies to the pore structure of the electrodes. In this article,
two equivalent circuits are fitted to the EIS data in order to
quantify the ionic resistances at different levels of hierarchy in
the pore network. Here, the ladder-type equivalent circuit with
three levels in pore hierarchy is considered. Additionally, an
equivalent circuit is proposed in this article to study the extent
of heterogeneity in the pore structure. In particular, the two
parallel sets of RC elements at the lower level of hierarchy in
the latter circuit are carefully reviewed to ascertain the extent
of heterogeneity in the pore structure. The EIS responses from
other electrodes that were derived from the same precursor sol
through carbonization in bulk, followed by slurry overlay of
carbon powder binder-based carbon overlay are analyzed here
for comparison.

Methods

Three types of electrodes were used in this investigation. The
first type of electrode was made with activated carbon powder,
as purchased. A slurry was prepared with activated charcoal
powder (Merck Special i t ies Pvt. Ltd. , Mumbai) ,
Polymethylmethacrylate (Alfa Aesar) as binder, and acetone as
solvent. Activated Carbon (AC) and Polymethylmethacrylate
(PMMA) were mixed in the ratio of 9:1 (w/w). An overlay of
carbon slurry was applied on a Torey carbon fiber paper (TGP-
H-120, with bulk density of 0.45 g/cm3, electrical resistivity of
80 mΩcm, and thickness of 0.37 mm) using a doctor’s blade.
This was followed by drying of the coated paper in an oven at
343K for 5 h. The second type of electrodewas also prepared by
overlaying carbon slurry. However, the carbon powder for the
second type of electrodes was synthesized as part of this study
through gelation of resorcinol (Sigma Aldrich) with formalde-
hyde (Sigma Aldrich) using sodium carbonate (SC) from Sigma
Aldrich as the catalyst. The molar ratio of Re to water and Re to
Fweremaintained at 0.018 and 0.5, respectively, in the precursor
sol. The molar ratio of Re and SC was maintained constant at

300. The solution was held at 343 K for 24 h to cure the
Resorcinol-Formaldehyde (ReF) gel in a glass vial. Next, the
gel was lyophilized in a shelf-type freeze drier. The lyophiliza-
tion procedure involved freezing of gel sample at 243 K, follow-
ed by sublimation of solvent through increase in temperature
slowly from 243 to 273 K over 12 h under a vacuum of
0.68 Torr. The product was then carbonized in a furnace at
1073 K under a nitrogen gas flow at 100 ml/min. The pressure
inside the furnace was maintained at 0.1 Kg/cm2. The grounded
form of carbonized gel was mixed with PMMA binder and
acetone to form slurry, as before. The carbon papers were coated
with the slurry, and were dried in an oven at 343 K for 5 h. The
former type of electrode is referred as AC, and the latter type is
referred as ReFC in the following sections. 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).

The third type of electrode was prepared by carbonizing the
precursor ReF gel on the carbon paper in situ. The ReF sus-
pension of the same composition, mentioned before was taken
out from the oven before the gelation point. The ReF suspen-
sion was then flowed into a nozzle of stainless steel through a
syringe pump at a rate within the range of 0.5–1.5 mL/h [32].
Electric field was applied across the stainless steel nozzle and
the carbon paper. The distance between the tip of the nozzle
and the carbon paper was adjusted within the range of 0.7 to
1 cm. A stable cone jet of the ReF suspension disintegrated
into fine droplets before impinging on the carbon paper sub-
strate. The coated layer on the carbon paper was cured, lyoph-
ilized, and carbonized as per the procedure described before.
This type of electrode is referred as EReF in the following
sections.

Each set of electrodes was assembled in a plexiglass
set-up for electrochemical measurements. The working
and the counter electrodes of same mass loading and
dimensions were separated by a Whatman®(Grade 1)
filter paper. Aqueous solution of KCl at a concentration
of 2 M was used as electrolyte. The size of the elec-
trode was taken as 2 cm × 2 cm. The mass of active
layer for the ReFC, EReF, and AC electrodes was found

Fig. 1 Schematic diagram of a
ladder equivalent circuit, and b
proposed model equivalent circuit
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as18, 4, and 24 mg, respectively, with the thickness (t)
of 0.1 mm in each electrode. The electrochemical per-
formance of set of EReF electrodes was also tested with
2 M KOH and 2 M H2SO4 solutions. The dimensions
for this type of electrodes were taken as 1 cm × 1 cm,
with mass of active layer as 0.6 mg.

Electrochemical analyses were performed using Versa
Stat 3 (Princeton Applied Research, USA). EIS was

conducted over the frequency range of 0.01 Hz to
1 MHz. Cyclic voltammetry and galvanostatic charge-
discharge experiments were performed on these sets of
electrodes. The experiment was repeated after several
charge-discharge cycles to ascertain the irreversible
changes in the EReF electrodes. The EIS results were
fitted to an equivalent circuit that simulates the hierar-
chical structure of the pore network and the pore-size

Fig. 2 DFT pore size distribution
of carbon powder for ReFC- and
AC-type electrodes
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distribution. The impedance from the resistive and the
capacitive elements in the circuit are computed as fol-
lows:

ZR ¼ R ð1Þ

ZC ¼ 1

j� 2πωCð Þ ð2Þ

Here, R and C are the resistance (in Ohms) and capacitance
(in Farads) of the respective circuit elements, ω is the angular

frequency in Hz, and j ¼ ffiffiffiffiffiffi
−1

p
.

The RC elements were regressed to match the overall
impedance of the circuit with the impedance, derived
from the EIS data. For the purpose of error minimiza-
tion, the objective function, f is defined in Eq. 3. The
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Fig. 4 Electrochemical
performance of EReF type of
electrodes in KCl, KOH, and
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Fig. 5 Nyquist spectra for a ReFC-, b EReF-, and c AC-type electrodes
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simplex algorithm of error minimization was implement-
ed using Matlab R2013b from Mathworks Inc. The
goodness of fit is represented here by the Chi2 value
(χ2) as defined below.

f ¼ ∑ Ztheo−Zexpð Þ2
� �

ð3Þ

Here, Zexpre and Ztheoreare the real components of
overall impedance from the EIS data and the equivalent
circuit model, respectively. Zexpim and Ztheoim are the
respective imaginary counterparts. Zexp and Ztheo are
overall impedance from EIS data and the equivalent
circuit model, respectively. Two equivalent circuits are
considered (Fig. 1) in this investigation. The initial
guess was varied systematically over the entire search
space to ensure that the converged values of RC ele-
ments lead to the global minimum.

Fig. 6 Impedance spectra fitted with ladder model for a ReFC-, b EReF-, and c AC-type electrodes

Fig. 7 Impedance spectra fitted with proposed model for a ReFC-, B) EReF-, and (C) AC-type electrodes

(4)

(5)
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Results and discussions

The carbon material is known for a porosity at multiple scales.
Figure 2 compares the DFT pore-size distribution of two types
of carbon powders, used in this study. These distributions
were computed from the nitrogen adsorption studies in a
BET apparatus. The presence of meso and microporosity is
evident in both the samples. The BET surface area for the AC
and ReFC powders were found to be 900.15 m2/g and
944.02 m2/g. Understandably, most of the internal surface is
held in micropores, and the access to these micropores is pro-
vided by the mesopore network. From our experience, the
presence of binder reduced the BET surface area to half of
the original value.

The results from the cyclic voltammetry (CV) and the
chronopotentiometry (CP) are reported in Fig. 3. The rectan-
gular and triangular profiles in CV and CP plot, respectively,
show behavior of ideal double-layer charge storage. The spe-
cific capacitance values are reported here at varied scan rate
and current density, respectively. The specific capacitance was
found highest for the EReF type of electrodes, and the capac-
itance value reached up to 120 F/g.

The above observations with neutral electrolyte were further
analyzed and compared by repeating the electrochemical tests
with alkaline and acidic electrolytes. Figure 4 presents the CV
and CP plots for the neutral, alkaline, and acidic electrolytes,
respectively, obtained with EReF electrodes. In case of KOH
electrolyte, the distortion in rectangular shape of CV plot oc-
curs at the higher voltage. Understandably, the OH− ions form a
reactive interaction with the carbon surface easily, and at a
lower voltage, compared to other electrolytes. The specific ca-
pacitance was found higher with KOH as electrolyte. The ca-
pacitance and the Coulombic efficiency with KOH electrolyte
are retained to the respective original values of 159.68 F/g (at
5 A/g) and 100% after 2000 charge-discharge cycles.

The Nyquist spectra are plotted in Fig. 5 for different types
of electrodes. The equivalent series resistance (ESR) that rep-
resents the internal resistance of the capacitor may be estimat-
ed from the intercept on real impedance axis at high

frequency. The ESR was found least with the electrodes that
were electrospray-coated, and subsequently carbonized in
situ. This ESR value is less than half of the ESR values, re-
ported for other electrodes. The ESR for EReF electrodes may
further be reduced by suitable activation method.

The ESR values show the lowest ESR for EReF-type elec-
trode, and the highest for activated carbon-overlay (AC)-type
electrodes. That is, the reduction of ESR is consistent with the
superior performance of the EReF electrodes. Also, the per-
formance of ReFC-type electrodes demonstrates the effective-
ness of resorcinol-formaldehyde gel as a carbon precursor.
This observation is consistent with the BET data, reported in
the earlier paragraph. The AC electrodes are made of activated
charcoal powder, as purchased with BET surface area of
900.15 m2/g. The use of binder will reduce the accessible
surface area to half of original value. The ReFC electrodes
are made of not-activated carbon powder, obtained from RF
precursor sol. The BET surface area of such carbon powder
was found to be 944.02 m2/g, which gets reduced further due
to the presence of binder. EReF electrodes are based on this
same not-activated carbon powder. However, in EReF elec-
trodes, the RF sol was split into small droplets, when placed
on carbon collector prior to the carbonization of sol. Further,
the use of binder could be avoided that helped retaining the
access to internal surface area.

The Nyquist spectra are further analyzed using two equiv-
alent circuits, described in Fig. 1. One is the conventional
ladder circuit. This circuit represents a branched network of
pores with three levels of hierarchy. An example of such net-
work may be macro-meso-micro pore composite, where the
meso-pores originate from the wall of the macropore, and
finally branch into the micropores. The charge transfer resis-
tance to access the pores in next level of hierarchy, the double-
layer capacitance at each level of hierarchy, and the non-
ideality of the capacitance at the lowest hierarchy (leakage
resistance) are estimated by fitting the data to the equivalent
circuit model. Other than the ladder model, a new circuit is
proposed in this article (Fig. 1b). Here, instead of a single set
of pore resistance and double-layer capacitance at the lower

Table 1 The regressed values of
RC elements (ladder model) Electrode type R1 (Ω) C1 (F) R2(Ω) C2 (F) R3(Ω) C3 (F) R4(Ω) Chi2

ReFC 1.20 1.9 × 10−2 0.21 0.205 0.99 0.42 16.7 6.4 × 10−4

EReF 0.60 4.1 × 10−4 0.17 0.175 3.99 0.07 76.1 3.9 × 10−3

AC 3.55 7.8 × 10−3 39.21 0.033 218.69 0.11 1949 2.0 × 10−2

Table 2 The regressed values of
RC elements (proposed model) Electrode type R1 (Ω) C1 (F) R2 (Ω) C2 (F) R3 (Ω) R4 (Ω) C3 (F) Chi2

ReFC 1.20 0.019 1.04 0.48 16.90 0.27 0.132 6.4 × 10−4

EReF 0.59 3 × 10−4 0.20 0.11 81.96 4.15 0.072 3.8 × 10−3

AC 4.61 8.7 × 10−3 208.75 0.104 4.86 × 102 48.56 0.021 2.4 × 10−2
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level of hierarchy, two different sets of RC elements are con-
sidered. The use of this equivalent circuit enables an assess-
ment of the non-uniformity of the pores.

Figures 6 and 7 present the match of EIS data with the
output from the two equivalent circuit models. From these
two figures, both the models appeared to have fitted the exper-
imental EIS data with similar accuracy. The fit was better for
EReF-type electrode, compared to the match for slurry coated
electrodes. Tables 1 and 2 present the fitted values of the circuit
parameters. From the fit of the ladder model, the resistance to
access the first level of pore hierarchy was found lowest for

EReF-type electrodes. Understandably, this resistance accounts
for the cumulative effect of bulk electrolyte resistance, interfa-
cial resistance, and contact resistances (both intra-particle, and
between the particle and the current collector). As such, this
resistance is significantly smaller for the carbon sample, de-
rived from ReF gel. Further, the resistance to access the lowest
level of pore hierarchy in the ladder model was significantly
higher for EReF-type electrodes. This is in spite of higher over-
all capacitance, shown by the EReF-type electrodes, leading to
a hypothesis that the pores in EReF-type electrodes did not
possess much of a hierarchy. The pores were less branched,
and were more homogeneous, as compared to the pores in the
other electrodes. The C2 values, when normalized by the mass
of active layer are 11.39, 43.75, and 1.37 F/g, respectively, for
ReF-, EReF-, and AC-type electrodes. The specific capacitance
values of the corresponding electrodes from CVmeasurements
at scan rate of 100 mV/s are in the order of 30, 80, and 10 F/g,
respectively. The C2 values are essentially a major component
of equivalent circuit, contributing to the double-layer capaci-
tance. The estimates of C2 are based on impedance measure-
ments over a very wide range of frequency. However, the rel-
ative magnitude of C2 values from the model fitting for differ-
ent electrodes are found consistent with the capacitance values
from other measurements.

The trends from the ladder-type equivalent circuit are well
supported by the other model of pore network, considered in
this article. In the other equivalent circuit, a parallel RC branch
is introduced at the second level of hierarchy to investigate
further the extent of heterogeneity in the pore structure. The
comparisons of R2 with R4 and ofC2 withC3 for the ReFC- and
EReF-type electrodes show a clear distinction between the two
sets of pores in EReF electrodes. The EReF pores with resis-
tance R2 are easily penetrable, as the value of R2 is quite smaller
than the value of R4. Also, the same set of easily penetrable
pores in EReF electrodes provides higher double-layer capaci-
tance (C2). The other set of EReF pores with resistance R4

possesses much higher resistance (~ 24 times the former value),
and smaller double-layer capacitance (C3). In other words, an
attempt to classify the pores into two sets ended up in one set
that is impenetrable and with low internal surface area, com-
pared to the other set of pores. The double-layer charge is
stored primarily in the former set of pores. The difference be-
tween the two parallel RC branches are not pronounced in case
of ReFC-type electrodes, where both set of pores are holding
double layer for charge storage by varying extents. Thus, the
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Fig. 8 Impedance spectra fitted with proposed model for EReF-type
electrodes a KOH, b H2SO4, and c comparison of Nyquist plot for
three electrolytes

Table 3 The regressed values of
RC elements (proposed model)
with three electrolytes KCl, KOH,
and H2SO4 for EReF type of
electrodes

Electrolyte
(2 M)

R1
(Ω)

C1 (F) R2
(Ω)

C2 (F) R3 (Ω) R4 (Ω) C3

(F)
Chi2

KCl 0.59 3 × 10−4 0.20 0.11 81.96 4.15 0.072 3.8 × 10−3

KOH 1.56 1.26 × 10−3 1.66 1.99 × 10−2 3843 169.32 0.008 3.03 × 10−2

H2SO4 0.56 2.31 × 10−2 15.6 1.28 × 10−2 2911 191.36 0.011 6.38 × 10−2
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existence of a homogeneous and less branched set of pores in
EReF-type electrodes is indicated from this study.

Figure 8 presents the match of EIS data with the output
from the proposed equivalent circuit using KOH and H2SO4

electrolytes. A comparison of the model parameters is drawn
in Table 3. The ESR for the three electrolytes was found to be
0.44, 1.25, and 0.43 Ω, respectively (Fig. 8c. The value of R2

(Table 3) increased significantly with H2SO4 as electrolyte,
suggesting the hindrance to penetration of bulky SO4

2− into
smaller pores. The observations on penetrability of the two
sets of pores (comparison of R2 and R4, reported in the previ-
ous paragraph) still hold for alkaline and acidic electrolytes,
substantiating the existence of homogeneous pores in EReF
electrodes.

Conclusions

The resistances, encountered by the electrolyte ion in a novel
electrode structure were analyzed in this article. The novel
electrode was made by leveraging (i) the electrospray process
to split the precursor sol on the current collector, (ii) lyophili-
zation process to retain the pore space within the gel network
at the time of solvent removal, and (iii) in situ carbonization
process. Here, the carbonization of precursor sol in atomized
droplets can provide uniform pore structure. The making of
novel electrode did not involve any use of binder.
Accordingly, any hindrance in accessing the internal surface
due to the presence of binder could be avoided. The transport
of electrolyte ions through such electrode was analyzed from
the impedance spectroscopy data. For comparison, the slurry
coated electrodes with carbon powder, made from the precur-
sor sol of same composition was studied. High specific capac-
itance of the novel electrode was found consistent with the
low value of ESR. Two equivalent circuits were employed
to study the extent of branching and heterogeneity in the pore
structure. From this modeling exercise, the pores in the novel
electrode appeared to be more homogeneous. The reduced
branching and hierarchies in the pore network seemed to have
contributed to the specific capacitance of the novel electrode.
The observations are applicable generally to neutral, acidic,
and alkaline electrolytes. The specific capacitance of 160 F/g
at current density of 5 A/g was observed with KOH electrolyte
in these electrodes. This capacitance at a coulombic efficiency
of 100% was retained after 2000 charge-discharge cycles.
Further improvement in performance of this electrode is an-
ticipated through tuning the spray process and activation of
the final product.

Therefore, in any carbon gel, a meso and micropore net-
work is invariably present, and serves the purpose of double-
layer formation here. The EReF electrodes seem to have a
favorable hierarchy, which is evident from the electrochemical
studies (CV and CP analysis) with the three types of

electrolytes. The trends are consistent for this novel electrode
at varying current densities and after several charge-discharge
cycles. Further, the EIS studies revealed a lower ESR value for
this type of electrode, compared to the traditional ones. An
equivalent circuit model is proposed here to test the homoge-
neity of pore resistance across the active layer, based on the
EIS data. The analysis suggests more uniform pores in the
new type of electrode.
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