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ABSTRACT: Polypyrrole (Ppy)-modified graphene oxide (GO) electrodes
were synthesized for the first time in a choline chloride−phenol-based deep
eutectic solvent at various temperatures via electrochemical methods without
the addition of any inorganic or organic catalysts. The surface morphologies and
structures of the modified films were assessed via scanning electron microscopy,
transmission electron microscopy, Fourier transform infrared spectroscopy, and
X-ray diffraction techniques. The electrochemical properties and stability of the
modified electrodes were investigated via cyclic voltammetry and impedance
spectroscopy at various temperatures and scan rates. The results showed that
the specific capacitance of the nanocomposites decreased with increasing scan
rate during cycling. Additionally, the specific capacitances of the pure Ppy and
Ppy/GO films increased with increasing temperature of the electrolyte
(monomer-free), attributed to the reduction in viscosity at elevated temper-
ature. The specific capacitances at 5 mV s−1 were found to be 1071.78 and 594.79 F g−1 for Ppy/GO (20 wt %) at 50 and 25 °C,
respectively. It was also observed that the resistance in the cell decreased with increasing electrolyte temperature. Ppy/GO at 50 mV
s−1 was found to have the highest capacitance retention of 85% after 2000 cycles, showing better cycling stability than the pure Ppy
film. Herein, the incorporation of GO in the Ppy matrix led to improved specific capacitance and cyclic stability, suggesting that
Ppy/GO could represent a promising electrode material for supercapacitor applications.

1. INTRODUCTION
Supercapacitors are a promising energy storage system for
sustainable energy management due to their intrinsic proper-
ties, such as good cycle performance and reversibility, safety in
operation, and high-power capability, ensuring that they have
received a vast amount of attention.1,2 The mechanism of
charge storage in supercapacitors is classified into two
categories: (i) pseudocapacitors (such as conducting polymers
and metal oxides) and (ii) electronic double-layer capacitors
(EDLCs) (such as carbonaceous materials). The charge
storage efficiency in a pseudocapacitor is a result of chemical
reactions based on the Faradaic process that take place through
an activated substance component of the electrodes, while the
efficiency of EDLCs (via non-Faradaic mechanisms) is a result
of the separation of charges (ionic and electronic) between the
solution and electrode interface.2,3

Conducting polymers such as polyaniline, polypyrrole
(Ppy), poly(3,4-ethylenedioxythiophene), poly(3-methylthio-
phene), and poly(1,5-diaminoanthraquinone) have been
extensively investigated with regard to their potential as
pseudocapacitor materials4 due to the possibility of utilizing
them in various industrial applications including sensors,

batteries, anti-corrosion materials, membranes, transducers,
optical storage media, and electrochemical devices.5 Typically,
they are inexpensive and relatively easy to prepare in
comparison with metal oxides and carbon-based substances.
Among the various conducting polymers, Ppy is extensively
applied in high-performance pseudocapacitors6 due to its good
physio-chemical properties such as its high electrical
conductivity, rapid redox switching, biocompatibility, and
environmental stability, as well as a large capacitance and
high storage capacity. Consequently, various polymerization
methods have been utilized for the preparation of Ppy with
different morphologies via either electrochemical or chemical
routes at the micrometric or nanometric scales.7 However,
most conducting polymers (including Ppy) have poor charge/
discharge cycling stability, believed to be due to the variation
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in volume of polymer during charge discharge. Swelling/
shrinkage processes commonly occur during redox processes to
enable the insertion/rejection of counterions. Internal stresses
within the film cause deterioration, gradually causing a
reduction in charge storage behavior.8,9 It has been found
that carbon-based materials such as graphene, carbon nano-
tubes, and activated carbons extensively interact with
conjugative polymers to improve their cycling stability in
electrochemical capacitors due to increased conductivity
through the films and an increase in absorption sites. One of
carbonaceous substances used in this field is graphene oxide
(GO), which is a graphene derivative. In addition, its structure
is disordered, rough, and predominantly amorphous, having a
large quantity of functional groups (epoxy, hydroxyl, and
carboxyl groups) on its surface, which can enhance the
mechanical properties and cycling stability performance of
polymer composites.10 It has been demonstrated that cycling
stability of pseudocapacitive processes can be enhanced by
modification with carbon-based nanomaterials. Charge can be
stored via Faradaic and non-Faradaic mechanisms in the
modified electrodes, resulting in excellent specific capacitance
and good electrochemical cycling stability.11

Many researchers have prepared conducting polymer
composites in aqueous and organic electrolytes due mostly
to their high conductivity and the fact that they facilitate mass
transport.12,13 However, there are limitations associated with
the use of aqueous and organic electrolytes, such as their small
potential windows and short lifetime stability, which can result
in rapid degradation of the polymer in the electrolyte.14,15

Recent works have studied the electrochemical polymerization
of conducting polymer composites in ionic liquids (ILs)16,17

due to their wide potential windows, which can improve the
durability, thermal stability, and morphology of the deposited
film.18 However, the high cost and toxicity of ILs have limited
their applicability.19 Deep eutectic solvents (DESs) are formed
when a significant depression of the melting point of a mixture
is observed compared to those of the individual components.20

Typically, these are mixtures of quaternary ammonium salts
mixed with metal salts or hydrogen bond donors (HBDs),21,22

although others such as the combination of metal salts with
HBDs also exist.23 DESs have been applied in many areas
including electrodeposition of metals and alloys,24,25 conduct-
ing polymers,26,27 metal finishing, desulfurization,28 pharma-
ceuticals,29,30 and energy storage.31 This is due to the fact that
they are cheap, are easy to prepare, are non-volatile, are
biodegradable, are insensitive to water, and typically have low
toxicity, all of which make their use in large-scale applications
highly favorable.32,33 Several researchers have synthesized
various conducting polymers in DESs and studied different
associated parameters, including the growth mechanism and
cycling stability of polymers in DESs as well as ion and solvent
transport.34−36 Indeed, the type of solvent and, thus, the size of
the dopant counteranions have a significant effect on all the
films’ properties including structure, morphology, and cycling
stability,37,38 where the positive charges are produced in the
backbone of polymer during oxidation. Thereafter, solvated
anions ingress into the oxidized polymer matrix to counter-
balance the positive charge. Resultingly, the mobility of anions
and electrochemical stability are strongly dependent on the
nature of the solvent and the types of species present.
The present work employs the novel electrochemical

polymerization of pyrrole in a DES electrolyte, consisting of
choline chloride (ChCl) and phenol in a 1:2 mol ratio. This

DES is of interest as it can form a eutectic solvent at room
temperature, possesses long-term stability at elevated temper-
atures, and is composed of affordable raw materials.39 Most
DESs contain aliphatic HBDs. The presence of phenolic rings
as a component within the DES may result in modified
deposition behavior of both Ppy and GO due to modified
solvent−solute interactions. Resultingly, evaluation of Ppy
films with/without GO deposited from this solvent in the
application of supercapacitors is significant and has not, to
date, been considered. Here, we grow and characterize
electrolytic Ppy films grown in a 1ChCl:2Phenol DES with/
without the presence of GO. Films have been deposited at
different temperatures and concentrations of GO in the
deposition medium using the cyclic voltammetry (CV)
method. Ppy and Ppy/GO composites were transferred to
background monomer-free electrolytes, and their electro-
chemical performance was evaluated using various potential
windows, scan rates, and temperatures. The morphological
features of the deposited polymers were characterized via
scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). To confirm the incorporation
of Ppy on the surface of GO, Fourier transform infrared
(FTIR) spectroscopy and X-ray diffraction (XRD) techniques
were used.

2. EXPERIMENTAL SECTION
2.1. Materials. Pyrrole monomer (C4H5N, 98%) and

choline chloride (C5H14ClNO, ≥ 99.5%) were obtained from
Sigma-Aldrich, while graphite (99%) used to prepare GO and
phenol (C6H6O 99%) were obtained from Alfa Aesar and
Thomas Bake. All materials were used without further
purification.
2.2. Preparation of DES. In this work, a mixture of

choline chloride (ChCl) and phenol was prepared in a 1:2 M
ratio [e.g., ChCl (10 g) and phenol (13.5 g)] according to that
used in previous work.40 Then, the mixture was placed on a
hot plate and heated to 40 °C with stirring using a magnetic
stirrer until a homogeneous electrolyte was formed, as shown
in Figure 1. In this study, 1ChCl:2Phenol DES was used as the

background electrolyte for the electropolymerization of pyrrole
and as the cycling electrolyte when determining the electro-
chemical stability of the thin films. Conceptually, this DES may
be regarded as mildly acidic due to the phenol present in the
DES acting as a proton donor.
2.3. Synthesis of GO from Graphite. GO was

synthesized from graphite powder according to a modified
Hummers method. A detailed process for preparing GO was

Figure 1. Photographs of preparation of DES electrolyte from choline
chloride and phenol.
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presented in our previous work.41 The proposed structure and
the details are shown in Figure S1.
2.4. Preparation of the Ppy and Ppy/GO-Modified

Electrodes. The electropolymerization of the pyrrole
monomer was performed via a CV method using a Pt working
electrode (WE) with a 3 mm diameter, a Pt flag counter
electrode with a surface area of 2 cm2, and Ag wire (1 mm
diameter) as a pseudo-reference electrode (RE). Ag/AgCl RE
is not suitable for use in DESs as there is a liquid junction
potential due to the difference between the viscosity of the
electrolyte (Ag/AgCl) and DES solution, changing ion
mobility. A silver wire was used as a pseudo-RE immersed

into the DES solution, as reported in the literature;13,42,43 for
more details, see the Supporting Information, Section S2.
Before depositing the thin-film polymer, the WE was polished
using γ-alumina paste (0.05 μm), washed with deionized water,
and dried. The polymer deposition was carried out in the DES
(1ChCl:2Phenol) containing 0.7 M pyrrole monomer. The
potential window was scanned from −0.4 to 1.4 V at a scan
rate of 50 mV s−1 over 10 scans.
Ppy/GO composite polymer films were also synthesized in a

similar manner to the formation of the Ppy films above, but
with different weight ratios of GO present within the DES
solution. The required quantity of GO was dispersed into the

Figure 2. (a) CV of the blank electrolyte (1ChCl:2Phenol DES) on the WE electrode surface. CV of Ppy films deposited from 0.7 M pyrrole
monomer in a 1ChCl:2Phenol DES at 25 °C, (b) 10 scans of the pure polymer (the inset shows the nucleation loop of Ppy film for scan 1), (c)
different ratios of GO added, and (d) Ppy/GO (20 wt %) at various temperatures for deposition CV (b,c), with only scan 10 shown. The scan rate
was 50 mV s−1, and the potential range was between −0.4 and 1.4 V in all experiments. (e) Pt electrode before and after deposition of Ppy.
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electrolyte (1ChCl:2Phenol) containing 0.7 M of pyrrole
monomer and then ultrasonicated for 2 h to obtain a uniform
dispersion. In this work, several samples of Ppy/GO were
electrically polymerized in the DES (1ChCl:2Phenol) electro-
lyte with different masses of GO, that is, 5, 10, 20, 30, and 50
wt % of GO relative to pyrrole monomer.
After polymerization, the electrochemical stability of all

deposited films was investigated via CV in an identical
background electrolyte at temperatures of 25 and 50 °C.
Other factors such as scan rate, scan number, and potential
window were studied in this work�see the figure legends for
each experiment.
2.5. Instruments. The electrochemical experiments were

carried out via Interface 1010E GAMRY INSTRUMENTS
(USA) in a cell system consisting of three electrodes, as
discussed in Section 2.4. Electrochemical impedance spectros-
copy (EIS) experiments for Ppy and Ppy/GO films were
performed in the frequency range from 100,000 to 0.01 Hz
with an amplitude of 10 mV, as recorded at +0.2 V at different
temperatures. Further, the polymers synthesized in this study
were characterized via the FTIR, XRD, SEM, and TEM
techniques. The sample powders were dispersed in KBr pellets,
and FTIR spectra were recorded in the range of 500−4000
cm−1 using a PerkinElmer Spectrum One FTIR spectropho-
tometer. Diffraction patterns of the polymer composites were
examined using an X-ray spectrometer, model: PANalytical
Empyrean, at 30 mA and 45 kV, and were scanned between 10
and 80° at 2θ. SEM images were recorded using a Phillips
XL30 ESEM instrument, with an accelerator voltage of 15 keV.
TEM images were recorded on a Philips CM 200 microscope
at 200 kV.

3. RESULTS AND DISCUSSION
3.1. Electrochemical Characterization. 3.1.1. Electro-

polymerization of Ppy Films. Figure 2a shows the CV of a
blank electrolyte (1ChCl:2Phenol DES) at a scan rate of 50
mV s−1 without the pyrrole monomer, indicating no current
response from the choline chloride/phenol mixtures on the
WE electrode surface. Figure 2b shows the deposition CV for
Ppy deposited on a Pt WE (3 mm dia.) in 1ChCl:2Phenol
DES containing 0.7 M of pyrrole at a scan rate of 50 mV s−1 for
10 cycles and a potential range of −0.4 to 1.4 V. The CV
shows both oxidation and reduction waves, characteristic of
Ppy electrodeposition and growth, like that observed by Yavuz
et al.44−46 It is clear from Figure 2b that the growth of Ppy film
increases with the increase of the scan number, demonstrated
by an increase in the redox peaks. Inspection of the deposited
electrode after polymerization shows the formation of a black
solid polymer on the surface of WE, as shown in Figure 2e.
This potential range was chosen for Ppy film electrodeposition
as the oxidation of the monomer and nucleation of the
polymer occur close to 1.4 V. In the first cycle, a nucleation
loop was observed at 1.36 V, as shown in the inset in Figure
2b. It was observed that Ppy does not grow when the positive
potential is less than 1.3 V. After the first scan, the nucleation
loop vanished in the following cycles because of the persistent
growth of the film, preventing further nucleation in subsequent
scans. The specific capacitances (Csp, F g−1) of the samples of
Ppy composite were determined using eq 1, where I is the
current (A), Δt is the discharge time (s), ΔV is the potential
change during discharge (V), and m is the mass of the active
material of the electrode (g)47

= ×
×

C
I t

V msp (1)

Figure 2c shows the 10th and final scan of the deposition CV
where different quantities of GO were included in the
deposition medium. Visual inspection of CV shows that all
depositions where GO was present in the deposition medium
have an increased cathodic and anodic wave compared to Ppy
on its own; however, there is no general trend. In the presence
of GO, the polymerization rate is increased for Ppy/GO films,
but this was dependent on the composite electrode between
pyrrole monomer in a weight ratio and GO, as shown in Figure
2c.
Generally, the rate of polymerization for Ppy/GO films was

higher than that seen for pure Ppy due to more charge transfer
onto the active sites of the electrodes enhancing Faradaic
reaction in the Ppy/GO composite as a result of the increase in
the surface area and active sites in the polymer composite. The
specific capacitances of the Ppy/GO composites were
calculated to be 167, 189, 197, 215, 190, and 175 F g−1,
respectively, for 0, 5, 10, 20, 30, and 50 wt % GO in the Ppy
electrode. From these data, the specific capacitances for Ppy/
GO films grown from 1ChCl:2Phenol DES relied on the
microstructure of the Ppy/GO composite. The specific
capacitance of Ppy/GO increases with increasing weight of
the GO deposited up to 20 wt %. However, there is a
subsequent decline in the specific capacitance when larger
amounts of GO (30−50 wt %) were used in the Ppy samples.
This discontinuity may be attributed to the higher ratio of GO
particles, leading to agglomeration of GO on the surface of
WE, reducing the surface area available for Ppy formation. As a
result of GO agglomeration, diffusion of the monomer to the
electrode surface becomes difficult, leading to a reduction in
concentration of the monomer at the electrode surface,
resulting in reduced polymer formation. Similar findings have
been reported in the literature.3 From the discussion above, it
can be concluded that the highest specific capacitance is gained
for 20 wt % GO mixed with Ppy, suggesting a synergistic effect
between materials in this composite. Accordingly, Ppy films
deposited from an electrolyte of 20 wt % GO were selected as
the WE for the subsequent experiments.
In order to optimize the electrochemical performance of

Ppy/GO, the influence of temperature change (25−55 °C) on
the formation of films prepared from Ppy/GO(20 wt %) in
1ChCl:2Phenol was investigated at a scan rate 50 mV s−1, as
shown in Figure 2d (here, only scan 10 is shown for deposition
CV), and its behavior was compared with that of the film
prepared at 25 °C. The shapes of the associated cyclic
voltammograms are similar to that described above. However,
the films deposited at 55 °C demonstrated higher current
responses and larger cathodic peak areas. This led to a greater
specific capacitance than polymers grown at room temperature.
Additionally, as the temperature increased, the anodic peaks
for polymer growth shifted toward a more positive potential,
and the peak current increased. As a result, a quantitatively
larger deposition of the polymer on the surface occurred. The
viscosity of the electrolyte (see Figure S2, viscosity measure-
ments of 1ChCl:2Phenol DES with/without the monomer)
decreases with increasing temperature, from 93.33 cP at 25 °C
to 23.98 cP at 55 °C; as a result, there is acceleration of the
diffusion of electroactive species, and it may be a significant
contributor to these observations along with improved reaction
kinetics at elevated temperatures.48
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The thickness of the polymers can be determined based on
the amount of charge (Q) in the coulomb (C) under the
cathodic peaks from the integral of the cathodic current with
time for the last scan of the deposited film. The thicknesses (d)

of all deposited polymers are reported in Table 1 and were
estimated according to eq 2

=d
QM
2F (2)

where Q is the amount of charge for the electrodeposition film
(see Table 1), M is the molar mass of monomer (in g/mol), ρ
is the polymer density (1.5 g cm−3), and F is the Faraday
constant (96,485 C mol−1).
3.1.2. Effect of Potential Window on Electrochemical

Performance of Ppy/GO Electrodeposited Films. In Section
3.1.1, comparisons were made between depositions at different
temperatures and for different GO ratios in the polymer

matrix. Here, we compare the behavior of the Ppy-modified
electrode prepared from an electrolyte containing 0.7 M PPy
with 20 wt % GO at 55 °C in a monomer-free 1ChCl:2Phenol
DES for two potential windows. This was intended to
distinguish the electrochemical response of the polymer
composite in the electrolyte (monomer-free) and provide an
indicator of a suitable potential range for charge/discharge.
Figure 3a shows a cyclic voltammogram scanned from −0.4 to
1.4 V at a scan rate of 50 mV s−1 for 20 scans. At this potential
range, poor stability was observed during the redox cycle with a
reduction in both cathodic and anodic processes. Figure 3b
shows an identical experiment, where a freshly deposited PPy/
Gy polymer was cycled for a shorter potential range, from −0.4
to 0.8 V, to overcome the degradation of the polymer due to
over-oxidation of the film at the extended potentials employed.
The lower anodic potential of 0.8 V increases redox stability of
the polymer. Interestingly, increased electrochemical activity
was observed with increasing scan number. The data suggest
that the formation of Ppy from 1ChCl:2Phenol DES
containing 20 wt % GO allows for electrochemical stability
in the supercapacitor within this potential window range. The
long-term electrochemical stability of pure Ppy and Ppy/GO in
DES was also studied, the results of which are presented and
discussed in Section 3.1.4.
3.1.3. Comparison of Ppy and Ppy/GO Films at 25 and 55

°C. Film capacitance is an important factor in evaluating a
pseudocapacitor performance. Figure 4 shows CV for Ppy and
Ppy/GO films at 25 and 55 °C at varying scan rates. Ppy and
Ppy/GO (20% wt) were prepared at 55 °C from 1ChCl-
2Phenol DES under similar electropolymerization conditions
(scan rate and potential windows), as described in Figure 2b
for the pure polymer and Figure 2d for Ppy/GO(20% wt), but
the deposition of the polymer was carried out over seven cycles
for both polymers to reduce the thickness of deposited
polymer. The calculated masses of the active electrodes were
around 9.33 and 26.7 μg for pure Ppy and Ppy/GO (wt 20%),
respectively, calculated from the reduction peak of the last scan
of the deposited film. After the films were deposited on the Pt
electrode, they were separately exposed to 1ChCl:2Phenol
DES (monomer-free) at different temperatures and scan rates
(5, 10, 20, 30, 40 50, and 100 mV s−1) employing CV, where

Table 1. Thicknesses and Charges of Ppy Films Deposited
from Different Quantities of GO and Temperatures under
Otherwise Identical Conditions, as per Figure 2

samples
temperature

°C
Q/C of cathodic current

10th cycle
thickness
(nm)

Ppy 25 0.00476 11.10
Ppy/GO
(5 wt %)

25 0.00792 18.40

Ppy/GO
(10 wt %)

25 0.01028 23.80

Ppy/GO
(20 wt %)

25 0.02257 52.40

Ppy/GO
(30 wt %)

25 0.01576 36.53

Ppy/GO
(50 wt %)

25 0.01579 36.60

Ppy/GO
(20 wt %)

35 0.02204 51.10

Ppy/GO
(20 wt %)

45 0.03006 69.70

Ppy/GO
(20 wt %)

55 0.05301 122.90

Figure 3. Effect of potential windows on the electrochemical performance of Ppy/GO (20 wt %) cycled in 1ChCl-2Phenol DES monomer-free
electrolyte scanned from (a) −0.4 to 1.4 and (b) −0.4 to 0.8 V, with both at a scan rate of 50 mV s−1 and at 50 °C.
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the potential windows ranged from −0.4 to 0.8 V in all
experiments. The cyclic voltammograms of pure Ppy and the
Ppy/GO composite are shown in Figure 4. In each case, the
current peaks increase with increasing scan rate, maintaining
redox reactions (the shapes of cyclic voltammograms are quasi-
rectangular) of all polymers, even at the highest scan rate (100
mV s−1), but without which deviations in the peak current
potential can be observed. This can be attributed to Faradaic
capacitive behavior and double-layer capacitance in the
polymer electrodes. The oxidation peaks shift toward a positive
potential, while reduction peaks shift toward a negative
potential with increasing scan rate. This is likely due to the
enhanced resistance of the WE driving hysteresis due to the

need for movement of counter-balancing ions moving in/out
of the film.3,49 Interestingly, hysteresis was reduced in both
examples where GO was present in the deposition medium,
despite increased quantities of PPy present and an increased
magnitude of charge/discharge. One possibility may be the
increased surface area of Ppy deposits formed due to growth
on GO sheets in addition to the Pt WE surface, enabling
diffusion in/out of the films at an increased rate. SEM
observations in Section 3.2.1 are consistent with this proposal.
The change in specific capacitance versus scan rate for Ppy

and Ppy/GO composites at the two different temperatures are
presented in Table 2. Generally, the specific capacitances
decreased with increasing scan rate, in agreement with previous

Figure 4. Cyclic voltammograms of polymers at different scan rates and temperatures. (a,b) Cyclic voltammograms of Ppy exposed to
1ChCl:2Phenol DES at 25 and 50 °C, respectively; (c,d) Cyclic voltammograms of Ppy/GO(20 wt %) exposed to 1ChCl:2Phenol DES at 25 and
50 °C, respectively.

Table 2. Specific Capacitances of Ppy and Ppy/GO Nanocomposites at Different Temperatures and Scan Rates

specific capacitance (F g−1) at various scan rates

samples cycled in 1ChCl:2Phenol DSE electrolyte 5 mV s−1 10 mV s−1 20 mV s−1 30 mV s−1 40 mV s−1 50 mV s−1 100 mV s−1

Ppy at 25 °C 341.46 261.66 217.53 194.67 177.70 166.20 124.26
Ppy/GO (20 wt %) at 25 °C 594.79 501.17 448.28 409.73 371.69 339.76 174.92
Ppy at 50 °C 853.34 744.02 572.75 457.14 376.53 317.19 226.87
Ppy/GO (20 wt %) at 50 °C 1071.78 821.63 655.24 546.04 525.55 485.08 353.21
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works.10,50 This can be related to the amount of charge per
unit time, or in other words, there is not enough time for the
ions to penetrate the surfaces of the polymers to allow the
charge to be stored.51 At high scan rates, fewer species are
supplied from the bulk electrolyte to the deposited polymer
film due to non-electrochemical equilibrium and limited
diffusion rates during the switching processes. As a result,
there is reduced charge storage and/or pseudocapacitance on
the active electrode and the cyclic voltammogram shape tends
to be more rectangular than quasi-rectangular.52 The specific
capacitances (calculated from the cyclic voltammograms in
Figure 4 using eq 1) of the homopolymer (Ppy) in the
electrolyte are lower than those for Ppy doped with 20 wt %
GO at the same temperature (25 °C), the same electrolyte, and
identical scan rates, as can be seen in Figure 4a,c. For example,
the specific capacitance of Ppy was found to be 341.46 F g−1 at
a 5 mV s−1 scan rate, while it increases to 594.79 F g−1 for Ppy
doped with 20 wt % GO at the same scan rate and
temperature. This is due to the GO particles increasing the
porosity and surface area of the electrolytically active surface
and thus decreasing its resistance to charge transfer. As a
consequence, the reaction for the Ppy/GO film was diffusion-
controlled, hence signifying ideal capacitive behavior.
The influence of the solution temperature on the specific

capacitance for the same films that were exposed to
1ChCl:2Phenol DES electrolyte at 25 °C was also determined

at 50 °C as function of scan rate. Similar behavior was found as
the scan rate was increased, with the capacitive behavior
reducing (Table 2) when the polymers were cycled at 50 °C,
although the absolute specific capacitances were much higher
than for the identical polymers at 25 °C. Here, we should
explain a number of points: first, the effect of the solution
temperature on cyclic voltammogram shape can be seen in
Figure 4b,d with broader potential peaks and higher current
peaks. Second, there is an increase in specific capacitance for
both polymers in the 1ChCl:2Phenol DES electrolyte at 50 °C
(i.e., Ppy and Ppy/GO composite), where the calculated Csp at
a constant scan rate of 5 mV s−1 for the Ppy/GO composite
was 594.79 F g−1 and increased to 1071.78 F g−1 when the
temperature of the electrolyte was changed from 25 °C (η =
90.12 cP) to 50 °C (η = 28.34 cP)�see Table 2 for more
details. This is due to faster ion transfer between the electrode/
electrolyte interfaces as the viscosity (η) of the solution
decreases at the higher temperature (50 °C) compared to that
at the lower temperature (25 °C), and the polymer becomes
more porous; and therefore, the mobilities of species will
increase.53,54 EIS in Section 3.1.5 investigates this further.
The charge/discharge mechanism of electrodeposited Ppy

films is anticipated to follow that of those deposited from
aqueous media, where up to one pyrrole unit for every three
within the polymer chain can hold positive charge, as stabilized
through resonance with neighboring pyrrole units. The

Figure 5. Schematic representation of the counteranion balancing the positive charges in the backbone of the polymer during oxidation at anodic
potentials in a 1ChCl:2Phenol DES electrolyte.

Table 3. Comparison of the Specific Capacitances of the Ppy and Ppy/GO Supercapacitor Electrodes in Previous Work with
Our Results (See Table 2) with Respect to Scan Rate

PPy composite electrode electrolyte scan rate mV s−1 specific capacitance (F g−1) references

PPy in EMIMBF4 IL C4(MIm)2(BF4)2 20 118, 222 55
PPy ethaline−DES 50 1.9 45
PPy/graphene 1 M KCl solution 10 409 50
PPy/graphite Reline−DES 10 446 44
multilayer synthesis of PPy/GO 1 M H2SO4 10 332 56
Ppy/graphene hydrogel 0.5 mol/L H2SO4 10 375 57
polypyrrole−CNT−graphene sulfuric acid 5 453 58
Ppy and Ppy/GO 1ChCl:2Phenol at 25 °C 10 261.66 and 501.17 this work
Ppy and Ppy/GO 1ChCl:2Phenol at 50 °C 10 744.02 and 821.63 this work
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1ChCl:2Phenol DES formulation and coordination chemistry
results in a complex anion [Phenol]2Cl− in the choline
chloride−phenol mixture, markedly different from those in
aqueous solution, as described in the literature.9,36 Therefore,
the counteranion consisting of phenol and chloride can balance
the positive charges in the backbone of the polymer during
oxidation at anodic potentials during the oxidation of Ppys, as
shown in Figure 5. Herein, our results showed good
capacitances compared to other works in the recently
published literature, as outlined in Table 3. From these data,
we conclude that the Ppy/GO (20 wt %) composite has good
reversibility behavior, possessing both pseudocapacitance and
double-layer capacitance, with the capacitance higher than that
of pure Ppy. Further, the capacitance and ion diffusion were
increased at the higher temperature, even for the homopolymer
(Ppy). Hence, the Ppy/GO composite in this study provides
an exciting opportunity for reversible reactions and fast
oxidation−reduction processes because Ppy/GO can be
contributed to the pseudocapacitance of charge storage.
3.1.4. Cycling Stability. The cycling performance of Ppy

composite electrodes provides an indication of the longevity of
capacitive behavior for polymers that might be employed in
supercapacitors. The long cycle life of the Ppy and Ppy/GO(20
wt %) electrodes was evaluated via CV techniques at a constant
scan rate of 50 mV s−1 in 1ChCl:2Phenol DES at two different
temperatures (25 and 50 °C) for 2000 cycles, as shown in
Figure 6a-d (cycles 1 and 2000 are shown, while all 2000 cycles
are presented in Figure S3). The potential window ranged
from −0.4 to 0.8 V (versus Ag wire) in all experiments.

As depicted in Figure 6a,b, the CV of pure Ppy and Ppy/GO
(20 wt %) in 1ChCl:2Phenol DES at 25 °C shows a quasi-
rectangular shape, and the polymers progressively demon-
strated a reduction in electroactivity during repeated charge
and discharge processes. No redox peaks were present in either
of the films after ∼200 cycles (see the Supporting Information,
Figure S3), indicating that the rectangular behavior is more
likely to be dominant. However, the increased temperature (50
°C) (Figure 6c,d) showed comparatively improved stability of
the capacitive behavior for both the films without and with
GO. The cyclic voltammograms were quasi-rectangular in form
as well as displayed improved electrochemical performance.
Further, the stable voltammograms demonstrate that there are
redox peaks in the potential range for the Ppy and Ppy/GO
(20 wt %) materials when the experiment is performed at the
higher temperature (50 °C), suggesting that the present
pseudocapacitive behavior (Faraday behavior) in Ppy and Ppy/
GO films is dominant. This is likely due to the reduction in the
solution viscosity when the temperature is increased and vice
versa, enabling rapid supply of counter charge from the bulk
electrolyte during electrochemical cycling. These results seem
to be consistent with other research studies which found that
capacitance and electrochemical stability are increased with
decreasing viscosity due to the increase in temperature of the
DES electrolyte.48,59

The calculated specific capacitance and capacitance
retention as a function of cycle number for the Ppy and
Ppy/GO (20 wt %) films at different temperatures are plotted
in Figure 6e,f, respectively. At 25 °C, the specific capacitance of
each of the materials [i.e., Ppy and Ppy/GO (20 wt %)]

Figure 6. (a−d) CV curves and (e) cycling stability (specific capacitance) as a function of number of cycles for 2000 cycles for the Ppy and Ppy/
GO (20% wt) composites at 50 mV s−1 and different temperatures in a 1ChCl:2Phenol DES electrolyte. (f) Capacity retention for 2000 cycles
obtained from long-term electrochemical stability measurements of Ppy and Ppy/GO samples.
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decreases initially, although the capacitance of Ppy/GO (20 wt
%) starts to increase at cycle 1400, remains stable until cycle
1800, and then decreases. At the higher temperature (i.e., at 50
°C), both the pure Ppy film and the Ppy/GO have an initial
specific capacitance increase. For pure Ppy, it is increased by
approximately 4% (325.64 F g−1) from the original specific
capacitance (312.33 F g−1) and then reduced gradually over
2000 cycles, while for the Ppy/GO (20% wt) nanocomposite,
the specific capacitance increases initially by up to 3% (424.48
F g−1) from the initial capacitance (412.00 F g−1) and then
remains stable until cycle 800, after which it declines somewhat
and then generally stays constant (∼356 F g−1) from cycle
1400 until the end of the experiment (cycle 2000).
Both temperature and the presence of GO in the Ppy film

have a large effect on the cycling stability of the deposited
films. The retention capacities of pure Ppy and Ppy/GO were
41 and 47%, respectively, at 25 °C. However, these two films
had retention capacities of 71 and 85%, respectively, at 50 °C.
Importantly, GO also improves stability to electrolytic cycling
in addition to the increased deposition rates that were
observed. Improvement in the electrochemical stability of the
Ppy/GO (20 wt %) nanocomposite may relate to the
synergistic effects between GO and Ppy, as confirmed by
previous works,3,60 where the former prevents damage to the
structure of the polymer during the oxidation and reduction
reactions. It can be concluded that the specific capacitance and
cycling stability of Ppy films are greatly enhanced by the
inclusion of GO compared to pure films. At room temperature
(25 °C), the species mobility in 1ChCl:2Phenol DES is low,
reducing the capacitive behavior of the films due to the high
viscosity of the solution, restricting the segmental motion of

the polymer chains at this temperature. However, at the higher
temperature (i.e., 50 °C), the segmental motion of the polymer
chain will increase, which makes the polymer more flexible. As
a result, the mobility of the ions across the polymer/solution
interface is also enhanced, therefore increasing the specific
capacitance and cycling stability.
3.1.5. Impedance Study. Electrochemical impedance

measurements were performed to investigate the electro-
chemical response that occurs at the polymer electrode/
electrolyte interface that characterizes the electronic resistance,
Faradaic pseudocapacitance, and double-layer capacitance of
polymer electrodes. Ppy films with/without GO grown from
1ChCl:2Phenol DES were exposed to the same background
electrolyte (monomer-free) under different temperatures. The
results were extracted from Nyquist plots (the imaginary of the
impedance vs the real) based on an equivalent circuit model
illustrated in the inset of Figure 7a. Here, Nyquist data are
fitted on Rs, CPE, Rct, and Zw, which are related to the solution
resistance, constant-phase element, charge-transfer resistance,
and Warburg impedance, respectively.
Generally, the semicircle is attributed to the charge-transfer

reaction at the electrolyte/electrode interface (solution
resistance, Rs), CPE represents the distributed capacitance of
the interface/double layer of the film surface and the
electrolyte, and the diameter of the curve gives an estimate
of the charge-transfer resistance (Rct), which indicates the rate
at which charge can be transferred across the interface between
the electrolyte and the film surface. The linear section in the
low-frequency region is ascribed to Warburg impedance, which
results from the ionic diffusion process in the electrode.61,62

The charge-transfer resistance can be deduced from the

Figure 7. (a) Nyquist plot of Ppy films with/without GO (20 wt %) grown from 1ChCl:2Phenol DES at 55 °C and then exposed to the same
background electrolyte at 25 °C. The inset represents the equivalent circuit of the polymer electrode. (b) Nyquist plots of Ppy/GO grown from
1ChCl:2Phenol DES and then exposed to 1ChCl:2Phenol DES electrolyte at various temperatures. In all experiments, the range of frequencies was
100 kHz to 0.01 Hz at an amplitude of 10 mV.

Table 4. Quantitative Results Obtained from Fitting the Data to the Equivalent Circuits Given in Figure 7

samples electrolyte temp. (°C) Rs (Ω) Rct (Ω) CPE (F) Zw (Ω)
Ppy 1ChCl:2Phenol 25 785 2038 2.7 × 10−6 0.0001
Ppy/GO (20 wt %) 1ChCl:2Phenol 25 469 1306 1.3 × 10−5 0.0007
Ppy/GO (20 wt %) 1ChCl:2Phenol 30 211 738 4.1 × 10−5 0.0009
Ppy/GO (20 wt %) 1ChCl:2Phenol 40 53 249 9.5 × 10−5 0.0085
Ppy/GO (20 wt %) 1ChCl:2Phenol 50 41 98 3.1 × 10−4 0.007
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diameters of the semicircles. Here, a smaller diameter of the
semicircle indicates a lower charge-transfer resistance and,
consequently, a higher ionic conductivity. Measurements were
recorded at a potential of +0.2 V. +0.2 V was selected after the
deposited film was measured at different applied potentials in
the same background electrolyte (monomer-free), as shown in
Figure S4, with this potential showing the best Faradaic
response and charge transfer at the polymer electrode/
electrolyte interface. Figure 7a represents the EIS results of
Ppy films with/without GO exposed to electrolytes (mono-
mer-free) at 25 °C. In this figure, two Ppy films were separately
grown from 1ChCl:2Phenol DES (similar to those produced in
Section 3.1.3) exposed to 1ChCl:2Phenol (monomer-free) at

25 °C based on the background electrolyte of the deposited
polymer.
As can be seen from Table 4, the highest resistance of the

solution [Rs (Ω)] and the charge-transfer resistance (Rct) were
observed for the pure Ppy film (larger diameter) compared to
Ppy/GO (smallest diameter), suggesting that the latter
polymer has higher electrical conductivity and lower internal
resistance and allows for fast transfer of species and electrons
for redox supercapacitors, whereas the lower values for Rs and
Rct for the Ppy/GO film compared to the pure Ppy film are
attributed to GO having a high charge-transfer resistance,63

leading to a reduction to resistance to charge transfer
compared to the pure film, facilitating the more effective

Figure 8. SEM images for (a) Ppy and (b) Ppy/20% GO grown from 1ChC:2Phenol DES at 25 °C and a potential window of −0.4 to 1.4 V for 7
scans at a scan rate of 50 mV s−1, while images (c,d) show the same polymers under the same polymerization conditions but at 55 °C, respectively.
Images (e,f) are magnifications of the SEM images for (c,d), respectively.
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delivery of electrolyte ions to the surface of the polymer and
with a shorter diffusion path.64 In the case of Warburg
impedance at the low-frequency part, the straight line indicates
ion diffusion (Warburg impedance) in the bulk of the polymer
electrode. It was found that a larger Warburg impedance was
recorded for the Ppy/GO film compared to pure Ppy,
suggesting that ion diffusion occurred more readily in the
film grown from the DES containing GO compared to that
without it.
Figure 7b represents the effects of temperature on Ppy/GO

(as selected based on the above experiments) grown from
1ChCl:2Phenol DES and exposed to a 1ChCl:2Phenol
electrolyte (monomer-free). Looking at the modeling data
(Table 4), the resistance of the solution (Rs) and the charge-
transfer resistance (Rct) drastically decrease with increasing
temperature, especially when the temperature of the electrolyte
changes from 25 to 50 °C, indicating that the influence of
temperature on Rs and Rct is the most significant. Again, this is
attributed to ion transfer for Ppy/GO film exposed to
1ChCl:2Phenol DES at 50 °C being much faster due to
having the lowest viscosity and resistance, where Rct is a
significant kinetics factor that represents the charge-transfer
process of the Faradaic reactions obtained on the polymer−
electrolyte interfaces.65 This means that the species diffuses
faster in the polymer bulk at 50 °C than at 25 °C. This can be
attributed to increased segmental motion of the polymer chain
(more flexible) at a higher temperature. As a result, the
mobility of ions in conducting polymer−electrolyte interfaces
is faster. It was concluded that the smaller magnitudes of Rs
and Rct and an increase in the ionic conductivity (ions
diffusion) are mainly favorable for supercapacitor applications
for Ppy/GO composite grown from 1ChCl:2Phenol DES at 50
°C.

3.2. Structural Characterization. 3.2.1. Surface Mor-
phology Study. Figure 8 shows the investigation of the surface
morphologies of Ppy films with/without GO (20 wt %) at two
temperatures using SEM. The films were produced at 25 and
55 °C (other conditions are identical, such as a scan rate of 50
mV s−1, a potential window of −0.4 to 1.4 V, a scan number of
7, and 0.7 M pyrrole) using CV.
Figure 8a depicts that the morphology of Ppy film at 25 °C

has agglomerated as sub-micron sphere-like particles. Because
of the agglomerated nature, there is a larger porous
microstructure. The spherical particles persist in the Ppy film
grown with 20 wt % GO at 25 °C (Figure 8b); however, sheets
of GO can also be observed, which also contain some
deposited Ppy on their surfaces. The surface morphologies of
the Ppy films grown with/without GO at 55 °C are
considerably different from those deposited at 25 °C. As
shown in Figure 8c,d, the pure Ppy has a uniform surface with
a porous sphere appearance, where the sizes of the particles are
in the nanometer range of ∼50 nm (Figure 8e) and have a
cauliflower appearance. Visual comparison with Figure 8a,b
shows that these deposits have a much finer particle size. The
smaller particle size may explain the observation that Ppy
coatings deposited at 55 °C produced greater cyclability, likely
due to the small size facilitating the mobility of species and
electron transport during the oxidation and reduction
reactions.66 The surface structure of the Ppy films in Figure
8d is rather similar to those in Figure 8c when the GO (20 wt
%) particles were added into the matrix, but the roughness and
surface porosity of the film seem to be greater. The average
grain size for the Ppy/GO film deposited at 55 °C is ∼70 nm,
as shown in Figure 8f. The SEM image of pure GO is
presented in Figure S1b in the Supporting Information. The
TEM images of the Ppy/GO composite grown at 25 °C

Figure 9. TEM images of Ppy/GO composite (a) at 25 °C and (b) at 50 °C produced by the electrochemical polymerization under similar
conditions (a potential window of −0.4 to 1.4 V, a scan number of 7, a scan rate of 50 mV s−1, and 0.7 M pyrrole) and (c) for pure GO, and (d) is
the same sample (b) but at higher magnifications of the TEM image.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c03882
ACS Omega XXXX, XXX, XXX−XXX

K

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c03882/suppl_file/ao2c03882_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03882?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03882?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03882?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03882?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c03882?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(Figure 9a) and 55 °C [Figure 9b,d (at higher magnification)]
confirmed that the surface of the GO sheet is uniformly coated
with Ppy and that the polymer is mainly absorbed onto the
surface or intercalates with GO. Figure 9c provides a TEM
image for pure GO sheets for comparison. Based on the
observations, we conclude that the variation in the surface
morphology of the polymers grown from a single electrolyte at
different viscosities is consistent with the important variation in
the electrochemical activities of these polymers, as found in the
current work.
3.2.2. Fourier Transform Infrared Spectroscopy. FTIR

spectra were used to elucidate the functional groups present in
the samples (Ppy and Ppy composites). The FTIR spectra of
Ppy and Ppy/GO and GO samples are shown in Figure 10.

Herein, the interactions between the Ppy structure and
functional groups on the surface of GO (−COOH, −OH,
and epoxy groups) are affected through electrostatic, π−π, and
hydrogen-bonding interactions. Initially, the electropolymeri-
zation of Ppy in a 1ChCl:2Phenol DES containing pyrrole at a
concentration of 0.7 M was studied. The mechanism is likely to
match that of aqueous systems, where pyrrole is oxidized at
cathodic potentials, forming oxidized radicals that reductively
eliminate 2H+ to form an α,α-pyrrole dimer. These dimers can
then propagate to increased chain lengths through repeated
oxidation and reaction with electrogenerated pyrrole radicals.
The mechanism is shown in Figure S5.
For the GO sample, the broad absorption peak at 3264 cm−1

is attributed to an O−H stretching vibration, while the peak at
1715 cm−1 corresponds to a carbonyl (C�O) stretch. The
other peaks in the GO layers are located at 1001, 1230, and
1404 cm−1, which correspond to motions of the C−O of the
epoxide group, C−O−C, and O−H deformation of the C−OH
group, respectively.67 In the FTIR spectrum of the Ppy ring,
the absorption peaks observed at 3200, 1570, and 1481 cm−1

can be attributed to the N−H, C�C, and C−N stretching
vibrations, respectively. In addition, other bands that could be
ascribed to Ppy were observed at 1304�, 1126, and 808 cm−1,
which can be ascribed to C−H in-plane stretching, C−N
stretching, and the C−H out-of-plane bending vibrations of
aromatic ring substitution in the polymers, respectively.68

In the case of the Ppy/GO composites, the strong broad
peak at 3438 cm−1 is attributable to the O−H vibrations in GO
along with the N−H stretching vibration that generally appears
in the IR spectrum of Ppy. The band for the C�O group of
GO appeared as a weak band that was downshifted to 1705
cm−1. This could be due to π−π interactions between the
aromatic Ppy rings and GO layers. Other vibrations for
functional groups of GO, such as the C−O−C and C−OH
stretching vibrations, are apparent in the Ppy/GO composite
and are shifted to 1247 and 1403 cm−1, respectively. The
epoxide group (C−O) of GO was not observed in the pure
Ppy/GO sample, which can probably be attributed to being
saturated by the adsorption peak of the Ppy ring. The band at
2919 cm−1 was assigned to asymmetric/symmetric vibrations
of CH2.

69 The peaks for C�C, C−N, C−H in-plane
stretching, C−N stretching, and C−H out-of-plane stretching
in the polymer composite were shifted to 1601, 1492, 1318,
1152, and 836 cm−1, respectively, suggesting that Ppy/GO was
successfully produced from the interaction between Ppy and
GO due to the presence of functional groups, for instance,
amine, carboxyl, epoxy, and hydroxyl groups.
3.2.3. X-ray Diffraction. The crystalline properties of the

Ppy samples prepared via in situ polymerization (i.e., chemical
polymerization using ammonium persulfate as an initiator; the
detailed procedure is presented in the Supporting Information,
Section S2) with/without 20 wt % of GO were investigated by
XRD. The inset graph presented in Figure 11 shows a strong

and sharp peak associated with GO at 14.92°, indicating the
inclusion of the GO layer as sheets form within the deposit,
which was also identified in earlier works.70,71 For Ppy on its
own, a characteristic peak is observed as a wide- and low-
intensity diffraction peak at 2θ between 10 and 30°, with the
maximum peak located at 22.1° that corresponds to the
amorphous structure of Ppy. However, there are two sharp
peaks in the Ppy/GO composite at 2θ, which are at 17.59 and
26.43° and can be attributed to GO sheets and the Ppy
structure, respectively, that confirm the binding function
between Ppy and GO. These results are similar to previous
studies that have explored the relationships between Ppy and
GO.70 The high intensity and shifted absorption peaks of the

Figure 10. FTIR spectra of GO (black line), Ppy (red line), and Ppy/
GO (blue line).

Figure 11. XRD patterns for GO (insert graph, green color), Ppy
(black color), and Ppy/GO composite (red color) containing 20 wt %
GO.
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composite indicate the increased polycrystalline behavior in
the Ppy/GO composites compared to those of Ppy on its own.
This, in addition to the evidence from SEM, TEM, and FTIR,
suggests that there is a significant interaction between Ppy and
GO in these electrodeposits.

4. CONCLUSIONS
In this paper, a DES of a 2:1 M ratio of phenol/choline
chloride was used for the first time as an electrolyte for
electrochemical polymerization of the pyrrole monomer with
and without GO at different temperatures. It was observed that
both the temperature and concentration of GO in the
electrodeposition electrolyte play significant roles in determin-
ing both electrodeposition behavior and pseudocapacitance
behavior. Polymers deposited at 55 °C had higher specific
capacitances than those prepared at 25 °C. The presence of
GO in the electrodeposition medium also increased specific
capacitance; however, this reached a maximum at 20 wt % with
respect to pyrrole concentration, and higher quantities of GO
produced films with lower specific capacitance, likely due to
agglomeration of GO at these increased concentrations. These
observations were also extended to electrolytic cycling
behavior and stability, where both elevated temperatures and
the presence of GO in the electrodeposit resulted in significant
increases in both specific capacitance and cycling stability. In
the case of the Ppy/GO film cycled at 50 °C, this resulted in a
specific capacitance of 1071.78 F g−1 at a scan rate of 5 mV s−1,
a value that outperforms other identified studies of Ppy
composite electrodeposits. This film had a cycling stability of
85% over 2000 scans for the trials presented here,
demonstrating a significant improvement over those prepared
at a lower temperature and/or in the absence of GO. EIS
confirmed the enhancement in the capacitances at high
temperature was due to the increased mobility of ions in the
electrolyte and decreased charge-transfer resistance.
The polymer materials were structurally characterized via

FTIR, XRD, SEM, and TEM. FTIR and XRD demonstrate the
production of Ppy and the presence of GO in the Ppy
composite as well as a strong interaction between GO and Ppy.
Regarding the surface morphologies, it was found that the
morphologies of the films changed according to the temper-
ature of the electrolyte used, where SEM and TEM
measurements indicated that Ppy nanoparticles formed at a
high temperature (55 °C). Further, the enhancement of the
specific capacitance at 50 °C indicates the possibility of using
the Ppy/GO compound as a supercapacitor electrode for high-
temperature energy storage applications, for example,
automobiles or similar applications in which the electrode is
exposed to higher temperatures.
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