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Abstract: Electrode materials for electrochemical capacitors or supercapacitors (SCs) are widely
studied, as they are needed for the development of energy storage devices in electrical vehicles and
flexible electronics. In the current work, a self-supported paper of reduced graphene oxide (rGO)
with polycarbonate (PC) (as rGO-PC composite) was prepared by simple vacuum filtration and low-
temperature annealing. rGO-PC as a freestanding single electrode was studied in a three-electrode
system and presented a capacitive energy storage mechanism. To fabricate SCs based on rGO-PC,
flexible polyethylene terephthalate (PET) with layers of both Cu tape (Cu tape) and carbon tape
(C tape) (PET/Cu/C), as well as PET covered by graphene ink (PET/GrI), were used as supports.
Fabricated flexible symmetric SCs have shown similar behavior with a higher areal capacitance value
than that on PET/Cu/C substrate.

Keywords: reduced graphene oxide; polymer; vacuum filtration; freestanding electrode; flexible
supercapacitors

1. Introduction

Graphitic carbon monolayers were observed and studied more than several decades
ago. At the beginning, in 1859, Sir Benjamin Collins Brodie described the highly lamellar
structure of thermally reduced graphite oxide [1]. In 1918, the powder diffraction technique
was used to study the structure of graphite, and graphite oxide “paper” was described by
Kohlschütter and Haenni [2]. Later, the theory of graphene was prepared and published by
Wallace in 1947 [3]. In the following year, Ruess and Vogt first showed just arrived electron
microscopy images of few-layer graphite, accompanied by further observation of single
graphene layers [4]. In 1986, Boehm et al. referred to a single layer of graphite or a thin layer
of sp2 hybridized carbon atoms arranged in a honeycomb lattice as graphene [5]. However,
it was only in 2004 that isolated graphene was reported to be obtained using the simple
scotch tape method [6]. The subsequent discoveries of its unusual properties have led to
an extraordinary interest amongst researchers across almost all scientific disciplines [7,8].
For instance, graphene has a high mechanical strength and a large specific surface area
(2630 m2/g [9]), which makes it an ideal electrode material for energy storage devices.

Graphene oxide (GO) is a graphene-derived material that includes oxygen functional
groups and, thus, has properties rather different from those of graphene. By reduction,
these functional groups are removed resulting in reduced graphene oxide (rGO), which is
a graphene-related material [10] that can be obtained in a much larger amount by easier
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ways than a monolayer of graphene. GO can be reduced by various techniques, including
chemical and thermal treatments, although the former method typically requires the use
of hazardous chemicals. Thus, the thermal reduction technique is the most preferred,
being often used to significantly increase the electrical conductivity of rGO material [11].
Moreover, the specific surface area also increases with the reduction temperature but only
up to 350 ◦C [12]. At the same time, the removal of functional groups at a high temperature
creates defects in the carbon lattice plane, and the final properties of rGO can significantly
depend on the annealing temperature [13]. The lowering of the defect concentration, as
well as a significant (~ two times) decrease in the lattice d-spacing, was reported to start at
about 200 ◦C for freestanding GO papers prepared by vacuum filtration [14]. Moreover,
freestanding rGO paper heat treated at 200 ◦C can also show a higher gravimetric or areal
capacitance than rGO obtained at much higher temperatures [15].

Although rGO cannot show the same ideal structure as graphene, it can present a low
enough sheet resistance from ~1000 Ω/� to <200 Ω/� [16] and chemical and thermal
stability while not being as expensive as graphene. Thus, rGO is a highly acceptable
material to be used in a large amount of sensors, environmental or catalytic applications
as well as biological and optoelectronic devices [17]. rGO is especially intensively stud-
ied for application in energy storage devices, particularly in supercapacitors (SCs) due
to its high enough specific capacitance of ~250 F/g [18] and high specific surface area
(SSA) of ~1520 m2/g [19–22], although a high SSA does not guarantee the rising specific
capacitance [23–26]. At the same time, the applications of rGO on flexible substrates are
particularly promising [27].

Different methods have been employed for the preparation of rGO electrodes, in-
cluding suspension-based vacuum filtration; electrophoretic deposition as well as that at
microwaves; fiber injection; transferring; and powder-/aerogel-/hydrogel-based deposi-
tion by screen printing, gluing, dropping, covering, etc. [28,29]. For example, layer-by-layer
(LBL) deposition and solution casting methods present advantages when preparing ultra-
thin hybrid films with a controllable thickness. However, the LBL technique lacks practical
significance for the preparation of thick papers because of the complicated, time-consuming
assembly process. Solution casting is another simple and easy method to assemble thin
films because it only needs the evaporation of moisture from the cast dispersion on a
substrate. The vacuum filtration method involves simple filtration of graphene oxide
or hybrid dispersions through a microporous filter membrane with the aid of vacuum
pumping, allowing the deposition of highly aligned graphene sheets [30]. Thus, vacuum
filtration is also one of the easiest ways to prepare electrodes [31], although the follow-
ing electrochemical analysis of these materials in supercapacitors can be difficult without
additional support.

Polycarbonate (PC) is a thermoplastic polymer with enhanced thermal stability [32,33]
and mechanical stiffness [34], and it is used in a wide range of applications [35], such
as photonics [36], automotive and aeronautic industries [33,37]. At the same time, the
composites of PC with graphene have also been widely studied as promising materials
for 3D printing [38], photoactuators [39] and energy storage applications [40]. In addition,
based on the studied electrochemical properties of PC [41], it can be used as a supercapacitor
membrane [42,43] or as a polymer electrolyte [44,45]. It was also reported to be used after
chemical recycling as activated carbon in supercapacitor electrodes [46].

However, to date, no direct use of PC alone or in a composite with rGO as an SC
electrode material has been reported to the best of our knowledge. Therefore, freestanding
rGO-polycarbonate paper discs were prepared by vacuum filtration and investigated here
as freestanding electrodes. In addition, they were assembled onto two different substrates
and encapsulated in supercapacitors for electrochemical test analysis and comparison. For
that, two substrates were fast and simply prepared in the laboratory from such available and
inexpensive materials as flexible polyethylene terephthalate (PET), Cu tape (Cu), carbon
tape (C) and graphene ink (GrI).



C 2022, 8, 12 3 of 12

2. Materials and Methods
2.1. Preparation of Graphene Oxide Solution

A light brown graphene oxide (GO) solution (2 g per 1 L) was prepared based on the
Hummer method. Commercially available natural flake graphite, sulfuric acid (99.99%),
potassium permanganate (99%), hydrogen peroxide (30 wt% in H2O) and hydrochloric acid
(37%) were used as received from Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany.
All aqueous solutions were prepared with deionized distilled water. GO was synthesized
using the following process: 50 mL of 98% sulfuric acid was placed in a 250 mL chemical
glass flask provided with a magnetic stirrer and fixed in a water bath with a small amount
of added ice. Then, 2 g of graphite powder was added to the acid. After stirring for a few
minutes, 6 g of dry potassium permanganate was added to the reactant mixture. Later, the
mixture was heated to 35 ◦C and diluted with 100 mL of water for 20 min. The diluted
mixture was held for 30 min at a temperature of 70 ◦C, followed by addition of 100 mL of
water and 10 mL of 3% hydrogen peroxide. Immediately thereafter, the mixture was passed
through a paper filter under evacuation. The filtered-out material was mixed with 500 mL
of distilled water using a magnetic stirrer for 10 min. The GO fraction was separated from
the reaction products using a centrifuge. The final product was a light brown GO solution,
which did not reveal any signs of settling under further centrifuging for a prolonged time.

2.2. Preparation of rGO-PC Freestanding Electrode

The freestanding rGO-PC paper was obtained by a process similar to that described
in our previous work [47] with addition of polycarbonate (PC, C15H16O2) (Sigma-Aldrich
Chemie GmbH, Taufkirchen, Germany). Briefly, 0.5 g of PC was dissolved with 30 mL
of dichloromethane (CH2Cl2, Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) and
mixed with GO solution at a weight ratio of 1:2 (PC:GO). Homogeneous solution was
poured into a glass funnel (see Figure 1a) and filtered by laboratory vacuum pump with
Millipore membrane filters (pore size = 0.45 µm, Merck Milipore, Darmstadt, Germany).
Obtained wet samples (see Figure 1b) were dried at room temperature for 1 day, removed
from the membrane as freestanding papers and thermally treated at 180 ◦C in vacuum
oven (Vacutherm, Thermo Fischer Scientific GmbH, Dreieich, Germany) for 1 h, resulting in
samples with areal loading of about 0.7 mg/cm2, referred to here as rGO-PC. Based on the
geometrical and theoretical density values, and due to the fact that papers are freestanding,
their porosity was assessed as 91%. We assessed the porosity value based on the assumption
of the presence of the nominal polymer concentration in the analyzed electrode materials.
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Figure 1. Digital photographs of glass funnel for vacuum filtration (a), vet sample after vacuum
filtration of solution through PVDF membrane (b), rGO-PC paper connected to electrode (c) and
home-made electrochemical cell used for the measurements of the single electrode in electrolyte (d).
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2.3. Preparation of rGO-PC-Based Supercapacitors

Two supercapacitors were prepared by laminating two electrodes together with an
electrolyte and separator in between according to the scheme shown in Figure 2a. For
one of them, PET (Melinex ST506 from Dupont Teijin Films, Dumfries, UK) only covered
by adhesive Cu tape (Cu) (Mouser Electronics, Barcelona, Spain) and conductive carbon
double-sided tape (C) (Nissin EM Co Ltd., Tokyo, Japan) using a layer-by-layer simple
method resulted in PET/Cu/C substrate. rGO-PC freestanding disks were attached to the
top C tape (see Figure 2a, right). Two equal PET/Cu/C/rGO-PC electrodes were used to
prepare symmetric SC with a TF4050 paper separator (Nippon Kodoshi Corporation, Kochi,
Japan) and 1M NaCl aqueous electrolyte. The high electrolyte concentration was selected to
ensure an excess of ions such that the risk of electrolyte starvation and additional internal
resistance was removed [48]. The electrodes and separator were sandwiched together with
the electrolyte and sealed with an adhesive film (UPM Raflatac, Tampere, Finland). The
assembly was carried out with the electrodes at 90◦ angle with respect to each other, forming
a square-shaped supercapacitor at the electrode overlap area as shown in Figure 2b. For the
electrodes of the second SC, the conductive graphite ink (GrI) (Electrodag PC407C, Acheson
Industries Ltd., Cattedown, UK) was blade coated on top of the PET substrate using the
mask for patterning and was subsequently cured at 120 ◦C for 5 min, which resulted in
PET/GrI substrate. rGO-PC disk paper was placed onto Gr-ink. Two PET/GrI/rGO-PC
electrodes were assembled in full device (see Figure 2c) by the method described above
and checked for flexibility (see Figure 2d).
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Figure 2. The structure of the assembled supercapacitor (a) and digital photographs of SCs on PET
with Cu and C tapes (b) and PET with graphite ink (c). Image of the fabricated SC presenting its
flexibility (d).

2.4. Characterization

X-ray diffraction (XRD) profiles of the studied samples were collected at room tem-
perature in a continuous scanning mode (step 0.02◦ and time 10 s) using a diffractometer
(SmartLab, Rigaku, Tokyo, Japan) in the 2θ range from 5◦ to 50◦. Morphology of the studied
samples was analyzed by scanning electron microscope (SEM, SU70, Hitachi, Tokyo, Japan)
under 15 kV acceleration voltage. Current–voltage (I–V) characteristics were measured by
the four-point method in a van der Pauw configuration using a home-made cell. The single-
electrode tests were performed with an AUTOLAB PGSTAT 302N potentiostat (Metrohm
AG, Herisau, Switzerland) in a home-made electrochemical cell with the materials to be
tested as a working electrode, a platinum wire as a counter electrode and a silver|silver
sulphate (K2SO4) electrode as a reference (EAg|Ag2SO4|K2SO4 sat = 0.444 V vs. saturated
calomel electrode (SCE) and 0.70 V vs. normal hydrogen electrode (NHE) at 22 ◦C). For the
electrochemical characterization of the single electrode, a piece of the freestanding rGO-PC
paper was directly connected to electrical cable as shown in Figure 1c and immersed in
electrolyte in the home-made three-electrode cell presented in Figure 1d.

The supercapacitor properties were measured using a Zennium Electrochemical Work-
station (Zahner Elektrik GmbH, Kronach, Germany) in a two-electrode configuration.
Cyclic voltammetry (CV) from 0 to 0.9 V was used to obtain a qualitative measure of the
supercapacitors. The voltage sweep rate was 100 mV/s. For the testing of supercapacitors,
1 M NaCl electrolyte was used. Galvanostatic charging/discharging (GCD) measurements
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were performed according to international standard IEC 62391-1:2006, Class 3 [49]. The
supercapacitors were charged to 0.9 V in 1 min and held at this potential for 5 min.

3. Results and Discussion
3.1. Structural Characterization of Freestanding rGO-PC Paper

The XRD profile of the vacuum-filtrated rGO-PC freestanding paper is presented in
Figure 3, together with the data for the GO, bare rGO paper prepared by the same process
and bare polycarbonate film obtained from the corresponding solution on glass substrate
for comparison. The strong peak at ~10.4◦, which is characteristic for GO, is shown in
Figure 3a,b to disappear after vacuum annealing at 180 ◦C, while a broad rGO peak at
~24◦ appeared. The final composite XRD pattern includes both weak rGO response of rGO
shown in Figure 3b and dominant response of PC shown in Figure 3c without any extra
reflections as seen in Figure 3d. The morphology of the rGO-PC film in the plane-view
SEM image is presented in Figure 3e, revealing that the components are mixed. According
to the cross-section SEM micrograph shown in Figure 3f, the thickness of the composite
paper is 7 ± 1 µm.
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Figure 3. XRD profiles of GO (a), rGO after heat treatment at 180 ◦C (b), PC film on glass substrate
(c) and rGO-PC freestanding paper prepared by vacuum filtration (d). SEM images of plan view
(e) and cross-section (f) of rGO-PC paper.

3.2. Electrochemical Characterization of Single Electrode

Before the electrochemical characterization, the I–V test was carried out on the paper
as shown in Figure 4. Semimetal electrical behavior can be seen there. A difference of
several orders of magnitude (from µA to A) can be found between the current values for
GO (see inset of Figure 4) and rGO-PC (see Figure 4). In addition, 33 ± 3 Ω resistance
was obtained with a digital multimeter when two probes were spaced at a 1 cm distance,
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which is low enough for electrical contact during the proposed measurements without
additional support.
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For the electrochemical characterization of the single electrode, rGO-PC freestanding
paper was prepared as described in the Materials and Methods Section and shown in
Figure 1. The self-supported rGO-PC electrode was electrochemically studied at different
scan rates from 5 to 100 mV/s. Figure 5a shows the CV curves of the not ideal but
quasi-rectangular shape without distinct peaks even at the highest scan rate of 100 mV/s,
suggesting the absence of obvious pseudo-capacitive contribution due to oxidation and
reduction but a strong capacitive energy storage mechanism typical for an electric double-
layer capacitor (EDLC). The current change with the scan rate in the CV curve follows the
power law shown in Equation (1) [50]:

I = a × v b (1)
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Here, i is the response current at 0.1 V, v is the scan rate, and a and b are the variable
parameters. The capacitive origin of the energy storage is attributed to the parameter
b value deduced from the log(i) vs. log(v) plot close to 1, while battery-type behavior is
associated with its value close to 0.5. In this way, parameter b was calculated from CV in
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Figure 5a (as log(i) vs. log(v) plot) and found to be higher than 0.8, which supported an
EDLC type of storage in the freestanding rGO-PC electrode [51,52].

The areal capacitance of the single rGO-PC electrode Ca can be calculated from CV by
Equation (2):

Ca =
1

A× v× (V2 −V1)

∫ V2

V1

I(V)dV, (2)

where A is the area of the electrode material; v is the potential scan rate; V2 − V1 is the
potential window; and I(V) is the response current at voltage V under CV operation. As
can be seen from Figure 1c, the studied material is slightly brittle, and some difficulties
appeared during the connection of the material as the working electrode. The area of the
electrode was also not easy to determine; however, it was calculated according to the graph
paper (also shown in photo of Figure 1c). According to Equation (2), the areal capacitance
from CV for the rGO-PC electrode was calculated as ~7.5, 3.4 and 3.1 mF/cm2 at 5, 50 and
100 mV/s, respectively (see inset of Figure 5a).

In addition, the freestanding rGO-PC was studied by electrochemical impedance
spectroscopy (EIS), and the obtained results are presented in Figure 5b as Nyquist plots.
The Nyquist plot basically contains two major impedance components: Z′ exhibits the
resistive and Z” shows the capacitive and/or inductive behavior of the electrode. The slope
of the obtained results is almost but not perfectly vertical, which also supports the capacitive
energy storage in the studied material [50]. The absence of a perfect vertical impedance
line for the electrode could be because of some technical reason, such as penetration of the
electrical signal and diffusion of ions in the deep inner parts of the rGO-PC electrodes. A
slight and slow response to the electrical signal is also due to the oxygen functionalities,
which, on the one hand, increase the resistivity of the electrode but, on the other hand,
promote a faster diffusion of ions. The phase angle of the rGO-PC electrode is seen from the
Bode plot, shown in the inset of Figure 5b to be close to −80◦, which can indicate non-ideal
capacitor behavior [53,54]. The characteristic frequency f 0 for a phase angle of −45◦ is
193 Hz. This frequency marks the point at which the resistive and capacitive impedances
are equal. The corresponding time constant t0 = 1/f 0 equals 0.005 s, meaning that the
studied material has a low frequency response (slow ion transport rate and high enough
electrical resistance).

3.3. Electrochemical Characterization of Symmetric SC on Substrates

Furthermore, the prepared rGO-PC papers were assembled onto two PET-based sup-
ports to fabricate flexible SCs, and full-cell devices were electrochemically characterized.
Two rGO-PC-based supercapacitors on the PET/Cu/C and PET/GrI substrates were pre-
pared by laminating two electrodes together with an electrolyte and separator in between
according to the scheme shown in the Materials and Methods Section. The supercapacitors
were characterized by CV and GCD in an operating voltage window from 0 to +0.9 V in a
two-electrode cell configuration to demonstrate the applicability of the facile preparation
method for composite devices on flexible supports. Although the freestanding rGO-PC
electrode was characterized with CV in a three-electrode cell to obtain a qualitative view
of the device properties, the use of a two-electrode cell configuration should lead to more
realistic results, predicting the performance of the materials in an actual application.

The CV curves for rGO-PC on PET/Cu/C and on PET/GrI are shown in Figure 6a.
The CV curves for both SCs are not ideally rectangular, indicating also that the material
charges and discharges quickly and efficiently. The CV of the SC made on PET/GrI is more
rectangular, but its area, as well as corresponding capacitance, is smaller than that of the
SC using PET/Cu/C as a support for rGO-PC. The specific capacitance of the full SC was
calculated from CV using Equation (3):

Ca total =
1

2× A× v× (V2 −V1)

∫ V2

V1

I(V)dV, (3)
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where A is the work area of the electrodes (1 cm2), v is the scan rate,
∫

I(V)dt is the integral
area of the positive and negative sweeps of the CV curve, and V1 and V2 represent the
voltage window of the charge (from 0 to +0.9 V).
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Figure 6. CV measured at 100 mV/s on symmetric supercapacitors made of rGO-PC active material
assembled on PET with Cu and C tapes (open symbols) and PET with graphite ink (solid symbols)
(a). GCD measured at 10 µA/cm2 on SC made of rGO-PC active material assembled on PET with
Cu and C tapes (b) and PET with graphite ink (c). Comparative figure of single GCD curves at
10 µA/cm2 for both SCs (d,e).

Moreover, the more precise areal capacitance of the full SC was calculated from the
GCD curves (Figure 6b–e) using Equation (4):

Ca total =
2·I

2× A·(∆V)2

∫ t (Vmin)

t (Vmax)
V(t)dt, (4)

where
∫

V(t)dt is the integral area; t(Vmax) is the initial time, at which the voltage has its
maximal value and the discharge starts; and t(Vmin) is the final time, at which the discharge
finishes (i.e., V = 0). Furthermore, for the symmetric SC, the capacitance of a single electrode
according to the literature [55] is

Celectrode = 4× C total (5)

Based on the equations above, the areal capacitances deduced from CV for the sin-
gle PET/Cu/C/rGO-PC and PET/GrI/ rGO-PC electrodes were found to be ~0.58 and
0.19 mF/cm2 at 100 mV/s, respectively. The corresponding gravimetric capacitance is
0.83 F/g and 0.27 F/g, respectively. At the same time, the areal capacitances deduced from
GCD are 0.93 and 0.25 mF/cm2 at 10 µA/cm2, respectively.

Table 1 summarizes the results of this work in comparison with the literature reports
on similar rGO-based systems [56–60]. Romero et al. reported that the areal capacitance
of 0.23 mF/cm2 at 10 mV/s for infrared CO2 laser-induced graphene materials from
Kapton® HN polyimide films was higher than that of 0.16 mF/cm2 for rGO obtained
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on PET by UV laser [56]. The rGO layers obtained through thermal treatment at 850 ◦C
demonstrated an areal capacitance of ~2.2 mF/cm2 at 25 mV/s as can be seen in the
work by Ghasemi et al. [57]. The areal capacitance of 3.51 mF/cm2 was reported by Chen
et al. for an electrode fabricated by immersion of the carbon cloth into GO solution with
further heat treatment [58]. Beidaghi et al. calculated ~3 mF/cm2 capacitance for rGO
interdigital electrodes prepared by electrostatic spray deposition and photolithography lift-
off methods [59]. Vacuum-filtrated rGO freestanding films that were chemically reduced by
hydrazine hydrate were prepared by Xu et al., and an areal capacitance of ~100 mF/cm2 was
reported at 0.2 mA/cm2, although it rapidly decreased with the current density increasing
to ~10 mF/cm2 at 10 mA/cm2 [60]. Moreover, such a decrease, as well as the poor electrical
conductivity of the pure rGO film electrode, was ascribed to its compact lamellar structure
in the process of vacuum extraction, which could prevent the transmission of electrolyte
ions to some extent [60]. As can be seen from Table 1, the obtained values of the areal
capacitance for both SCs in the current work are slightly lower than the reported ones for
graphene and rGO without PC, thus indicating that the addition of PC does not enhance
electrode performance, although the rGO-PC electrodes are applicable to a flexible SC.
However, the areal capacitance of rGO papers prepared by vacuum filtration was reported
by Zhu et al. to strongly increase with the thickness [61] that can be used for the further
study of the current materials.

Table 1. The literature data for areal capacitance of rGO-based SC electrodes for comparison with the
results of this work.

Electrode Electrolyte Area Capacitance Reference

rGO-PC, vacuum
filtration,

placed on PET/Cu/C
NaCl 0.93 mF/cm2 at 10 µA/cm2 This work

rGO-PC, vacuum
filtration,

placed on PET/GrI
NaCl 0.25 mF/cm2 at 10 µA/cm2 This work

Graphene, laser
synthetized on

Kapton
H3PO4-PVA 0.23 mF/cm2 at 10 mV/s [56]

rGO, placed on Si
substrate KCl ~2.2 mF/cm2 at 25 mV/s [57]

rGO, covered on
carbon cloth H2SO4 3.5 mF/cm2 at 0.5 mA/cm2 [58]

rGO, interdigital
microelectrode arrays KCl 3 mF/cm2 [59]

rGO, vacuum
filtration H2SO4-PVA ~10 mF/cm2 at 10 mA/cm2 [60]

4. Conclusions

In the current work, self-supported rGO paper with polycarbonate was prepared by
simple vacuum filtration and low-temperature annealing. rGO-PC as a freestanding single
electrode was studied in a three-electrode system and represented a capacitive energy
storage mechanism. To fabricate flexible supercapacitors, inexpensive PET/Cu/C and
PET/GrI were prepared by the facile method and used as flexible supports for the rGO-PC
electrode active material. Fabricated flexible symmetric supercapacitors based on rGO-PC
have shown similar behavior with a higher areal capacitance value than that on PET/Cu/C
substrate. Improved electrochemical results are expected in further work by modifying
the thickness and surface of the active material and by using an electrolyte with a wider
potential window.
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