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A facile two-step strategy to prepare flexible graphene electrodes has been developed for supercapacitors
using thermal reduction of graphene oxide (GO) and thermally reduced graphene oxide (TRGO) composite
films. The tunable porous structure of the GO/TRGO film provided channels to release the high pressure
generated by CO, gas. The graphene electrode obtained from reduced-GO/TRGO (1:1 in mass ratio)
film showed great flexibility and high film density (0.52 g cm™). Using the EMI-BF, electrolyte with
a working voltage of 3.7 V, the as-fabricated free-standing reduced-GO/TRGO (1:1) film achieved
a great gravimetric capacitance of 180 F g~ (delivering a gravimetric energy density of 85.6 W h kg™),
a volumetric capacitance of 94 F cm™> (delivering a volumetric energy density of 447 W h L™, and
a 92% retention after 10 000 charge/discharge cycles. In addition, the solid state flexible supercapacitor
with the free-standing reduced-GO/TRGO (1 : 1) film as the electrodes and the EMI-BF4/poly (vinylidene

fluoride hexafluopropylene) (PVDF-HFP) gel as the electrolyte also demonstrated a high gravimetric
1
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capacitance of 146 F g~ with excellent mechanical flexibility, bending stability, and electrochemical

DOI: 10.1039/d2ra01658¢ stability. The strategy developed in this study provides great potentials for the synthesis of flexible
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1. Introduction

With the rapid development of portable electronic devices in
modern society, the growing requirement for flexible electronic
technology is becoming more and more urgent."® One of the
greatest challenges in the development of flexible electronic
technology is the fabrication of compatible light, thin, and
flexible electrochemical energy storage devices. Supercapacitors
(SCs), as an important kind of energy storage device, have been
applied widely in various applications with excellent power
density, faster charging speed, and long cycling-life.”** Many
studies have been reported on materials with zero-dimensional
(0D), one-dimensional (1D), two-dimensional (2D), and three-
dimensional (3D) structures for supercapacitors with
improved electrochemical performance.”*™ Graphene, a 2D
nanomaterial, has attracted great attention for fabricating
flexible electrodes for SCs because of its large specific surface
area, high mechanical strength, and unique layered struc-
ture.”*> To date, several laboratory methods for fabricating
graphene-based flexible electrodes for SCs have been reported.
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graphene electrodes for supercapacitors.

The commonly employed approach has been to design
composite structures with polymers,*»** carbon nanotubes
(CNTs),***” and/or other 2D nanomaterials.?®*** However, the use
of polymers or metal oxides often suffers from short cycling-life,
slow frequency response, and poor rate behaviour.”” In addi-
tion, the synthesis process has always involved complicated
chemical processes or expensive raw materials, either of which
is not advantageous for scalable production. Therefore, it is
demanding to develop a facile and efficient way to produce
flexible graphene electrode with high mechanical strength, high
power density, long cycle life, good flexibility, and improved
energy density.

Thermal reduction has been one of the most effective ways to
remove the oxygen-containing functional groups from graphene
oxide (GO) within seconds and the thus-obtained graphene is
named as thermally reduced graphene oxide (TRGO) in this
study.**** However, this rapid thermal reduction method is still
quite challenging to producing free-standing graphene films
directly since quick heating may break the film structure when
reduction is applied to the GO film.*' This is because, on the one
hand, the large amount of oxygen-containing groups' decom-
position would generate a huge amount of gases such as
CO,,***>% which would produce great gaseous pressure inside
the film. On the other hand, the interactions of hydrogen bonds
between the oxygen-containing functional groups would make
the GO film very compact without the capability to releasing the
pressure and large amount of gases generated in the reduction

© 2022 The Author(s). Published by the Royal Society of Chemistry
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process.** To address this issue, various strategies have been
attempted to obtain flexible graphene films. For instance, Vallés
et al. reported a flexible conductive graphene paper obtained by
direct and gentle annealing of GO paper.** Wang et al. achieved
3D spatial engineering of all-in-one supercapacitors with
various architectures in one GO film.*® Chen et al. used a deli-
cately designed apparatus to obtain thermally expanded GO
films with controllable and uniform thickness.*”

In this work, we report a facile two-step thermal reduction of
GO to produce free-standing reduced-GO/TRGO films with high
flexibility and excellent capacitive behaviour for supercapacitors
with both ionic liquid electrolyte and solid state electrolyte. The
porous TRGO is introduced into GO to form a GO/TRGO
composite film with a tunable porous structure and followed
by rapid thermal treatment to realize the reduction of GO
components.’ This method improved the flexibility of the
electrode film, which is attributed to the decreased GO content
leading to decreasing of generated gases and a porous structure
providing channels to release them. The advantages of the
proposed approach are multi-folds: (i) no other additives are
required such as polymers and/or non-electrochemical active
materials; (ii) the mass density of free-standing graphene film
can be controlled by tuning the composition ratio of the GO/
TRGO film; (iii) the free-standing reduced-GO/TRGO (1:1)
film has a high gravimetric capacitance of 180 F g~ ' (delivering
a gravimetric energy density of 85.6 W h kg™ ") and a volumetric
capacitance of 94 F cm ™ (delivering a volumetric energy density
of 44.7 W h L") with an ionic liquid electrolyte (EMI-BE,); (iv)
the solid state flexible supercapacitor with the free-standing
reduced-GO/TRGO (1:1) film as the electrode and the EMI-
BF,/poly (vinylidene fluoride hexafluopropylene) (PVDF-HFP)
gel as the electrolyte also shows a high gravimetric capaci-
tance of 146 F g ' with a good mechanical flexibility, bending
stability, and excellent electrochemical stability. Therefore, the
free-standing reduced-GO/TRGO graphene-based electrodes
fabricated by this approach are a competitive candidate for high
performance supercapacitors.

2. Experimental

2.1. Preparation of free-standing graphene film

GO was obtained from graphite using the Hummers' method.*®
The aqueous GO suspension with a concentration of 1 g L™ " was
first dried in a freeze drier for two days. The obtained sponge-
like GO was then heat-treated at 500 °C to obtain TRGO. The
GO/TRGO composite films with different weight ratios of GO/
TRGO (1:0,3:1,1:1,1:3, 0:1) were fabricated by vacuum
filtration of the corresponding mixture of GO and TRGO
dispersions in ethanol with a concentration of 0.5 ¢ L™" onto
PTEFE filter papers. After drying, free-standing GO/TRGO films
were obtained by peeling from filter papers. The free-standing
GO/TRGO films were then thermally treated at 500 °C again to
reduce the GO and produce the reduced-GO/TRGO films for use
as supercapacitor electrodes. The TRGO electrode was also
synthesized by directly filtering the TRGO dispersion on PTFE
filter paper and drying in a vacuum oven.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2.2. Microstructure characterization

The morphologies of the obtained GO/TRGO and reduced-GO/
TRGO films were characterized by field-emission scanning
electron microscopy (SEM, JSM-6500F, JEOL) and transmission
electron microscopy (TEM, JEM-2100, JEOL). The crystalline
phases of these films were examined by powder X-ray diffraction
(XRD, Rigaku SmartLab using Cu-K, radiation with wavelength
A =1.5418 A) in the 26 range of 5°~60°. Raman spectroscopy (A =
532 nm, Nanophoton Raman Plus) and Fourier transform
infrared spectroscopy (FTIR, JASCO FT/IR-6100) were also
employed to characterize the structural features. The specific
surface area and distribution of pores were measured by the
nitrogen adsorption-desorption method (Quantachrome auto-
sorb iQ). Surface chemistry of materials was characterized by X-
ray photoelectron spectroscopy (XPS, ULVAC-PHI Quantera
SXM) with a twin anode Al K, X-ray source and hemispherical
energy analyser. The absorption energies were calibrated
against the aliphatic carbon C 1s peak at 284.5 eV.

2.3. Electrochemical measurement

To evaluate the electrochemical performance of the fabricated
graphene film, coin cells were assembled directly using the free-
standing graphene film of a diameter of 15 mm as the elec-
trodes with a layer of glass fibre membrane as the separator. To
demonstrate the application of the free-standing films in flex-
ible supercapacitors, a solid state supercapacitor was also
fabricated. The gel electrolyte was prepared by a solution-cast
method.***° Typically, 0.5 g PVDF-HFP and 2 g EMI-BF, were
added to 20 mL acetone at 60 °C with vigorous stirring for 2
hours. Then, the obtained solution was cast into a Petri dish
and the acetone was completely evaporated by vacuum drying at
60 °C for 12 hours. Finally, the EMI-BF,/PVDF-HFP gel electro-
lyte was obtained with a thickness of about 250 um. To fabricate
a flexible solid state supercapacitor, two pieces of free-standing
reduced-GO/TRGO films (2.5 cm x 2.0 cm) with a 5 mm wide
aluminum external terminal and a piece of EMI-BF,/PVDF-HFP
gel electrolyte (2.7 ecm X 2.2 cm) were assembled in a sandwich
structure. The resulting assembly was then encapsulated in
a three-side-sealed PET pouch. Finally, the remaining side was
vacuum-sealed to obtain the flexible solid state supercapacitor.
It should be pointed out that, in order to avoid the influence of
moisture in the air, all operations were carried out in an Ar-
filled glove box.

The electrochemical properties and capacitance of the
supercapacitors were evaluated in a two-electrode system by
cyclic voltammetry (CV), galvanostatic charge-discharge curves
(GCC), and electrochemical impedance spectroscopy (EIS) using
an electrochemical workstation (Biologic VSP-300). The CV
response of the electrodes was measured at different scan rates
varying from 10 to 100 mV s~ '. The CV and GCC tests of
supercapacitors in ionic liquid electrolytes were performed in
the range from 0 to 3.7 V. EIS measurements were carried out
(without DC bias sinusoidal signal of 0.005 V) over the
frequency range from 10 kHz to 0.1 Hz. The cyclic performance
measurements were conducted with a charge-discharge current
density of 1 A g~ " using a Land Battery Test System.
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Based on the results of the GCC tests, the gravimetric specific
capacitance was calculated from the discharging time at every
current density by using the following equation**

41 x t

Cn = 1
Uxm (1)

where C,, is the gravimetric specific capacitance of the super-
capacitor, I/m is the applied current density, ¢ is the time for
discharging, and U is the potential window. The volumetric
specific capacitance was calculated from the gravimetric
specific capacitance based on the following equation***

CV:CmXp (2)

where Cy is the volumetric specific capacitance of the super-
capacitor, Cy, is the gravimetric specific capacitance of the
supercapacitor, and p is the bulk density of the electrode.

3. Results and discussion

3.1. Preparation of flexible graphene films

Fig. 1 illustrates schematically the synthesis of flexible graphene
electrode by thermal reduction of the GO/TRGO composite film.
The GO/TRGO dispersion was prepared by mixing the disper-
sions of GO and TRGO at a ratio of 1 : 1. It was found that the
GO/TRGO dispersion was stable without precipitation even after
1 week's storage. Although the TRGO dispersion showed good
dispersibility after sonication, it settled out completely after 1
week. This suggests that GO and TRGO formed a composite
through the w-m stacking interactions in the solution, thereby
improving the dispersion stability of TRGO. With the vacuum-
assisted assembly and m-m stacking interactions between the
GO and TRGO sheets,** a laminated film with alternating GO
and TRGO structure, as illustrated in Fig. 1, was obtained.
Fig. 2a and b show the cross-sectional SEM images of the GO
and GO/TRGO (1:1) films, respectively. The GO film had
a laminated compact structure as a result of hydrogen bonding
interactions between the oxygen-containing functional groups
on the GO sheet.* While the GO/TRGO film exhibited a lot of
porous structures, the difference in the structure of the GO/
TRGO film and GO film suggested that the addition of TRGO
hindered the formation of hydrogen bonds between the GO
sheets (illustrated in Fig. S11) and was beneficial to the
formation of a more porous film. An analysis of the film density
showed that the densities of the GO film and the GO/TRGO film

— 1/ GO/TRGO solution

1 e

~ 4

GO solution b
K

TRGO solution

Filtration
500C l

=

TRGO

GO/TRGO film
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were 1.01 ¢ cm ® and 0.77 g cm ®, respectively, which is
consistent with SEM observations.

The GO in these prepared composite films was then reduced to
graphene by thermal annealing. As shown in the photographs in
Fig. 1, the reduced-GO/TRGO film obtained with thermal anneal-
ing of the GO/TRGO precursor retained its morphology and gained
additional flexibility. Cross-sectional SEM analyses (Fig. 2c)
showed that the uniform structure was still maintained after
thermal annealing, though a slight increase in thickness (from 33
pum to 41 pm) was observed. As revealed in Fig. 2b and ¢, more
porous interlayer structures were introduced into the reduced-GO/
TRGO film, which were due to the fact that flat GO sheets became
wrinkled TRGO sheets after reduction and resulting in a decrease
in the film density from 0.77 g em ™ to 0.52 g cm™>. To further
characterize the mechanical strength of the free-standing film, the
electrode was bent to an ‘arch like’ structure to evaluate its flexi-
bility. The bending angle was nearly 180° with a radius of curva-
ture as small as 1.28 mm (Fig. 2d) without fracture. It
demonstrates that the reduced-GO/TRGO film has a good
mechanical flexibility. In contrast, after thermal annealing, the GO
film was broken into pieces with a loose structure (Fig. S2) due to
the inability to eliminate rapidly the gases generated during the
reduction process. These results indicate that the introduction of
TRGO was crucial to the successful fabrication of free-standing
flexible graphene films. On the one hand, it can reduce the
gases generated during the reduction process. On the other hand,
the porous structure produced by hindering the formation of
hydrogen bonds between the GO sheets can provide enough
channels to eliminate rapidly the gases generated during the
reduction process to obtain an intact graphene film.

The morphology and structure of the GO/TRGO composite film
and the reduced-GO/TRGO film were further characterized by
transmission electron microscopy (TEM). Fig. 3a is a low-
magnification TEM image showing the morphology of the GO/
TRGO composite. The high-resolution TEM (HRTEM) image
(Fig. 3b) reveals the composited microstructure of TRGO and GO
nanosheets. Since the TRGO nanosheets were crystalline while the
GO nanosheets were amorphous, the power spectra of the selected
areas revealed both crystalline domains due to TRGO (inset i) and
amorphous regions due to GO (inset ii). The d-spacing of 0.23 nm
corresponds to the (100) lattice planes of graphite. Fig. 3¢ shows
a typical overview of the reduced-GO/TRGO composite film, where
folded graphene was observed clearly. The HRTEM image (Fig. 3d)
revealed that the reduced-GO/TRGO nanosheets had fine crystal-

linity after rapid thermal reduction.
.
Flexible graphene
electrode

Reduced-GO/TRGO film

500°C

Fig. 1 Schematic illustration of synthesis process of flexible free-standing reduced-GO/TRGO film.
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(a) GO film

Thickness: 8.6 um
(b) GO/TRGO film

Thickness: 33 um

Fig.2 Cross-sectional SEM images of (a) GO film; (b) GO/TRGO (1: 1)
film; (c) reduced-GO/TRGO (1:1) film, and (d) bent reduced-GO/
TRGO (1: 1) film with radius of curvature of 1.28 mm.

3.2. Analysis of flexible graphene films

As shown in Fig. 4, the crystalline structure of the GO film, the
GO/TRGO film, and the reduced-GO/TRGO film were charac-
terized by X-ray diffraction. The first sharp peak from the GO
film was at 26 = 12.2°, corresponding to a separation of 0.73 nm
between the GO sheets.*® After introducing the TRGO sheets,
the diffraction peak became broader and shifted to 26 = 11.0°
(corresponding to a d-spacing of 0.80 nm), indicating the
addition of TRGO prevented GO sheets from restacking and led
to the formation of a loose structure. In the meanwhile, the
appearance of a very weak peak at 26 = 24.8° is attributed to the
formation of graphitic microcrystals on the graphene plane.*”
After the thermal treatment, the peak at 260 = 10° disappeared
and a broad peak at 26 = 24.3° emerged, which suggests the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 TEM images of GO/TRGO composite film and reduced-GO/
TRGO film. (a) Low magnification TEM image showing an overview of
GO/TRGO nanosheets. (b) HRTEM image of GO/TRGO nanosheets
marked in (a), with d-spacing of 0.23 nm corresponding to (100) of
graphite. The crystalline domain is due to TRGO and the amorphous
region pertains to GO. (c) Low magnification TEM image showing an
overview of reduced-GO/TRGO film. (d) HRTEM image of reduced-
GO/TRGO film showing clear crystallinity in graphene after rapid
thermal reduction.

formation of more graphitic microcrystals due to the reduction
of GO. The resulting film becomes disordered due to the impact
of the gases generated in the reduction reactions.

Raman spectra of the GO film, GO/TRGO film, and reduced-
GO/TRGO film are presented in Fig. 5. The samples showed the

typical D peak and G peak around 1360 and 1580 cm

Reduced-GO/TRGO film
(002)
d=0.37 nm
g [t e . .
= GO (001) GOITRGO film
= d=0.80 nm
7 TRGO (002)
k] d=0.36 nm
£ -
GO film
(001)
d=0.73 nm
10 20 30 40 50 60
2 Theta (Degree)

Fig. 4 XRD patterns of GO, GO/TRGO, and reduced-GO/TRGO films.
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Fig. 5 Raman spectra of GO, GO/TRGO, and reduced-GO/TRGO
films.

respectively, fitted with a Gaussian profile. The D peak in carbon
materials is attributed to the structural defects and disordered
sp” bonded carbon. Therefore, the intensity ratio of the fitted D
peak and G peak (Ip/I;) was calculated to measure the concen-
tration of structural defects in the samples as shown in Table
S1.1 The Ip/Ig ratio for GO film is 0.93 and it increased to 0.96
for the GO/TRGO film. This is because TRGO has a larger Ip/Ig
ratio of 0.97 (Fig. S37). After thermal treatment, the obtained
reduced-GO/TRGO film showed an Ip,/I; ratio of 0.98, indicating
the introduction of more defects accompanied by removal of the
functional groups in the reduction process.

To monitor the chemical composition of the obtained films
at different steps, XPS measurements were carried out. As
shown in Fig. 6a, the pure GO film showed a strong O 1s peak
with an oxygen content of 29.3%, corresponding to an atomic C/

(a)
Reduced-GO/TRGO film
C1s
C/0=5.8 ALOLS_’A
N\ -
—_ 1 1 1 1 1 1
z GO/TRGO film C1s
- O1s
> C/0=3.5
@
2 /\/—/\IL,«,————-’—"""‘“
g —
- ~—
E 1 " 1 " 1 " 1 " 1 " 1 L
GO film
O1s Cis
C/0=23
N —N_———_
T |
1 1 1 1 1 1
1200 1000 800 600 400 200 0

Binding Energy (eV)

Fig. 6
reduced-GO/TRGO films.
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O ratio of 2.3. The fitting of the C 1s peak (Fig. 6b) reveals that
the GO film has a large number of C-OH, C-O-R, and C=0
functional groups, whereas the GO/TRGO film (Fig. 6a) showed
a relatively low oxygen content of 22.0% with a C/O ratio of 3.5
due to the introduction of TRGO with an oxygen content of
16.2% and a C/O ratio of 5.2 (Fig. S47). It is worth noting that the
C/O ratio of the GO/TRGO film (3.5) is very close to the calcu-
lated C/O ratio (3.7) according to ratio of mixing of GO and
TRGO (1 : 1), suggesting a fairly homogeneous distribution of
GO and TRGO in the composite film. After the thermal treat-
ment, the C/O ratio was further increased to 5.8 in the obtained
reduced-GO/TRGO film. Correspondingly, as shown in Fig. 6b,
the relative peak intensity of oxygen-containing C-OH, C-O-R,
and C=O functional groups was reduced significantly, sug-
gesting that the GO component in the GO/TRGO film had been
reduced to graphene. The films were also examined with FT-IR
spectroscopy as shown in Fig. S5.7 From the FT-IR spectra, the
GO film contained abundant oxygenic groups. It showed
apparent peaks at 3420 cm™ ', 1722 cm™', 1611 cm !,
1044 cm ™, and 960 cm ', corresponding to the vibrations of
-OH, C=0, C=C, and C-O groups, respectively.*** These
characteristic peaks remained apparent in the GO/TRGO film
with a relatively low intensity. After the thermal treatment,
however, the obtained reduced-GO/TRGO film only showed
weak C=0 and C=C peaks, suggesting successful reduction of
GO in the GO/TRGO film. These FTIR results are consistent and
in good agreement with the XPS analysis.

To obtain a quantitative picture of the evolution of the
porous structure of the electrode films with different composi-
tions, the nitrogen adsorption and desorption isotherms were
measured as shown in Fig. 7a. The pore size distributions of
these films were analyzed by the DFT method as shown in
Fig. 7b. The pure GO film possessed few pores with diameter
less than 2 nm and had a specific surface area (SSA) of 8.9 m*
g~ . This is consistent with its cross-sectional SEM image dis-
played in Fig. 2a, showing a compact film with a density of

(b)

Intensity (a.u.)

288 286 284 282 280
Binding Energy (eV)

(a) XPS survey spectra of GO, GO/TRGO, and reduced-GO/TRGO films. (b) XPS high-resolution C 1s spectra of GO, GO/TRGO, and
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Fig. 7 (a) Nitrogen adsorption/desorption isotherms and (b) pore size
distribution of GO, GO/TRGO, and reduced-GO/TRGO films.

1.01 g cm ®. These features are attributed to the strong

hydrogen bonds between the functional groups. The GO/TRGO
(1:1) film showed a typical type IV adsorption/desorption
isotherm with a type H4 hysteresis loop, indicating the presence
of nonrigid slit-shaped pore-structures. The SSA of GO/TRGO
(1:1) film increased to 218 m” g~ ' and was accompanied by
an increase in both pore size and pore volume. It should be
emphasized that the pore structure of the obtained film is
related to the ratio of GO and TRGO. According to the results
summarized in Table S2,f the SSA of the obtained film
increased with increasing portion of TRGO in the film. Corre-
spondingly, as shown in Fig. S6,T both the pore size and pore
volume of these films also increased. This result suggests that
the ratio of GO/TRGO played an important role in the pore
structure of the film, because the compact stacking of GO sheets
could be inhibited by the presence of TRGO sheets.

After thermal reduction, the obtained reduced-GO/TRGO
(1:1) film displayed a similar type IV adsorption/desorption
isotherm (Fig. 7a), while the nitrogen adsorption increased with
the relative pressure (P/P,) over 0.9, indicating the production of
more pores during the reduction process. The SSA of the
reduced-GO/TRGO (1 : 1) film further increased to 290 m”> g "
and was accompanied by a decreasing film density of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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0.52 g cm >. The pore distribution calculated by the DFT
method, shown in Fig. 7b, revealed that the reduced-GO/TRGO
film had more micropores with size ranging from 4 to 25 nm.
After thermal reduction, the increase in the microporosity of the
reduced-GO/TRGO film was contributed, on the one hand, by
changes of the morphology from planar GO sheets to wrinkled
TRGO sheets during the GO reduction process. On the other
hand, the reduction of GO was accompanied by the removal of
oxygen-containing functional groups, which inhibited the
formation of hydrogen bonds and weakened the interactions
between the produced TRGO sheets, making it easier to form
a porous structure with a greater SSA.

3.3. Capacitive performance of free-standing graphene film
in supercapacitors

To evaluate the electrochemical properties of the free-standing
reduced-GO/TRGO (1 : 1) film, symmetric supercapacitors were
fabricated using EMI-BF, as the electrolyte. For comparison, the
filtered TRGO films were also prepared and used as the elec-
trodes for supercapacitors with EMI-BF, as the electrolyte.
Fig. 8a shows the CV curves for supercapacitors with the free-
standing reduced-GO/TRGO (1 : 1) film and the filtered TRGO
film electrodes at low and fast voltage sweep rate, respectively. It
can be seen clearly that both CV curves exhibited rectangular
shapes without any redox reaction peaks at the low scanning
rate of 10 mV s, suggesting an ideal capacitive behaviour.?>
With an increase of the scanning rate to 100 mV s~ !, the CV
curve for the free-standing reduced-GO/TRGO (1 : 1) film still
retained a nearly rectangular loop, implying a superior rate
stability. However, the CV curve of filtered TRGO film exhibited
an obvious deviation from the rectangular shape when the scan
speed reached 100 mV s~ *. As shown in Fig. S7,7 this trend was
observed more pronounced at the higher scanning rate of
200 mV s~ ", This result implied that the free-standing reduced-
GO/TRGO (1: 1) film had a better rate capability. It should be
pointed out that the same trend was also observed in the gal-
vanostatic charge-discharge measurements. As shown in
Fig. 8b, at a low charge-discharge current density of 0.2 A g™,
the charge-discharge curves of both electrodes exhibited ideal
isosceles triangular shape, indicating an excellent capacitive
behavior.>® The gravimetric specific capacitances of the free-
standing reduced-GO/TRGO (1 : 1) film and the filtered TRGO
film were 180 F g~ ' (delivering a gravimetric energy density of
85.6 W h kg™ ') and 193 F g~ ' (delivering a gravimetric energy
density of 91.7 W h kg™ '), respectively. This result is superior to
other reported graphene-based electrochemical capacitors as
shown in Table S3.7?*°>- The charge-discharge curves of both
electrodes at different current densities from 0.2 to 10 Ag™ " are
shown in Fig. S8.1 When the current density was increased from
0.2 to 10 A g~', the gravimetric specific capacitance of the
filtered TRGO film exhibited a large decrease from 193 F g~ to
108 Fg !, and the capacity retention was only 56%, as shown in
Fig. 8c. However, the gravimetric specific capacitance of the
free-standing reduced-GO/TRGO (1:1) film showed only
a slight decrease, from 180 F g~ ' to 139 F g~ ', corresponding to
a higher capacity retention rate of 77%, which proved that the
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Gravimetric and volumetric specific capacitance at various current densities from 0.2 to 10 A g~*. (d) Ragone plots of supercapacitor with free-
standing reduced-GO/TRGO (1:1) film and comparison with devices using other 2D materials reported in literature. (e) Nyquist plots of
supercapacitors with free-standing reduced-GO/TRGO (1:1) film and filtered TRGO film electrodes, respectively. (f) Cycling stability of

supercapacitor with free-standing reduced-GO/TRGO (1 : 1) film.

free-standing film had an excellent rate capability. It is consis-
tent with the CV measurements. Additionally, the Ragone plots
derived from the discharge curves are shown in Fig. 8d. The
free-standing reduced-GO/TRGO (1 : 1) film electrode exhibited
an energy density of 85.6 W h kg™ " with a corresponding power
density of 0.37 kW kg™ . Even at a high power density of 17.4 kW
kg, the free-standing reduced-GO/TRGO (1 : 1) film electrode
still delivered a high energy density of 58.1 W h kg™". It is
superior to other reported graphene-based electrode
materials.?*5%5%°6°

To explain the markedly different electrochemical behav-
iours exhibited by the two films, we further investigated the
difference in the pore structures between the free-standing
reduced-GO/TRGO (1:1) film and the filtered TRGO film.
According to the results of SEM (Fig. S91) and BET (Fig. S107)
analysis, the filtered TRGO film had a greater specific surface
area, larger pore size, and lower film density of 0.11 g cm™>.
Therefore, we attribute the slightly higher gravimetric specific
capacitance of the filtered TRGO film to its greater specific
surface area and the loose structure. However, the volumetric
specific capacitances of these two films (a more important
factor to consider in some applications of supercapacitors) are
vastly different. By considering the density of the electrode
films, as shown in Fig. 8c, the volumetric specific capacitance of
free-standing reduced-GO/TRGO (1:1) film (94 F cm™?) is
significantly greater than that of the filtered TRGO film (21 F
cm ?) at a current density of 0.2 A g~ *. The supercapacitor with
free-standing reduced-GO/TRGO (1:1) electrodes exhibited
a very high volumetric energy density of 44.7 W h L™, which is
almost 5 times of the commercial supercapacitors (5-8 W h
L 1).#3626670 Compared to the filtered TRGO film, the free-

12596 | RSC Adv, 2022, 12, 12590-12599

standing reduced-GO/TRGO (1:1) film has a density nearly
a 4.5 times increase in volumetric specific capacitance in spite
of 7% lower in gravimetric specific capacitance. This shows that
our method for preparing flexible films can maximize the
retention of the microporous structure required for charge
storage and ion diffusion while increasing the density of the
film, thereby enhancing the mechanical strength of the film. In
addition, the increase of film density would also enhance the
contact between graphene sheets and reduce the resistance
between graphene sheets, thereby improving the conductivity of
the electrode film. This was confirmed by subsequent EIS
analysis.

Fig. 8e shows the Nyquist plots for the supercapacitors with
free-standing reduced-GO/TRGO (1 :1) films and the filtered
TRGO films, respectively. Both plots have almost vertical curves
in the low-frequency region, indicating an apparent capacitive
behavior. As expected, the equivalent series resistance (Rs)
estimated from the intercept on the x-axis for the free-standing
reduced-GO/TRGO (1 : 1) film (2.7 Q) is lower than that of the
filtered TRGO film (3.6 ©), which is ascribed to improvement in
the conductivity of the former due to promotion of charge
transport in the film by enhancement of the contact between
the graphene sheets. The inset in the figure shows that the
supercapacitor with the filtered TRGO film had a small semi-
circle (corresponding to the charge transfer resistance R.;) and
a 45° straight line (corresponding to the electrolyte diffusion in
the electrode) in the high-frequency region and the
intermediate-frequency region. However, no noticeable semi-
circle was observed in the high frequency region, and the 45°
Warburg line was also significantly shortened, which indicated
that the free-standing reduced-GO/TRGO (1 : 1) film had a lower

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9

(a) Cyclic voltammetry curves and (b) charge and discharge curves of flexible solid state supercapacitor at different bending angles. (c)

Gravimetric specific capacitance of flexible solid state supercapacitor at various current densities from 0.1to 1.0 A g™ *.

charge transfer resistance and electrolyte diffusion resistance
due to a large number of mesopores in the electrode film
(Fig. 7b), facilitating fast mass transport of electrolyte.”*”* It
suggests that the prepared free-standing film facilitated the
electrolyte ions to diffuse more easily within the film and also
reduced the electrode/electrolyte interface resistance. In addi-
tion, the cyclic testing of supercapacitor with the free-standing
reduced-GO/TRGO (1 : 1) film electrodes at a current density of
1 A g ! was carried out. It confirmed that the supercapacitor
had an excellent cycling stability with a high average coulombic
efficiency of 99% during the cycling test and 92% retention of
its initial specific capacitance after 10 000 cycles (Fig. 8f).

In order to demonstrate the application of the prepared free-
standing films in flexible supercapacitors, we assembled a flex-
ible solid state supercapacitor with the free-standing reduced-
GO/TRGO (1:1) film as the electrodes, EMI-BF,/poly(-
vinylidene fluoride hexafluopropylene) (PVDF-HFP) gel as the
electrolyte, and encapsulated them with two pieces of flexible
PET films (Fig. S11}). The use of EMI-BF,/PVDF-HFP gel elec-
trolyte enabled flexible supercapacitors with higher working
voltages, which is beneficial for their practical applications.
Fig. 9a shows the CV curves of the flexible supercapacitor sub-
jected to different bending angles at a scan rate of 10 mV s~ . It
can be seen from the figure that the curves at different bending
angles almost overlapped, and the shape of the CV curves
almost did not change when the bending angle reached 180°.
Fig. 9b shows the charge-discharge curves of the flexible
supercapacitor at different bending angles and they all were in
an isosceles triangular shape, indicating an excellent capacitive
behaviour. When the bending angle was 0°, 60° and 180°, the
corresponding gravimetric specific capacitance of the flexible
supercapacitor was 146, 143, and 135 F g™, respectively. When
the bending angle increased from 0° to 180°, the capacitance
retention was about 92.5% without obvious attenuation. These
measurements suggest that the free-standing reduced-GO/
TRGO (1 :1) film based supercapacitor had good mechanical
flexibility and excellent electrochemical stability. Furthermore,
when the charge and discharge current density was increased
from 0.1 to 1.0 A g " (Fig. 9c), the specific capacitance was
decreased from 156 F g ' to 110 F g ', corresponding to
a retention of 70.5%. It reveals that the flexible supercapacitor
has also good rate performance. As shown in Fig. S12,T the

© 2022 The Author(s). Published by the Royal Society of Chemistry

retention rate of specific capacitance of this supercapacitor was
93% after 200 repeated bending, confirming an excellent
mechanical flexibility of the free-standing reduced-GO/TRGO
(1 : 1) film. To further demonstrate the operation performance
of the free-standing reduced-GO/TRGO (1 : 1) films for super-
capacitors, they were used to power an LED light, which showed
a stable lighting during the process of bending the flexible
supercapacitor (video available in ESI{). The above results
strongly suggest that the free-standing reduced-GO/TRGO (1 : 1)
film is a promising and suitable candidate as the electrode of
flexible supercapacitors.

4. Conclusions

In summary, we have established a facile two-step thermal
reduction method to fabricate binder-free and flexible free-
standing graphene electrodes for high-performance super-
capacitors. It was demonstrated that the formation of a stable
GO/TRGO intermediating film with suitable porous structures
was the key to the success of this approach. The graphene
electrode reduced from GO/TRGO (1:1, mass ratio) film
showed great flexibility and high film density (0.52 g cm ™).
With the EMI-BF, electrolyte, the supercapacitor with the free-
standing reduced-GO/TRGO (1:1) film electrodes showed
a high gravimetric and volumetric specific capacitance of 180 F
¢ ' and 94 F cm?, respectively. It is worth pointing out that its
volumetric energy density (44.7 W h L™") is more than 5 times of
commercial supercapacitors (5-8 W h L), In addition, the
solid state flexible supercapacitor with the free-standing
reduced-GO/TRGO (1:1) film electrodes and EMI-BF,/poly
(PVDF-HFP) gel electrolyte also showed a high gravimetric
specific capacitance of 146 F g~ ' with a good mechanical flexi-
bility, bending capability, and excellent electrochemical
stability. The strategy developed in this study provided great
potentials for synthesis of flexible graphene electrodes for
supercapacitors.
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