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Abstract

Lightweight flexible energy storage devices have aroused great attention due to the remarkably
increasing demand in the ultrathin and portable electronic devices. As typical new two-dimensional
carbon materials, graphene-based porous structures with ultra-light weight and exclusive
electrochemical properties have demonstrated outstanding capacitive ability in supercapacitors. Up
to date, the performance of the all-solid-state supercapacitors achieved from graphene-based
materials is still unsatisfied. In this work, we have rationally designed graphene/porous carbon
(GN/PC) aerogels via a simple green strategy to achieve flexible porous electrode materials. The
ordered porous carbon (PC) with high specific surface area and good capacitance was introduced as a
spacer to efficiently inhibit the restacking of graphene (GN) sheets, which has significantly enhanced
the specific surface area and facilitated the transport and diffusion of ions and electrons in the
as-synthesized porous hybrid structure. The all-solid-state electrodes fabricated by the as-prepared
GN/PC aerogels presented excellent flexibility, high specific capacitance and good rate performance
in polyvinyl alcohol/KOH gel electrolyte. Implication of the specific capacitances of ~187 F g at 1
Agland 140 F g at 10 A g suggests that the GN/PC aerogels promised great potentials in the
development of lightweight high-performance flexible energy storage devices.

Keywords: supercapacitor; graphene acrogel; all solid state
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1.Introduction

Portable electronic devices and flexible sensor systems are highly desired in modern society,
which has propelled the research on the exploration of advanced energy storage and management
devices. Supercapacitor, also called electrochemical capacitors or ultracapacitors, is one of the most
critical electrochemical energy-storage systems capable of meeting the rapid growing demand for
clean energy generation because of their ultrahigh power density, fast charging and exceptionally
long cycling life [1]. In the past decades, carbon-based materials, such as activated carbons,
exfoliated carbon fibers, carbon nanotubes (CNTs) and template porous carbons, have been widely
used as supercapacitor electrode materials due to their unique physical and chemical properties (high

surface area , high conductivity and stability under electrochemical conditions) [2,3].

Graphene nanosheets (GN), typical two-dimensional (2D) carbon materials, have drawn great
attention for their outstanding electrical and mechanical properties [4-8]. Recently, flexible
graphene-based materials have become a hot topic because of their exclusive physical and chemical
properties, such as large specific surface area, high conductivity and effective multidimensional
pathways for electron transport [9-11]. These excellent properties have attracted increasing attention

and revealed a promising path towards potential applications in supercapacitors [12-16].

Although graphene can fundamentally provide a specific capacitance up to 550 F/g [17], the
specific capacitance achieved so far is still far from the theoretical value, which is largely limited by
the unexpected restacking of graphene sheets. Thus, efforts have been drawn to prevent GN
restacking during the formation of porous structure in order to retain the available surface and
improve the electrolyte diffusion, which in turn gives rise in capacitance [18]. Various spacers, such

as carbonaceous materials [19] and transition metal oxides [20], have been employed into GN to
3
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inhibit the restacking and improve capacitive performance. For example, Chen and coworkers have
utilized Co3;O4 nanowires as the spacer to synthesize a three-dimensional (3D) graphene/Co3;04
nanowire hybrid structure, showing a specific capacitance of ~768 F g™ at the current density of 10 A
g [21]. In spite of the greatly enhanced specific capacitance achieved by the introduction of
transition metal oxides for raising pseudocapacitance, graphene/transition metal oxide composites
usually suffer from low rate performance and poor stability. Therefore, carbonaceous materials in
comparison could act as more promising spacers due to their relatively higher electrical conductivity
and more stable structures. In the work by Chen and coworkers, CNTs were introduced as the spacer
to fabricate a 3D GN/CNT aerogel [22], suggesting a high specific capacitance for the graphene
component in the as-achieved supercapacitor. However, the integrated specific capacitance for
GN/CNT aerogels only showed a low specific capacitance of 112 F g mainly due to the poor
specific capacitance of CNTs [23]. Recently, Lian and coworkers have developed a flexible graphene
paper by introducing carbon black nanoparticles, which exhibited the maximum specific capacitance
of ~136 F g ' at a scan rate of 10 mV s ' [24]. Although greater progresses have been made, the
performance of flexible graphene materials was still unsatisfied due to the low specific capacitances
of spacers. On the other hand, ordered porous carbon (PC) with high specific surface area (~710.5 m*
g_l) has presented a capacitance larger than 110 F g_1 (in 6 mol L™' KOH) [25], which demonstrates

potentials as a promising spacer for fabricating GN-based hybrid electrodes.

In addition, flexible all-solid-state supercapacitors have been widely fabricated based on their
exclusive advantages in flexibility, safety and light weight to meet the requirement of rapid
development in smart, ultrathin and portable electronic devices [26, 27]. Currently, polymeric gels

have been largely utilized as the low-cost electrolytes in most all-solid-state supercapacitors [28-30].

4
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For instance, Ajayan’s group has fabricated all-solid-state 2D in-plane supercapacitors by using a
polyvinyl alcohol (PVA)/H3;PO; electrolyte over the graphene electrodes, obtaining a capacitance of
2473 F g at 176 mA g [31]. Shen and workers have synthesized ordered WO; nanowire arrays on
conductive carbon cloth to fabricate high-performance flexible all-solid-state supercapacitors in
PVA/H,S0, electrolyte, and the as-prepared supercapacitor exhibited a high gravimetric specific
capacitance of 521 F g'1 at 10 A cm™ [32]. Although all-solid-state supercapacitors with KOH-based
electrolytes have rarely been reported so far, the excellent electrochemical performance and
moderate mechanical properties obtained in the PVA/KOH have demonstrated potentials in the

achievement of high-performance all-solid-state electrolytes for supercapacitors [33].

In this work, we have introduced ordered porous carbon (PC) as an effective spacer to rationally
design a GN/PC aerogel to take the advantages from both graphene and PC. As expected, the
as-prepared GN/PC aerogels have exhibited higher capacitance than either of the individual
components (GN and PC). Compared to the neat GN aerogels, the introduction of PC offers a higher
specific capacitance and much enhanced rate performance (~190 F g™ at a current density of 10 A g™)
for the GN/PC aerogels. Furthermore, PVA/KOH gel electrolyte has been developed to fabricate
flexible all-solid-state supercapacitors based on the GN/PC aerogels. A high specific capacitance of
~150 F g at a current density of 10 A g with excellent cycle stability was achieved. The superior

performance of the GN/PC aerogels demonstrated promising applications in energy storage.

2.Experimental
Chemicals

Graphite powder was supplied by Sigma-Aldrich. Mono-dispersed SiO; colloidal solutions
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Cataloid SI-80 (80 nm) were supplied by Catalysts & Chemicals Ind. Co. Ltd. Concentrated sulfuric
acid (H,SO4, 98%), phenol (C4HgO, AR), ormaldehyde (CH30, AR), hydrofluoric acid (HF, 46%),
sodium nitrate (NaNOs;, AR), potassium permanganate (KMnO4, AR), hydrogen peroxide (H,O,,
38%), hydrochloric acid (HCI, 38%), ethanol (CH;CHOH, AR) and ethylene glycol ((HOCH,),, AR)
were purchased from Beijing Chemicals Co. Ltd.
Synthesis of GO

Graphite oxide (GO) was synthesized according to the modified Hummers method [34]. Briefly,
2 g graphite and 1 g NaNO; were added into 120 mL of 98% H>SOy in the ice bath. The solution was
kept at 0 °C for 1 h, and then 6 g KMnO,4 was added gradually. After 2 h stirring, the solution was
heated up to and kept at 30 °C for 30 min. Then, 150 mL of water was dropped slowly and 50 mL
H,0, (5%) was added. Finally, the solution was washed with water and HCI (5%) to obtain GO
aqueous solution.
Synthesis of PC

Ordered porous carbon (PC) was prepared according to the method reported in elsewhere [35].
First, SiO, colloidal crystals were prepared by centrifugation of the colloidal solutions and
subsequent drying. Then, the colloidal crystals were immersed in a mixed solution of phenol,
aqueous ormaldehyde and a small amount of concentrated hydrochloric acid, and the mass ratio of
SiO,, PhOH and HCHO was 1.0:0.8125:0.222. After thermal treatment at 127 °C for 12 h in air,
phenol was polymerized together with formaldehyde in the interstitial space among SiO, particles.
Next, the interconnected phenolic resin was carbonized at 800 °C for 5 h in Ar atmosphere. Finally,
SiO, templates were removed by an aqueous HF solution (46%), and the resultant porous carbons

were dried under vacuum for 1 day to obtain ordered porous carbon.
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Synthesis of GN/PC aerogels

Firstly, PC was dispersed in 8 mL alcohol by ultrasonication for 30 min. Then, 8 mL GO
aqueous solution (2 mg/mL) was added into the PC suspension. After treated by ultrasonication for 1
h, the GO/PC solution was transferred into autoclave with a volume of 23 mL. A hydrothermal
process was carried out at 180 °C for 18 h to obtain graphene/porous carbon (GN/PC) hydrogel. The
as-prepared GN/PC hydrogels were washed with water and freeze-dried to achieve corresponding
GN/PC aerogels. A series of GO/PC solutions with different weight ratios of GO to PC were made
according to Table 1. The as-obtained neat GN aerogel was denoted as GN-EtOH. Accordingly, the
GN/PC aerogels with mass ratios of 20, 10 and 5 were donated as GN/PC-20-EtOH,

GN/PC-10-EtOH and GN/PC-5-EtOH, respectively.

Fabrication of supercapacitor in KOH solution

PC electrode was prepared by mixing active materials, acetylene black and
polytetrafluoroethylene with the weight ratio of 80:15:5. The aerogel electrode was prepared by
pressing GN-based aerogel (~2 mg) onto Ni foam without using any conductive agent and binder. A
three-electrode configuration was fabricated in 6 M KOH. Hg/HgO electrode (with 1 M KOH) and
Platinum foil electrode were used as reference electrode and counter electrode, respectively.
Fabrication of the all-solid-state supercapacitors

The as-prepared GN/PC aerogels were fabricated into a symmetrical all-solid-state
supercapacitor. In a typical fabrication process, 4 g of PVA powder was added in 60 mL water, and
the mixture was heated to 85 °C under stirring until the solution became clear. Two GN/PC
electrodes were immersed in a PVA aqueous solution (10 mL), and excessive 6 M KOH solution

(1000 mL) was added to soak electrodes and PVA for 24 h to obtain all-solid-state GN/PC
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supercapacitors.
Material and electrochemical characterizations
The structures of the as-prepared samples were investigated by field-emission scanning electron
microscopy (FESEM, ZEISS supra 55) and transmission electron microscope (TEM, FEI Tecnai G2
F30 S-TWIN). Nitrogen sorption isotherms were tested with Autosorb-iQ2-MP (Quantachrome)
analyzer at 77 K. The samples were degassed at 200 °C under vacuum for more than 10 h before test.
The specific surface area (Sger) was calculated using the Brumauer—-Emmett—Teller (BET) method.
X-ray Photoelectron Spectroscopy (XPS, PHI-5300) was applied to characterize the sample surface.
The potential window was set -1-0 V (vs. Hg/HgO) in three-electrode configuration and 0-1 V
in two-electrode configuration, respectively. Galvanostatic charge-discharge tests were carried out at
various current densities using a LAND-CT2001A cell test instrument (Wuhan Jinnuo Electronics.
Ltd.). Cyclic voltammograms (CV) and electrochemical impedance spectroscopy (EIS) data were
recorded using a CHI660C electrochemical workstation (CH Instruments, Inc.). The specific
capacitances of the electrodes were calculated according to the following equation:
C=1xt/V/m (in 6 M KOH electrolyte),
C=21xt/V/m (in PVA/KOH gel electrolyte),
where 1 is the response current density (A g'l), V the potential (V), m the mass of active material and

t the discharge time (s).

3.Results and discussion

Upon the demonstration of graphene-CNT aerogels by Chen and co-workers [22],
graphene-based aerogels can be easily prepared via the hydrothermal process. In our work, GN/PC

aerogels were prepared from a stable suspension of GO and PC by a simple green approach in
8
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alcohols. All the as-prepared GN/PC hydrogels were found to be cylindrical, and no PC particles or
precipitations were observed in the residual solution when the mass ratio of PC to GN was less than
1. After freeze-drying, the shape of the GN/PC aerogels has been well retained compared to the
corresponding GN/PC hydrogels. The as-obtained GN/PC aerogels also show continuous surface
with high flexibility (Figure la). After compression, the shape and flexibility have almost been
retained. Figure 1b briefly illustrates the formation of flexible GN/PC aerogels from GO aqueous
solution and PC particles. The homogeneous precursor suspension was obtained by dispersing PC
particles into the GO aqueous solution. Subsequently, a graphene frame with layered structures was
established via self-assembly during the hydrothermal process, in which GO sheets were converted
into reduced graphene oxide and PC particles were simultaneously entrapped in the graphene frame.
The as-prepared samples were characterized with different techniques and instruments. Figure
2a-2d demonstrates the typical FESEM images of PC, neat GN aerogel and GN/PC aerogels. In
Figure 2a, the micro-sized macropores in the GN/PC aerogels were generated by the interconnections
of GN frame. Moreover, PC aggregations have been rarely seen, indicating that PC particles have
been well dispersed into the GO solution and as-prepared GN/PC aerogels. In Figure 2b, uniform
ordered pores could be found in the PC particles, and the nano-sized pores in the neat GN aerogels
were generated by the stacking of wrinkled graphene sheets (Figure 2¢). However, the introduction
of PC was found to effectively prevent graphene sheets from re-stacking in the hydrothermal process,
and thus much looser structure was observed in the GN/PC aerogels (Figure 2d). The as-synthesized
PC and GN/PC aerogels were performed on a TEM. According to the image in Figure 2e, the pore
size of the PC was around 80 nm, and the large meso/macropore surface areas could mainly

contribute to the high specific electrochemical capacitance [25]. In Figure 2f, small pieces of PC
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(~400 nm) were observed to be adhered on the surface of graphene sheets and thus the stacking of
GN sheets could be effectively inhibited, in good agreement with the results in the FESEM images.
Therefore, the employment of PC particles into the GN aerogels would enlarge the specific surface
area of the GN/PC aerogels, and on the other hand would significantly preserve the high specific
surface area of the exfoliated GN. As a consequence, the barriers for the diffusion of electrolytes and
ions could be largely reduced, which results in the great improvement of the capacitance for the
graphene-based aerogels.

The specific surface area of the GN/PC aerogels was determined and the corresponding nitrogen
adsorption-desorption isotherm curves of the GN-EtOH and GN/PC-10-EtOH were presented in
Figure 3. Both the isotherms exhibit type IV isotherm with hysteresis loop, which suggests the
presence of mesopores. The H4 type hysteresis loops indicate that the pores refer to the spacing
formed by the stacked wrinkled graphene sheets, consistent with the results in the FESEM images.
The strong adsorption observed below the relative pressure of P/Py=0.1 in the GN/PC aerogels
suggests the presence of micropores in the samples. The continuous rise of the isotherms in the
relative pressure range indicates the increase in an amount of mesopores for GN/PC aerogels [16].
According to the pore distribution curves (Figure S1), it is obvious that the insertion of PC has
effectively enhanced the pore volume of GN/PC aerogels (Table S1). Furthermore, Sggr was
calculated to investigate the PC effect on the specific surface area of the GN/PC aerogels (Table S1).
It is found that the specific surface area of GN/PC-10-EtOH (460 m* g') was greater than the sum of
the specific surface areas of GN-EtOH (406 m? g™') and PC (803 m’ g") (according to the weight
ratio). Thus, the introduction of PC contributes to the enlargement of the specific surface area, which
could be explained by the term of inhibiting the GN stacking.

10
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X-ray photoelectron spectroscopy was carried out to analyze oxygen-containing species on the
surface of PC, GO and GN/PC aerogels. Only carbon and oxygen were shown in the spectra (Figure
4a), and the atomic percentages of element O for PC, GO and GN/PC-10-EtOH were estimated to be
5.68 %, 30.74 %, and 11.82 %, respectively. In each XPS Cls spectrum (Figure 4b-4d), four peaks
could be found to center at 284.8 eV, 286.1 eV, 287.8 ¢V and 289.0 eV, assigned to C—-C, C-0O, C=0
and O—C=0 species, respectively [36, 37]. In the GO sample, element O was mainly found in the
form of C=0. After hydrothermal process, element O was mainly observed in the form of C-O
species with a small portion of O—C=0 species. In addition, some O—C=0 species were also found to
be formed on the surface of the graphene sheets in the hydrothermal process. According to XPS
results, the formation of O-C=0O and C-O species suggests the partial contribution to the
self-assembly of graphene sheets. The hydrogen-bonding interaction between oxygen-containing
functional groups could lead to the assembly of graphene sheets [38]. Furthermore, another factor for
the formation of GN/PC aerogels may be the 3D random stacking of the flexible graphene sheets,
which is mainly caused by the combination of hydrophobic and n-n interactions during the chemical
reduction of GO [39].

The as-prepared GN/PC aerogels were used as integrated electrodes in the three-electrode
configuration with 6 M KOH aqueous solution for electrochemical measurement. Figure 5a shows
the comparison of the cyclic voltammetry (CV) curves of PC, GN aerogel and GN/PC aerogel at 50
mV s”. PC presented a regular rectangle with no obvious redox peak, which indicates a typical
capacitive behaviour. Also, GN-EtOH showed a sharp distortion with an obtuse redox peak, which
could be ascribed to the pesudocapacitance caused by oxygen-containing functional groups on the
surface of graphene sheets. For GN/PC-10-EtOH, only a slight distortion could be observed, which

11
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indicates that the employed PC could reduce the resistance of GN/PC-10-EtOH compared to the neat
GN aerogel. Besides, we have found that the GN/PC aerogel exhibited larger current density than
both PC sample and neat GN aerogel, revealing that the introduction of PC offers a higher
capacitance in the GN/PC aerogel.

Electrochemical impedance spectroscopy was applied to investigate the electrical conductivity
and ion transfer of the supercapacitor (Figure 5b). According to the diameter of the semicircle on the
real axis in the high frequency range, the resistance of GN/PC aerogels decreased gradually with the
increase of PC amount, mainly due to the smaller resistance in the PC. Moreover, all the curves at
the lower region presented vertical lines paralleling to the imaginary axis, which suggests that the
macro- and mesospores formed by the wrinkled graphene sheets would facilitate the electrolyte
transport in the GN/PC aerogels.

In the galvanostatic charge-discharge curve (Figure 5c), the approximate isosceles triangles
indicate the double layer capacitance, and the slight distortion can be ascribed to the
pesudocapacitance from oxygen-containing functional groups. The specific capacitances were
calculated from galvanostatic discharge curves. All the as-prepared GN/PC aerogels showed higher
capacitance and better rate performance than the neat GN aerogels, suggesting the positive synergetic
effect of the GN/PC hybrid.

In recent work, the spacers used for inhibiting GN stacking usually suffer from their low
capacitances [22, 24]. In this work, PC with higher specific capacitance has improved the
electrochemical performance as expected. Although the stacking of GN sheets has been effectively
inhibited in the GN/PC aerogels, the decrease in the specific capacitance could occur when the
addition amount of PC was excessive, which is mainly owing to its intrinsic lower capacitance

12
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compared to GN. The optimal ratio of GN/PC amount for achieving the highest specific capacitance
in the GN/PC aerogels was found to 10 (Figure 5d). However, further addition of PC (ratio of
GN/PC>10) would result in the diminishment of specific capacitance. In all the as-prepared GN/PC
aerogels, GN/PC-10-EtOH has exhibited the highest specific capacitance of 324 F g at a current
density of 0.1 A g' and ~190 F g'at 10 A g (Figure 6a). The results are competitive to the
performance of the other graphene-based supercapacitors in the recent reports [24, 40-43]. Figure 6b
demonstrates the cycling performance of the device for up to 10000 cycles at a current density of 2 A
g”. A small specific capacitance loss (less than 10%) was observed in the supercapacitor with
GN/PC-10-EtOH electrode, indicating an excellent long-term cycling stability.

Additionally, the as-prepared GN/PC aerogels were fabricated into symmetrical all-solid-state
supercapacitors (Figure 7). Typically, the GN/PC-10-EtOH was used as the electrode and the
polymeric gel (PVA/KOH) electrolyte was used as both the ionic electrolyte and separator. The
as-fabricated all-solid-state supercapacitor exhibited excellent mechanical flexibility and can be bent
and twisted (Figure 7c¢).

Various characterizations were carried out to investigate the electrochemical performance of the
as-fabricated all-solid-state supercapacitors. At a high scan rate of 50 mV s™, the CV curves of the
flexible all-solid-state supercapacitor with GN/PC-10-EtOH electrode exhibited a nearly rectangular
shape, which indicates ideal capacitive and fast charge-discharge behavior (Figure 8a). Furthermore,
the EIS suggests a slight increase in the resistance, and straight lines paralleling to the imaginary axis
could be still observed at the lower region of the curves, exhibiting a low ionic resistance in the
PVA/KOH gel electrolyte (Figure 8b). Such low resistance in PVA/KOH is very close to the result of
other PVA-based electrolytes in the recent report [29]. The specific capacitances were calculated

13



10

11

12

13

14

15

16

17

18

19

20

21

22

Journal of Materials Chemistry A

from the galvanostatic discharge curves. Figure 8c suggests that nearly 80 % specific capacitance
was retained when GN/PC-10-EtOH was applied in the PVA/KOH electrolyte. The high specific
capacitances of 272, 187, 165 and 140 F g'1 were obtained at a current density of 0.1, 1, 5 and 10 A
g, respectively (Figure 8c), which is highly competitive to the values found in the carbon-based
all-solid-state supercapacitors (Table 2). Apparently, there is still much more room for improving the
graphene-based electrodes to achieve the theoretical performance (550 F g). More importantly, the
GN/PC-10-EtOH in PVA/KOH electrolyte also exhibited excellent cycling stability (less than 10%
loss after 10000 times) (Figure 8d). Compared to the performance in the transition metal oxide-based
and conducting polymer-based electrodes (Table 2), such cycling stability in the GN/PC system
promises more opportunities to allow them to sever in the long-term energy storage devices. The
effect of mechanical bending on the electrochemical performance of GN/PC-10-EtOH in PVA/KOH
electrolyte was examined based on CV test. The CV curves of the flexible supercapacitor were
achieved when the supercapacitor was applied to be bent with three different bending angles (0°, 90°,
180°) (Figure 9). The result suggests no meaningful change in the CV curves, revealing that the
flexible GN/PC supercapacitor also presents excellent electrochemical performance even under
mechanical bending. It is obvious that the as-prepared GN/PC aerogel exhibits a high level
electrochemical property with a simple approach and provides huge potential as a promising
electrode material for flexible all-solid-state supercapacitors.

We suggest that the excellent performance of the as-fabricated flexible all-solid-state
supercapacitors could be mainly attributed to following factors. (1) Porous layered structures in the
GN/PC aerogels provide large accessible surface area for charge storage. (2) Multiple channels
formed by the combination of the layered GN sheets and nano-scale PC offer more electronic and

14
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ionic diffusive paths. (3) The binder-free electrodes reduce the internal resistance to ensure fast
electrode-electrolyte charge transfer. Therefore, the simple green technique coupled with the
conception for enhancing electrochemical performance has demonstrated a rational design for
achieving advanced flexible energy storage materials, which could be considered as a new arena in

the development of ultrathin and portable electronic devices.

Conclusions

In conclusion, we have demonstrated a simple strategy to prepare mechanically robust and
flexible GN/PC aerogels via the hydrothermal process. The porous layered structure in the
as-prepared GN/PC aerogels provides large accessible area and effective diffusive paths to facilitate
the transport and diffusion for electrolytes. The supercapacitors fabricated by GN/PC aerogels
exhibited excellent electrochemical performance in the both KOH aqueous solution and PVA/KOH
gel electrolyte. It is demonstrated that the as-synthesized GN/PC aerogels could be used as promising

electrode materials for energy storage system.
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Table caption
Table 1 Composition of GO/PC solutions for preparing GN/PC aerogels.

Table 2 Electrochemical performance of the all-solid-state supercapacitors in recent literatures.
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1 Table 1
Sample Mass of GO  Mass of PC alcohol Ratio of
(mg) (mg) GN to PC
GN-EtOH 16 0 EtOH -
GN/PC-20-EtOH 16 0.5 EtOH 20
GN/PC-10-EtOH 16 1 EtOH 10

GN/PC- 5 -EtOH 16 2 EtOH 5
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Table 2

Journal of Materials Chemistry A

Electrode materials for

Cycling stability

(cycling number,

all-solid-state Specific capacitance Electrolytes Refs.
cycling current
supercapacitors
density)
272F g' (at0.1A g")
187Fg' (at1Agh) >90% this
GN/PC aerogels PVA/KOH
165Fg' (at5Agh) (10000, 2 A/g) work
140 F g’ (at 10A g™")
92%
Graphene hydrogel 186 Fg' (at1Agh) PVA/H,S0, [29]
(10000, 10 A/g)
~97%
Laser scribed graphene 204Fg' (at1Agh PVA/H;PO4 [44]
(10000)
~95%
Graphene films 247F g’ (at 176 mA g')  PVA/H;PO, [31]
(1500, 176 mA g™)
Cellulose  nanofiber— 99%

207 F g (at 5mV s™) PVA/H,S0;4 [45]
graphene (5000, 3.4 mA cm™)
Nanotube/bacterial Ionic liquid >99.5%

47F g (at 100 mV s™) [46]
nanocellulose papers polymer gel (10000, 10 A g™)

Nafion 88%
MWNT-ionomer 91 Fg' (at 150 mV s™) [40]
Membranes (2000,2A g ")
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Polypyrrole/decorated

nanoporous gold

Vanadium nitride/CNT

Carbon  nanoparticles
/MnO; nanorods
Carbon/MnQO, coreshell
fiber

WO;, nanowire
arrays/carbon cloth
PPy-MnO,-carbon

composites

Polyaniline/CNT

Journal of Materials Chemistry A

270 F g (at 0.6 A g")

7.9 F cm” (at 25 mA cm™)

4.8 Whkg' (at 14 kW kg ™)

2.5F cm” (at 0.02 A cm™)

521Fg' (at1Ag")

69.3 Fem™ (at 0.1 Acm™)

332F g’ (at 1A gh)

PVA/HCIO4

PVA/H3PO,

PVA/H;PO,

PVA/H3PO4

PVA/H,S04

PVA/H;PO4

PVA/H,S04

82%
(10000, 0.2 A cm™)
97.3%
(10000, 1 mA cm?)
84%

(10000, 0.1 Acm™)

86.7%
(1000, 1 A cm™)
91.9%

(1000, 1 A g™)
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Figure captions:

Figure 1 (a) Recovery of GN/PC-10-EtOH after compression; (b) Illustration of the formation of
GN/PC aerogel.

Figure 2 Typical FESEM images of (a) the graphene frame in GN/PC-10-EtOH, (b) PC and the
magnified images of graphene frame in (¢) GN-EtOH and (d) GN/PC-10-EtOH; Typical TEM
images of (¢) PC and (f) GN/PC-10-EtOH.

Figure 3 N, adsorption—desorption isotherms of GN-EtOH and GN/PC-10-EtOH.

Figure 4 (a) XPS survey plots of PC, GO and GN/PC-10-EtOH; Cl1s spectra for (b) PC, (c) GO and
(d) GN-PC-10-EtOH.

Figure 5 (a) CV curves of PC, GN-EtOH and GN/PC-10-EtOH at 50 mV s scan rate; (b) Nyquist
plots for different samples based supercapacitors at a DC bias of 0 V with a sinusoidal signal of 10
mV over the frequency range 100 kHz to 0.01Hz; (c) Typical galvanostatic charge/discharge curves
of GN/PC-10-EtOH electrode at different current densities in KOH; (d) Specific capacitances of
GN/PC aerogels with different ratios.

Figure 6 (a) Specific capacitances of PC, GN-EtOH and GN/PC-10-EtOH in KOH. (b) The cycling
stability of GN/PC-10-EtOH in KOH.

Figure 7 (a) Illustration of the fabrication of all-solid-state supercapacitors; (b) All solid-state
GN/PC-10-EtOH supercapacitor; (c) The flexibility of the all-solid-state supercapacitor.

Figure 8 (a) CV curves of GN/PC-10-EtOH in PVA/KOH gel electrolyte; (b) Nyquist plots for
GN/PC-10-EtOH in PVA/KOH gel electrolyte at a DC bias of 0 V with a sinusoidal signal of 10 mV
over the frequency range 100 kHz to 0.01Hz; (c) Specific capacitance of GN/PC-10-EtOH in
PVA/KOH gel electrolyte; (d) The cycling stability of GN/PC-10-EtOH in PVA/KOH gel electrolyte.
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1 Figure 9 CV curves for all-solid-state supercapaciotor of GN/PC-10-EtOH bent with different angles

2 (0° 90° 180°).
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Figure 1
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2 Figure 2
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