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Abstract: With increasing energy demand driving the need for eco-friendly and efficient energy
storage technology, supercapacitors are becoming increasingly prevalent in wearable devices because
of their portability and stability. The performance of these supercapacitors is highly dependent on the
choice of electrode material. The high capacitance and mechanical properties needed for these mate-
rials can be achieved by combining graphene’s stable electrical properties with renewable cellulose’s
excellent mechanical properties into porous aerogels. In this study, graphene-cellulose hydrogels
were prepared by a one-step hydrothermal method, with porous, ultra-light, and mechanically
strong graphene-cellulose aerogels then prepared by freeze-drying. These composite aerogels possess
excellent mechanical strength and high specific capacitance, capable of bearing about 1095 times the
pressure of their own weight. Electrochemical tests show the specific capacitance of these composite
aerogels can reach 202 F/g at a scanning rate of 5 mA/cm2. In view of their high surface area and
fast charge transport provided by their 3D porous structure, graphene-cellulose aerogels have great
potential as sustainable supercapacitor electrodes.

Keywords: cellulose; graphene; aerogel; supercapacitor

1. Introduction

Supercapacitors are an increasingly prevalent type of energy storage device, char-
acterized by fast charge/discharge rates, long cycle life, high power density, and wide
operating temperature range. They have established applications in numerous fields,
including national defense, railways, new energy vehicles, electronics, communications,
and aerospace [1–3]. Whether materials can be matched with practical applications in
supercapacitors requires evaluating not only their electrical and mechanical properties, but
within the broader context of high global resource consumption, their renewability and
biodegradability must also be considered [4,5].

Graphene is an ideal electrode material for capacitor because of its large specific
surface area, more energy storage per unit mass, fast charge-discharge, and theoretical
capacitance of 550 F/g [6–9]. However, when graphene is used as electrode material alone,
it is easy to stack and agglomerate due to van der Waals force and π–π interaction, which
greatly reduces the specific surface area of the material. The specific surface area, pore
structure, and electrical conductivity of the electrode material represented by graphene are
the three key factors that determine the specific capacitance, power density, and energy
density of the capacitor [10–12]. Thus, agglomeration is the primary technical barrier for
the application of graphene materials in supercapacitors.

There are two main ways to solve graphene agglomeration and expand the application
of graphene materials in supercapacitors. One is to prepare three-dimensional structures
such as graphene hydrogel, graphene aerogel, and graphene foam [13,14]. The three-
dimensional porous network of graphene can reduce the agglomeration of graphene,
ensure the full contact between electrode and electrolyte, improve the mass transfer of
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electrolyte, and make it have excellent electrochemical performance [15–17]. Hydrothermal
and chemical reduction methods are usually used to prepare cellulose hydrogel or aerogel.
Compared with the chemical reduction method, the hydrothermal method has the advan-
tages of being fast and simple while not requiring treatment of harmful residual reduction
reagents and non-carbon impurities. Xu’s team proposed a one-step hydrothermal method
to prepare graphene hydrogel, which is also the first report based on hydrothermal GO
dispersion method to prepare restore oxidation graphene hydrogel [18–20]. The graphene
hydrogel showed a specific capacitance of 175 F/g, which could be used as a good electrode
material for capacitors. In order to further improve the electrical properties of graphene
hydrogel, Shi et al. combined hydrothermal method and chemical reduction method [21].
The specific capacitance of graphene hydrogel can reach 220 F/g at a current density of
1 A/g. Since then, designing three-dimensional structures to improve the pore structure
and electrical properties of graphene materials has become a new hot direction. The second
method to solve the agglomeration of graphene and enhance the electrical properties is
to incorporate other nanoparticles between graphene sheets to form graphene composite
electrode. While reducing the agglomeration between graphene sheets, it can also maintain
the large specific surface area of graphene. In the selection of spacers, cellulose has become
one of the options with its advantages, including porous structure and hydrophilicity,
which can promote the attachment of other materials to the fiber network structure [22–29].
At the same time, cellulose surface has many hydroxyl and hydrogen bonding sites, which
can interact with other polymers to form a solid composite [30,31]. In addition, cellulose
has the advantages of low density, renewable and biodegradable [32–34]. When it needs to
be combined with other conductive materials, cellulose is used as a supporting substrate
to make the composite exhibit excellent and stable properties [35]. Graphene has high
conductivity, and there is no need for additives or adhesives when the composite material
bound with cellulose is used as the electrode material of capacitors [36]. This simplifies the
preparation process of the electrode and avoids the electrochemical performance degrada-
tion of the electrode caused by the mixture of additives or binders and active materials,
resulting in the phenomenon of “dead capacitance” [37,38]. W Ouyang et al. prepared
the three-dimensional porous structure of cellulose and restore oxidation graphene com-
posite by ball milling assisted chemical reduction of graphene oxide, and it had potential
applications in supercapacitors [39]. Graphene-cellulose nanocrystals aerogels prepared by
Zhang et al. through two-step reduction and atmospheric pressure drying have excellent
adsorption properties and mechanical strength [40].

In order to effectively solve the problem of graphene agglomeration, the electrical
properties of graphene are maximized to prepare electrode materials for supercapacitors
with excellent quality. In this work, a new preparation method of graphene-cellulose
composite aerogel was proposed. It is the combination of the three-dimensional structure
of graphene prepared by hydrothermal reduction method and the insertion of spacers
between graphene sheets. Firstly, the graphene-cellulose composite hydrogel was prepared
by hydrothermal method in the mixed solution of GO and cellulose, and then, the graphene-
cellulose composite aerogel was prepared by freeze drying. The specific capacitance of the
composite aerogel can reach 202 F/g at 5 mA/cm2 scanning rate. Lightweight composites
can also withstand about 1095 times their weight without breaking. Effective spacer
selection and simple and fast preparation methods make this porous, light, mechanically
strong, high capacitance and environmentally friendly three-dimensional aerogel structure
have great potential for supercapacitor electrode materials.

2. Results
2.1. Microstructure and Chemical Characterization
2.1.1. SEM

As shown by SEM, all samples exhibit uniform three-dimensional porous structure.
From Figure 1a–i, it can be seen that there is a close connection between cellulose and
graphene. With the increase of cellulose content, the number of pores increases, and the
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pore wall becomes thicker. From Figure 1a–d, it can be seen that the number of pores in
graphene-cellulose aerogels is much more than that of graphene aerogels under the same
scanning times, which may be due to the support of cellulose in the composites. From
Figure 1h,i, it can be seen that the tight connection between cellulose and graphene is
wire-drawing, which helps to improve the mechanical properties of the composites. The
smaller the cellulose content is, the clearer the edge of the pore wall is, which is caused by
the stronger electron scattering of graphene than that of cellulose.

Figure 1. SEM images of (a) GA-MCC-3 aerogel, (b) GA-MCC-4 aerogel, (c) GA-MCC-5 aerogel,
(d,e) GA aerogel in different magnifications, (f,i) GA-MCC-1 aerogel in different magnifications,
(g,h) GA-MCC-2 aerogel in different magnifications.

2.1.2. TEM

From Figure 2a, it can be seen that the GA aerogel layer has a more transparent place,
and the edge of the transparent part has darker stripes, which is the cross-linked place of the
graphene aerogel layer, indicating the formation of a spatial three-dimensional cross-linked
network structure. In Figure 2a, there are winding folds running through the graphene
sheets, which is due to the folding structure of the graphene sheets of two-dimensional
nanomaterials are the main source of micropores/mesopores. Figure 2b shows flat, regu-
lar graphene sheets overlap or overlap fold, lattice is a typical hexagonal polycrystalline
electron diffraction pattern. From Figure 2c,d, which is the TEM diagram of GA-MCC-4
aerogel, cellulose is evenly distributed around graphene, forming a network structure, in-
dicating that cellulose is closely connected with graphene, which also makes a microscopic
explanation for the improvement of mechanical properties of the composite aerogel.
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Figure 2. TEM images of (a,b) GA aerogel and (c,d) GA-MCC-4 aerogel.

2.1.3. FTIR

Figure 3 is the infrared spectra of GA-MCC aerogel, GA aerogel, GO and MCC. For the
curve of GO, it exhibits four characteristic bands at 3338 cm−1, 1719 cm−1, 1660 cm−1, and
1385 cm−1 correspond to O-H, C=O, C=C, and C-OH vibrations indicating the presence
of hydroxyl, carbonyl, and benzene carboxyl groups bounded to the basal and edges
of GO, respectively. In the FTIR spectra of GA aerogels and GA-MCC aerogels, these
bands weakened. Even at 3338 cm−1 and 1660 cm−1 positions, there is almost no band.
This indicates that GO has been reduced to GA [41–44]. In the FTIR spectra of MCC curve
and GA-MCC aerogel, 3338 cm−1 and 1428 cm−1 vibration bands represent O-H and C-H
bonds, respectively, which are characteristic bands of cellulose [45]. From the GA-MCC-1,
GA-MCC-3, GA-MCC-5, and MCC curves, it can be observed that the bands of O-H bond
at 3338 cm−1 and C-H bond at 1428 cm−1 increase in turn. It can be concluded that with
the increase of cellulose content in raw materials, the number of O-H and C-H bonds in
the composites increases gradually. O-H bond and C-H bond can form hydrogen bond, so
that the mechanical strength of the composites increases gradually, which also provides
the basis for the mechanical properties test results later.

Figure 3. FTIR spectra of GA aerogel, GA-MCC-1 aerogel, GA-MCC-3 aerogel, GA-MCC-5 aerogel,
GO and MCC.
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2.1.4. XRD

Figure 4 is the XRD pattern of graphene aerogel and graphene-cellulose composite
aerogel. It can be seen from the Figure 4 that with the increase of cellulose content,
the peaks of GA-MCC-2 to GA-MCC-5 samples fluctuate around 14–16◦, which is the
crystal structure feature of cellulose I [46]. GA and GA-MCC-1 showed a diffraction
peak at 25.5◦, which was the characteristic peak of graphene, indicating that graphene
content was high. The (001) and (002) crystal planes of graphene oxide often correspond
to 11.7◦ and 11.2◦ peaks that do not appear in all samples, indicating that graphene
oxide has been completely transformed into graphene [47,48]. Although GO removed
a large number of oxygen-containing functional groups in the reduction process, the
graphene nanosheets were restacked under the action of π–π bond, but with the increase
of cellulose content, the peak near 25.5◦ of GA-MCC-1 shifted to the left. According to
the Bragg equation, the spacing of graphene sheets was increasing, which indicated that
cellulose had been successfully inserted between graphene sheets, further indicating that
the addition of cellulose can reduce the π–π stacking between graphene sheets, which also
makes the further enhancement of mechanical and electrical properties of microcomposite
aerogels explain.

Figure 4. XRD of GA aerogel and GA-MCC (1–5) aerogels.

2.1.5. BET

The specific surface area and pore structure of GA aerogel and graphene-cellulose
composite aerogel were determined by nitrogen adsorption-desorption test. As shown
in Figure 5, the obvious type IV physical adsorption isotherm shows that all the samples
show typical mesoporous structure. The formation of H3 hysteresis loop is due to the gap
between the mesopores and the wrinkled wide gap accumulated in the graphene layer.
These gaps lead to the eruption of nitrogen in the desorption process [49].

As shown in Table 1, with the increase of cellulose content, the specific surface area of
composite aerogels increased first and then decreased. The increase of the specific surface
area of the composite aerogel is attributed to the addition of MCC. The connection between
MCC and GA makes the pore structure of the composite aerogel more compact. However,
when the content of MCC is too high, it will cause the collapse of the pore structure of
the composite aerogel, which makes the specific surface area of the composite aerogel
decrease slightly. The GA-MCC-4 aerogel has the largest specific surface area. Therefore,
GA-MCC-4 aerogels were selected for subsequent electrical properties measurement. This
porous surface morphology is beneficial for the application of supercapacitors, because the
porous structure can provide more active sites for ion accumulation.
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Table 1. Surface area of GA aerogel and GA-MCC-1 to GA-MCC-5 aerogels.

Sample GA Aerogel GA-MCC-1
Aerogel

GA-MCC-3
Aerogel

GA-MCC-4
Aerogel

GA-MCC-5
Aerogel

Surface area
(m2/g) 76.31 84.24 96.57 94.18 84.24

2.2. Mechanical Property

Figure 6 shows the top compression test of GA aerogel and GA-MCC aerogel. Figure 7a–c
shows the detailed physical parameters of GA aerogel and GA-MCC aerogel after compression.
As shown in Figure 6, all aerogels are not broken when subjected to 300 g mass. There is
no significant change in the height after compression, which shows excellent compressive
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properties. Figure 7 shows that with the increase of cellulose content, the quality of GA-MCC
aerogels is gradually improved, the density is gradually increased, the height is reduced, and
the height change after compression is gradually reduced, which shows that some cellulose
has been successfully dispersed between graphene sheets and formed a good combination
between them. This is also confirmed in the previous SEM, TEM, XRD, and FTIR test
results. The samples were subjected to DMA compression test at room temperature. The
test results are shown in Figure 7d. It can be seen from the stress–strain curve that with the
increase of cellulose content, the composite aerogels showed better mechanical properties.
GA-MCC-5 aerogels can withstand up to 9.11 KPa, equivalent to 1095 times the weight of
self-weight, much higher than the maximum pressure capacity of GA aerogels (4.34 KPa).
GA-MCC aerogels have higher pressure capacity than similar density aerogels prepared by
Mi and Zhao [50,51]. The maximum pressure was also higher than that of graphene/cellulose
nanocrystals aerogel (6 KPa) prepared by Zhang et al. through two-step reduction process
and atmospheric drying method [40]. It can be seen that due to the addition of cellulose,
the pressure-bearing capacity of the composite increased, indicating that cellulose played a
supporting role and enhanced graphene.

Figure 6. Compression test pictures of GA aerogel and GA-MCC (1–5) aerogel. (a) Six groups of
aerogel samples. (b–g) GA aerogel and GA-MCC (1–5) aerogel. (h–m) GA aerogel and GA-MCC
(1–5) aerogel subjected to a mass pressure of 300 g.
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Figure 7. (a) Height diagram, (b) height change diagram after pressure, (c) weight diagram, and
(d) stress–strain curve of GA aerogel and GA-MCC (1–5) aerogel.

2.3. Electrochemical Performance

In order to evaluate the electrochemical behavior of the samples, electrochemical
tests were carried out on GA aerogel and GA-MCC-4 aerogel. The electrical properties
were evaluated by cyclic voltammetry and AC impedance method. Figure 8a,b shows
CV curves of GA aerogel GA -MCC-4 aerogel with potential window of −0.2–0.2 V at
different scanning rates. These CV curves show ideal capacitance behavior, and the
image shape is close to rectangle. With the increase of scanning rate, the area of CV
curve of all samples increased. Both of them can be maintained at a high scanning rate
of up to 100 mA/s, indicating that GA aerogel and GA-MCC-4 aerogel have excellent
electrochemical properties. From the comparison in Figure 8a,b, it can be seen that the
capacitance of GA-MCC-4 aerogel was larger than that of GA aerogel. This is due to the
addition of cellulose in GA-MCC composite aerogels, although the resistance value will
increase to a certain extent, but the graphene itself is prone to agglomeration caused by van
der Waals force and π–π force, which makes the resistance value decrease, and the addition
of cellulose will slow down the agglomeration between graphene. At the same time, since
graphene nanosheets cannot avoid restacking, the diffusion of electrolyte ions in the dense
stacking structure of GA nanosheets becomes difficult, and the specific surface area of
graphene-based materials is significantly lower than the theoretical value (2600 m2/g).
For GA-MCC composite aerogels, the cellulose in mesoporous can not only effectively
improve the accessible surface area of GA and electrolyte but also significantly reduce
the ion diffusion distance from electrolyte nanoreservoir to GA nanosheets. Therefore,
the capacitance performance of GA-MCC-4 aerogel is slightly increased compared with
GA aerogel. According to the CV curve and specific capacitance calculation formula,
the specific capacitance of GA-MCC-4 aerogel can reach 202 F/g at the scanning rate of
5 mA/cm2. At the scanning rate of 10 mA/cm2, the specific capacitances of GA aerogel
and GA-MCC-4 aerogel were 91 F/g and 147 F/g, respectively. According to the previous
literature, Lamberti, A et al. also used hydrothermal reduction method to prepare graphene
and copper composite aerogel. The highest specific capacitance was 62.3 F/g at 5 mA/cm2
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scanning rate [52]. The reduced graphene oxide-cellulose hybrid aerogels prepared by
ball milling reduction method by Ouyang W et al. had the highest specific capacitance of
71.2 F/g at the scanning rate of 5 mA/cm2 [36]. The reduced graphene oxide-cellulose
hybrid aerogels prepared by ball milling reduction method by Ouyang W et al. had the
highest specific capacitance of 71.2 F/g at the scanning rate of 5 mA/cm2 [39].

Figure 8. Comparison of GA aerogel and GA-MCC-4 aerogel in a three-electrode system with 6 M
KOH as the electrolyte. (a) CV curves of GA aerogel at different scan rates. (b) CV curves of GA-MCC-
4 aerogel at different scan rates. (c) The Nyquist impedance plots of the GA aerogel and GA-MCC-4
aerogel. (d) Specific capacitance retention of GA aerogel and GA-MCC-4 aerogel.

Figure 8c is the Nyquist plot of GA aerogel and GA-MCC-4 aerogel. It can be seen that
the curve overlap is very good, indicating that the sample has good electrochemical cycle
stability. At high frequency, the impedance curve is a typical semicircle. Since the intercept
of the semicircle on the solid axis is expressed as its internal resistance, it is shown in the
figure that the internal resistance of GA-MCC-4 aerogel decreases due to the presence of
cellulose, because hydrophilic cellulose can enhance the contact between the electrolyte
and GA-MCC-4 aerogel. This point can also be seen from Figure 8d, because although GA
aerogels and GA-MCC-4 aerogels have similar specific surface area and mesopore structure
but with the increase of current density, GA-MCC-4 aerogels show better capacitance
performance, which shows that the presence of cellulose plays a role in slowing down
the rate of capacitance decay. GA-MCC-4 aerogel combines porous structure with high
conductivity to prepare supercapacitors with excellent capacitance, conduction rate, and
stability, which has potential applications as electrode materials for supercapacitors.

3. Materials and Methods
3.1. Materials and Chemicals

Graphite crystal (99 wt.%) was purchased from Jiangsu Changde High-tech Carbon
Materials Co., Ltd. (Changde, China). Sodium nitrate (NaNO3) was purchased from
Shanghai Yixin Chemical Co., Ltd. (Shanghai, China). Potassium permanganate powder
(KMnO4) was purchased from Qufu Xinxin Chemical Co., Ltd. (Qufu, China). Sulfuric acid
(H2SO4 98 wt.%) and hydrogen peroxide (H2O2 30 wt.%) were purchased from Anshan Anji
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Chemical Co., Ltd. (Anshan, China). Deionized water was purchased from Sigma-Aldrich
(Harbin, China). Microcrystalline cellulose (MCC) powder (particle size: 50 µm) was
purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China).

3.2. Preparation of GO

Firstly, 46 mL concentrated sulfuric acid was cooled to 4 ◦C in ice bath. Under the
action of magnetic stirrer, 2 g graphite powder, 1 g sodium nitrate, and 6 g potassium per-
manganate were slowly added to concentrated sulfuric acid. Control solution temperature
at 5–10 ◦C and keep 90 min. Then, the mixed solution was transferred to a water bath to
maintain it at 35–40 ◦C for intermediate temperature reaction. Take out the mixed solution
30 min later. Then, 92 mL deionized water was added drop by drop into the above reaction
solution. In the reaction process, the water addition rate and amount should be controlled
to keep the temperature of the reaction solution at about 95 ◦C. When the solution changes
from dark green to red-brown, the high temperature reaction ends. A 30 wt.% hydrogen
peroxide solution was added to the solution until no obvious bubbles were generated.
At this time, the solution immediately turned into golden yellow and then turned into
brownish yellow. The obtained solution was ultrasoniced for 30 min, and precipitated,
centrifuged and put through dialysis to obtain high purity graphene oxide solution.

3.3. Preparation of GA-MCC Aerogel

GO (200 mg) was dissolved in 20 mL deionized water to prepare 10 mg/mL GO
solution. Six groups of 10 mg/mL GO solution were added 0, 20, 50, 100, 150, and 200 mg
cellulose, stirring at room temperature for 2 h, until the solution mixed evenly. Pour six
groups of solution into the hydrothermal reactor, and then put the hydrothermal reactor
into the oven. Graphene hydrogel and five groups of graphene-cellulose hydrogel were
obtained by heating at 180 ◦C for 10 h. All samples were frozen rapidly in liquid nitrogen
and then put into the freeze dryer. After 48 h, graphene aerogel and graphene-cellulose
aerogel were obtained. They were named GA, GA-MCC-1, GA-MCC-2, GA-MCC3, GA-
MCC-4, and GA-MCC-5, respectively, and further characterization experiments were
carried out.

3.4. Characterization

The scanning electron microscope (SEM) images were obtained by using QUANTA200
instrument. Transmission electron microscopy (TEM) was measured by transmission
electron microscopy (JEM-2100). Fourier transform infrared spectroscopy (FT-IR) was
performed on Spectrum 400 instrument, and the scanning range was 550–4000 cm−1. X-ray
diffraction (XRD) analysis was performed using XRD-6100 in the scanning range of 5–60◦

and the scanning speed of 5◦/min. Brunner–Emmet–Teller (BET) measurement is to obtain
the specific surface area and pore structure of aerogels by nitrogen adsorption. The dynamic
thermal analyzer (DMA) with the model of DMA242E Artemis was used. The sample was
cut into a cylinder with a height of 0.5 cm, and the compression test was carried out at
room temperature. Electrochemical measurement was performed on an electrochemical
workstation (1470 E), using 6 M potassium hydroxide solution as electrolyte, silver chloride
electrode as reference electrode, graphite rod as counter electrode, platinum sheet electrode
clip as working electrode. The aerogels were cut into small wafers with a height of 0.25 cm
and a diameter of 1.8 cm, and one quarter was taken as the experimental material. The
electrical properties were evaluated by cyclic voltammetry and AC impedance. The scan
rate of CV curve was 5, 10, 20, 50, and 100 mA/s, and the potential window was −0.2–0.2 V.
The electrochemical impedance spectroscopy (EIS) curves were collected from 10 mHz to
100 kHz.

4. Conclusions

In this work, graphene-cellulose hydrogels were prepared by one-step hydrothermal
method, and then freeze-dried to prepare graphene-cellulose aerogels. The surface morphol-
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ogy, internal composition, mechanical and electrical properties of the composite aerogels were
obtained by SEM, TEM, XRD, FTIR, BET, mechanical property test, and electrical property
test. SEM, TEM, and BET tests showed that the composite had uniform mesoporous structure
and large specific surface area, and the cellulose and graphene had been mixed evenly. The
results of XRD and FTIR confirmed that there was a close hydrogen bond between cellulose
and graphene, and cellulose had been successfully inserted between graphene sheets to slow
down its π–π stacking. Through the pressure test of composite aerogels, it was found that the
light composite aerogels could withstand the weight of about 1095 times of their own weight
without breaking. Moreover, with the increase of cellulose content, the pressure value of
composite aerogels increased. It shows that cellulose plays a supporting role in the composite.
When the electrical properties of the composite were tested, the specific capacitance of the
composite aerogel could reach 202 F/g at the scanning rate of 5 mA/cm2. This lightweight,
solid, high capacitance, green three-dimensional aerogel structure has great potential value as
electrode material for supercapacitors.
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