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Abstract. Bamboo-derived cellulose fibers/RGO carbon aerogel composite was prepared by
using a facile aerogel-based method, in which bamboo pulp fibers were dissolved and
incorporated in an ionic liquid system, and RGO was introduced by thermal reduction
approach. The obtained bamboo-derived cellulose fibers/RGO carbon aerogel composite shows
a large specific surface area, and excellent electrochemical performance. When the GO content
was 2.5 Wt%, the obtained composite showed a high specific surface area of 1957 m?/g, and
high specific capacitance of 351 F/g in 6 M KOH electrolyte solution even with a more than
90% capacitance retention at a high scan rate of 200 mV/s. The bamboo-derived cellulose
fibers/RGO composite electrodes show the low equivalent series resistance of 5.0 Q and small
charge transfer resistance of 0.30 Q which further demonstrate the excellent electrochemical
behaviors.

1. Introduction

Shortages of fossil fuels and climate change are serious problems associated with environmental
pollution; hence, there is an urgent need for highly efficient and low-cost sustainable energy storage
devices. Among energy storage systems, electrochemical capacitors (supercapacitors) have good cycle
stability, high power densities, and environment-friendly [1]. In recent years, supercapacitors have
drawn interest in the applications for hybrid vehicles and portable electronic devices [2]. While
increasing the specific surface area of the electrode material, increasing the conductivity of the
material can effectively improve the performance of the supercapacitor [3]. Carbon nanomaterials can
well meet these requirements. Among carbon nanomaterials, graphene has the characteristics of good
electrical conductivity, high specific surface area, high heat resistance and good chemical stability. It is
the most commonly used electrode material of supercapacitor at present [4].

However, due to the high preparation cost, easy agglomeration and low reaction capacity of
graphene. Therefore, reduced graphene oxide (RGO) is often used as an additive to the electrode
material of supercapacitors, and graphene alone is rarely used as the electrode material [5]. After a
simple carbonization process, the biomass porous carbon material can have a high specific surface
area, which is very helpful to improve the specific surface area of the supercapacitor electrode.
Meanwhile, in this process, the pore diameter and pore distribution of biomass porous carbon
materials can be adjusted by the conditions of carbonization process. In this way, the optimal pore
structure and specific surface area can be obtained, which is conducive to improving the capacity of

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd 1



MSEE 2019 IOP Publishing
IOP Conf. Series: Materials Science and Engineering 735 (2020) 012027 doi:10.1088/1757-899X/735/1/012027

supercapacitors to store electrical energy [6]. Among the numerous biomass porous carbon materials,
bamboo has the advantages of wide distribution, fast growth cycle and high economic effect.
Therefore, we prepared the supercapacitor electrode with bamboo cellulose fibers as the main
material.

Then, in order to improve the specific surface area of the composites, we prepared porous carbon
composites by using the strategy based on carbon aerogel and high temperature activation method.
Carbon aerogel has large specific surface area, good chemical stability and high porosity. Low density,
three-dimensional network structure. These characteristics enable electrolytes to enter mpterial interior
for energy storage [7].

To sum up, the experiment we here dissolved bamboo cellulose in a quaternary ammonium salt
ionic liquid, which disrupted the structure of the cellulose to release the internal hydrogen-bonded
molecular chains. We used this solution to produce carbon aerogels with a porous structure to realize
the high specific surface area of composite materials, and added oxidized graphene to improve the
conductivity of the composite materials. We examined the effects of different mass loading of RGO
onto the performance as a supercapacitor electrode material in 6 M KOH aqueous electrolyte.

2. Experimental

2.1. Materials

Bamboo pulp (constituents listed in Table 1), was provided by Jilin Chemical Fibers Co., Ltd., Jilin,
China. Tetrabutylammonium acetate (IL) was purchased from Tokyo Chemical Industry Co., Ltd.,
Shanghai, China. Graphene oxide was provided by Jining Lite Nanotechnology Co., Ltd., Shandong,
China. Dimethyl sulfoxide (DMSO), polyvinylidene fluoride, N-methyl pyrrolidone, and hydrochloric
acid were purchased from Beijing Chemical Works, Beijing, China. Potassium hydroxide was
purchased from Xilong Chemical Co., Ltd., Hubei, China. Deionized water was used throughout the
experiments.

Table 1. Compositions of Bamboo Pulp Fibers

samole Degree of a-Cellulose  Moisture  Cellulose  Hemicellulose  Lignin
P polymerization (wWt%) (wWt%) (wWt%) (wWt%) (wWt%)
Pulp Fibers 728 82.6 5.6 92.8 2.3 45

2.2. Preparation of Cllulose Fbers/GO Arogel

A cellulose solvent was prepared by mixing the tetrabutylammonium acetate with the cosolvent of
DMSO, and then different proportions of GO (i.e., 1.5 wt%, 2.5 wt%, and 3.5 wt%) were added into it.
5 wt% bamboo pulp fibers were dissolved in the cellulose solvent at room temperature over 48 h. After
that, A regenerated cellulose alcohol gel was obtained by solvent exchange with deionized water and
tert-butanol. The gel was frozen in liquid nitrogen for 5 min before freeze-drying (-60°C, 40 Pa) for 48
h. Finally regenerated cellulose/GO aerogel obtained, was denoted as RA,, where x refers to the
content of GO.

2.3. Carbonization and Ativation

The regenerated cellulose/GO aerogels were carbonized in a tuber furnace under N, atmosphere from
room temperature at a rate of 5 °C/min up to 900 °C for 1 h. The samples were then cooled to room
temperature, and cellulose/GO-derived carbon aerogels were obtained as CRA,, where x refers to the
different proportion of GO. In the subsequent activation process, we used KOH as an activator with a
1:2 ratio of carbon aerogel and KOH.

In brief, the carbon aerogels were immersed in KOH solution and then were heat at 100 °C in an
oven to evaporate the excess water. The resulting mixture was transferred to a tuber furnace and heated
in N, atmosphere from room temperature to 900 °C at a rate of 5 °C/min and maintained at that
temperature for 1 h before cooling to room temperature. We used 1 M HCI and deionized water to
wash the sample until the pH up to neutral. We used the bamboo-derived cellulose fibers/RGO carbon
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aerogel composite, denoted as A-CRA,, where x represents the different proportions of GO added.

2.4. Characterization

The morphology of the prepared sample was investigated with a scanning electron microscope (SEM,
S-3000n, Hitachi, Japan). X-ray diffractometer (XRD) patterns were obtained from a powder X-ray
diffractometer (Bruker D8 Advance) with Cu-Ka radiation at 40 kV and 40 mA. XRD data were
collected in continuous scan mode from 10° to 50°, with a step size of 0.01°. FT-IR spectra were
acquired on a Bruker Vector 33 spectrometer with KBr pellets. The reflectance spectra were measured
over the energy range of 400 to 4000 cm™ at a spectral resolution of 4 cm™ with 32 scans.
Thermogravimetric analysis (TGA) was studied in a TGA-600 analyzer (Shimadzu, Japan). Samples
(5-10 mg) were heated up to 600 °C at a rate of 20 °C/min, and the flow rate of nitrogen was 20
mL/min. The porous features were determined by using a Micromeritics analyzer (ASAP 2460) at 77
K, with the degassing time of 10 h and the degassing temperature at 200 °C. The specific surface area
was calculated by the Brunauer-Emmett-Teller method (BET) method based on adsorption data in the
relative pressure (P/P0) range from 0.06 to 0.20 and total pore volume was obtained at a relative
pressure (P/P0) of 0.99 from the amount of adsorbed nitrogen. The pore size distributions (PSDs) were
calculated by using non-local density functional theory (NLDFT) method.

2.5. Electrochemical Aalysis

We used a three-electrode system to characterize the electrochemical properties of the sample. In
three-electrode system, Pt metal and saturated Ag/AgCI calomel electrodes were used as the counter
and reference electrodes, respectively. The electrolyte used was 6 M KOH solution. The work
electrode was prepared as follows: the sample was ground in an agate mortar, and was then mixed with
PVDF, acetylene black in NMP to obtain slurry which was pressed onto the nickel foam as thin slices
and dried in an oven.

The electrochemical performances of the materials were evaluated with a CHI 760D
electrochemical station (CH Instruments, USA) by Cyclic voltammetry (CV), galvanostatic
charge/discharge (GCD) measurements, and electrochemical impedance spectrogram (EIS) techniques.
CV curves were measured at different potential sweep rates of 10-200 mV/s within the potential
window of 0-0.9 V. The gravimetric specific capacitances were calculated from the CV curves
according to the equation C = [IdV/(vmAV), where I is the current (A), AV is the working voltage
window (V), mis the mass of active material (g), and v is the scan rate (mV/s). GCD w performed at a
different current densities in the range of 0.5-10 A/g (with a potential window of 0-0.9 V). The specific
capacitances were calculated from the discharge curves by the equation of C = IAt/(mAV), where I is
the discharge current (A), At is the discharge time(s), AV is the working voltage window (V). Finally,
EIS was conducted in the frequency range from 0.01 Hz to 100 kHz.

3. Results and Discussion

3.1. Synthesis of Prous A-CFA

Dissalu
Regeneration
activation

Figure 1. Schematic llustration of the Fbrication Pocess of A-CFA: FE-SEM of Pristine Bamboo Pulp
Fibers (a), RA (b), CRA (c) and A-CRA,5(d)
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Figure 1 shows the schematic of the fabrication of A-CFA and the SEM images of A-CRA and
A-CRA;s. The bamboo pulp fibers showed a rod-like structure with a diameter of approximately 6-8
um (Figure 1a). After the bamboo pulp fibers were added to the tetrabutylammonium acetate/DMSO
ionic liquid system, they swelled and intra- and inter-molecular hydrogen bonding was partially
disrupted. In the process of regeneration, the broken cellulose molecular chains became unstable and
rearranged to a stable crystalline structure.

SEM images show that many micropores were generated on the surface of the bamboo fibers
surface after the activation treatment. Similar to other biomass-derived carbon products obtained by
KOH activation [8], A-CRA;s had disordered and wormlike micropores, other than that we can see
RGO was implanted in the structure of A-CRA. Thus, the chemical activation effectively increased the
porosity of the walls of the fiber. The surface of the bamboo pulp fibers was uneven, and microfibers
aggregates were visible. In the regenerated aerogel (Figure 1b), a large number of pore structures
appeared on the surface of the aerogel, and large voids appeared in the structure.

These features provided a large specific surface area, which improved the power storage capacity.
After carbonization, carbon aerogels were obtained (Figure 1c). The surface of the carbon aerogel
developed a network pore structure, and a large number of three-dimensional nanopores formed,
which greatly improved the specific surface area. Figure 1d shows the carbon aerogel materials with
2.5 wt% GO. The surface of the material had a loose sponge-like structure, it means RGO was exactly
implanted in the bamboo-derived cellulose fibers/RGO carbon aerogel composite as we expected and
the graphene nanosheet layer was dispersed in the three-dimensional network pores of the carbon
aerogel, which contributed to the conductivity of the composite material.
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Figure 2. N, Adsorption Isotherms of A-CRA and A-CRA, s (a) and Pore Size Distributions (b) of
A-CRA and A-CRA;

The SEM images of the carbon aerogel showed a large number of pore structures ranging from
micro- to nanometer size. These macropores were mainly produced in the gel and regeneration process,
which was controlled by the lyophilization and carbonization process. To characterize the micro- and
mesopores in the material, we performed nitrogen adsorption/desorption tests on the sample A-CRA;5s.
Figure 2 shows the nitrogen adsorption/desorption isotherm and pore size distribution of A-CRA;s.
The nitrogen adsorption of A-CRA increased sharply at relative pressures (P/Po) less than 0.1,
indicating the richer pore structure of the carbon aerogels after the KOH activation. Furthermore, the
increase of the pressure curve saturation indicates that the material contained a large number of
microporous structures, a hysteresis appeared in the range of 0.5 < P/Py, < 1.0, indicating that
mesopores and macropores existed in A-CRA;,s [9]. The pore size distributions for the A-CRA and
A-CRA; 5 (Figure 2b) show that the A-CRA and A-CRA, 5 have pores in the range of 0.5-2.0 nm and
peaks appeared at 0.56, 0.8, and 1.3 nm, indicating A-CRA,s with hierarchical pore structures. During
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the KOH etching process, elemental potassium can embed into the carbon skeleton and creat voids
with two times as large as the radius of potassium atoms (2.78 nm) is retained after elemental
potassium is removed by HCI [10]. This result is consistent with the nitrogen adsorption/desorption
isotherms. Moreover, the mesoporous and micropores increase the specific surface area of the
composites from 1563 m?%g for A-CRA to 1957 m?/g for A-CRA,s. The loading of GO markedly
increased the specific surface area and changed the pore distribution of carbon aerogels.

3.2. Chemical Characteristics of the Material
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Figure 3. TG, DTG Curves for RA (a) and FTIR Spectra of RA, RA,5, A-CRA, 5 (b) and X-ray
Diffraction Patterns of Bamboo Fibers and RA (c), A-CRA(d)

We used thermogravimetric analysis (Figure 3a) to discover the carbonization temperature of bamboo
cellulose fibers/GO aerogels. The mass loss of the bamboo cellulose aerogels over the range of
30-250 °C was only 5%, derived from moisture and carbon dioxide [11]. The aerogel pyrolysis
temperature range was 250-350 °C and the mass loss rate was as high as 85%. The thermal
decomposition rate of the largest peak temperature was 320 °C, and the corresponding mass loss rate
was 60%. This stage is mainly the result of cellulose glycosidic molecular chain decomposition, and a
small amount of hemicellulose and lignin degradation/polycondensation reactions leading to pyrolysis
and aromatic ring formation. Between 400-600 °C the mass loss is approximately 4%, which is
attributable to a small amount of lignin degradation. These results further illustrate that the main
constituent of the bamboo pulp fibers is cellulose. This is also consistent with the results in Table 1.

Figure 3b shows the FTIR spectra of RA, RA;s, and A-CRA,s. Characteristic peaks of cellulose
appeared in the RA at 3400, 2911, 1466, 1361, and 1046 cm*, which are attributed to stretching
vibration of O-H, CH,, H-C-H and H-O-C bending vibration, and H-C-C, H-C-O, H-O-C bending
vibration. In the spectrum of RA,s, characteristic peaks of GO appeared at 1716, 1361, and 1225 cm*
respectively [12], corresponding to C=0 stretching vibration of carboxyl group, C-H bending, and
C-O stretching vibrations. By comparing the infrared spectra of RA and RA,s, we can see that the
carbonyl absorption peak of the composite was increased significantly after adding GO. It can also
further validate the XRD results that GO were implanted in the composite. After carbonization, the
carbon aerogels showed no characteristic peaks of cellulose and only a small amount of inorganic H,O
and CO, absorption peaks. It shows that the basic structure of cellulose was destroyed and the
oxygen-containing functional groups on GO were reduced.
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Figure 3c shows XRD spectra of the bamboo pulp fibers and bamboo regenerated cellulose aerogel.
Two characteristic peaks for cellulose appeared at 26 = 16.3° and 22.0° in the bamboo pulp fibers,
assignable to the (101) and (200) planes of type I cellulose respectively [13]. After regeneration, the
bamboo regenerated cellulose aerogel was obtained. The peak at 16.3° disappeared and the peak width
at 22.0° increased, indicating that the cellulose type I structure changed and converted to a cellulose
type Il structure. Figure 3d shows XRD results for the bamboo-derived cellulose fibers'/RGO carbon
aerogel composite with different contents of GO. All the patterns show a characteristic peak of
graphene at approximately 11°, indicating that the GO was reduced during carbonization. Broad peak
appeared at 22° shifted to higher angles as the increase of graphene content, indicating a higher degree
of graphitization in the materials [14].

3.3. Electrochemical Performance
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Figure 4. Electrochemical Properties of A-CRA, Samples in Three-Electrode Cell: CV Curves at
Various Scan Rate of 10 mV/s (a); CV Curves of A-CRA;sat Different Scan Rates (b); GCD Curves
of A-CRA,s Samples at Current Densities of 0.5-10 Afg (c); Nyquist Plots of A-CRA,s (d);
Capacitances at Different Current Densities (e); Cyclability for A-CRA;s (f)

Figure 4a shows the CV curves of CRA and A-CRAX electrodes at a scanning rate of 10mV/s and a
potential range of 0-0.9 V. The CV curve of CRA shows a deformed rectangle with a lower
capacitance of 156 F/g. But the CV curve of A-CRAX showed a rectangular shape, indicating that a
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perfect electrical double layer (reversible adsorption and desorption of ions) formed throughout the
carbon network. The specific capacities of the A-CRA5, A-CRA; 5, and A-CRA;; electrodes were 325,
351, and 334 F/g, respectively, at a scan rate of 10 mV/s and these values were 14%-24% higher than
that of the A-CRA. The A-CRAX electrode maintained a good rectangular CV profile (Figure 4b) with
the increase of scan rate. The A-CRA,s sample had the maximum corresponding current and area
under the CV curve (Figure 4a), indicating that it has the maximum specific capacitance, followed by
that of the A-CRA;5 sample, and A-CRA, s sample. Thus, the specific capacitance of carbon aerogels
can be improved by the addition of GO. As the amount of GO was increased, the specific capacitance
tended to increase. Figure 5b shows CV curves of A-CRA,; at different scan rates which showed good
performance of an electric double-layer capacitor. Even at a high scan rate of 200mV/s, the material
maintained a symmetric rectangular shape suggesting that the material has good ratio performance
[15].

As observed from the above results, the increase of graphene content in the composite resulted in
an increase of the specific capacitance. However, as the GO content is increased up to a certain value,
the specific capacitance of the composite material will decrease again. It probably because the
graphene sheets would re-agglomerate, which reduces the overall specific surface area of the
composite.

Figure 4c shows the GCD curves of A-CRA,s under different current densities with all symmetrical
triangles, indicating that the A-CRA,s has high charge-discharge efficiency good electrolyte diffusion
in the pore structures [16]. When the current density increased from 0.5 to 10 A/g, the specific
capacitance of all the samples decreased, which was consistent with the CV data. When the current
density was 0.5 A/g, the A-CRA, s shows a capacitance of 192 F/g. When the current density increased
to 10 A/g, the A-CRA, 5 capacitance was maintained at 153 F/g. These results indicate that A-CRA; s
owns a good rate performance [17].

The resistance inside the electrode (Rs) reflects the power loss caused by itself. The smaller the
internal resistance, the smaller the voltage drop caused by the internal resistance, indicating the small
power loss, which is very important for the electrode material. In addition, supercapacitors also have a
charge transfer resistance (Rct), which is a reflection of the resistance to charge movement. The
smaller the charge transfer resistance, the better the electrical conductivity of the material. Figure 4d
shows the EIS of A-CRAX. All samples show, almost perpendicular to the coordinate axis in the
low-frequency region. The A-CRA; s has the steepest curve, indicating a low diffusion resistance of
electrolyte ions in its porous structure. In the high frequency region, the intercept between the curve
and the coordinate axis is the resistance inside the electrode (Rs), which reflects a small charge
transfer resistance (Rct) and the high current charge-discharge performance of the sample [18]. The
Rct results for A-CRA. 5, A-CRA, 5, A-CRA;5, and A-CRA were 0.46, 0.30, 0.37, and 0.34 Q. The test
results show that the bamboo-derived cellulose fibers'/RGO carbon aerogel composite has a small
internal resistance and charge transfer resistance, indicating that the bamboo-derived cellulose
fibers/RGO carbon aerogel composite has a small energy consumption and well electrical conductivity;
it is completely suitable for supercapacitor electrode materials.

Figure 4eshows the capacitances of different samples at different current densities. It can be seen
that when the current density increases from 0.5 A/g to 10 A/g, the specific capacitance of all samples
presents a downward trend, and it declines rapidly in the range of low current density (0.5 A/g~1 A/g)
and slowly in the range of high current density (2 A/g~10 A/g). At the same current density, the
specific capacitance of A-CRA,s is the largest, which is consistent with the detection result of CV. It is
related to its large pore volume, wide pore distribution, smaller average pore and smaller internal
resistance.

In order to characterize the cyclic stability of A-CRA,s, 5000 charge and discharge cycles were
performed on the samples at the current of 5 A/g (Figure 4f). The specific capacitance retention rate is
basically maintained above 99%, the results show that the material has good cyclic stability.

As we expected, we can see from the characterization of electrochemical properties that
bamboo-derived cellulose fibers/RGO carbon aerogel composite have larger specific capacitance, well
multiplier performance and rate performance, as well as excellent cyclic stability, these performances
allow it to be used in the field of supercapacitor electrode materials.
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4. Conclusions

In this experiment, we used tetrabutylammonium acetate/DMSO system to dissolve bamboo pulp
fibers, the electrochemical properties of the materials were improved by doping RGO, and the porous
structure of the materials were achieved by preparing the carbon aerogels. Finally, a porous
bamboo-derived cellulose fiberss/RGO carbon aerogel composite was obtained by freeze-drying and
carbonization, which was then used as the electrode material for supercapacitors. The microstructures
show a cross-linked fibers skeleton doped with porous nano-graphene sheets, with a specific surface
area of 1957 m?/g. Owing to these structural advantages, the material has a large specific capacitance
(351 F/g). Lightweight, porous, and stable carbon aerogels show great promise as electrode materials
for flexible ultracapacitors in the future. In addition, the preparation of green and environment-friendly
regenerated cellulose carbon aerogel is a good way of applying biomass resources. Thus, these
findings may also help to find new value-added applications for biomass materials.
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