
RSC
Sustainability

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
M

ay
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

/2
2/

20
26

 4
:5

3:
21

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Deep eutectic so
aDepartment of Chemical Physics, Universi

Jinzai Road 96, Hefei, 230026, Anhui, Chin
bInner Mongolia Key Laboratory of Polyol Ch

Ruiyang Chemical Co. Ltd, Pingzhuang, Rui
cKey Laboratory of Anhui for Tobacco Chem

† Electronic supplementary informa
https://doi.org/10.1039/d2su00107a

Cite this: RSC Sustainability, 2023, 1,
1006

Received 22nd November 2022
Accepted 12th May 2023

DOI: 10.1039/d2su00107a

rsc.li/rscsus

1006 | RSC Sustainability, 2023, 1, 10
lvent assisted preparation of
cellulose nanofibers and graphene composite films
for supercapacitors†
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Hongyan Li,b Luqian Ye,b Bingxia Xuc and Lifeng Yan *a

Flexible cellulose nanofiber-modified graphene composite has been prepared using rice husk and graphite

as the feedstocks. First, cellulose nanofibers (CNFs) were obtained from designated rice husk by green

choline hydroxide (ChOH) and L-necropine hydrochloride deep eutectic solvent (DES), which can

efficiently promote the dispersion of graphene oxide and relatively reduced graphene oxide (rGO) to

form rGO/CNF composite membranes. The composite film shows good bending and low resistance to

charge transfer. Electrochemical testing studies reveal that the as-prepared rGO/CNF composite

membranes can work as an efficient electrode for supercapacitors, and it shows a high area-specific

capacitance (382 mF cm−2 when the current density is 1 mA cm−2) and good cycle stability (6%

capacitance loss over 3000 cycles at 10 mA cm−2). The rGO/CNF composite has potential applications

as electrodes for flexible supercapacitors.
Sustainability spotlight

Alternative biomass feedstocks and green solvents for functional materials are basic elements of sustainability, while high-performance energy storage devices
are emergency necessary. Here, the green solvent deep eutectic solvent was used to treat rice husk directly for cellulose nanobers (CNF), and the exible
composite of CNF and graphene has been prepared. The composite lm can be used as the exible electrode for supercapacitors with high area-specic
capacitance for sustainable energy.
Introduction

With global energy scarcity, high-efficiency energy storage
devices have attracted much attention, and the main energy
storage devices entering commercialization today are lithium-
ion batteries and supercapacitors.1–3 In the research on super-
capacitors, electrodematerials have been a hot research topic.4–8

Carbon materials are favored due to their high electrical
conductivity, easy availability of raw materials, and low
production costs, and commercial electrodes are still mainly
made of carbon materials.9–11 Since 2004, when graphene was
rst introduced, it has received attention from the elds of
materials, energy, and biomedicine.12–14 Graphene is a two-
dimensional nanomaterial with advantages such as high
specic surface area, excellent electrical conductivity, high
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mechanical properties, and good thermal conductivity, and is
considered an excellent choice for electrodes in energy storage
devices,15 and the energy storage eld was also the rst impor-
tant area where graphene was commercialised.16

A great deal of research into graphene-based electrodes has
focused on how to increase the specic capacitance of the
electrode by increasing the specic surface area, but this brings
with it a reduction in the density and strength of the material.
These materials oen have a uffy structure that makes them
extremely weak and prone to collapse and deformation during
use. In addition, although the material itself has little mass, the
electrolyte enters the pores and lls them, decreasing energy
storage capacity but increasing the mass of the device. These
problems can hinder the application of graphene-based elec-
trodes in portable electronic devices.17 In addition, graphene,
regardless of the degree of oxidation, tends to aggregate
together in solvents and substrates, to the detriment of the
excellent properties of graphene itself. To make graphene
uniformly dispersed and to prepare better graphene compos-
ites, researchers oen ensure the dispersion of graphene
through in situ polymerization, graphene modication, and the
addition of dispersants.18–20
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Recently, with the application of biomass in energy storage,
biomass materials such as cellulose have been increasingly
used in graphene-based composites.21–24 Cellulose, especially
cellulose nanobres, is mostly compounded with conductive
materials to prepare exible electrodes for energy storage
devices such as supercapacitors.25–27 It has been demonstrated
that the addition of cellulose can alleviate the agglomeration of
graphene akes and facilitate the dispersion of graphene.28 In
addition, it has also been demonstrated that deep eutectic
solvent (DES) can insert the lamellae of graphene due to its
viscosity and strong hydrogen bonding, preventing the aggre-
gation and settling of graphene,29–31 and the combination of
DES and cellulose may further promote the dispersion of gra-
phene nanosheets and avoid the formation of aggregates.
Recently, Liu et al. prepared nitrogen-doped composite elec-
trodes using DES of choline chloride and urea to composite
cellulose nanobres with reduced graphene in a simple
hydrothermal environment.29 In this method, the aggregation
of the lamellae was attenuated by the protonation of the gra-
phene surface due to the pH adjustment of the system by DES.
In addition, graphene also showed signicant doping due to the
presence of urea.29

In this work, in order to further exploit lignocellulose and
explore the application of DES, we used the DES of choline
hydroxide and L-necropine hydrochloride to swell the cellulose
under the assistance of ultrasound, allowing partial cellulose
strip into cellulose nanobres and destroying the amorphous
aggregates of cellulose. Then, doped graphene-cellulose
composite lms were prepared by mixing the suspension of
cellulose nanober and the DES with graphene oxide by
a simple hydrothermal method. The composite lms showed
good exibility with reasonable doping rates of heteroatoms.
The high area-specic capacitance demonstrated in the two-
electrode test remains quite high aer 3000 cycles of charge
and discharge. We hope that such a strategy will lead to further
applications of lignocellulose with DES in graphene-based
composite electrodes (Scheme 1).
Scheme 1 Schematic illustration of the preparation of cellulose nanofib

© 2023 The Author(s). Published by the Royal Society of Chemistry
Results and discussion

To reduce the energy consumption in obtaining cellulose
nanobres and to produce cellulose that retains some of the
larger bers, we used a combination of DES pretreatment and
powerful sonication to obtain a partial nano-brillated cellulose
suspension. The DES selected for the study will neutralize the
reaction during the mixing process, alleviating the strong
alkalinity of ChOH, and both are green and non-polluting. Due
to the strong hydrogen bonding interactions of DES, the
bleached cellulose is dispersed in DES and the crystalline areas
of the cellulose are gradually dissolved and the amorphous
areas are gradually swollen, allowing the brous structure of the
cellulose to be stripped, which greatly increases the accessibility
of the ultrasound treatment. Under intense mechanical treat-
ment, the hydrogen bonding between the amorphous large
cellulose bers is gradually disrupted and dispersed to form
a network of cellulose nanobres.32

To further characterize the effect of the DES pretreatment
process on the preparation of cellulose nanobres, comparative
experiments were done with 90 °C heat treatment for 6 h (DC-6),
90 °C heat treatment for 12 h (DC-12), and 400 W microwave
treatment for 6 min (DC-MW). Aer the treatment, a gel-like
suspension of cellulose nanober was obtained (Fig. S1†). To
observe the morphology of the cellulose, we subjected the
sonicated cellulose suspension for TEM characterization, as
shown in Fig. 1. Cellulose in the picture shows a dendritic
network structure, which can be seen in the eld of view at
500 nm, where the cellulose is stripped from the end, showing
ne branches of a few nanometres at the thinnest point and
curved bers of about 100 nm at the backbone. At a eld of view
of 100 nm, it can be observed that each bril bundle exhibits
streaks of ne lines, which also demonstrate the mechanism of
bril peeling and that these brils are in a network-like struc-
ture. It is worth noting that as the heat treatment time
increases, there are more particles in the eld of view, which
could be crystals formed by DES precipitation aer solvent
ers and reduced graphene oxide composite films.
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Fig. 1 TEM images of cellulose nanofiber suspensions under different experimental conditions.
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drying or denaturing at high temperatures. Especially aer the
microwave treatment, cellulose is stripped more severely and
more ne strips of bers of a few nanometres appear, but with
this comes the appearance of more crystalline particles of DES.
Aer microwave treatment, the solution appears as a solid–
liquid partition. The liquid part was a low-viscosity black liquid,
which indicated that some of the cellulose was dissolved and
pyrolyzed, and changed into small molecules or even carbon
dots aer the microwave treatment. Therefore, considering the
protection of DES and the cellulose yield, we used the suspen-
sion of DC-6 for the subsequent experiments.

According to previous studies, DES and cellulose can have an
effect on the dispersion of reduced graphene. To demonstrate
whether cellulose and DES used in this experiment have the
same effect, we prepared reduced graphene suspensions under
different conditions, as shown in Fig. 2a. Images from le to
right are reduced graphene (rGO) suspension without DES and
cellulose, reduced graphene (CrGO) suspension with cellulose
suspension, reduced graphene (DrGO) suspension with 200 mL
DES, and CG-2 (cellulose graphene) suspension. Suspensions in
the graphs are all in a cooled and rested state for 24 h aer the
Fig. 2 (a) Reduced graphene suspension under different experimental
conditions (b) CGF-2 bending photo (c) folding photo.

1008 | RSC Sustainability, 2023, 1, 1006–1015
reduction was completed. It can be seen that agglomeration and
settling of the reduced graphene were prevented due to the
addition of DES and cellulose. This effect may arise from the
dispersion of graphene by the hydrogen bonding interaction of
cellulose and DES, while the principle of DES may also include
a rst-order increase in viscosity and protonation upon its
incorporation. The exibility of this composite lm CGF-2
(cellulose graphene lm) is visualized by simple bending and
folding, as shown in Fig. 2b and c. This composite lm can be
easily bent and folded in pairs, which also illustrates its
potential for use in exible electrodes.

To further observe the surface microstructure of the
cellulose/rGO composite and the distribution of the compo-
nents in the material, SEM tests were carried out, as shown in
Fig. 3. Compared to other lm production methods, the
composite lm obtained by this method has a smooth surface
and is easy to bend, and the thickness of the composite lm was
measured to be 40–80 mm. The material prepared from pure
rGO showed surface folds due to the disordered stacking of
graphene, but with the addition of cellulose suspension, the
surface graphene folds were signicantly reduced, and the
surface and sub-surface dendritic distribution of cellulose,
which also surface cellulose and DES had a dispersing effect on
the graphene akes. In particular, in the picture of CGF-2, the
distribution of multi-scale cellulose can be clearly observed and
entangled with each other, and such a structure can lead to
greater rigidity and exibility. In CGF-3, due to the increase in
DES, some of the crystalline particles of DES can also be
observed aer drying and losing water. Together, these samples
demonstrate the dispersing effect of the addition of cellulose
and DES on graphene. Fig. 3e and f show the SEM cross-section
images of CGF-2 and CGF-3, respectively. Clearly, compact lms
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM images of (a) rGO, (b) CGF-1, (c) CGF-2, (d) CGF-3 films, and SEM cross-section images of CGF-2 (e) and CGF-3 (f).
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were obtained with homogenous structures, indicating the good
dispersion of the contents. In addition, the CGF-2 lm was also
analyzed by SEM at various enlarged scales, and clearly, as
shown in Fig. S2,† the graphene nanosheets were distributed
homogeneously in the composited lm. Fig. S3† shows the SEM
cross-section image of the CGF lm at various resolutions, and
clearly, the lm is a multilayer structure, while the inner layer
has similar structural properties, indicating that the surface
and the bulk composition are homogeneous.

Fourier transform infrared spectroscopy (FTIR) has been
used to characterize the reduction of graphene in the composite
lm and the formation and role of DES present in the system, as
shown in Fig. 4. Curve a in the gure shows the FTIR spectrum
Fig. 4 FTIR spectra (a) cellulose; (b) DES; (c) GO; (d) rGO; (e) CGF-2.

© 2023 The Author(s). Published by the Royal Society of Chemistry
of bleached cellulose, where the absorption peaks at 3420 cm−1

and 2924 cm−1 correspond to the cellulose –OH vibration and
the –C–H stretching vibration in the glucose unit, respectively.
The absorption peak around 2900 cm−1 was present in all
samples and is the most common characteristic peak for
organic compounds. The absorption peaks at 1650 cm−1,
1427 cm−1, and 1042 cm−1 correspond to the C]O stretching
vibrations, –OH bending vibrations, and C–O stretching vibra-
tions, respectively, which are also characteristic of cellulose,
demonstrating the good purity and undamaged structure of the
bleached cellulose.33 To further distinguish the absorption
peaks from DES in the composite lm, we performed an
infrared test on DES as well (curve b in Fig. 4). Due to the
presence of large amounts of –NH2 and –OH in DES, a large and
broad absorption peak appears near 3400 cm−1. The absorption
peaks from 1645 cm−1, 1480 cm−1, 1400 cm−1, and 1086 cm−1

correspond to the bending vibration of –NH2, in-plane bending
vibration of CH2, symmetric stretching vibration of the
carboxylate, and the C–N stretching vibration, respectively,
which correspond to the characteristic peaks of L-ornithine
hydrochloride. In contrast, the presence of an absorption peak
at 950 cm−1 attributed to C–C vibrations is evidence for the
presence of Ch+. Similarly, the IR spectra of GO, rGO, and CGF-2
(curves c, d, and e in Fig. 4) show absorption peaks corre-
sponding to –OH in the region above 3000 cm−1. While the
peaks at 1737 cm−1, 1623 cm−1, 1404 cm−1, 1257 cm−1, and
1042 cm−1 correspond to C]O stretching vibrations, –OH
bending vibrations, and C–O stretching vibrations.18 Compared
to GO, the peaks of rGO and CGF-2 corresponding to oxygen-
containing functional groups weaken or even disappear,
which also proves that L(+)-ascorbic acid can partially reduce
RSC Sustainability, 2023, 1, 1006–1015 | 1009
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graphene either in pure water or by mixing DES with cellulose.
In particular, CGF-2 has a number of overlapping characteristic
peaks due to the addition of DES and cellulose, bringing about
a change in peak shape, which also demonstrates the homo-
geneous mixing of the composites. In addition, the appearance
of characteristic peaks for –NO2 at 1545 cm−1 and 1380 cm−1 in
CGF-2, the weakening of the peak intensity of the choline cation
at 950 cm−1 and the weakening of the characteristic peak for L-
ornithine hydrochloride are evidence of partial DES incorpora-
tion into graphene in the form of nitrogen doping.

Fig. 5a shows the XRD of the bleached cellulose, GO, and
composite lm samples, mainly to observe the reduction of
graphene in the samples. The two diffraction peaks of bleached
cellulose, located at 15.5° and 21.9°, respectively, correspond to
the (110) and (200) faces of the cellulose I crystal. Both peaks
can also be observed in the composite lm, which indicates that
aer the DES pretreatment and sonication, the amount of
regenerated cellulose is minimal, and no shi in crystalline type
has occurred. Such a structure is also consistent with the
mechanism of DES pretreatment being dominated by solubili-
zation. The GO diffraction peak at 10.5° in the (001) plane is
much less intense in the composite sample, and its peak
decreases with the addition of DES and cellulose, indicating
that the presence of DES and cellulose in the system not only
does not affect the reduction of L(+)-ascorbic acid but also
facilitates the reduction to some extent. The new appearance of
a broad diffraction peak at 23°, the (002) plane, in the composite
lm samples is also evidence of a high level of reduction taking
place. Comparing the composite lm samples with each other,
it can be observed that the intensity of the diffraction peak at
10.5° decreases with the addition of cellulose and DES, which
indicates that the presence of DES and cellulose has a facili-
tating effect on the reduction process, whichmay also be related
to the better dispersion giving greater accessibility to the L(+)-
ascorbic acid.

In addition, Raman spectroscopy was used to characterize
the crystallinity of the sample, and the degree of graphitization
corresponds to the electrical conductivity, which is also
a fundamental property of the electrode material, as shown in
Fig. 5b. The two peaks in the composite lm sample are located
at 1348 cm−1 and 1590 cm−1, corresponding to the D and G
bands of the carbon material.34 The disordered structure (A1g
vibrational mode) and defects in the carbonmaterial started the
production of the D-band, while the G-band came from the
Fig. 5 (a) XRD patterns of cellulose, rGO, and the composite films of
CGF-1, CGF-2, and CGF-3; (b) Raman patterns of composite films.

1010 | RSC Sustainability, 2023, 1, 1006–1015
stretching motion of all sp2 atom pairs in the carbon ring or
long chain (E2g vibrational mode). The presence of high-
intensity G-bands in all samples indicates that the graphitiza-
tion is incomplete and defects are present. The defects arise due
to the entry of heteroatoms during the hydrothermal reduction
process. To determine the degree of disorder during the char-
ring process, we calculated the intensity ratios in the D and G
bands. Ratios of ID/IG were 1.14 (CGF-1), 1.16 (CGF-2), and 1.10
(CGF-3), with little variation, compared to values generally
around 1 for graphene oxide, demonstrating that the disorder of
graphene increases considerably as the reduction proceeds. The
difference in disorder between the composite lm samples
illustrates the effect of DES on the reduction process and
suggests that the presence of a rich defect structure in the
composite implies the successful entry of heteroatoms with
a more rapid Faraday reaction, favoring the capacitive perfor-
mance of the electrode.

The surface chemistry and state of the composite lm
samples were characterized by XPS (Fig. 6). The obvious peaks
(Fig. 6a) are C (283.58 eV), N (399.65 eV), and O (532.65 eV), and
the two peaks located at 101.65 eV and 152.65 eV correspond to
Si. The elemental composition of the different samples proves
that the presence of DES has a strong inuence on the doping
of N in graphene, as shown in Table 1. The elemental compo-
sition of the composite lm samples, especially the N content, is
greatly enhanced compared to rGO and is most likely related to
the denaturation and redox process of DES during the hydro-
thermal reduction process. It is worth mentioning that aer the
aforementioned characterization, CGF-2 exhibited excellent
reduction levels and graphitization with an elemental compo-
sition of C (78.2 at%), N (18.4 at%), and O (3.3 at%), so we
selected CGF-2 for subsequent characterization. The N 1s
spectrum (Fig. 6b) is divided into three peaks corresponding to
pyrrole-N at 400.2 eV, graphite-N at 402.3 eV, and oxide-N at
408.1 eV, showing N doping at different positions in the
reduced graphene backbone.35 The O 1s spectrum (Fig. 6c) is
decomposed into three peaks located at 531.9, 532.8, and
533.6 eV, which can be attributed to C]O, C–O, and O–C]O,
showing that the activation of graphene by L(+)-ascorbic acid
reduction and doping with DES has changed the form of its O
functional group present. CGF-2 is rich in pyrrole-N, a nitrogen
that reacts with H+ in a redox reaction to provide pseudo-
capacitance, which will give a boost to the specic capacity of
the electrode.36 The N-doping mechanism may be the contri-
bution of high-intensity compact ultrasound.37 The entry of
graphite-N into the carbon skeleton will signicantly enhance
the electrical conductivity, which is also an extremely important
factor for the electrode material. In addition, as a function of
oxygen, phenolic oxygen may also undergo redox reactions to
increase capacitance, but this results in a decrease in conduc-
tivity.35,38 However, CGF-2 has a moderate oxygen content and
theoretically good electrochemical properties due to the abun-
dant presence of N. In addition, the doping of O and N
heteroatoms and related functional groups improves the
wettability of the electrode, increasing the area that can be
contacted by the electrolyte and promoting redox reactions.
Wang et al. reported that the oxygen-containing functional
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) XPS spectra of rGO and composite film samples; (b) N 1s spectra of CGF-2; (c) O 1s spectra of CGF-2.

Table 1 Elemental distribution of rGO and composite film samples

Samples C (at%) N (at%) O (at%)

rGO 87.5 12.1 0.4
CGF-1 80.6 17.4 2.0
CGF-2 78.2 18.4 3.3
CGF-3 78.1 19.6 2.3
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groups could enhance the capacitance performance of TRGs by
introducing abundant pseudocapacitance active sites through
reversible Faradaic redox reactions.39 Chen et al. also found that
the presence of oxygen functional groups is detrimental to the
capacitive performance of porous carbon electrodes in organic
electrolytes.40 Rohani et al. prepared a multilayer perceptron
neural network (MLP-NN) with various N/O for co-doped AC
electrode materials and found that the N/O ratio is the key
parameter for performance.41

Overall, CGF-2 has an excellent composite structure, good
exibility, a high degree of graphitization, and excellent
heteroatom doping that give the material excellent potential as
a high-performance exible electrode material for super-
capacitors and other energy conversion and storage devices.
The present method provides a milder and environmentally
friendly heteroatom doping scheme compared to pyrolytic
doping, which is benecial for the commercial application and
sustainable development of cellulose/graphene exible
composite lms.

In order to characterize the electrochemical properties of the
different samples and to select the best samples for complete
testing, cyclic voltammetry (CV) curves were therefore obtained
with electrodes prepared from different samples at a scan rate
of 5 mV s−1, as shown in Fig. 7a. In 1 M H2SO4, the CGF elec-
trode produced a fast current response at the positive and
negative electrodes at the initial stage of the scan and was fast
and smooth, showing a quasi-rectangular CV curve, which can
be inferred as a characteristic of the bilayer capacitance. The
CGF-2 has a larger and better-shaped curve than the other two
samples (with essentially equal charge and discharge times),
which suggests a faster ion transfer rate and a larger specic
capacity.42 GCD tests were carried out on the CGFs electrodes at
a current density of 1 mA cm−2 (Fig. 7b) and the curves all
showed a near isosceles triangular shape, consistent with the
© 2023 The Author(s). Published by the Royal Society of Chemistry
performance of a near ideal bilayer capacitor, exhibiting good
ion transport within the composite. CGF-2 shows the largest
specic capacitance and better bilayer capacitance performance
in both CV and GCD curves, which is also the result of its doping
effect and the coordinated effect of reduced graphene, making
it the best choice of electrode material. To further characterize
the electrochemical behavior of CGF-2 electrodes, we have
performed CV and GCD tests on CGF-2 at different scanning
speeds or current densities, as shown in Fig. 7c and d, both of
which exhibit excellent capacitive properties. As the scanning
speed increases, it shows a signicantly higher current, the
value of which is approximately proportional to the square root
of the scanning rate, which also proves that its charge storage is
perhaps a diffusion-controlled process, so the efficiency of the
ion diffusion channel is particularly important, while the elec-
trodes made by hot pressing have thinner and shorter channels.
The graph gradually changes from rectangular to shuttle-
shaped with an increasing scan rate, which is related to the
polarization of the pseudocapacitive material. It is worth noting
that the CGF-2 electrode shows excellent multiplicative perfor-
mance, with the GCD curve maintaining a quasi-triangular
shape even at a current density of 10 mA cm−2, suggesting
that the low thickness and layered structure of the material
itself reduce transport resistance during rapid charging and
discharging and that the good doping results in a rapid redox
response.

Fig. 7e shows the AC impedance plots for the CGFs. All
samples show typical curves with a semicircle due to the charge
transfer resistance (RC) at the electrode/electrolyte interface in
the mid to high-frequency region and a sloping straight line due
to the diffusion resistance (RW) of the electrolyte ions towards
the electrode in the low-frequency region. The intersection of
the curves with the horizontal coordinates represents the
intrinsic ohmic resistance (Rs), including the resistance
between the electrode material, the electrolyte and the active
material, and the collector uid.43 The slope of the low-
frequency region displayed fast ion diffusion, which was
conducive to fast charge and discharge. As can be judged from
the intercept position, CGF-2 has the smallest Rs (4.4 U)
compared to CGF-1 (5.6 U) and CGF-3 (6.5 U). In terms of curve
shape, CGF-2 exhibits a semicircle with the smallest radius,
whichmeans that it has the least resistance to charge transfer at
the electrode/electrolyte interface, facilitating the rapid
RSC Sustainability, 2023, 1, 1006–1015 | 1011
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Fig. 7 Three-electrode test (a) CV comparison graph of composite film sample at 5 mV s−1 sweep rate; (b) GCD comparison graph of composite
film sample at the current density of 1 mA cm2; (c) CV graph of CGF-2 at different sweep rates; (d) GCD graph of CGF-2 at different current
densities; (e) Nyquist plots of composite film sample (insert: Nyquist plots in the high-frequency region); (f) cycling stability of CGF-2 at the
current density of 10 mA cm−2 and GCD comparison graph before and after scanning.
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formation of the bilayer, and these indirectly give the reason for
its extremely good multiplicative performance. In addition,
CGF-2 exhibits a more vertical slope of the low-frequency
region, which is due to its superior doping and reduction
compared to other samples, making ion diffusion easier and
indicating better capacitive performance. These results are
consistent with those of CV and GDC. The specic capacitance
of the electrodes reached 382 mF cm−2 at a current density of 1
mA cm−2 and remained at 200 mF cm−2 at a high current
1012 | RSC Sustainability, 2023, 1, 1006–1015
density of 10 mA cm−2. The high specic capacitance of CGF-2
should be attributed to the synergy between a reasonable degree
of reduction and excellent nitrogen doping efficiency, providing
a large number of ion-accessible active sites for interfacial
charge accumulation and redox reactions. To further charac-
terize the long-period durability of the electrode, we carried out
charge/discharge cycling tests. The electrode still had a high
capacitance retention of 94% aer 3000 repeated cycles at
a current density of 10 mA cm−2 (Fig. 7f), and the graphical
© 2023 The Author(s). Published by the Royal Society of Chemistry
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change in GCD before and aer the cycle was minimal, thus
demonstrating the good long-term cycling stability of the CGF-2
electrode.

In the as-prepared composite material, the abundant func-
tional groups on cellulose bers can provide strong interactive
sites to bind graphene nanosheets, well-distributed over the
cellulose bers with macroporous texture. It overcomes the low
porosity of graphene papers, while the cellulose nanobers in
the as-prepared composite electrode can signicantly absorb
the electrolyte and act as electrolyte reservoirs to facilitate ion
transport, resulting in good rate capability and long cyclic
stability with high capacitance.

Experimental
Materials

Rice husk (80 mesh) was collected from Shandong, China.
Choline hydroxide and ornithine hydrochloride were purchased
from Shanghai Yuanye Bio-Technology Co., Ltd. Sodium
hydroxide (NaOH), graphite (C), potassium persulphate
(K2S2O8), phosphorus pentoxide (P2O5), concentrated sulphuric
acid (H2SO4), potassium permanganate (KMnO4), hydrochloric
acid (HCl), and L(+)-ascorbic acid (VC) were provided by Sino-
pharm Chemical Reagent Co., Ltd.

Preparation of bleached cellulose

Mix 2 g of rice husk, 43 mL of deionized water, and 1.5 g of
NaOH and add 7 mL of H2O2 dropwise to it. To prevent the
liquid from expanding and leaking, use a condenser tube to
reux during the reaction and slowly ramp up to 90 °C. Wait for
the bubbles to disappear from the system and lter out the
solid. Repeat the experiment until the solid turns white.

Preparation of a cellulose suspension containing some
cellulose nanobres

40% aqueous solution of ChOH (24.7 g) and L-ornithine
hydrochloride (7.56 g) were mixed with 1 g of bleached cellulose
and the mixture was sonicated at 800 W for 5 min. The
homogenized mixture was heated at 90 °C for 6 h. Deionized
water was added to the appealing mixture to a total of 200 mL,
stirred for 10 min, and then placed in ultrasound (800W) for 1 h
to obtain the suspension.

Preparation of graphene oxide

Graphene oxide aqueous phase dispersions were prepared by
a modied Hummers' method.44 Briey, graphite powder, 1 g
each of potassium persulphate, and phosphorus pentoxide were
mixed with 10 mL of concentrated sulphuric acid and reacted at
80 °C for 6 h. Aer cooling, in an ice bath, water is added and
diluted. The rinsing with water was continued during the
ltration process until the ltrate was neutral. The dried sample
was reacted with 30 mL of sulphuric acid and 4 g of potassium
permanganate under an ice bath and held at 38 °C for 2 h,
followed by continuous addition of water and warming to 90 °C
and taken out for cooling. To the mixture, 5 mL of H2O2 was
added and nally, the precipitate was washed twice with HCl
© 2023 The Author(s). Published by the Royal Society of Chemistry
and collected by centrifugation. The precipitate was dried to
give graphene oxide (GO).

Preparation of cellulose/nitrogen-doped reduced graphene
composite lm

36 mg of graphene oxide was mixed with the sonicated cellulose
suspension, 360 mg of vitamin C was added, stirred well, and
heated in a water bath at 80 °C for 1 h. The resulting mixture
was ltered using 0.22 mm of mixed cellulose to obtain a gel-like
solid. The solid was held at 80 °C for 2 h between two Teon
sheets pressed using an iron block as a weight. The resulting
composite membrane is a circle with a diameter of 4 cm. The
resulting sample was named CGF (cellulose graphene lm),
while CGF-1, CGF-2, and CGF-3 are the samples according to the
amount of cellulose suspension added (1 mL, 2 mL, and 3 mL),
while graphene reduced by vitamin C in pure water without the
addition of cellulose suspension was referred to as rGO.

Material characterization

Fourier transform infrared (FTIR) spectra were used to charac-
terize the degree of crosslinking of the gel in the range of 400–
4000 cm−1. The surface morphology of the aerogel and hierar-
chical porous carbon was monitored by scanning electron
microscopy (SEM) and transmission electron microscopy (TEM,
JEM-2100F). The degree of graphitization and crystallinity of
graded porous carbon could be monitored using Raman spec-
trometry (Renishaw, inVia, under excitation at 532 nm), and X-
ray diffraction (XRD, PANalytical, X'Pert Pro, using Cu Ka
radiation). The redox reaction was monitored by X-ray photo-
electron spectroscopy (XPS, Kratos Axis supra+, using Al ka
monochromatic X-ray source).

Electrochemical measurements

To facilitate electrochemical testing and subsequent calcula-
tions, cellulose/nitrogen-doped reduced graphene composite
lms were cut into 1 cm × 1 cm square and used as working
electrodes. The graphene loading of each electrode was
approximately 3 mg. To characterize the electrochemical
performance of the individual electrodes, a 1 M aqueous sul-
phuric acid solution was used as the electrolyte, Ag/AgCl as the
reference electrode, and a platinum wire as the counter elec-
trode. Three-electrode testing was carried out using a CHI660D
electrochemical workstation. Cyclic voltammetry (CV), alter-
nating current impedance (EIS), and constant current charge/
discharge (GCD) were used to calculate the specic capaci-
tance of the electrodes and to characterize their multiplicative
properties.

Conclusions

In summary, we used DES as a swelling agent to reduce the
energy consumption for the preparation of cellulose nanobres
and further used it as a dispersant and doping precursor for
reduced graphene to prepare cellulose/nitrogen-doped reduced
graphene composite lms by simple hydrothermal reduction,
demonstrating the feasibility of preparing nitrogen-doped
RSC Sustainability, 2023, 1, 1006–1015 | 1013
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graphene composites at low temperature and low consumption.
The resulting reduced graphene has an enhanced nitrogen
content of 3 at% compared to reduced graphene in a pure water
environment. The experimental results demonstrate that the
electrodes exhibit excellent bendability due to the addition of
DES and cellulose. The electrochemical results show that the
electrochemical performance is signicantly affected by DES.
The cellulose/nitrogen-doped reduced graphene composite
lms exhibit signicantly enhanced area-specic capacitance
(382 mF cm−2 at a current density of 11 mA cm−2 in a three-
electrode system) and high cycling stability (6% loss of capaci-
tance for 3000 cycles at 10 mA cm−2), demonstrating the
potential of graphene composite lm materials for applications
such as supercapacitors and sensors. This is a potential method
for the preparation of exible electrodes directly from ligno-
cellulose and graphene.
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