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Carbon composite is one of the most competitive electrode materials for supercapacitor, and improving its
energy density remains a significant challenge. The copper oxide/carbon composites with high specific
surface area were prepared from the cellulose aerogel loaded with copper salts. The copper oxide/
carbon composite electrode material, deriving from copper sulfate, reached a specific capacitance of
1001 F g7t at 2 A g~% with an energy density of 139.0 W h kg~*. After 500 cycles, the capacitance

. 4315t D ber 2004 retention rate is 98.06%. An asymmetric supercapacitor was assembled using this material as positive

eceive st December . . . .

Accepted 20th February 2025 electrode material, activated carbon as negative electrode material, and 3.0 M KOH as electrolyte. It
exhibited good reversible capacity and low voltage drop loss within a voltage window of 0-1.2 V, and its

DOI: 10.1039/d4ra09119a specific capacitance and energy density achieved 125 F g~ and 6.3 W h kg™ at a current density of
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1 Introduction

Supercapacitors, as important electrochemical energy storage
devices, offer advantages such as high power density and long
cycle life. An energy storage system that combines super-
capacitors with batteries is considered a safe and efficient
solution to the problem of unstable power supply from some
new energy sources, like wind and solar energy.>>

At present, the challenge limiting the further application of
supercapacitors is their relatively low energy density, and
improving electrode material is crucial to solving this
problem.** Based on the high specific surface area, carbon
materials are the typically main component of the electrode,’
which includes activated carbon,*” graphene,* carbon nano-
tubes,'>™ and carbon aerogels."»** Zhu et al. employed potas-
sium hydroxide to activate exfoliated graphite oxide, resulting
in a porous carbon material with a high specific surface area of
3100 m”> g7, and the specific capacitance could reach 200 Fg™*
in the [EMIM]TFSI electrolyte.** Wang et al. treated the carbon
nanotubes (CNTs) with alkali and mixed acids to improve their
specific surface area and the pore distribution.”® The specific
capacitance of the treated CNTs achieved 85 F g~ ' in H,S0,
electrolyte, which was 3 times higher than that of raw CNTs. Lei
et al. prepared carbon aerogel by using cellulose aerogel as
a precursor, which was obtained by dissolving microcrystalline
cellulose into a NaOH-urea-H,O mixed solution. With a three-
dimensional porous network structure and a high specific
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surface area of 1130 m* g ', the specific capacitance of the
carbon aerogel could reach 106.2 F g~ " at 1 mA cm™>.*

Based on the energy storage mechanism, pure carbon
materials are double-layer capacitors and their specific capaci-
tance are generally limited. In order to enhance the energy
density, pseudocapacitive electrode materials, such as transi-
tion metal oxides,'”*® transition metal sulfides,'*** and metal-
organic frameworks (MOFs),*"**> are combined with carbon
materials to utilize their faradaic reactions to increase the
specific capacitance of the electrodes. Naderi et al. used high-
intensity ultrasound radiation to uniformly dispersed the
MnO, particles on the nitrogen-doped reduced graphene, and
the specific capacitance of this composite reached 522 F g™ at
2 mV s 1.2 As bimetallic sulfide, the NiCo,S, nanomaterial was
deposited on the reduced graphene oxide to fabricate electrode
composite, which could exhibit a high specific capacitance of
1242.2 F g~ ' at a current density of 1 A g '.>* Wen et al
synthesized Ni-MOF/CNTs composites by solvothermal
method.? The specific capacitance reached 1765 F g ' at
a current density of 0.5 A g~ . The excellent performance could
be attributed to the synergistic effects of Ni-MOF and CNTs,
including the porous nanostructure of the Ni-MOF and the high
electronic conductivity of CNTs. In addition to metal-related
pseudocapacitance, the combination of conductive polymers
such as polyacetylene, polyaniline, polypyrrole with carbon
materials also shows potential in the field of supercapacitor
electrode materials.>**”

Cellulose aerogel is considered an ideal precursor for carbon
electrode materials, which can form carbon materials with
a large specific surface area after carbonization.”®* Moreover,
composite materials formed by cellulose carbon aerogel and
metal oxides such as GeO,, Fe;0, and Co;0, have demonstrated
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excellent electrochemical performance.*** In this work, cellu-
lose aerogel was prepared by dissolving cellulose in ionic
liquids, and copper(u) acetate (Cu(OAc),), copper(u) nitrate tri-
hydrate (Cu(NOs),), and copper(i) sulfate pentahydrate (CuSO,)
were loaded onto the cellulose aerogel, respectively. After
carbonization, copper oxide/carbon composite electrode mate-
rials were obtained, combining the large specific surface area of
carbon materials and the pseudocapacitive characteristics of
copper oxides to enhance the materials’ specific capacitance.
The electrochemical performance of the copper oxide/carbon
materials was studied through cyclic voltammetry, constant
current charge-discharge, electrochemical impedance spec-
troscopy, and cycling stability tests in a three-electrode system.
The electrochemical principles of the copper oxide/carbon
materials were analyzed using X-ray diffraction, Raman spec-
troscopy, scanning electron microscopy, and X-ray photoelec-
tron spectroscopy.

2 Experimental section
2.1 Materials and reagents

The cellulose material (refined cotton) was provide by Tianpu
Chemicals Co., Ltd. Dilute hydrochloric acid (AR), acetone (AR),
Cu(OAc), (>98%), Cu(NO;),-3H,0 (AR), CuSO,-5H,0 (AR), and
potassium hydroxide (AR) were purchased from Chengdu Kelon
Chemical Co., Ltd. 1-Allyl-3-methylimidazolium chloride
([AMIM]CI]) was supplied by Lanzhou Institute of Chemical
Physics. Foam nickel (350 g m™?), acetylene black (99.9%) and
polyvinylidene fluoride (PVDF) powder were all purchased from
Cyber Electrochemical Materials Network. Activated carbon
(98%) was provided by Poersi Carbon Material Technology Co.,
Ltd. N-Methyl-2-pyrrolidone (AR) was purchased from Chengdu
Zhuopu Instrument Co., Ltd.

2.2 Preparation of cellulose aerogels

Weigh 0.40 g of cotton cellulose and add 19.60 g of [AMIM]CI
into a three-necked flask. Under a nitrogen atmosphere, stir the
mixture at 120 °C in an oil bath for 2 hours to form a homoge-
neous cellulose solution. Immediately pour the solution into
a container and ultrasonicate for 1 hour to remove air bubbles,
then place the solution at —5 °C for 2 hours to generate a sol.
Immerse the gel into ultrapure water to remove the 1-allyl-3-
methylimidazolium chloride, and then use 100 mL of tert-
butanol as the replacement solvent, changing it every 8 hours
for a total of two times, to obtain a cellulose gel. Freeze this gel
in liquid nitrogen for 10 minutes, and then subject it to vacuum
freeze-drying at —56 °C for 24 hours to prepare the cellulose
aerogel.

2.3 Preparation of copper oxide/carbon composite

Add 1.00 g of crushed cellulose aerogel in a flask with 50 mL
water-ethanol mixed solution (volume ratio of 1:1). According
to a copper-to-aerogel mass ratio of 4%, add Cu(OAc),, Cu(NO3),
and CuSO, solutions with a concentration of 0.1 mol L™,
respectively. Stir for 1 hour, then place the mixture in a rotary
evaporator and evaporate at 50 °C. Afterward, dry the product in
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an oven at 60 °C to obtain cellulose aerogels loaded with copper
salts as the precursors, denoted as CuO,/A, CuO,-N/A, and
CuO,-S/A. Place the precursors in a tubular furnace and heat
them to 850 °C under an argon atmosphere for 2 hours to obtain
copper oxide/carbon composites, denoted as CuO,/CA, CuO,-N/
CA, and CuO,-S/CA.

2.4 Material characterization

The specific surface area, pore volume, and pore size of the
electrode materials were determined by the N, BET method
with a Micromeritics ASAP 2420 fully automatic surface area
and pore size analyzer. The morphology and pore structure of
the copper oxide/carbon composite materials were observed
using a JSM 7610F scanning electron microscope. The crystal-
line structure of copper oxide in the copper oxide/carbon
composite materials was analyzed using an XD3 type X-ray
diffractometer. The LabRAM HR Evolution type laser Raman
spectrometer was used to analyze the degree of material defects.
The presence of elements in the materials was characterized by
the Escalab 250xi type X-ray photoelectron spectrometer.

2.5 Electrochemical measurement

The copper oxide/carbon electrode material was mixed with
acetylene black and polyvinylidene fluoride (PVDF) in a ratio of
8:1:1 in an agate mortar and pestle for 30 minutes, and then
N-methyl-2-pyrrolidone was added dropwise to achieve
a uniform mixture. This mixture was coated onto foam nickel
that had been treated with dilute hydrochloric acid, acetone,
and deionized water, with dimensions of 1 x 1 cm?. The coated
foam nickel was then placed in an oven at 60 °C for 12 hours to
dry, followed by calendering at 10 MPa for 5 minutes to fabri-
cate the electrodes. A three-electrode system was assembled
with 3.0 M KOH as the electrolyte, Hg/HgO as the reference
electrode, and a platinum plate electrode as the counter elec-
trode. The electrode material was immersed in the electrolyte
for 12 hours prior to testing to ensure stability. The two-
electrode system employed a coin cell (CR2025) configuration
of an asymmetric supercapacitor, with CuO,-S/CA as the posi-
tive electrode material, activated carbon as the negative elec-
trode material and foam nickel as current collector. The
assembly was carried out in sequence with the positive elec-
trode shell, positive electrode plate, cellulose separator, nega-
tive electrode plate, stainless-steel spacer, spring, and negative
electrode shell. After adding 3.0 M KOH as the electrolyte, the
cell was encapsulated under 10 MPa and left for two hours
before testing. The electrochemical performance of the elec-
trode material was analyzed using a CHI760E electrochemical
workstation, including cyclic voltammetry (CV), galvanostatic
charge-discharge tests (GCD), electrochemical impedance
spectroscopy (EIS), and cycling performance tests. The mass-
specific capacitance, energy density, and power density of the
electrode material were calculated using eqn (1) and (2).

1At

Cph=—
m mAy

(1)
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E= %Cm V2 (2)

In these equations, C,,, represents the mass-specific capacitance
of the electrode material (F g~ '), I represents the discharge
current (A), At is the change in discharge time (s), m represents
the mass of the active material on the working electrode (g), Av
represents the discharge voltage (V), E is the energy density of
the supercapacitor W h kg™", V denotes the voltage range of the
supercapacitor (V).

3 Results and discussion
3.1 Electrochemical performance analysis

The cyclic voltammetry curves of three oxide/carbon composites
electrodes are shown in Fig. 1. Within the lower scanning rate
range of 5-50 mV s, a pair of redox peaks appear at —0.29 V in
the CV curves of all three electrodes, which was mainly due to the
valence change of the copper oxide. Within the higher scanning
rate range of 75-125 mV s~ , the redox peaks in the CV curves are
diminished. As the scan rate increases, the redox peaks charac-
terizing pseudocapacitance gradually weaken, while the rectan-
gular features of electric double-layer capacitance (EDLC) become
more pronounced, indicating a significant decrease in the ratio of
pseudocapacitance to EDLC. This can be attributed to the rate
limitation of the copper oxide redox reactions, which proceed
more completely at lower scan rates, providing larger pseudoca-
pacitance capacity, but fail to fully proceed at higher scan rates,
reducing pseudocapacitance capacity.

At the current density range of 2-20 A g™, the GCD curves for
the three electrodes were measured, as shown in Fig. 2(a)—(c).
Compared to the ideal double-layer curves, these results exhibit
varying degrees of deformation, with the nonlinear regions
indicating the pseudocapacitive characteristics of the mate-
rials.?? At a current density of 2 A g~ ', the GCD curves for CuO,/
CA, CuO,-N/CA, and CuO,-S/CA exhibit charge-discharge times
of 278.4 s, 253.5 s, and 1032.8 s, respectively. The specific
capacitances are calculated to be 254 Fg~*,239 Fg~', and 1001
F g !, respectively, and the energy densities are 33.3 W h kg%,
35.3 W h kg™, and 139.0 W h kg™, respectively. Fig. S1 and
Table 1 in ESI fdocument illustrate the electrochemical prop-
erties of the pure cellulose carbon aerogel without copper salts
or copper oxides. The specific capacitance and the energy
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density of the cellulose carbon aerogel are calculated to be 61 F
g ' and 8.5 W h kg™, respectively. These results suggest that
using cellulose aerogel loaded with copper sulfate as
a precursor is a superior method for preparing copper oxide/
carbon composite materials. Compared to pure cellulose
carbon aerogel, this composite material shows significant
improvements in both specific capacitance and energy density.
The GCD curve of CuO,-N/CA shows shorter platform regions at
voltages of —0.29 V and —0.70 V, corresponding to the valence
transition of Cu(u) to Cu(r) and then to Cu(0). The GCD curve of
CuO,-S/CA exhibits a relatively long platform region at a voltage
of —0.70 V, also corresponding to the redox reaction during the
transition from Cu(i) to Cu(0).** Additionally, as shown in
Fig. 2(d), the electrode resistances for CuO,/CA, CuO,-N/CA, and
CuO,-S/CA are 0.96 Q, 1.01 Q, and 1.10 Q, respectively, all
exhibiting relatively low resistance values.

Cyclic stability test was conducted on CuO,-S/CA, which has
the highest specific capacitance among the three composites
mentioned above. As shown in Fig. 3, the result indicates that
the specific capacity of this material can remain essentially
unchanged after 500 cycles, with a retention rate of 98.06%.

Using CuO,-S/CA as the positive electrode material and
activated carbon as the negative electrode material, the asym-
metric supercapacitor was assembled, and the cyclic voltam-
metry curves for different voltage intervals were determined at
ascan rate of 2 mV s~ ', As shown in Fig. 4, with voltage windows
of 0-1.0 V and 0-1.2 V, the cyclic voltammetry curves maintain
similar rectangular shapes. When the voltage window is
expanded to 0-1.3 V, the shape of the CV curve is deformed, and
it exhibits a lower coulombic efficiency. Therefore, the voltage
range for electrochemical performance testing is set to 0-1.2 V.

Fig. 5 displays the electrochemical performance tests of the
assembled asymmetric supercapacitor with a voltage window of
0-1.2 V. As shown in Fig. 5(a), the CV curves at scan rates from 2
to 50 mV s~ all exhibit similar rectangular shapes, and the
enclosed area gradually increases with the increase in scan rate.
Fig. 5(b) illustrates all GCD curves from 0.1 to 1.0 A g~ display
highly linear symmetrical triangular shapes. At 1.0 A g, the
curve exhibits a voltage drop of approximately 0.08 V, indicating
good reversibility. Fig. 5(c) presents the AC impedance spec-
trum of the asymmetric supercapacitor. The Nyquist plot
consists of a standard semicircle in the high-frequency region
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Fig. 1 Cyclic voltammetry curves of copper oxide/carbon composite electrode materials (a) CuO,/CA, (b) CuO,-N/CA, (c) CuO,-S/CA.
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Fig.2 Galvanostatic charge/discharge curve of copper oxide/carbon composite electrode materials. (a) CuO,/CA, (b) CuO,-N/CA, (c) CuO,-S/

CA, (d) AC impedance curve.

Table 1 The BET results of CuO,/CA, CuO,-N/CA, CuO,-S/CA and
their precursors

SBET Pore volume Average pore
Sample (m>g™ (em®g™) size (nm)
CuO,/A 135 0.32 11.26
CuO,-N/A 189 0.51 11.70
CuO,-S/A 191 0.57 11.36
CuO,/CA 264 0.08 2.94
CuO,-N/CA 311 0.12 3.06
CuO,-S/CA 394 0.47 5.12

and a straight line in the low-frequency region. The fixed
resistance of the electrode is only 0.60 Q, and the charge
transfer resistance during charging and discharging is approx-
imately 8.65 Q. As shown in Fig. 5(d), at a current density of
1.0 A g7, the capacity retention after 1000 cycles is about 60%.

3.2 Material characterization

3.2.1 BET analysis. The nitrogen adsorption-desorption
isotherms for the copper oxide/carbon composites and their
copper salt/cellulose aerogel precursors are shown in Fig. 6. All
samples exhibit type IV isotherm adsorption curves, indicating
the presence of a large number of micropores and mesopores in
these materials, which is beneficial for the transport and
storage of the electrolyte.

The specific surface area, pore volume, and pore size of these
materials are presented in Table 1. Compared to the precursors,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Cyclic performance diagram of 2 A g™* of CuO,-S/CA.

the specific surface areas of the copper oxides/carbon compos-
ites have significantly increased. The CuO,-S/CA has the largest
specific area of 394 m® g, which is consistent with its higher
specific capacitance and energy density relative to CuO,/CA and
CuO,~N/CA. In addition, the average pore size of the materials
after carbonization has been significantly reduced, and the
proportion of micropores has greatly increased. As shown in
Table S2 in ESIt document, the specific surface areas of cellu-
lose aerogel and cellulose carbon aerogel are 289 and 291 m?>
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Fig. 4 Cyclic voltammetry curves for different voltage ranges.

g™, respectively. This indicates that the loading of copper salts
has blocked the pores of the cellulose aerogel, while the
decomposition of copper salts works in synergy with the
carbonization of cellulose to play a key role in the pore forma-
tion process.

3.2.2 XRD and Raman spectra. The XRD patterns of CuO,/
CA, CuO,-N/CA, and CuO,-S/CA are shown in Fig. 7(a). All three
copper oxide/carbon composites exhibit five distinct diffraction
peaks at 43.33°, 50.50°, 74.20°, 90.02°, and 95.30°, corre-
sponding to the (2 0 0) plane of Cu,O, the (1 1 2)and (31 1)
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Fig. 6 Isothermal adsorption and desorption curves of nitrogen
before and after carbonization of CuO,/CA, CuO,-N/CA, CuO,-S/CA.

planes of CuO, and the (1 3 1) plane of CuO, and the (3 2 2) plane
of Cu,0, respectively.** In addition, CuO,-S/CA shows smaller
diffraction peaks of CuS at 27.70°, 32.53°, and 46.00°, corre-
sponding to the (1 0 1), (0 0 6), and (1 0 7) planes of CusS,
indicating the coexistence of copper oxides and sulfides in
CuO,-S/CA.%

The Raman spectrum in Fig. 7(b) indicates that three
samples have defect peak and graphite peak, illustrating the sp®
disordered carbon structure and sp® graphite carbon structures
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Fig.5 Electrochemical properties of an asymmetric supercapacitor. (a) Cyclic voltammetry curves, (b) galvanostatic charge/discharge curve, (c)

AC impedance spectrum, (d) cyclic performance diagram of 1.0 A g %.
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Fig. 7 The XRD patterns and Raman spectra of CuO,/CA, CuO,-N/CA and CuO,-S/CA. (a): XRD patterns, (b) Raman spectra.

both exist in the material.***” The I(D)/I(G) ratios for CuO,/CA,
CuO,-N/CA, and CuO,-S/CA are 0.97, 1.00, and 1.05, respec-
tively, suggesting that the degree of disorder in CuO,-S/CA is
more pronounced and beneficial to its electrochemical perfor-
mance. This result could be attributed to the fact that the
atomic radius of sulfur is larger than that of carbon, and its
doping can induce greater strain in the material, leading to the
formation of more defect sites and increasing the degree of
disorder.*

3.2.3 SEM and EDS. The micromorphologies of CuO,/CA,
CuO,-N/CA, and CuO,-S/CA are shown in Fig. 8(a)-(c), respec-
tively. It can be observed that there are uniformly distributed
spherical copper oxide particles in the three materials, and the
pores of the carbon are more distinct in the samples of CuO,-N/
CA and CuO,-S/CA. In the EDS results of Fig. 8(d)-(i), the overall
uniform distribution of Cu element in these three materials

indicates that this preparation method has achieved satisfac-
tory dispersion of the copper oxides. Additionally, the presence
of S can be found in CuO,-S/CA, and the content of C, O, Cu and
S based on the results of EDS in this composite are 92.0%, 0.8%,
6.8% and 0.4%, respectively.

3.2.4 XPS. XPS analysis was conducted on CuO,/CA, CuO,-
N/CA, and CuO,-S/CA to investigate the chemical states of the
elements on the material surface. Fig. 9(a) shows the full XPS
spectra of. In the full XPS spectra, characteristic peaks for Cu, C,
and O are present in all samples. The C 1s spectrum in Fig. 9(b)
shows characteristic peaks for C-C, C-O, and C=O0 bonds at
284.79 eV, 289.08 eV, and 291.36 eV, respectively, and a C-S
characteristic peak can be observed at 285.72 eV.** As shown in
Fig. 9(c), the O 1s spectrum can be divided into diffraction peaks
for C-O, C=0, and Cu-O, corresponding to 532.36 eV,
533.78 €V, and 527.50 eV, respectively.*’ The fitting results of the

2 um

Fig. 8 The SEM and elemental maps of copper oxide/carbon composites. CuO,/CA: (a) SEM, (b) C, (c) Cu, CuO,-N/CA: (d) SEM, (e) C, (f) Cu,

CuO,-S/CA: (g) SEM, (h) C, (i) Cu.
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Fig. 9 XPS spectrum of CuO,/CA, CuO,-N/CA, CuO,-S/CA. (a) Full-scan spectrum, (b)—(d) high-resolution spectra of C, O, Cu of CuO,-S/CA.

high-resolution Cu 2p spectrum are shown in Fig. 9(d). Two
distinct peaks can be observed at 932.80 eV and 953.08 eV,
corresponding to the Cu 2p;/, and Cu 2p,,, peaks, respectively,
which indicates the presence of copper in both +1 and +2
oxidation states.*" In addition, the presence of satellite peaks at
943.58 eV and 963.18 eV also confirms the existence of Cu in the
+2 oxidation state.*

4 Conclusion

The copper oxide/carbon composites, which have a high specific
surface area and uniform dispersion, were prepared using
cellulose aerogel loaded with copper acetate, copper nitrate,
and copper sulfate as precursors, and the electrochemical
performance of these materials was analyzed. At a current
density 2 A g !, the mass-specific capacitance of CuO,/CA,
CuO,-N/CA, and CuO,-S/CA reached 254 F g ', 239 F g, and
1001 F g™, respectively. Correspondingly, their energy densities
were 33.3 W h kg™', 35.3 W h kg™, and 139.0 W h kg™",
respectively. Asymmetric supercapacitors were assembled using
CuO,-S/CA as the positive electrode material, activated carbon
as the negative electrode material, and 3.0 M KOH as the elec-
trolyte. This device showed low resistance, with a mass-specific
capacitance of 125 F g " at a current density of 0.1 Ag ™", and an
energy density of 6.3 W h kg™ '. Among these copper oxide/
carbon composites, the CuO,-S/CA material demonstrated the
highest mass-specific capacitance and energy density. This
superior performance can be attributed to its largest specific
surface area and the introduction of sulfur atoms, which

6780 | RSC Adv, 2025, 15, 6774-6782

introduces more carbon defects in the material and creates
additional active sites for redox reactions, thereby enhancing
the mass-specific capacitance and energy density.
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