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Abstract: The lithium storage performance of binary transition metal oxide/graphene composites
as anode materials has been attracting more interest from researchers, based on the fact that binary
transition metal oxides and graphene are expected to create a synergistic effect and exhibit improved
lithium storage characteristics. In this work, a NiO-CuO/reduced graphene oxide composite (NiO-
CuO/RGO) was prepared by an ultrasonic agitation process. When the NiO-CuO/RGO is applied to
the anode material for lithium-ion batteries (LIBs), the batteries display high discharge capacities (at
730 mA h/g after 100 cycles at 100 mA /g), high-rate performance (311 mA h/g with 5000 mA/g),
and excellent stable cyclability (375 mA h/g within 2000 mA /g after 400 cycles). Such results indicate
that the combination of NiO-CuO and RGO leads to enhanced lithium storage performance, for the
RGO sheets inhibit the large volume change of binary NiO-CuO and enhance the fast transport of
both lithium ions and electrons during the repeated lithium cycling processes.

Keywords: NiO-CuO/RGO; lithium storage property; synergistic effect

1. Introduction

As power sources, lithium-ion batteries (LIBs) have been extensively used in portable
electronics, electric vehicles, and storage systems for renewable energy [1,2]. However, the
increasing development of high-performance electric vehicles requires next-generation LIBs
with high energy density and long-term cycling performance characteristics [3-5]. How-
ever, the commercial graphite anode has been hindered in the above-mentioned application
requirements owing to its relatively low theoretical specific capacity (372 mA h/g). There-
fore, it is necessary to explore novel anode materials to meet the application requirements
for next-generation LIB development.

In view of the high theoretical capacity of NiO, and the synergetic effect of NiO and
other oxide components, binary nickel-based oxides (NiO/ZnO [6,7], NiO/Fe,Os3 [8,9],
NiO/Co304 [10], NiO/MnO, [11], and NiO/CuO [12]) have inspired great interest from
researchers as anode candidates for LIBs. Meanwhile, the ionic/electronic transport at the
solid-solid heterojunction lead to a mild stepwise lithiation and de-lithiation process during
the charge/discharge processes for the synergistic effects of NiO and other oxides [13,14],
and the expression can be beneficial to enhance the lithium storage property of a cell.
Nonetheless, like pure NiO, the application of binary nickel-based oxides for LIBs are
hindered by their poor electronic conductivity and large volume change in the repeated
lithium cycling processes due to the conversion reaction, which results in a short service
life and fast lithium storage capacity decay. To overcome such shortcomings, one effective
approach is to decorate binary nickel-based oxides with conductive carbon materials.
As a typical two-dimensional carbon material, graphene has mechanical and electrical

Processes 2024, 12, 1422. https:/ /doi.org/10.3390/pr12071422

https://www.mdpi.com/journal /processes


https://doi.org/10.3390/pr12071422
https://doi.org/10.3390/pr12071422
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://doi.org/10.3390/pr12071422
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr12071422?type=check_update&version=1

Processes 2024, 12, 1422

2 0f 10

performances, and it can improve the ionic/electronic transport capacity of binary nickel-
based oxides with its flexible layered structure, strong mechanical properties [15-17], and
high-conductivity properties. In addition, graphene is able to suppress the volume changes
of binary nickel-based oxides during repeated lithium cycling processes [18-20]. To our
knowledge, there have been only a few reports of the use of a NiO-CuO/graphene anode
material for LIBs in the existing literature [21]. Therefore, we combine NiO-CuO with
reduced graphene oxide sheets to develop a high-performance anode material for LIBs.

In this study, a NiO-CuO and reduced graphene oxide (NiO-CuO/RGO) composite
was designed and produced by annealing a nickel hydroxide—copper hydroxide compos-
ite with GO sheets (Ni (OH),-Cu (OH),/GO), which was synthesized via an ultrasonic
agitation method. It is confirmed that NiO-CuO/RGO applied as an anode material for
LIBs can exhibit excellent lithium storage performance, and has a reversible capacity of
730 mA h/g at 100 mA /g after 100 cycles, and a favorable rate capability of 438 mA h/g
and 311 mA h/g at 2000 and 5000 mA /g, respectively. Additionally, a high reversible
capacity of 375 mA h/g was obtained at 2000 mA /g after 400 cycles, which could be bene-
fited by the RGO sheets restraining the volume change of NiO-CuO and facilitating the fast
transport of Li* and electrons during the discharge/charge processes.

2. Materials and Methods
2.1. Materials Synthesis

Graphene oxide (GO) was prepared according to a modified Hummers method with
some adjustments [22,23]. The NiO-CuO/RGO composite was fabricated using an ul-
trasonic stirring method after calcination treatment. A solution of 120 mg GO powder,
60 mL deionized water, and 120 g polyvinylpyrrolidone (PVP) underwent ultrasonica-
tion for 45 min with mechanical stirring. Then, 5mmol Ni (NOj3);-6H>0O and 5 mmol Cu
(NO3)2-6H0 were dissolved in the dispersed GO solution with magnetic stirring. Subse-
quently, 12 mL 25% aqueous ammonia was dropwise added into the above solution with
vigorous stirring and ultrasonic treatment for 5 h. The Ni (OH),-Cu (OH), /GO precursor
was obtained, and then the precursor was washed several times with distilled water. Finally,
the NiO-CuO/RGO composite was obtained after the calcination of the dried Ni (OH),-Cu
(OH), /GO precursor at 350 °C for 4 h with a nitrogen atmosphere and a ramping rate of
5 °C/min. For comparison, the NiO-CuO was prepared using the same method without
the GO.

2.2. Characterization

The crystal data of the as-prepared samples were characterized by X-ray diffraction
(XRD, Rigaku D-MAX 2200 VPC) with Cu Ka radiation. Thermogravimetric analysis (TG)
of the NiO-CuO and NiO-CuO/RGO was conducted using a thermal analysis apparatus
(TG, 209 F3 Tarsus), and Nj adsorption/desorption isotherms were obtained using a
Micromeritics ASAP 2460 at a temperature of 77 K. The morphologies of the samples were
measured using a transmission electron microscope (TEM, JEOL-2010 HR) and a scanning
electron microscope (SEM, FEI-Q400F) with an energy dispersive spectrometer (EDS). An
X-ray photo-eletron spectroscopy (XPS) measurement was conducted using an ESCALAB
250 spectrometer with an Al Ka X-ray source.

2.3. Electrochemical Measurements

The electrochemical performances of the as-prepared samples were measured using
coin-type half cells (CR-2032-type). The working electrodes were prepared by mixing
75 wt% active material, 15 wt% conductive additive of carbon black (Super P), and 10 wt%
polyvinylidene fluoride (PVDF). And an appropriate amount of N-methyl-2-pyrrolidone
solvent was used as the PVDF binder. The homogeneous paste was spread onto a copper
foil and dried at 120 °C for 12 h in vacuum oven. The cells were assembled in an argon-
filled glove box using the as-prepared working electrodes, lithium foil as the counter
electrode, Celgard 2400 polypropylene micro-porous film as the separator, and 1 M LiPFg
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in a mixture of ethylene carbonate (EC) and dimethyl carbonate (DME) 1:1 (vol/vol) as the
electrolyte. Galvanostatic charge/discharge tests were performed on a LAND battery test
system (LAND, CT2001A) in the range of 0.01-3.0 V (vs. Li/Li"). Cyclic voltammetry (CV)
was evaluated on an electrochemical workstation (Chenhua, CHI660E) with a scan rate
of 0.1 mV/s between 0.01 and 3 V (vs. Li/Li*). The electrochemical impedance spectrum
(EIS, 1 MHz to 0.1 Hz) measurements were verified using an electrochemical workstation
(Chenhua, CHI660E).

3. Results

The Ni (OH),;-Cu (OH), /GO precursor was prepared using cupric nitrate, nickel
nitrate, and a GO solution via an ultrasonic agitation method. The SEM images show
the precursor with a flake-like structure (Figure S1), and the XRD result indicates that
a diffraction peak of 26 ~ 10° on the curve is well-assigned to GO [23]. In addition,
the weak diffraction peaks of Cu (OH), [24] and Ni (OH), [25] are also observed on the
curve of the composite (Figure S2). Figure 1a shows the XRD patterns of the NiO-CuO
and NiO-CuO/RGO samples. The NiO-CuO exhibited all of the characteristic peaks of
NiO (26 ~37.1°, 43.2°, 62.7°, 75°, and 78.6°, JCPDS card No. 65-2901) [26,27], and sharp
characteristic peaks of CuO (26 ~ 32.4°, 35.5°, 38.7°, 38.9°, 48.6°, 53.4°, 58.3°, 61.4°, 65.7°,
66.1°, and 68°, JCPDS card No. 80-1917) [28,29]. The standard peaks of pure NiO and CuO,
and a weak diffraction peak at 26° which can be ascribed to the RGO sheets, were observed
on an XRD curve of the NiO-CuO/RGO composite sample. The NiO-CuO specimen with
smaller flake-like structures, as shown in the SEM image (Figure 1b), and some small
particles were also observed in the amplified image (Figure 1c). Figure 1d shows that
the NiO-CuO/RGO composite with flake-like morphology around a length of 1~3 pm,
and many NiO-CuO flakes, were anchored on the surface of the RGO sheets (Figure 1e).
Thermogravimetric analysis (TGA) curves of NiO-CuO and the NiO-CuO/RGO composite
in air between room temperature and 850 °C are provided in Figure 1f. The mass loss of
approximately 7.62% of NiO-CuO can be attributed to the removal of adsorbent substances
and adsorbed water before 200 °C, and the mass loss of 4.96% from 200 to 850 °C is due to
the decomposition of NiO. The mass loss of around 6.73% of the NiO-CuO/RGO composite
can be attributed to the removal of adsorbent substances and adsorbed water due to the
existence of the RGO sheets under 200 °C, and the total mass loss of the sample was around
33.56% between 200 and 850 °C, which can be ascribed to the decomposition of the NiO
and RGO sheets [20]. Additionally, compared with the TGA result of the NiO-CuO, we
could calculate that the RGO content in the NiO-CuO/RGO was around 28.6%.

The energy dispersive spectrometer (EDS) spectrum of the NiO-CuO/RGO composite
is shown in Figure 2a. There are certain amounts of C, O, Ni, and Cu elements in the
sample, and all the elements are uniformly distributed in the as-prepared sample (bottom
of Figure 2a); the result shows that the NiO-CuO/RGO composite has a uniform structure.
That the NiO-CuO is well-anchored on the surface of the RGO sheets can be further
confirmed by the TEM image (Figure 2b), and the amplified image reveals the NiO-CuO has
a flake-like shape with a length of 20~100 nm (Figure 2c). The high-resolution transmission
electron microscopy (HRTEM) image displays NiO and CuO on the RGO sheets, and the
lattice fringe interplanar distance of NiO is 0.21 nm (200). Additionally, 0.25 nm (002) of
CuO [30] was also detected, as shown in Figure 2d. The selected area electron diffraction
(SAED) pattern (top left-hand corner of Figure 2d) shows well-resolved diffraction rings,
which can be indexed to the (002) and (111) planes of CuO [31], and the (200) and (220)
planes of NiO [32], again indicating the existence of CuO and NiO on the RGO sheets.
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Figure 1. XRD patterns of NiO-CuO and NiO-CuO/RGO (a), low and magnified SEM images of
NiO-CuO (b,c) and NiO-CuO/RGO (d,e), and TGA curves of pure NiO-CuO and NiO-CuO/RGO

composite (f).
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Figure 2. (a) EDS and the corresponding elemental mapping images, the low (b,c) and high (d) mag-
nified TEM images of the NiO-CuO/RGO composite.

The chemical ingredients and oxidation states of NiO-CuO/RGO are confirmed by
X-ray photoelectron spectroscopy (XPS) analysis. The full XPS spectra of C 1s, O 1s, Ni 2p,
and Cu 2p can be clearly observed in Figure 3a, indicating the presence of C, O, Ni, and Cu
elements in the specimen. For the high-resolution XPS spectra of C1s, three peaks located at
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284.8,285.7, and 288.6 eV are assigned to C-C, C-O, and O=C-O, respectively [33]. The Ols
spectrum can be divided into three peaks at 530, 531.5, and 532.7 eV, which are ascribed
to the lattice oxygen, O=C, and O-C, respectively [27]. As for the high-resolution Ni 2p
spectrum, two major peaks occurred at 855.6 eV and 873.3 eV and were assigned to the
Ni 2p3/2 and Ni 2p1/2 peaks, respectively. The satellite peaks of Ni** were 861.2 eV and
879.5 eV [34,35]. Finally, in the Cu 2p XPS spectra, two peaks derived from Cu 2p3/2 and
Cu 2p1/2 peaks were found at 934.5 eV and 954.5 eV, respectively, implying the presence
of CuO in the composite. The N, adsorption/desorption isotherm is used to study the
porosity of the NiO-CuO/RGO composite. The Brunauer-Emmett-Teller (BET) surface
area of NiO-CuO/RGO is 79.6 m? /g, and the pore size distribution with two areas is at
0~20 and 20~140 nm in the sample. Additionally, it is noted that the BET surface area value
of the NiO-CuO sample is only 5.3 m?/g, maybe due to the absence of RGO sheets.
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Figure 3. XPS spectra of the NiO-CuO/RGO composite: (a) survey, (b) C 1s, (c) Ols, (d) Ni2p, (e) Cu
2p, and (f) N, adsorption/desorption isotherms and the corresponding pore size distribution.

To investigate the electrochemical performances of the as-prepared samples as anode
materials, lithium-ion half cells of all samples were assembled in a glove box with ultra-
low water oxygen content. Figure 4a shows that the initial five cyclic voltammetry (CV)
curves of the NiO-CuO/RGO sample range from 0.01 V to 3 V vs. Li/Li* at a scan rate of
0.1 mV/s. An obvious peak exists at 1.52 V, as does a peak at 1.15 V in the first cathodic
scan, which may be ascribed to the formation of the Cu,O phase, because Cu is involved
in the electrochemical reaction [36]. Another peak located at 0.54 V is attributed to the
reduction of Ni?* to Ni’ and the formation of the solid electrolyte interface (SEI) layer [37].
In the reversible process, the anodic peaks at 2.19 V and 2.46 V can be ascribed to the
oxidation reactions of metallic Ni [38] and Cu,O [39,40]. Additionally, there is a peak at
1.28 V, indicating that it may relate to Li-ion deintercalation from graphitic layers [41,42].
In the subsequent cycles, the anodic peak conversion of NiO into Ni shifts to 0.89 V, and
the other peaks exhibit a high degree of coincidence in the curves, which indicates that the
battery has excellent cyclability and stability. Certainly, we also noticed that the location of
the CV oxidation/reduction peaks of the NiO-CuO/RGO sample was slightly displaced
in comparison with that of pure CuO and NiO samples, which might be caused by the
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coordination between the two substances [43,44]. The charge and discharge processes of
the NiO-CuO/RGO electrode can be attributed to the following reactions [12,21,45]:
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Figure 4. (a) CV curves of NiO-CuO/RGO, (b) galvanostatic charge-discharge profiles of NiO-
CuO/RGO at 100 mA /g, cycling performances of NiO-CuO and NiO-CuO/RGO at 100 mA /g (c),
500 mA /g (d), and 2000 mA /g (e), respectively, and (f) rate performance of NiO-CuO and NiO-
CuO/RGO.

The repeated discharge—charge voltage curves of the electrode range from 0.01 to
3 V at a current density of 100 mA/g, as shown in Figure 4b. The first discharge cycle
voltage platform at 1.57 V and 0.56 V was well consistent with the first-cycle CV result.
Additionally, the first discharge and charge capacities of the NiO-CuO/RGO electrode are
1049 mA h/g and 663 mA h/g, respectively, and the initial coulombic efficiency (CE) is
around 63%. We considered that the initial capacity loss was due to the formation of the
solid electrolyte interphase (SEI) layer and some undetermined irreversible reactions [21].
Fortunately, the CE of the NiO-CuO/RGO electrode rapidly enhanced after 10 cycles, and
the CE even reached up to 96.2% after 20 cycles. The cycle performances for the NiO-
CuO and NiO-CuO/RGO electrodes at 100 mA /g are provided in Figure 4c. The simple
NiO-CuO electrode displays a rapid capacity loss, and only 215 mA h/g can be retained
after 100 cycles. Such poor cycle stability behavior is well consistent with the result of
early reported NiO-based composites due to the pulverization caused by the large volume
change. Moreover, the reversible capacity of the NiO-CuO specimen is higher than that of
the pure NiO sample in our previous report, which may be attributed to an asynchronous
lithium reaction resulting from the weak volume variation for the binary NiO-CuO oxides
with different redox potentials [20]. We notice that the capacity of the NiO-CuO/RGO
electrode shows a stable cyclability, and it also maintains a high reversible capacity above
730 mA h/g after 100 cycles, which is significantly higher than that of NiO-CuO specimen.
Additionally, the cycle stability is better than the NiO-CuO nanocomposites [12], the CuO-
doped NiO/carbon nanotube nanocomposite [21], and the 3D graphene-encapsulated
ZnO-NiO-CuO [27]. Moreover, the NiO-CuO /RGO electrode shows a result of 542 mA h/g
at 500 mA /g after 200 cycles and a high coulombic efficiency (CE) of 99%. To further verify
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the cycle stability of the NiO-CuO/RGO electrode, we tested the battery at 2000 mA /g
for 500 cycles, and the reversible capacity could be maintained at 375 mA h/g. This value
is slightly higher than the theoretical capacity of a commercial graphite anode. Figure 4e
shows the rate capabilities of NiO-CuO and NiO-CuO/RGO at a current range from 100
to 5000 mA /g. The reversible capacity of the NiO-CuO/RGO electrode at the sixth cycle
is 691, 670, 614, 521, 472, and 311 mA h/g when the current density is at 100, 200, 500,
1000, 2000, and 5000 mA /g, respectively. Remarkably, a high capacity of 875 mA h/g
could be recovered when the current density returned to 100 mA /g, and the electrode
displayed that the high reversible capacity had largely increased from the first ten cycles at
100 mA /g, which might mean the electrode had more active lithium storage sites after the
action of a high current (at 5000 mA /g) [44]. By contrast, the NiO-CuO capacity quickly
faded upon cycling with the increasing current densities. We noticed that when the current
density was 5000 mA /g, the capacity of the NiO-CuO/RGO electrode was 311 mA h/g,
which is much higher than the capacity of the NiO-CuO sample (4 mA h/g). The excellent
electrochemical performance of the NiO-CuO/RGO electrode can be ascribed to the unique
flake-like architecture of NiO-CuO /RGO, which better riveted the NiO-CuO flake onto
the surface of the RGO sheets, and restrained the NiO-CuO flakes from peeling off from
the RGO sheets during the charge/discharge process caused by volume change [27,46].
Furthermore, the RGO sheets can form a conductive network to improve the electrical
conductivity of the electrode, and facilitate both the Li* diffusion rate and electron transport.
The RGO sheets can further alleviate the stress of NiO-CuO flakes that is created during
repeated lithiation/de-lithiation processes, while maintaining the structural integrity [47].
Meanwhile, the ammonia and the graphene might to form a stable chemical bond after the
long-time ultrasonic treatment process, which can be effectively fixed NiO-CuO particles to
the surface of rGO sheets with physical adsorption and chemical bond for the transport
of ions and electrons in the electrode during charge and discharge processes. Compared
with other NiO-based samples [18,19,48], the NiO-CuO/RGO electrode also displayed
competitive lithium storage performances.

The EIS result provided additional evidence to support the outstanding electrochemi-
cal performance of the NiO-CuO/RGO composite. As shown in Figure 5a, the semicircle
of the NiO-CuO/RGO electrode is obviously smaller than that of the NiO-CuO electrode
at different frequencies. The modeled equivalent circuit of the electrode can be seen in
Figure 5a. The charge transfer resistance (Rct = 52 ) of the NiO-CuO/RGO is 355 (),
which is lower than that of the simple NiO-CuO electrode. It can be determined that the
lower resistance of the NiO-CuO /RGO electrode can benefit from the RGO sheets, which
can construct a crosslinked conductive network and capture the NiO-CuO nanosheets on
the surface to improve the electronic conductivity of the electrode [20]. Therefore, excellent
cycling stability and rate capability of the electrode can be obtained in different current
densities. It can be observed that the NiO-CuO/RGO sheets and carbon black particles
are uniformly distributed in the initial electrode in Figure 5b (as shown the red arrow
area). Nevertheless, it is evident from the yellow arrow area in Figure 5c,d that the NiO-
CuO/RGO swelled notably after 400 charge-discharge cycles at 2000 mA /g, indicating
that the volume expansion of the NiO-CuO /RGO sheets occurred during the repeated
lithium insertion/extraction processes after 400 cycles, which is caused by the fading of the
lithium storage capacity of the electrode(as shown the red arrow area). Finally, the Nyquist
plots of NiO-CuO/RGO electrodes before and after the cycles show that the charge transfer
resistance of the 400th electrode is bigger than that of the initial electrode (Figure S3), which
also supports the above-mentioned conclusions.
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Figure 5. (a) the Nyquist plots for EIS of the NiO-CuO and NiO-CuO/RGO, SEM images of NiO-
CuO/RGO electrode (b) before and (c,d) after 400 charge/discharge cycles at 2000 mA/g.

4. Conclusions

In summary, a flake-like NiO-CuO/RGO composite was fabricated via an ultrasonic
agitation method after calcination treatment. When the sample was used as an anode
for LIBs, a high reversible capacity of 730 mA h/g after 100 cycles at 100 mA /g was
obtained, and a high reversible capacity at 375 mA h/g of the electrode can be maintained
at 2000 mA /g after 400 cycles. The electrode also displayed a fascinating rate capability
that was much higher than the pure NiO-CuO electrode. The excellent lithium storage
performance of the NiO-CuO/RGO composite can be ascribed to the unique flake-like
structure of the sample and the strong anchoring of NiO-CuO on the surface of the RGO
sheets. And the RGO sheets can also suppress the volume change of the NiO-CuO and
facilitate the fast transport of Li* and electrons of the NiO-CuO/RGO electrode during the
repeated charge/discharge processes.
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mdpi.com/article/10.3390/pr12071422 /s1, Figure S1: Low (a) and high (b) magnification SEM images
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