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Numerous scientists are in the pursuit of energy storage materials with high energy and high power
density by assembly of electrochemically active materials into conductive scaffolds, owing to the
emerging need for next-generation energy storage devices. In this architectures, the active materials
bonded to the conductive scaffold canprovide a robust and free-standing structure,which is crucial to the
fabrication of materials with high gravimetric capacity. Thus, hierarchical copper-cobalt-nickel ternary
oxide (CuCoNi-oxide) nanowire arrays grown from copper foam were successfully fabricated as free-
standing anode materials for lithium ion batteries (LIBs). CuCoNi-oxide nanowire arrays could provide
more active sites owing to the hyperbranched structure, leading to a better specific capacity of 1191
mAh/g, cycle performance of 73% retention in comparison to CuO nanowire structure, which exhibited a
specific capacity of 1029mAh/g and capacity retention of 43%, respectively.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Rechargeable lithium ion batteries (LIBs) with superior
electrochemical characteristics (e.g., high energy density, long
cycle life) have attracted considerable attention, due to their great
potential applications in electric vehicles and portable electronic
devices [1–4]. Compared to graphite anode used in traditional LIBs,
many transition metal oxides (TMO, e.g., Co, Ni, Fe, Cu) have been
widely studied as promising anode materials for next generation
LIBs [5–10]. Among them [11–15], for example, CuO and its
derivatives have demonstrated great advantages over many other
anodes, owing to their high theoretical capacities, low cost and
high safety [16,17]. Besides, polymer binder, poly(vinylidene
fluoride) (PVDF) played a crucial role in attaching electroactive
materials (e.g., CuO particles) to the current collectors [18,19].
However, it has been reported that PVDF suffered from poor
electrical conductivity in which it could hinder the electron
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transfer process during the electrochemical reactions. Further-
more, PVDF as an inactive binder will have detrimental effects on
the energy density of LIBs, which could further accelerate the
deterioration of cycling stability and irreversible capacity losses
[20,21]. Thus, developing binder-free electrodes has become a
promising trend for achieving high energy density LIBs [22,23]. In
particular, free-standing TMO-based electrode architectures could
be developed by growing nanoarrays on substrates and assembling
active materials into a hierarchical structure, such porous and
array-structured electrodes might leave extra space to accommo-
date the strain of volume variation during the repeated charging/
discharging processes and further accelerate the diffusion of
electrolyte into electrodes. This could help solve themorphological
collapse during the lithium ion intercalation and deintercalation
processes [24]. CuO and its derivatives have been studied for
serving as a binder-free electrode on Cu foil/foam collector or other
metal surface [25–27]. Many researchers have put forward various
explanations and hypotheses as aforementioned [28,29]. However,
experimental studies on the electrochemical performances of CuO
anodes in comparison to the flower-like CuCoNi oxide binary
structure have rarely been reported yet.
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.



[(Fig._1)TD$FIG]

Fig. 1. The SEM images of (a) Cu(OH)2 nanowires, (b) CuO nanowires, (c) CuCoNi
ternary flower like structure and (d) annealed CuCoNi-oxide flower-like structure.
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In this work, we investigated the electrochemical performances
ofCuOarrayonCufoamelectrode(CuO@CF)andflower-likeCuCoNi-
oxide nanowire array structure electrode (CuCoNi-oxide@CF). By a
facile and simple erosion process followed by hydrothermal
treatment, the CuO@CF and CuCoNi-oxide@CF could be successful
obtained after further sintering under air atmosphere (Scheme S1 in
Supporting information). The CuO@CF anode could manifest a high
capacity over 650mAh/g even at a high current density of 200mA/g.
This electrochemical performance was much lower than that of
CuCoNi-oxide@CF (900mAh/g at a current density of 200mA/g).
Furthermore, CuCoNiO-cell could exhibit better cycle stability and
higher capacity than pure CuO@CF. It is believed that the CuO
nanowire array structure and the CuCoNi-oxide binary structure
could not only leave extra space for volumetric expansion, but also
shorten the diffusion length of lithium ions, thus improving
electrochemical performance during cycling. Overall, CuCoNi-oxide
flower-like structure array@CFwas capable of providingmore space
for volumetric expansion than CuO@CFand its flower-like structure
could help release the pressure which might further enhance the
cycle stability.

The typical morphology of CuO@CF and CuCoNi-oxide@CF
electrodes were characterized by a field-emission scanning
electron microscope (FESEM). A high coverage of Cu(OH)2 with
pillar structure could be observed on the blue film grown from the
copper foam, by immersing in an alkaline solution (Fig. 1a).
Furthermore, it is found that CuO nanowire arrays derived from
Cu(OH)2 pillars could be obtained by annealing at 200 �C for 2 h in
air. The black film on the copper foam was indicative of the
formation of CuO derived from thermal decomposition of Cu(OH)2
precursor. The length and diameter of the as-prepared CuO
nanowires were estimated to be �6mm and �200 nm (Fig. 1b),
respectively. Furthermore, a high ratio of flower-like structure
could be observed (Fig. 1c) after a simple hydrothermal process.
After annealing process, a more compact flower-like structure
CuCoNi-oxide could be obtained (Fig. 1d). The length and diameter
of the as-prepared CuCoNi-oxidse with flower-like structure array
were�6mmand�500 nm, respectively. It is obvious that when Co
and Ni elements were uniformly deposited onto CuO nanowires,
the nanowires turned into more hyperbranched structure in
comparison with pure CuO nanowires. This hyperbranched
structure could provide more space for volumetric expansion,
thus enhancing electrochemical stability of electrodes for LIBs.
Apart from the peaks of Cu foam in the X-ray diffraction (XRD) of
CuO nanowires, the diffractionpeaks at 35.5�, 37.3�, 38.8� and 42.3�

could be identified as CuO and Cu2O (Fig. S1a in Supporting
information, red curve), respectively, which was ascribed to the
CuO JCPDS No. 44-0706 and Cu2O JCPDS No. 34-1354. The
diffraction peaks were obviously different from that of Cu(OH)2
nanowires, which was attributed to the formation of Cu(OH)2
JCPDS No. 35-0505 (Fig. S1a, black curve) [30]. Besides, the
diffraction peaks located at 36.5�, 42.3� and 61.4� could be
identified as the oxides of Co and Ni complex (Fig. S1b in
Supporting information), derived from CuCoNi-oxide nanowire,
which was ascribed to CoNiO2 JCPDS No. 10-0188. The above XRD
analyses confirmed the formation of CuO nanowire and CuCoNi-
oxide nanowire. It should be mentioned that Cu signals could be
detected, owing to no impurities on Cu foam.

The typical TEM image of the CuO nanowire was shown in
Fig. 2a. The length of the nanowire was estimated to be about
3mm, in accordance with SEM results. The high-resolution
transmission electron microscope (HRTEM) images also revealed
the formation of CuO and Cu2O. In Fig. 2b, the lattice spacings of
0.291 and 0.254 nm were attributed to crystal plane (111) of Cu2O
and crystal plane (002) of CuO, respectively [31]. Furthermore, the
elemental mapping analysis (Fig. 2c) suggested that Cu and O
elements were uniformly distributed in the nanowire structure.
The TEM images of CuCoNi-oxide nanowire with a shell structure
could be observed in Fig. 3a. The length of the nanowire was about
800 nm and the thickness of the shell was about 40 nm. The
HRTEM images further verified the co-existence of CoCuOx and
CoNiOx. The lattice spacings of 0.265 and 0.184 nmwere associated
with crystal plane (012) of CoCu2O3 and the crystal plane (220) of
CoNiO2, respectively (Fig. S2 in Supporting information) [32].
Moreover, the elemental mapping analysis further confirmed the
nanopillars was consisted with Cu and O elements, and the shell
was consisted of Co, Ni and O elements. This indicated that Cu, Co,
Ni and O in CuCoNi-oxide nanowires covered by shell were
homogeneously distributed (Fig. 3b).

The chemical composition and oxidation states of the samples
(CuO and CuCoNi-oxide) were investigated by X-ray photoelectron
spectroscopy (XPS). Note that the binding energies mentioned in
this work was based on the reference peak of C 1s at 284.6 eV. Seen
from the XPS survey scan in Fig. 3c, the presence of Cu, O and C
elements was confirmed in both samples. In addition, the CuCoNi-
oxide sample also suggested the co-existence of Co and Ni
elements, indicating that Co and Ni were successfully doped into
CuCoNi-oxide. It could be observed from Co 2p and Ni 2p high-
resolution scan (Figs. 3d and e) that no signal was shown in the
sample of CuO [33]. The difference in value between the peaks of
Co 2p1/2 and Co 2p2/3 was 16.0 eV, indicating the existence of
bivalent Co species in CuCoNi-oxide. For the Ni 2p XPS spectrum
(Fig. 3e) of CuCoNi-oxide, four peaks located at 855, 861, 873 and
879 eV were presented, which could be assigned to Ni 2p3/2, Ni
2p3/2 satellite, Ni 2p1/2 and Ni 2p1/2 satellite signals of Ni2+,
respectively. It indicated that before the ion exchange of Co2+, the
bivalent Ni species was already doped into Cu(OH)2 during the
hydrothermal process. Thus, on the basis of elemental mapping,
XPS, XRD, SEM and TEM results, the CuCoNi-oxide nanowire was
formed by doping Co2+ and Ni2+ dual-doped Cu(OH)2 array grown
on CF. The well-defined array and flower-like morphology,
electrically conductive copper foam and the multi-transition
metal species, could guarantee CuO/CuCoNi-oxide nanowire a
promising anode material for LIBs.

CuO nanowire structure grown from Cu substrate has been
investigated as anode materials for LIBs, presenting high capacity
and cyclability. Furthermore, some hierarchical architectures
derived from nanostructured CuO film have been proposed and
demonstrated to have excellent electrochemical performance [34].
In this study, the electrochemical behaviors of CuO and CuCoNi-
oxide@CF electrodes were compared by cyclic voltammetry and
galvanostatic discharge-charge measurements. The initial three
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Fig. 2. (a) TEM characterization of CuO nanowire; (b) HR-TEM image of CuO
nanowire, and (c) elemental mapping images of the CuO nanowire.
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discharge-charge curves of CuO and CuCoNi-oxide@CF were tested
at a current density of 100mA/g, as illustrated in Fig. 4. Two
obvious potential plateaus located at about 1.4 V and 0.6 V could be
observed from both CuO and CuCoNi-oxide@CF, corresponding to
multistep of electrochemical reaction process. And the CV curves
(Fig. S3 in Supporting informatoin) of CuO and CuCoNi-oxide
nanowire LIBs also verified the two-peak electrochemical phe-
nomenon of oxides. Furthermore, the initial discharge capacities of
the CuO and CuCoNi-oxide nanowire electrodes were 1029 and
1191mAh/g, respectively (Figs. 4a and b). The charge capacities of
CuO and CuCoNi-oxide nanowire is about 685 and 1075mAh/g,
respectively. It should be mentioned that the first cycle Coulombic
efficiencies of CuO and CuCoNi-oxide nanowire electrodes were
[(Fig._3)TD$FIG]

Fig. 3. (a) TEM characterization of CuCoNi-oxide nanowire and (b) elemental mapping im
resolution scan, and (e) Ni 2p narrow scan of CuCoNi-oxide nanowire.
determined to be 66.3% and 90.0%, respectively. The first cycle
Coulombic efficiencywas quite crucial for the design of full cell LIB.
In order to avoid the irreversible lithium ions in the first cycle, it
was recommended to conduct prelithiation treatment of anode
materials using stabilized lithium metal powder for future
practical applications [35,36]. Also, the specific capacity values
achieved in this work were higher than the theoretical capacity
of 674mAh/g, based on a maximum uptake of 2mol of Li per mole
of CuO. This phenomenon was common for metal oxide-based
anodematerials for electrochemical lithium storage [35]. Themain
cause for the large extra discharge capacity was due to the
reversible formation of a solid electrolyte interface (SEI) film and
polymeric gel-like film on the surface of the electrode materials,
which was probably caused by electrochemical decomposition of
electrolyte in the low potential region [37,38].

Rate performance of CuO nanowire and CuCoNi-oxide nanowire
electrodes were also investigated at various current density
(Figs. 4c and d). Both specific capacity of CuO and CuCoNi-oxide
electrodes showed good electrochemical stability at various
current density. The CO electrodes endowed with hierarchical
arrays exhibited good rate performance and high specific capaci-
ties even at high current density. The average specific capacity of
CuO decreased from 685mAh/g to 100mAh/g, when the current
density was increased from 100mA/g to 2000mA/g. When the
current density was further decreased from 500mA/g to 100mA/g
(Fig. 4c), the reversible capacity was again increased from
400mAh/g to 550mAh/g, suggesting that CuO electrode showed
high specific capacity. Furthermore, the average specific capacity of
CuCoNi-oxide declined from 1075mAh/g to 145mAh/g, when the
current density was increased from 100mA/g to 2000mA/g.When
the current density was declined from 500mA/g to 100mA/g
(Fig. 4d), the reversible capacity again increased from 350mAh/g
to 760mAh/g, implying that CuCoNi-oxide@CF electrode also
exhibited better rate capacity. Such excellent rate performance
might be attributed to the well-aligned arrays directly formed on
the copper foam [39]. Further treatment turned the CuO array
structure into a more hierarchical 3D, flower-like structure of
CuCoNi-oxide. In addition, the CuCoNi-oxide anode also exhibited
excellent performance in LIBs. Cycling performance of the CuO and
CuCoNi-oxide array electrodes at a current density of 100mA/g
ages of the CuCoNi-oxide nanowire; XPS sepctra of (c) survey scan, (d) Co 2p high-
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Fig. 4. Galvanostatic discharge-charge curve of (a) CuO nanowire and (b) CuCoNi-
oxide. Rate performances of (c) CuO nanowire, and (d) CuCoNi-oxide nanowire. (e)
Comparison of cycling performance comparison at a current density of 100mA/g. (f)
EIS results of CuO nanowire and CuCoNi-oxide nanowire electrodes before and after
10th cycles between CuO array electrode (black and blue hollow symbols) and
CuCoNi-oxide array electrode (red and purple hollow symbols) at a current density
of 100mA/g, electric circuit model and some of frequencies (solid symbols).
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were presented in Fig. 4e. It could be observed that CuCoNi-oxide
array electrode exhibited slow capacity fading and high capacity
retention. Specifically, a capacity retention up to 73% at 100mAh/g
with a fading about 27% after 100 cycles was achieved with
CuCoNi-oxide anode. Instead, the CuO array electrode (capacity
retention up to 43% with a fading about 57%) after 100 cycles. Most
of the copper-cobalt-nickel oxide nanowire arrays remained their
flower-like structure and were closer to the substrate after long-
term cycling (Fig. S4 in Supporting information). These results
suggested that CuCoNi-oxide array electrodes exhibited excellent
cycling stability and rate performance. In this work, the CuO and
CuCoNi-oxide anodes not only facilitated the possibility of efficient
transport of lithium ions, but also enhanced the diffusion of
electrolyte into the inner region of the electrode and provide
sufficient space to sustain the volume changes associated with
lithium insertion and extraction, which could accelerate the
electrochemical reaction kinetics and decrease polarization of
the electrode during the discharge-charge cycle [40]. Furthermore,
the electrochemical impedance spectra (EIS) of Li anode with
CuCoNi-oxide and CuO after 10th cycles at 100mA/gwas compared
with the pristine sample, as shown in Fig. 4f. Besides, the
equivalent circuit model composed of an ohmic resistance (Rs),
lithium ion charge transfer at interface (Rct and CPE) and Warburg
impedance for solid state diffusion of lithium ions was proposed. A
constant phase element (CPE) was used in the model instead of a
pure capacitance, owing to the inhomogeneous surface. The results
(TableS1 inSupporting information)suggestedthatcharge-transfer
resistance (Rct) at the Li- CuCoNi-oxide/CuO interface after 10th

cycles (5.3 and 15.5V, respectively) weremuch smaller than those
of the pristine samples (7.5 and 24.7V, respectively). Thismight be
ascribed to the reaction of Cu2+/Co2+/Ni2+with Li+, forming Li2O and
Cu/Co/Ni and even further enhanced the formation and decompo-
sition of SEI film [41], thus improving the surface affinity toward
Li [42,43]. Obviously, copper-cobalt-nickel oxide nanowire array
anodes showed some advantages over other anodes, such as Si, Sn
and graphite owing to the stable hierarchical structure and high
specific capacity. Specifically, most of Si-based and Sn-based anode
materials were fabricated in the form of powders and could suffer
from relatively poor electron transport network [44–46]. Thus,
copper-cobalt-nickel oxide nanowire arrays fully displayed dis-
charge capacity, excellent cycling stability and enhanced rate
performance could be obtainedwhenCuOarraywas endowedwith
more hyperbranched CuCoNi-oxide structure.

In summary, a facile and efficient method was successfully
explored for the fabrication of hierarchical CuO and CuCoNi-oxide
nanowire arrays on Cu foam as free-standing anode materials for
LIBs. The CuO/CuCoNi-oxide nanowire structure on Cu foam
substrate was advantageous for realizing uniform and stable Li
deposition and lowering the local current density. The fabrication
process was simple and efficient. It not only showed good lithium
affinity but also ensured fast electron transfer during the
deposition process. By constructing hyperbranched nanowire
structure, CuCoNi-oxide anodes exhibited better power density,
cycle performance and cycling stability, compared to CuO with
nanowire structure. This might be attributed to the unique
hyperbranched structure of CuCoNi-oxide. which could accommo-
date more volumetric expansion space and provide more active
sites, such as oxides of Co andNi. Overall, thiswork demonstrated a
facile and efficientmethod to fabricate a free-standing anodeswith
superior electrochemical performance for LIBs, which might be
applicable to the fabrication of othermetal oxide-based electrodes.
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