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A B S T R A C T

Recently, constructing hybrid composite systems has emerged as a pivotal approach to optimizing the electro
chemical performance of transition-metal-oxide-based anodes in lithium-ion batteries (LIBs). Common strategies 
involve compositing transition metal oxides with metal oxides, carbon materials (particularly carbon nanofibers, 
CNFs), or metals. However, no definitive consensus has been reached regarding the superiority of any single 
strategy. To evaluate the effectiveness of various strategies, we employ zinc oxide (ZnO) as primary material and 
elementary nickel (Ni) or oxide as supplementary components to fabricate three distinct ZnO-based composite 
anodes via electrospinning: (i) NiO/ZnO nanofibers, (ii) NiO/ZnO@CNFs and (iii) Ni/ZnO@CNFs. A compre
hensive examination has been conducted to investigate the microstructure and electrochemical properties of 
these hybrid composite anode materials. It demonstrates that the Ni/ZnO@CNFs electrode exhibits the best 
cycling and rate performance. Notably, at a current density of 1.0 A g− 1, Ni/ZnO@CNFs electrode maintains a 
discharge specific capacity of 536.1 mAh g− 1 after 300 cycles, with a capacity retention of 84.3 %. This is 
attributed to the synergistic interaction among three different components: ZnO provides a high capacity (978 
mAh g− 1); Ni and CNFs improve the electrical conductivity of the anode material, and CNFs alleviate volume 
expansion during cycling. This study offers new perspectives for designing high performance transition-metal- 
oxide-based anodes in LIBs.

1. Introduction

As an anode material for lithium-ion batteries (LIBs), transition 
metal oxides (TMOs) exhibit an excellent theoretical specific capacity 
due to their unique lithium storage mechanism based on conversion 
reactions [1–3]. However, during the charging and discharging pro
cesses, TMOs-based anode materials are inevitably restricted by large 
volume change and poor electrical conductivity, which consequently 
leads to relatively poor cycling stability and rate performance [4,5]. 
Thus, exploring reliable strategies to optimize their electrochemical 
performance remains a big challenge.

Recently, establishing two- or three-component hybrid composite 

systems has become an important way to improve the electrochemical 
performance of TMOs-based anodes in LIBs [6,7]. Typical strategies 
involve compositing TMOs with one or two following materials: (i) 
metal oxides, (ii) carbon materials (particularly carbon nanofibers, 
CNFs), (iii) metallic materials. Among the TMOs, ZnO exhibits higher 
theoretical specific capacity (978 mAh g− 1) due to its unique lithium 
storage mechanism, i.e. conversion-alloying reactions, which has been 
widely applied in TMOs-based anodes [8–10]. For instance, Guo et al. 
[11] prepared NiO/ZnO core-shell nanorod composite, which signifi
cantly enhanced the discharge specific capacity compared to pure ZnO. 
Similarly, Yoon et al. [12] synthesized SnO2/ZnO@CNF composite, 
which demonstrated excellent cycling stability. Additionally, Liu et al. 
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[13] reported the effectiveness of Co/ZnO/nitrogen-doped porous car
bon composite anodes, which exhibited a discharge capacity of 411 mAh 
g− 1 after 100 cycles at a current density of 0.2 A g− 1. All the above 
strategies have tried to construct two- or three-component hybrid 
composite systems, aiming to enhance the electrochemical properties of 
ZnO through the synergistic effects of different components in the 
composite. However, each strategy has its own advantages and limita
tions. For the first strategy, compositing ZnO with other metal oxides, 
the other metal oxides can increase the capacity of LIBs, while metal 
oxides generally suffer from low electrical conductivity and poor rate 
performance [14,15]. For the second strategy, compositing ZnO with 
CNFs, CNFs can alleviate the volume expansion of ZnO during cycling 
and enhance the electrical conductivity of the composite, but incorpo
rating carbon (372 mAh g− 1) into the anode will lead to a reduction in its 
specific capacity [16–20]. For the third strategy, compositing ZnO with 
metallic particles, the catalytic metal particles can facilitate the char
ging/discharging process, while this composite typically demands rela
tively intricate preparation process such as precise combination and 
uniform dispersion of multiple phases [21–24]. Overall, although con
structing hybrid composites can improve the electrochemical perfor
mance, no consensus has been reached about the preeminence of any 
single strategy.

In this work, we employed ZnO as the primary material and 
elementary Ni or nickel oxide as the supplementary component to 
fabricate three distinct ZnO-based composites via electrospinning, and 
investigated their electrochemical performances as anodes for LIBs. 
Among them, Ni/ZnO@CNFs exhibited the best cycling stability and 
rate performance, delivering a discharge specific capacity of 536.1 mAh 
g− 1 after 300 cycles at a current density of 1.0 A g− 1, with a capacity 
retention rate of 84.3 %.

2. Experimental

2.1. Materials

Polyacrylonitrile (PAN, average Mw. 150,000) was employed as the 
carbon source, and the sources of Ni and Zn were provided by nickel 
acetylacetonate [Ni(acac)2, 98 %] and zinc acetylacetonate [Zn(acac)2, 
95 %]. N, N-dimethylformamide (DMF, 99.5 %) was used as the solvent 
and purchased from Sinopharm Chemical Reagent Company Limited. All 
the chemicals used were not subjected to any further purification.

2.2. Preparation process of hybrid composites

First, Ni(acac)2 and Zn(acac)2 were dissolved in a DMF solution 
containing PAN (11 wt%) at a molar ratio of 1:2, followed by stirring for 
6 h to prepare the precursor solution. Then the solution was electrospun 
into fiber membranes, and detailed electrospinning parameters can be 

found in the supplementary material. Subsequently, the fiber mem
branes were dried at 25 ◦C for 2 h, and pre-oxidized at 230 ◦C for 2 h in 
air. Afterwards, annealing treatments under different conditions were 
conducted to get desirable products. Route I involved annealing in air at 
550 ◦C for 4 h to produce NiO/ZnO nanofibers; Route II utilized 
annealing in argon at 450 ◦C for 4 h to prepare CNFs loaded with NiO/ 
ZnO nanoparticles; Route III employed annealing in argon at 550 ◦C for 
4 h to obtain CNFs embedded with Ni/ZnO nanoparticles. The annealing 
conditions were determined based on systematic XRD analysis. Fig. S1
presents the XRD patterns of the products under different annealing 
conditions. The preparation processes with different routes are illus
trated in Fig. 1.

2.3. Materials characterization

The crystal structure of the as-prepared fiber membranes was 
analyzed by X-ray diffractometer (XRD, Bruker D8 Advance) with Cu-Kα 
radiation (λ = 1.5406 Å). Then, the morphologies of the products were 
observed by field-emission scanning electron microscope (FE-SEM, 
Sigma 500) operated at 20 kV. High-angle annular dark field (HAADF) 
imaging via scanning-transmission electron microscope (STEM, Thermo 
Fisher Spectra 300) was conducted. Bright field (BF) and high-resolution 
transmission electron microscopy (HRTEM) images were acquired with 
a transmission electron microscope (TEM, JEOL JEM 2100F) operated at 
200 kV. The valence states of the elements were determined by X-ray 
photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha+). Graph
itization of CNFs was investigated by Raman spectroscopy using a 
confocal Raman spectrometer (Renishaw inVia) with a laser wavelength 
of 532 nm. Nitrogen adsorption-desorption measurements (BELSORP 
MaxII) were carried out to determine the specific surface area and pore 
structure of the composites.

2.4. Measurement of electrochemical properties

The fiber membranes produced by different routes were processed 
for electrode fabrication and subsequent electrochemical tests. To 
guarantee the fairness of performance comparison, we adopted the same 
preparation procedure for the electrodes obtained from different routes. 
All the products from different routes were first ground into powder and 
mixed with acetylene black and polyvinylidene fluoride in a 7:2:1 mass 
ratio to ensure a homogeneous mixture. N-Methylpyrrolidone (NMP) 
was then added as a solvent, and the mixture was ground to form a 
slurry. This slurry was uniformly coated onto copper foil, dried in vac
uum for 12 h, and pressed into electrode sheets. Finally, all the elec
trodes prepared by different routes were assembled into CR2025 button 
batteries in an argon-filled atmosphere. A lithium sheet served as the 
counter electrode, while the electrolyte was composed of 1 mol/L LiPF6 
dissolved in a 1:1:1 (volume ratio) mixed solvent of ethylene carbonate 

Fig. 1. Schematic illustration of the preparation processes for hybrid composites using different routes.
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(EC)/diethyl carbonate (DEC)/dimethyl carbonate (DMC). The cyclic 
voltammetry (CV) of the electrode materials was carried out using a 
Metrohm Autolab electrochemical workstation (PGSTAT 302 N). The 
cycling and rate performances were evaluated with a LAND testing 
system with a voltage range from 0.01 V to 3.00 V. Electrochemical 
impedance spectroscopy (EIS) was performed on the electrochemical 
workstation in an open-circuit state, with a frequency range from 100 
kHz to 0.01 Hz and an interference amplitude of 5 mV.

3. Results and discussion

3.1. Structure, morphology and microstructure of NiO/ZnO

Fig. 2(a) shows the XRD pattern of the product prepared by route I. 
The diffraction peaks observed at 31.8o, 34.4o, 36.2o, 47.6o, 56.6o, 
62.9o, 66.4o, 67.9o, 69.1o, 72.6o and 76.9o can be indexed using hex
agonal ZnO (a = 3.2501 Å, c = 5.2071 Å, α = β = 90o and γ = 120o, 
JCPDS no.: 79–2205). Furthermore, the diffraction peaks at 37.2◦, 43.3◦, 
62.9◦, 75.4◦, and 79.4◦ are attributed to NiO (JCPDS no.: 78–0429), 
indicating that the product is composed of ZnO and NiO [11]. Fig. 2(b) 

displays a morphology of nanofibers with coarse surfaces. Fig. 2(c) 
presents a magnified FE-SEM image of an individual fiber, revealing that 
the fiber is made up of nanoparticles. Fig. 2(d) shows a typical BF TEM 
image of the product, from which numerous voids can be found within 
the nanofibers, further corroborating that the fibers are formed by many 
nanoparticles. To gain a deeper understanding of their microstructure, a 
comprehensive analysis of the HRTEM images was conducted. Fig. 2(e) 
shows lattice fringes with a spacing of 2.41 Å and an interplanar angle of 
70.5◦, corresponding to the {111} planes of cubic-phase NiO [25]. 
Similarly, Fig. 2(f) displays lattice fringes with a spacing of 2.48 Å and 
an interplanar angle of 56.8◦, corresponding to the {10 1 1} planes of 
hexagonal ZnO [26]. These TEM observations, combined with XRD 
analysis, provide conclusive evidence that the product is composed of 
NiO and ZnO nanoparticles. Fig. 2(g) shows the full XPS spectrum of the 
product prepared by route I. This spectrum shows a negligible amount of 
carbon, suggesting an absence of carbon in the product. Fig. 2(h) and (i) 
present the XPS spectra of Ni 2p and Zn 2p. In the Ni 2p spectra, the 
peaks observed at 873 eV and 872 eV are attributed to Ni 2p1/2 of Ni2+, 
while the peaks at 855 eV and 853 eV correspond to Ni 2p3/2 of Ni2+

[27]. Additionally, the peaks at 879 eV and 861 eV are identified as 

Fig. 2. Structural and microstructural characterization of NiO/ZnO: (a) XRD pattern, (b) and (c) FE-SEM images, (d) BF TEM image, (e) and (f) HRTEM images. XPS 
spectra: (g) Full XPS spectrum, (h) XPS spectra of Ni 2p, and (i) XPS spectra of Zn 2p.
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satellite peaks of Ni2+. In the Zn 2p spectrum, the peaks at 1045 eV and 
1021 eV are assigned to Zn 2p1/2 and Zn 2p3/2 of Zn2+, respectively [28]. 
From the above analysis, it is confirmed that the obtained nanofibers 
consist of NiO/ZnO nanoparticles.

3.2. Structure, morphology and microstructure of NiO/ZnO@CNFs

Fig. 3(a) shows the XRD pattern of the product prepared by route II. 
The diffraction peaks in this pattern closely match the characteristic 
peaks of the aforementioned NiO/ZnO nanofibers, confirming the 
presence of NiO and ZnO in the product. In addition, a broad peak 
around 30◦ suggests the presence of carbon in the product. Fig. 3(b) 
reveals that the product has a fibrous morphology with a relatively 
smooth surface. Fig. 3(c) presents a high-magnification FE-SEM image of 
an individual fiber, showing the presence of small nanoparticles on the 
fiber surfaces. Fig. 3(d) presents a typical HAADF image of a single 
nanofiber, where the nanoparticles are uniformly distributed both inside 
and on the surface of the nanofiber. Fig. 3(e) and (f) show typical high- 
resolution STEM images of nanoparticles in different regions. The lattice 
spacing of the particle in Fig. 3(e) is measured to be 2.08 Å, 

corresponding to the (200) plane of cubic NiO. In Fig. 3(f), the lattice 
spacing of the particle is 2.60 Å, matching the (0002) plane of hexagonal 
ZnO. From the above, it can be concluded that the product synthesized 
via route II consists of carbon nanofibers loaded with ZnO and NiO 
nanoparticles. To investigate the valence states of Ni and Zn in this 
composite, XPS characterization was performed. Fig. 3(g) displays a full 
spectrum which reveals a relatively high carbon content in the product, 
confirming the presence of carbon in the product. Fig. 3(h) and (i) 
present high-resolution XPS spectra of Ni 2p and Zn 2p, respectively. In 
the Ni 2p spectrum, the peaks located at 873 eV and 855 eV are assigned 
to Ni 2p1/2 and Ni 2p3/2 of Ni2+, respectively, while the peaks at 879 eV 
and 861 eV are identified as satellite peaks of Ni2+. In the Zn 2p spec
trum, the peaks at 1045 eV and 1021 eV correspond to Zn 2p1/2 and Zn 
2p3/2 of Zn2+, respectively. The XPS results further confirm the presence 
of ZnO, NiO, and carbon in the product, indicating the formation of NiO/ 
ZnO@CNFs.

3.3. Structure, morphology and microstructure of Ni/ZnO@CNFs

Fig. 4(a) presents the XRD pattern of the product prepared via route 

Fig. 3. Structural and microstructural characterization of NiO/ZnO@CNFs: (a) XRD pattern, (b) and (c) FE-SEM images, (d) HAADF image, (e) and (f) High- 
resolution STEM images. XPS spectra: (g) Full XPS spectrum, (h) XPS spectra of Ni 2p, (i) XPS spectra of Zn 2p.
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III. In this pattern, the diffraction peaks observed at 44.5o, 34.4o, 51.8o 

and 76.4o can be indexed using cubic Ni (JCPDS no.: 87–0712, a =
3.5238 Å), and the remaining diffraction peaks can be assigned to 
hexagonal ZnO (JCPDS no.: 79–2205). Due to the annealing treatment 
conducted in Ar atmosphere, NiO is prone to be reduced into metallic 
nickel by carbon in the fibers at a relatively low temperature. In addi
tion, a broad peak at around 30o confirms the presence of carbon in the 
product. Thus, the composition of the product is determined to be Ni, 
ZnO, and carbon. Fig. 4(b) indicates a fibrous morphology and a rela
tively smooth surface of the product, similar to that of NiO/ZnO/CNFs. 
Fig. 4(c) presents a typical high-magnification FE-SEM image of an in
dividual fiber, demonstrating presence of numerous nanoparticles on 
the fiber surface. STEM was employed to further investigate the 
microstructure of the nanofibers. Fig. 4(d) shows a typical HAADF image 
of a single nanofiber, clearly indicating the presence of particles both 
inside the nanofiber and on its surface. Fig. 4(e) and (f) display high- 
resolution STEM images of the nanoparticles in different regions. In 
Fig. 4(e), the spacing of the lattices in particle I is measured to be 2.08 Å 
and the interplanar angle is 90o, corresponding to the {100} crystal 
planes of cubic Ni. Similarly, in Fig. 4(f), the spacings of the lattice 

fringes in particle II are measured to be 2.61 Å and 1.63 Å, consistent 
with the (0002) and (11 2 0) crystal planes of hexagonal ZnO, respec
tively. These observations suggest that the nanoparticles consist of Ni 
and ZnO. To further determine the valence states of Ni and Zn within the 
product prepared by route III, XPS characterization was performed. 
Fig. 4(g) displays a full XPS spectrum, revealing a high content of carbon 
in the product. Fig. 4(h) and (i) present the XPS spectra of Ni 2p and Zn 
2p, respectively. In the Ni 2p spectrum, the peaks located at 870 eV and 
852 eV correspond to metallic Ni (Ni0). Meanwhile, two weak peaks 
located at 873 eV and 855 eV are observed, corresponding to Ni 2p1/2 
and Ni 2p3/2 of Ni2+, which result from the surface oxidation [29,30]. In 
the Zn 2p spectrum, the peaks at 1045 eV and 1021 eV correspond to Zn 
2p1/2 and Zn 2p3/2 of Zn2+, respectively, demonstrating the formation of 
ZnO. The XPS results further confirm the composition of the product is 
ZnO, Ni, and carbon.

To further investigate the differences of phase composition and 
graphitization in the three composites, Raman spectroscopy was per
formed. As shown in Fig. S2, the Raman spectrum of ZnO/NiO exhibits a 
prominent broad peak in the range of 400–580 cm− 1. Based on the 
standard Raman spectral characteristics of ZnO and NiO, this broad peak 

Fig. 4. Structural and microstructural characterization of Ni/ZnO@CNFs: (a) XRD pattern, (b) and (c) FE-SEM images, (d) HAADF image, (e) and (f) High-resolution 
STEM images. XPS spectra: (g) Full XPS spectrum, (h) XPS spectra of Ni 2p, (i) XPS spectra of Zn 2p.
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originates from the overlap of their characteristic vibrational modes [31,
32]. In the Raman spectra of NiO/ZnO@CNFs and Ni/ZnO@CNFs, no 
obvious characteristic peaks of ZnO, Ni or NiO are observed. This is 
ascribed to the fact that the outer carbon fibers have an extremely large 
Raman scattering cross-section in both NiO/ZnO@CNFs and Ni/Z
nO@CNFs, and the intense signal they generate masks the signals from 

ZnO, NiO and Ni. [33,34]. However, two distinct characteristic peaks 
are found at approximately 1367 cm− 1 and 1587 cm− 1 in Raman spectra 
of both NiO/ZnO@CNFs and Ni/ZnO@CNFs, corresponding to the D and 
G bands of carbon, respectively. In addition, Ni/ZnO@CNFs shows 
lower intensity ratio of the D to G bands (ID/IG) than NiO/ZnO@CNFs. It 
is well known that a lower intensity ratio of ID/IG signifies a higher 
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Fig. 5. (a) Nitrogen adsorption-desorption isotherms of three composites; (b) Pore size distribution curves for three composites.

Fig. 6. CV curves of NiO/ZnO (a), NiO/ZnO@CNFs (b) and Ni/ZnO@CNFs (c) electrodes obtained at 0.3 mV s− 1. Voltage versus capacity curves of NiO/ZnO (d), 
NiO/ZnO@CNFs (e) and Ni/ZnO@CNFs (f) electrodes at a current density of 1.0 A g− 1.
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graphitization degree. Therefore, Ni/ZnO@CNFs has a higher graphiti
zation degree, which is ascribed to the higher annealing temperature.

To evaluate the specific surface area and pore structure of the sam
ples, nitrogen adsorption-desorption isotherms were tested. As pre
sented in Fig. 5(a), according to the IUPAC classification, the isotherms 
of the three composites all belong to type IV, which is indicative of 
mesoporous materials. The specific surface areas of these composites 
were then calculated via the Brunauer-Emmett-Teller (BET). The specific 
surface areas are calculated to be 33.1, 6.3, and 90.4 m2 g− 1 for ZnO/ 
NiO, NiO/ZnO@CNFs, and Ni/ZnO@CNFs, respectively. The Barrett- 
Joyner-Halenda (BJH) method was used to determine the pore size 
distributions of three composites. From the pore size distribution curves 
in Fig. 5(b), the predominant average pore diameters are determined to 
be 3.8 nm, 0.9 nm, and 13.1 nm for ZnO/NiO, NiO/ZnO@CNFs, and Ni/ 
ZnO@CNFs, respectively. Combined with the TEM examinations, this is 
attributed to the fact that NiO is reduced into metallic Ni by carbon in 
the fibers under high annealing temperature, resulting in a large number 
of pores on the fiber surface. From the above, it can be seen that Ni/ 
ZnO@CNFs has a larger specific surface area, which can facilitate Li-ion 
transport and accelerate their diffusion kinetics within the electrode.

3.4. Electrochemical performance of NiO/ZnO, NiO/ZnO@CNFs and Ni/ 
ZnO@CNFs electrodes

The electrochemical performances of NiO/ZnO nanofibers, NiO/ 
ZnO@CNFs and Ni/ZnO@CNFs electrodes were evaluated. Fig. 6 pre
sents the CV curves of three electrodes for the first five cycles at a scan 
rate of 0.3 mV s− 1. Fig. 6(a) displays the CV curves of NiO/ZnO elec
trode. In the initial cathodic process, a reduction peak observed at 0.3 V 
corresponds to reduction of Ni2+ and Zn2+ to Ni0 and Zn0, formation of a 
solid electrolyte interphase (SEI) film on the surface of the electrode, and 

Li–Zn alloying reaction [35]. During the anodic process, two oxidation 
peaks at 1.38 V and 2.22 V are attributed to the multi-step oxidation of 
Zn0/Ni0 to Zn2+/Ni2+ [36]. From the second to the fifth cycle, the curves 
do not overlap, indicating a poor cycling stability. Fig. 6(b) and (c) show 
typical CV curves of the NiO/ZnO@CNFs and Ni/ZnO@CNFs electrodes, 
where a reduction peak is found at 1.6 V in the initial cathodic process, 
corresponding to the insertion of Li+ into the electrode material [37]. 
The strong peak observed at 0.6 V for NiO/ZnO@CNFs is attributed to 
the reduction of Zn2+ and Ni2+ to Zn0 and Ni0, while the peak observed 
at 0.5 V for Ni/ZnO@CNFs is ascribed to the reduction of Zn2+ to Zn0. 
These peaks are also associated with the formation of SEI films on the 
surfaces of the anode materials and the Li–Zn alloying reaction. During 
the initial anodic process, the peak at 0.9 V (for NiO/ZnO@CNFs) cor
responds to the oxidation of Zn0 and Ni0 to Zn2+ and Ni2+, while the 
peak at 1.1 V (for Ni/ZnO@CNFs) is assigned to the oxidation of Zn0 and 
Ni0 to Zn2+ and Ni2+. The intensity of the redox peaks for both NiO/Z
nO@CNFs and Ni/ZnO@CNFs electrodes decreases from the second to 
the fifth cycle, which is caused by the formation of the SEI film and the 
irreversibility of conversion reactions for the active material. Further
more, the CV curves show nearly complete overlap, indicating an 
excellent cycling stability. The electrochemical reactions involved are 
described by Equ. (1) to (5) [38,39] as follows. 

ZnO+2Li+ + 2e- ↔ Zn + Li2O (1) 

NiO+2Li+ + 2e- ↔ Ni + Li2O (2) 

Zn+ Li+ + e- ↔ LiZn (3) 

Zn+ Li2O ↔ ZnO + 2Li+ + 2e- (4) 

Ni+ Li2O ↔ NiO + 2Li+ + 2e- (5) 

Fig. 7. (a) Rate performance of three composite electrodes at different current densities; (b) Cycling performance of three composite electrodes at a current density 
1.0 A g− 1 and Coulombic efficiency of Ni/ZnO@CNFs; (c) EIS spectra of three composite electrodes and equivalent circuit model of the EIS spectra; (d) Graph of Zre 

plotted against ω− 0.5 of three composite electrodes.
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Fig. 6(d–f) show initial five discharge/charge profiles of NiO/ZnO, 
NiO/ZnO@CNFs and Ni/ZnO@CNFs electrodes at 1.0 A g− 1, respec
tively. Upon further examination, it is found that there are significant 
differences in the specific discharge capacities of the three electrodes. 
Specifically, NiO/ZnO exhibits an initial discharge specific capacity of 
835.5 mAh g− 1 at 1.0 A g− 1, much higher than that of NiO/ZnO@CNFs 
electrode (580.4 mAh g− 1) and Ni/ZnO@CNFs electrode (635.9 mAh 
g− 1). This is attributed to the incorporation of carbon materials in NiO/ 
ZnO@CNFs and Ni/ZnO@CNFs, which reduces the initial discharge 
capacity of the anode materials. After the first charge-discharge cycle, 
the capacities for all electrodes decrease, which is primarily ascribed to 
the formation of the SEI film. Notably, the voltage versus capacity curves 
of both NiO/ZnO@CNFs and Ni/ZnO@CNFs electrodes exhibit nearly 
complete overlap from the second to the fifth cycle, which demonstrates 
an excellent cycling stability. In contrast, the NiO/ZnO electrode shows 
a continuous capacity decline during the same cycling period, high
lighting its inferior cycling stability. This is mainly attributed to the fact 
that the CNFs possess certain flexibility and structural stability, which 
can alleviate the stress caused by volume changes and inhibit the 
agglomeration of active materials, thereby improving the cycling sta
bility of the electrode [12].

Rate performance and long-cycle stability are two crucial factors for 
evaluating the practical application potential of electrode materials. To 
assess the rate performance, the three electrodes were tested at various 
current densities. As shown in Fig. 7(a), the discharge capacities of the 
three electrodes were measured at 0.1, 0.2, 0.5, 1.0, and 2.0 A g− 1. 
Among the three electrodes, Ni/ZnO@CNFs exhibits the best rate per
formance, with average discharge capacities of 702.2, 624.2, 522.6, 
444.4 and 368.5 mAh g− 1 at current densities of 0.1, 0.2, 0.5, 1.0 and 
2.0 A g− 1, respectively. When the current density is restored to 0.1 A g− 1, 
the average discharge specific capacity of Ni/ZnO@CNFs reaches 693.0 
mAh g− 1, significantly higher than those of NiO/ZnO@CNFs and NiO/ 
ZnO. This is due to the fact that the surface of the Ni/ZnO@CNFs 
composite contains a large number of mesopores, which is highly 
conducive to the rapid transport of ions. Ni/ZnO@CNFs has an excellent 
rate performance, highlighting its ability to adapt to various current 
conditions during charge and discharge processes. Fig. 7(b) shows the 
cycling performance of three electrode materials at a current density of 
1.0 A g− 1. After 300 cycles, the specific discharge capacity of Ni/ 
ZnO@CNFs maintains 536.1 mAh g− 1, which is higher than that of NiO/ 
ZnO@CNFs (300.4 mAh g− 1) and NiO/ZnO (87.5 mAh g− 1). This 
discrepancy stems from the synergistic effects of different components 
and structural design: Ni/ZnO@CNFs exhibits superior performance 
primarily due to the combined advantages of metallic Ni and CNFs 
networks. Specifically, metallic Ni provides high electrical conductivity 
and excellent structural stability; the flexible CNF framework effectively 
buffers the volume change of ZnO, suppresses particle agglomeration, 
and facilitates ion/electron transport. In contrast, NiO/ZnO@CNFs 
suffers from significant volume expansion of NiO, weakening the 
interface with ZnO despite of the CNF support. For the NiO/ZnO, it lacks 
the CNF framework, leading to severe agglomeration, poor conductivity, 
and rapid capacity fading due to unmitigated volume stress. Further
more, the initial Coulombic efficiencies (ICE) of the NiO/ZnO, NiO/ 
ZnO@CNFs, and Ni/ZnO@CNFs electrodes are 41 %, 58 %, and 75 %, 
respectively. For the NiO/ZnO electrode, the surfaces of both NiO and 
ZnO nanoparticles are directly exposed to the electrolyte due to lack of 
carbon coating. Thus, NiO/ZnO electrode has poor electrical conduc
tivity, and the charge transfer in the first cycle is uneven, leading to 

localized high current density and causing excessive decomposition of 
the electrolyte. This results in the formation of a thicker and less stable 
SEI film, thus leading to the lowest ICE. In contrast, NiO and ZnO 
nanoparticles are coated with CNFs which have good conductivity. The 
conductive CNFs ensure uniform charge distribution, promoting the 
formation of a thin and dense SEI film and reducing the irreversible 
consumption of lithium ions. Hence, the ICE of NiO/ZnO@CNFs elec
trode is higher than that of NiO/ZnO electrode. For the Ni/ZnO@CNFs, 
metallic Ni forms a conductive network with CNFs, significantly 
enhancing electron transport capability. This allows more ZnO particles 
to participate in reversible redox reactions during the first cycle. 
Consequently, Ni/ZnO@CNFs electrode exhibits the highest ICE. Table 1
summarizes the specific capacities and capacity retention rates of these 
three composite anodes. It can be seen that the electrodes compositing 
with CNFs display a higher capacity retention rate, indicating that the 
CNFs can effectively enhance their cycling stability.

To further investigate the electrochemical reaction kinetics, EIS tests 
were performed on the electrodes. Fig. 7(c) presents the EIS spectra of 
the NiO/ZnO, NiO/ZnO@CNFs and Ni/ZnO@CNFs electrodes, where 
the diameter of the semicircle at high frequencies corresponds to the 
charge transfer resistance of each electrode [40,41]. Moreover, the EIS 
data can be fitted with an equivalent circuit diagram illustrated in Fig. 7
(c), with Rs, Rct, W, and CPE corresponding to electrolyte resistance, 
charge-transfer resistance, Warburg impedance, and constant phase 
element, respectively [42,43]. Upon fitting the high-frequency region, 
the Rct values of the NiO/ZnO, NiO/ZnO@CNFs and Ni/ZnO@CNFs 
electrodes are 366.7, 310.3 and 162.3 Ω, respectively. NiO/ZnO elec
trode exhibits the highest charge transfer resistance due to intrinsic 
limitations of transition metal oxides. NiO/ZnO@CNFs electrode shows 
a relatively low resistance, owing to the fact that CNFs can enhance 
conductivity and reduce interfacial polarization. Ni/ZnO@CNFs elec
trode has the lowest resistance, indicating that the metal Ni can further 
enhance the electrical conductivity of the electrode material. The above 
findings clearly highlight the synergistic effects of CNFs and Ni in 
optimizing charge transfer kinetics of the electrodes. In the EIS spec
trum, an inclined line observed at low frequencies reflects the 
lithium-ion diffusion coefficient (DLi) of the electrode. The value of DLi 
can be calculated by Equ. (6) and (7) [36,37]. 

DLi =
R2T2

2A2n4F4C2σ2 (6) 

Zʹ= Rs + Rct + σω-0.5 (7) 

The variables in these equations are defined as follows. n is the 
number of electrons transferred per mole of the substance (i.e., NiO, n =
2), C represents the concentration of lithium ions in the battery, A is the 
electrode area (1.54 × 10− 4 m2), F represents the Faraday constant 
(96485 C mol− 1), R is the gas constant (8.314 J K− 1 mol− 1) and T is 
298.15 K. Fig. 7(d) shows the fitting diagrams of Zre and ω− 0.5 for 
different electrodes. The σ values are calculated to be 7.4, 12.8 and 13.5 
Ω s− 0.5 for NiO/ZnO, NiO/ZnO@CNFs and Ni/ZnO@CNFs electrodes, 
respectively. The DLi values of NiO/ZnO, NiO/ZnO@CNFs and Ni/ 
ZnO@CNFs electrodes are determined to be 4.1 × 10− 16, 1.4 × 10− 16 

and 1.3 × 10− 16 cm2 s− 1, respectively. The high DLi of NiO/ZnO is 
attributed to its composition of nanoparticles and the presence of large 
voids between nanoparticles. However, significant volume expansion 
during cycling leads to substantial capacity fading, resulting in poor 
cycling performance. For the Ni/ZnO@CNFs, the better rate 

Table 1 
Specific capacities and capacity retention rates for three composite anodes.

Anode materials Initial discharge capacity at 1.0 A g− 1 (mAh g− 1) Capacity after 300 cycles at 1.0 A g− 1 (mAh g− 1) Capacity retention rate

NiO/ZnO 835.5 87.5 10.5 %
NiO/ZnO@CNFs 580.4 300.4 51.8 %
Ni/ZnO@CNFs 635.9 536.1 84.3 %
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performance is ascribed to the improved conductivity induced by both 
Ni and carbon fiber. Table 2 summarizes the electrochemical perfor
mance of ZnO-based anode materials reported in previous literature. 
Through comparison with other studies, it is verified that Ni/ 
ZnO@CNFs electrode possesses excellent cycling stability and rate per
formance. This is attributed to the synergistic interaction among three 
different components: ZnO provides a high capacity (978 mAh g− 1); 
CNFs alleviate volume expansion during cycling, while Ni and CNFs can 
improve the electrical conductivity of the anode material.

4. Conclusions

In this work, ZnO has been employed as the primary material and 
elementary Ni or oxide as the supplementary component to fabricate 
three distinct ZnO-based composite anodes by electrospinning: (i) NiO/ 
ZnO nanofibers, (ii) NiO/ZnO@CNFs and (iii) Ni/ZnO@CNFs. Among 
them, the Ni/ZnO@CNFs demonstrates superior cycling stability and 
rate performance. At a current density of 1.0 A g− 1, it delivers a 
discharge specific capacity of 536.1 mAh g− 1 after 300 cycles, with a 
capacity retention rate of 84.3 %. Moreover, its discharge capacity 
reaches 368.5 mAh g− 1 at 2.0 A g− 1. The excellent electrochemical 
performance of Ni/ZnO@CNFs electrode is attributed to the synergistic 
interaction among three different components: ZnO provides a high 
capacity (978 mAh g− 1), Ni and CNFs improve the electrical conduc
tivity of the anode material, and CNFs alleviate volume expansion 
during cycling. This work presents a promising strategy for developing 
high-performance LIB anode materials, thus offering a rational and 
adaptable pathway for designing other advanced anode materials.
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