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A B S T R A C T

Nickel oxide (NiO) has garnered significant attention for its application in lithium-ion batteries (LIBs) owing to 
its relatively high theoretical specific capacity. However, several drawbacks such as substantial volume expan
sion and poor electrical conductivity during cycling hinder its practical use, leading to poor cycling and rate 
performances. To address these issues, a hierarchical composite material, carbon nanofibers (CNFs) loaded with 
Ni@NiO core-shell nanoparticles, is prepared via electrospinning followed by subsequent annealing at 600 ◦C. 
This composite demonstrates superior electrochemical performance compared to pure NiO, achieving a discharge 
specific capacity of 766.1 mAh g− 1 after 100 cycles at 0.1 A g− 1. The enhanced performance is attributed to the 
synergistic effects of different components: NiO provides a high theoretical capacity; Ni metal accelerates the 
conversion reaction of NiO; both Ni and CNFs improve the electrical conductivity and cyclic stability. This study 
highlights the importance of material design and the synergistic effects of different components in the composite 
for improving the electrochemical performance of energy storage materials.

1. Introduction

Transition metal oxides, with a lithium storage mechanism through 
conversion reaction, have a relatively high theoretical specific capacity 
[1–3] and can make up for the disadvantages of conventional 
graphite-based anode materials [4–6]. Among them, NiO has great 
application potential in the field of anode materials due to its advantages 
such as high theoretical specific capacity (718 mAh g− 1) [7] and low 
cost [8]. However, there are several drawbacks for the NiO anode ma
terial such as large volume expansion and poor conductivity during the 
charging/discharging processes, resulting in poor cycling stability and 
rate performance, which limit its practical applications in high perfor
mance lithium-ion batteries (LIBs) [9–11].

To solve these issues, researchers have proposed various strategies to 
improve the electrochemical performance of NiO anode material. For 
example, Tian et al. [12] have prepared NiO/C hollow microspheres, and 
it shows that compounding NiO with carbon materials can improve the 
cycling performance of NiO anode material. Nevertheless, the other 

researchers have adopted a strategy of combining NiO with Ni metal to 
enhance its electrical conductivity [13–15]. For instance, Song et al. [16]
have prepared NiO/Ni nanosheets by a hydrothermal method, which 
demonstrate that the incorporation of Ni can effectively improve the 
conductivity and rate performance of NiO anode material. Furthermore, 
Xu et al. [17] have synthesized carbon encapsulated Ni@NiO nano
composites by a hydrothermal method, which exhibit an excellent 
electrochemical performance. From above, it can be deduced that 
compositing Ni/NiO with carbon materials is an effective strategy to 
enhance the cycling stability and rate performance of NiO anode ma
terials [18–22]. In addition, for the above-mentioned composites, if the 
carbon materials are made as one-dimensional carbon nanofibers (CNFs) 
using an electrospinning technique, which will further enhance their 
electrochemical performance and is beneficial for mass production of 
anode materials [23–26]. To our best knowledge, only a few researchers 
[4] have prepared one-dimensional Ni@NiO/C nanofibers using elec
trospinning. However, their microstructure and electrochemical per
formance have not been explored until now.
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In this work, a hierarchical composite of CNFs loaded with core-shell 
Ni@NiO nanoparticles has been prepared by electrospinning. The 
microstructure and electrochemical performance of this composite are 
systematically investigated. Compared to pure NiO nanofibers, this 
composite demonstrates superior rate performance and cycling stability.

2. Experimental

2.1. Materials synthesis

Polyacrylonitrile (PAN, average Mw. 150,000) and nickel acetyla
cetonate [Ni(acac)2, 98%] were dissolved in the N, N-Dimethylforma
mide (DMF) solvent. Then it was stirred at 25 ◦C for 6 h until a uniform 
and viscous spinning solution was produced. Afterwards, the solution 
was spun into a fiber membrane by electrospinning, and the detailed 
electrospinning parameters can be found elsewhere [27]. The fiber 
membrane was then dried in the air at 30 ◦C for 2 h to allow the excess 
DMF to evaporate [28]. Subsequently, it was annealed in air and argon 
atmospheres at 600 ◦C for 4 h, respectively. The product obtained in the 
air was named as NO-P 600. The annealing product in the argon at
mosphere underwent further oxidation treatment at 50 ◦C for 30 min in 
the air, and the final product was named as N-P 600. The preparation 
process for both NO-P 600 and N-P 600 is shown in Fig. 1a, respectively.

2.2. Materials characterization

The crystal structure of the products 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. Bright field (BF) and high-resolution transmission 
electron microscopy (HRTEM) images were acquired with a trans
mission electron microscope (TEM, JEOL JEM 2100 F) operated at 
200 kV. High-angle annular dark field (HAADF) imaging was conducted 
on a scanning transmission electron microscope (STEM, Thermo Fisher 
Spectra 300). The chemical composition and valence states of the ele
ments were determined by energy dispersive X-ray spectrometer (EDS, 
Oxford INCAx-Sight6427) and X-ray photoelectron spectroscopy (XPS, 
Thermo Scientific K-Alpha+), respectively.

2.3. Measurement of electrochemical properties

Both N-P 600 and NO-P 600 were ground into powder, and mixed 
with acetylene black and polyvinylidene fluoride in a mass ratio of 7:2:1, 
respectively. 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 under vacuum for 12 h, and pressed into 
electrode sheets. Then, the assembly process was performed in a glove 
box filled with high-purity argon. An electrolyte consisting of a 1 M 
LiPF6 solution mixed with ethylene carbonate (EC), dimethyl carbonate 
(DMC), and diethyl carbonate (DEC) in a volumetric ratio of 1:1:1 was 
employed. The lithium foil was used as the counter electrode and 
Celgard-2500 as the separator to prepare the CR2025 button half-cell. 
The cycling stability and rate performance were assessed using a 

Fig. 1. (a) Schematic diagram of the preparation process for N-P 600 and NO-P 600; XRD patterns of N-P 600 (b) and NO-P 600 (c); FE-SEM images of N-P 600 (d, e) 
and NO-P 600 (f, g).
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LAND CT2001 battery testing system, with a voltage range of 
0.01–3.00 V. Cyclic voltammetry (CV) and electrochemical impedance 
spectroscopy (EIS) measurements were conducted on a Metrohm Auto
lab electrochemical workstation (PGSTAT 302 N). Specifically, CV 
curves were obtained at a scan rate of 0.3 mV/s within a potential range 
of 0.01–3.00 V, and EIS spectra were recorded at a frequency range from 
100 kHz to 0.01 Hz with a disturbance amplitude of 5 mV.

3. Results and discussion

To explore the crystal structures of the products, XRD analysis was 
employed. Fig. 1b shows the XRD pattern of N-P 600. In Fig. 1b, there is 
a relatively wide diffraction peak at approximately 26◦, which originates 
from amorphous carbon, indicating that a certain amount of carbon 
exists in the N-P 600. Meanwhile, there are three obvious diffraction 
peaks at 44.5◦, 51.8◦ and 76.4◦, corresponding to the (111), (200) and 
(220) crystal planes of cubic Ni (JCPDS no.: 04–0850, a = 3.524 Å), 
respectively, which indicates presence of metallic Ni in the N-P 600 
[29]. Fig. 1c shows the XRD pattern of NO-P 600. The diffraction peaks 

observed at 37.2◦, 43.3◦, 62.9◦ and 75.4◦ correspond to the (111), (200), 
(220) and (311) crystal planes of cubic NiO (JCPDS no.: 47–1049, a =
4.177 Å), respectively, and no other diffraction peaks are observed in 
the XRD pattern, indicating that the NO-P 600 is composed of NiO. To 
further investigate the morphology of N-P 600 and NO-P 600, FE-SEM 
examinations were carried out. Fig. 1d and e present the FE-SEM im
ages of N-P 600, from which it can be observed that N-P 600 exhibits an 
evident morphology of uniform nanofibers. In addition, many nano
fibers interweave with each other, forming a loose 3D network structure, 
which can provide ample space and abundant active sites. This unique 
structure not only facilitates the penetration of the electrolyte but also 
increases the contact area between the electrode and the electrolyte, 
thereby enhancing the transport rate of lithium ions and providing 
essential conditions for rapid charging and discharging of LIBs [30]. As 
shown in Fig. 1f and g, the morphology of NO-P 600 is manifested by 
nanoparticle-constituted fibers, which have relatively small diameters 
and contain plenty of pores. This is ascribed to the fact that a large 
amount of carbon in the fibers is consumed during the annealing process 
in air, causing the fibers to shrink.

Fig. 2. STEM images of the nanoparticles in the N-P 600: (a, d) Low-magnification STEM image of an individual nanoparticle; HRSTEM images of the central region 
(b) and edge region (c) of the nanoparticle in (a); HRSTEM images of the central region (e) and edge region (f) of the nanoparticle in (d); (g) BF TEM image of a single 
nanofiber in the NO-P 600; (h,i) HRTEM images of nanoparticles in the NO-P 600.

S. Hao et al.                                                                                                                                                                                                                                     Journal of Alloys and Compounds 1058 (2026) 187074 

3 



Fig. 2a and d show typical low-magnification STEM images of two 
individual nanoparticles with a square shape in the N-P 600. It can be 
clearly seen that the central regions have much brighter contrast than 

the edge regions, suggesting that the nanoparticles in the N-P 600 might 
contain two phases with different chemical compositions. To further 
clarify the different phases in the nanoparticle and their orientation 
relationships, high-resolution STEM (HRSTEM) examinations were 
performed. Fig. 2b presents [001] zone-axis HRSTEM image of the 
central region of the nanoparticle in Fig. 2a. The lattice spacings of two 
crystal planes are measured to be 2.08 Å with an angle of 90◦, which is 
consistent with the {200} crystal planes of the cubic Ni [31]. Fig. 2c 
shows a typical HRSTEM image of the edge region of the nanoparticle in 
Fig. 2a. For the upper part of this image, it can be indexed as [001] 

Fig. 3. HAADF-STEM images and elemental mapping images of N-P 600: (a) several nanofibers, (b) several nanoparticles, (c) individual nanoparticle.

Fig. 4. SEM images and EDS elemental mappings of (a) N-P 600 and (b) NO-P 600.

Table 1 
Quantification results of EDS for N-P 600 and NO-P 600.

Membrane C (at%) O (at%) Ni (at%)

N-P 600 83.7 10.3 6.0
NO-P 600 5.7 47.6 46.7
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zone-axis of cubic Ni with two perpendicular planes of (200) and (020). 
For the lower part of this image, it can be indexed as [011] zone-axis of 
cubic NiO, where the interplanar spacings of (022) and (200) are 
measured to be 1.48 Å and 2.09 Å [32]. The orientation relationships for 
Ni and NiO in Fig. 2c are described as follows. 

(200)Ni // (200)NiO                                                                             

(020)Ni // (022)NiO                                                                           

[001]Ni // [011]NiO                                                                       (1)

Fig. 2e is the [011] zone-axis HRSTEM image of the central region of 
the nanoparticle in Fig. 2d. The interplanar spacings are measured to be 
2.03 Å and the angle of the two planes is 70.5◦, corresponding to the 
(111) and (111) planes of Ni, respectively. Fig. 2f displays a HRSTEM 
image of the edge region of the nanoparticle in Fig. 2d. For the left part 
of this image, it can be indexed as [011] zone-axis of cubic Ni with two 
perpendicular planes of (022) and (200). For the right part of this image, 
it can be indexed as [001] zone-axis of cubic NiO, where the interplanar 
spacings of {100} planes are measured to be 4.18 Å [33,34]. The 
orientation relationships for Ni and NiO in Fig. 2f are described as 
follows. 

(200)Ni // (200)NiO                                                                             

(022)Ni // (020)NiO                                                                           

[011]Ni // [001]NiO                                                                       (2)

From the above analysis, it can be concluded that the nanoparticles 
in N-P 600 possess a Ni@NiO core-shell heterostructure, where Ni and 
NiO have two reversible orientation relationships, reflecting a good 
epitaxial growth of NiO on Ni. From the STEM examinations, it can be 
clearly seen that the NiO layers in the nanoparticles are very thin, which 
explains why NiO is not detected in the N-P 600 using XRD analysis. To 
further clarify the nature of nanoparticles constituting the nanofibers in 
the NO-P 600, extensive TEM examinations were carried out. Fig. 2g 
shows a typical BF TEM image of a single nanofiber in the NO-P 600. 
From Fig. 2g, it can be seen that this fiber is composed of many nano
particles, which is consistent with our SEM observations. Fig. 2h and i 
show typical HRTEM images of several nanoparticles in the single 
nanofiber of the NO-P 600.

To further prove the formation of Ni@NiO core-shell structure in the 
N-P 600, EDS elemental mappings were conducted. As shown in Fig. 3a, 
it can be clearly observed that many square-shaped nanoparticles are 
loaded on the nanofibers with a uniform distribution of C element 
throughout the fiber matrix, further confirming that the N-P 600 consists 
of CNFs decorated with nanoparticles. Contrary to the C element, the O 
element exhibits a non-uniform distribution, with a significantly high 
concentration in the region with a pile-up of nanoparticles. Fig. 3b 
presents a typical STEM image and elemental mappings of several 
nanoparticles, revealing that the carbon content is relatively low within 
each nanoparticle. Notably, O element is preferentially distributed 
around the Ni, directly evidencing the formation of the core-shell 
structure. Fig. 3c is a typical STEM image and elemental mappings of 
a single nanoparticle, clearly demonstrating that metallic Ni is 

Fig. 5. XPS spectra of N-P 600: (a) Full XPS spectrum, (b) XPS spectra of Ni 2p. XPS spectra of NO-P 600: (c) Full XPS spectrum, (d) XPS spectra of Ni 2p.
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encapsulated by a thin oxygen-rich layer. Combining with the HRSTEM 
examinations, the O element surrounding the square-shaped nano
particles is attributed to the formation of NiO. Thus, it is further proved 
that in the N-P 600, CNFs are loaded with many nanoparticles possessing 
a Ni@NiO core-shell structure.

Through measuring the interplanar spacing of the particles in these 
images, all the particles constituting the fibers are identified as NiO. 
Therefore, NO-P 600 consists of nanofibers formed by NiO nano
particles, which is consistent with our XRD analysis results. In addition, 
the distributions of different elements in the N-P 600 and NO-P 600 were 
examined using EDS elemental mappings, as depicted in Fig. 4. From 
Fig. 4b and c, it can be seen that three elements (C, O and Ni) are 

uniformly distributed in the N-P 600, with relatively high carbon con
tent. In contrast, only O and Ni elements are uniformly distributed in the 
NO-P 600 with very low carbon content. To explore the chemical 
composition of N-P 600 and NO-P 600, the atomic ratios of various el
ements (C, O and Ni) were presented in Table 1. For the N-P 600, the 
carbon content is high, further confirming that the product is carbon 
nanofibers. In contrast, the NO-P 600 is primarily composed of Ni and O.

To gain further insight into the valence states of Ni in the products, 
N-P 600 and NO-P 600 were investigated using XPS. Fig. 5a presents the 
full XPS spectrum of the N-P 600, in which the C 1 s peak exhibits a 
relatively high intensity, indicating a high content of carbon in the N-P 
600. Fig. 5b is typical XPS spectra of Ni 2p in the N-P 600 with two peaks 
located at 870 eV and 852 eV, corresponding to Ni 2p1/2 and Ni 2p3/2 of 
Ni0. Meanwhile, the peaks located at 873 eV and 855 eV correspond to 
the Ni 2p1/2 and Ni 2p3/2 of Ni2+, respectively [35]. This indicates that 
the Ni element in the N-P 600 exists simultaneously in the form of Ni and 
NiO [36,37]. In Fig. 5c, the XPS full spectrum of the NO-P 600 dem
onstrates that the carbon content is negligible. Fig. 5d displays typical 
spectra of Ni 2p for the NO-P 600 with two peaks located at 873 eV and 
855 eV, which are assigned to Ni 2p1/2 and Ni 2p3/2 of NiO, respectively.

To explore the electrochemical performance of the N-P 600 and NO-P 
600, Fig. 6a and b show the CV curves of the first five cycles for the N-P 
600 and NO-P 600 electrodes at a scanning rate of 0.3 mV s− 1, respec
tively. For the N-P 600 electrode, during the initial cathodic scanning 
process (Fig. 6a), the reduction peak located at 0.67 V is attributed to the 
formation a solid electrolyte interface (SEI) film [38]. Meanwhile, no 
obvious oxidation peak is observed during the initial anodic scanning 
process, which results from the high carbon content in the fibers. From 
the second to the fifth cycle, the CV curves are highly overlapped, 

Fig. 6. CV curves of the first five cycles at a scanning rate of 0.3 mV s− 1: (a) N-P 600; (b) NO-P 600. (c) Rate performance of N-P 600 and NO-P 600 electrodes. (d) 
Cycling performance of N-P 600 and NO-P 600 electrodes at a current density of 0.1 A g− 1.

Table 2 
Summary of electrochemical properties for the NiO-based anode materials.

Anode material Current 
density 
(mA g− 1)

Cycle 
number

Reversible 
capacity 
(mAh g− 1)

Ref.

NiO microspheres 100 50 612 [60]
Ni@NiO 

nanowires
100 100 697.9 [61]

NiO microspheres 70 50 550 [62]
C/Ni-NiO 

nanofibers
50 35 515 [63]

Egg shell-yolk 
NiO/C

100 100 625.3 [64]

MnO/C/NiO 100 200 352.9 [65]
N-P 600 100 200 730.8 This 

work
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indicating that N-P 600 has an excellent cycling stability. Based on the 
above analysis, the N-P 600 electrode has an outstanding structural 
stability during the cycling, which enables highly reversible inter
calation/deintercalation of Li+ ions and consequently ensures excellent 
cycling stability [39–41]. During the initial cathodic scanning process 
(Fig. 6b) of the NO-P 600 electrode, a reduction peak is found at 0.7 V, 
corresponding to the reduction of Ni2+ to Ni0. The strong reduction peak 
located at 0.3 V signifies the formation of the SEI film. During the initial 
anodic scanning process, the oxidation peak located at 1.3 V corre
sponds to the oxidation of Ni0 to Ni2+. In addition, the CV curves for the 
NO-P 600 electrode do not overlap after the second cycle, indicating a 
poor cycling stability. Fig. 6c illustrates the rate performance of the N-P 
600 and NO-P 600 electrodes at the different current densities. 
Compared with the NO-P 600 electrode, the N-P 600 electrode shows an 
excellent rate performance with average discharge specific capacities of 
761.1, 645.4, 525.9, 412.4 and 284.5 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 
recovers from 2.0 A g− 1 to 0.1 A g− 1, the discharge specific capacities of 
the N-P 600 and NO-P 600 electrodes remain 725.7 and 376.1 mAh g− 1 

after 80 cycles, respectively. To investigate their cycling performance, 
N-P 600 and NO-P 600 electrodes were tested for 200 cycles at a current 
density of 0.1 A g− 1, as shown in Fig. 6d. The initial discharge specific 
capacity of the NO-P 600 electrode is 1215.1 mAh g− 1, which is higher 
than that of the N-P 600 electrode (1081.6 mAh g− 1). After 200 cycles, 
the discharge specific capacity of the N-P 600 and NO-P 600 electrodes 
maintains 730.8 mAh g− 1 and 209.58 mAh g− 1 with a capacity retention 
rate of 67.6% and 17.2%, respectively. Overall, the N-P 600 electrode 
exhibits excellent rate performance and cycling stability, which is 
attributed to the synergistic effects between CNFs and Ni@NiO nano
particles: NiO has a high theoretical specific capacity; Ni and CNFs 
contribute to enhanced cycling stability and rate performance of the 
anode material [42]. Table 2 summarizes the electrochemical perfor
mance of NiO-based anodes for LIBs in the previous literature, showing 
that the N-P 600 anode in this work has an excellent electrochemical 
performance.

EIS measurements were carried out to further explore the electro
chemical reaction kinetics of the N-P 600 and NO-P 600 electrodes. 
Fig. 7a shows the EIS spectra and the corresponding equivalent circuit 
diagrams of N-P 600 and NO-P 600 electrodes. In the equivalent circuit 
diagram, W, CPE, Rs and Rct stand for the Warburg impedance, constant 
phase element, electrolyte impedance and charge-transfer impedance, 
respectively [10]. In the high-frequency region of the EIS spectrum, Rct 

is represented by the semicircle diameter, and Rs is denoted by the 
impedance at the starting point of the semicircle. After fitting the 
high-frequency region, for the N-P 600 and NO-P 600 electrodes, the Rct 
values are 664.2 Ω and 1248.2 Ω, and the Rs values are 2.5 and 7.4 Ω, 
respectively. The lower values of Rct and Rs for the N-P 600 are pri
marily attributed to the enhanced conductivity induced by metallic Ni 
and CNFs [43]. In the low-frequency region of the EIS spectrum, the 
inclined line is associated with the Li+ diffusion coefficient (DLi) of the 
electrode, which can be calculated by the equations [44–46] as follows. 

DLi =
R2T2

2A2n4F4C2σ2
(3) 

Zʹ = Rs +Rct + σω-0.5 (4) 

where n is the number of electrons transferred per mole of the substance. 
C is the concentration of Li+ in the LIBs, and the electrode area A is 
1.54 × 10− 4 m2. The other parameters are available in the Ref. [47]. 
Fig. 7b shows the fitting diagrams of Zre and ω− 0.5 for the N-P 600 and 
NO-P 600 electrodes. The σ values are calculated to be 17.1 and 35.4 Ω 
s− 0.5 for the N-P 600 and NO-P 600, respectively. Furthermore, the DLi 
values are determined to be 3.6 × 10− 16 and 1.5 × 10− 15 cm2 s− 1 for the 
N-P 600 and NO-P 600 electrodes, respectively. It can be seen that the 
NO-P 600 electrode has a higher lithium-ion diffusion capacity than the 
N-P 600, suggesting that its porous structure facilitates the lithium-ion 
transport. The two samples show similar Li+ diffusion rates. Metallic 
Ni and carbon nanofibers in N-P 600 improve conductivity and lead to 
lower charge transfer resistance, while NO-P 600 is composed of nano
particles with abundant interspaces that facilitate Li+ diffusion, result
ing in similar diffusion rates [48–59].

4. Conclusions

A hierarchical composite of Ni@NiO core-shell nanoparticles 
embedded in carbon nanofibers has been prepared by electrospinning 
followed by subsequent annealing in argon at 600 ◦C. For the core-shell 
nanoparticles, NiO shows a good epitaxial growth on Ni, with two 
reversible orientation relationships between Ni and NiO. When the 
composite is used as anode material for LIBs, it demonstrates superior 
rate performance and cycling stability. The enhanced electrochemical 
performance is primarily attributed to the synergistic interactions be
tween the three components: NiO contributes a high theoretical specific 
capacity; the metal Ni with catalytic effect can promote the conversion 

Fig. 7. (a) EIS spectra of the N-P 600 and NO-P 600 electrodes; The inset shows the equivalent circuit diagram for fitting impedance spectra. (b) Zre and ω− 0.5 fitting 
plots for the N-P 600 and NO-P 600 electrodes.
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reaction of NiO; both Ni and CNFs enhance the cycling stability and 
electrical conductivity of the anode. This work presents a reliable 
strategy to utilize the synergistic effects among different components in 
a hierarchical composite anode, offering a promising route for the 
development of high-performance LIBs.
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