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A B S T R A C T   

The increasing requirement for clean energy storage has urged the advancement of lithium ion batteries (LIBs) 
with high specific capacity and cycling stability. In this work, we report a facile method to synthesize hybrid 
membranes of NiCo2S4 nanorod arrays uniformly grown onto each carbon nanofiber (NiCo2S4/CNF), which as 
anode materials can achieve high performance for LIBs. The conductive networks of CNFs can facilitate the 
electron transport at the interfaces and diffusion of ions to readily react with NiCo2S4, thus leading to increased 
lithium storage. The CNFs can mitigate the drastic expansion/contraction of NiCo2S4 nanorods, resulting in 
enhanced cycling stability. As a consequence, the LIBs with NiCo2S4/CNF hybrid membranes as anode materials 
exhibit high capacity (1060 mA h/g) at 0.2 A/g and good durability for 100 cycles.   

1. Introduction 

The increasing demand of efficient energy storage for electric vehi
cles and portable electronic devices, has urged the rapid development of 
high-performance lithium ion batteries (LIBs) [1]. As the commercial 
anodes for LIBs, graphite exhibits high stability but low specific capac
ity, which impedes the advancement of LIBs [2–4]. Thus, breakthroughs 
in seeking for alternative anode materials for LIBs are urgently desired. 

With high specific capacity, metal sulfides (e.g. SnS2, NiS, NiCo2S4, 
etc.) recently drew great interests as anodes for LIBs [5–10]. However, 
the agglomeration of these metal sulfides often results in decreased 
material utilization and rapid capacity decay [11–13]. Besides, the low 
electrical conductivity of metal sulfide leads to increased charge transfer 
resistance [14–16]. Constructing nanostructured composites of metal 
sulfides and carbonaceous materials was proven to be an effective 
strategy to address these issues [17–19]. Carbonaceous materials pro
vide conductive contacts to facilitate the charge transport at the in
terfaces and mitigate the expansion/contraction of metal sulfides upon 
cycling process [20]. 

Here, we report a facile approach to synthesize hybrid membrane of 
NiCo2S4 nanorod arrays grown on carbon nanofibers (NiCo2S4/CNF), 
which can efficiently restrain the rapid capacity decay of NiCo2S4 and 
achieve high specific capacity and cycling stability. The three- 

dimensional (3D) interconnected conductive CNF network facilitates 
the electron transport during the electrochemical reaction process. Be
sides, the 3D network structures can enable readily access of lithium ions 
to NiCo2S4 nanorods that are uniformly grown on nanofibers. As a 
consequence, the LIBs with NiCo2S4/CNF hybrid membranes as binder- 
free anode materials shows high capacity and good durability. 

2. Experimental 

Synthesis of NiCo2S4/CNF composites. The preparation procedure 
is illustrated in Fig. 1A. CNF membranes were synthesized through 
electrospinning of PAN solution, followed by carbonization procedure. 
NiCo2S4/CNF composites were synthesized by a hydrothermal reaction. 
Briefly, Ni(NO3)2⋅6H2O (1 mmol), Co(NO3)2⋅6H2O (2 mmol), thiourea 
(8 mmol) and urea (4 mmol) were dissolved in water (30 mL). The above 
solution was then poured into a 50 mL autoclave with a piece of CNF 
membrane added into the mixed solution, which was kept at 160 �C for 
12 h. Accordingly, pure NiCo2S4 was prepared by a similar procedure 
without adding CNF membrane. 

Electrochemical Measurements. NiCo2S4/CNF membranes were 
directly utilized as the anodes for LIBs. NiCo2S4 anodes were prepared 
by coating slurry (mixture of NiCo2S4, carbon black and poly(vinylidene 
fluoride) with weight ratio of 8/1/1) onto copper-foil current collectors. 
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After being dried at 60 �C overnight under vacuum, the slurry-coated 
copper foil was cut into discs, which was then used as anodes for LIBs. 
Coin cells with NiCo2S4/CNF and NiCo2S4 anodes were assembled, with 
lithium foil cathodes and Celgard-2400 separators. Cyclic voltammetry 
(CV) were conducted on a CHI660D electrochemical workstation at 0.1 
mV/s. The discharge/charge experiments were carried out on a 
CT2013A instrument. 

3. Results and discussions 

As shown in Fig. 1A, CNF membrane was prepared via electro
spinning followed by carbonization, which is an effective technique to 
prepare carbon nanofibers [21–27]. Then, NiCo2S4/CNF hybrid mem
brane was obtained by growing NiCo2S4 nanorod arrays on CNFs via a 
hydrothermal method. Scanning electron microscopy (SEM) results 
(Fig. 1B) display that the as-prepared electrospun carbon nanofibers 
have 3D network structures. The nanofibers of CNF have clean surfaces 
with diameter of 300–350 nm. As shown in Fig. 1C and D, for the NiC
o2S4/CNF hybrid membrane, NiCo2S4 nanorod arrays are uniformly 
grown onto each nanofiber. The transmission electron microscopy 
(TEM) images in Fig. S1 also verify the nanorod morphology. The 
d-spacing of (311) plane in NiCo2S4 nanorods is measured at 2.83 Å. The 
energy dispersive spectroscope (EDS) spectrum and mapping images 
(Fig. 2) indicate the homogeneous distribution of Ni, Co, S and C ele
ments within each hybrid nanofibers. 

The hierarchical structures of NiCo2S4/CNF nanocomposites with 
large surface area can enable readily access of lithium ions to NiCo2S4, 
optimizing electrode material utilization. By increasing the feed amount 
of metal precursors during the preparation procedure, the content of 
NiCo2S4 nanorods grown on carbon nanofibers is increased accordingly 
(Fig. S2). After replacing urea with hexamethylenetetramine during the 
preparation process, the morphology of NiCo2S4 will change, resulting 

in NiCo2S4 nanosheets grown onto nanofibers (Fig. S3). Without addi
tives used during the preparation procedure, the NiCo2S4/CNF sample 
features a morphology of NiCo2S4 nanoneedles grown onto nanofibers 
(Fig. S4). In sharp contrast, pure NiCo2S4 sample features an agglom
erated structure with NiCo2S4 nanorods aggregated with each other 
(Fig. S5). Constructing hierarchical NiCo2S4/CNF nanostructures can 
prevent the aggregation of NiCo2S4 and buffer the expansion/contrac
tion of NiCo2S4 upon cycling. The macroporous structures of NiCo2S4/ 
CNF can enable readily access of lithium ions with NiCo2S4 nanorods 
that are uniformly grown on nanofibers (Fig. S6). 

X-ray diffraction (XRD) patterns of NiCo2S4 and NiCo2S4/CNF com
posite (Fig. 3A) display same diffraction peaks located at 2θ ¼ 16.7�, 
27.1�, 31.9�, 38.6�, 47.7�, 50.8�, 55.6�, 65.4�, 69.6� and 78.5�, which 
can all be indexed to NiCo2S4 (JCPDS 20–0782), respectively. Surface 
electronic structures of NiCo2S4/CNF composite were further investi
gated by X-ray photoelectron spectroscopy (XPS) measurements. As 
seen, the NiCo2S4/CNF sample contains Ni, Co, S, O and C elements with 
no impurities (Fig. 3B). The Ni 2p spectrum in Fig. 3C reveals two strong 
peaks located at 852.8 eV and 870.2 eV, corresponding to Ni 2p3/2 and 
Ni 2p1/2, respectively. Peaks of nickel-oxygen species located at 856.7 
eV are observed, which is resulted from the exposure of sample to air. 
From the Co 2p spectrum (Fig. 3D), two strong peaks at 778.6 eV and 
793.6 eV are observed, corresponding to Co 2p3/2 and Co 2p1/2, 
respectively. In the S 2p spectrum (Fig. 3E), the peaks located at 161.4 
eV and 162.6 eV are assigned to S 2p3/2 and S 2p1/2 orbitals of S2-. These 
results are in accordance with those of NiCo2S4 materials [28–30]. 

We further assembled battery cells with NiCo2S4/CNF and pure 
NiCo2S4 as anodes. The NiCo2S4/CNF membranes were directly utilized 
as anodes while NiCo2S4 anodes were prepared using slurry-coating 
technique. As shown in Fig. 4A, CV curves of cell assembled with 
NiCo2S4/CNF anodes reveal three reduction peaks in the cathodic scans 
and three oxidation peaks in the anodic scans. The reduction peaks are 

Fig. 1. Schematic of the preparation procedure of NiCo2S4/CNF hybrid membrane. SEM images of (B) CNF and (C, D) NiCo2S4/CNF hybrid membranes, respectively. 
Inset of (C) is the photo of NiCo2S4/CNF hybrid membrane. 
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assigned to the reactions between NiCo2S4 and lithium ions, with 
products of Ni, Co and Li2S [14,15]. In the anodic scans, the oxidation 
peaks are corresponding to the reversible formation of NiCo2S4. The 
overlapped CV curves of subsequent cycles suggest good stability of 
NiCo2S4/CNF anodes during the reaction process. Fig. 4B shows the 
discharge/charge curves of cell assembled with NiCo2S4/CNF anodes. 
The potential plateaus observed in the discharge and charge curves are 
consistent with the CV results. The overlapped discharge and charge 

curves also verify high reversibility of NiCo2S4/CNF anodes. 
We further evaluate the cycling performance of NiCo2S4 and 

NiCo2S4/CNF anodes (Fig. 4C). The cell with NiCo2S4 anode exhibits 
poor cycling performance with reversible capacity of 350 mA h/g after 
100 cycles, which is possibly resulted from the aggregation and pul
verization of NiCo2S4 that occurred upon cycling. In comparison, the cell 
assembled with NiCo2S4/CNF anodes features good cycling stability 
with a high capacity of 1060 mA h/g. The capacity loss in the initial 

Fig. 2. (A) SEM image, (B–F) corresponding EDS spectrum and mapping images of NiCo2S4/CNF hybrid membrane, respectively.  

Fig. 3. (A) XRD patterns of CNF, NiCo2S4 and NiCo2S4/CNF samples. (B) XPS survey spectrum, high resolution (C) Ni 2p spectrum, (D) Co 2p spectrum, (E) S 2 p 
spectrum and (F) C 1s spectrum of NiCo2S4/CNF sample, respectively. 
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cycle are attributed to the formation of solid electrolyte interface layer 
and dissolution of metal cations [19,20]. Besides, as shown in Fig. 4D, 
the rate capabilities of NiCo2S4/CNF anode at various current densities 
are higher than those of NiCo2S4 anodes. In conjunction with morpho
logical results, the hierarchical structures of NiCo2S4/CNF with NiCo2S4 
nanorods grown on conductive carbon nanofibers can enable electrical 
contact to facilitate the electron transport and diffusion of lithium ions 
to readily access NiCo2S4 nanorods, leading to greatly increased lithium 
storage. The carbon nanofibers can also accommodate the volumetric 
expansion/contraction of NiCo2S4 nanorods and mitigate aggregation 
and pulverization of NiCo2S4 materials during the cycling process, 
resulting in improved cycling stability. 

4. Conclusions 

In summary, we report a facile approach to prepare NiCo2S4/CNF 
hybrid membranes with NiCo2S4 nanorod arrays grown on electrospun 
carbon nanofibers. The 3D conductive CNF network can enable readily 
access of lithium ions to NiCo2S4 nanorods and facilitate the electron 
transport at the interfaces. As a result, the battery with NiCo2S4/CNF 
hybrid membrane as binder-free anode exhibits a high capacity of 1060 
mA h/g at 0.2 A/g and good durability. This work provides insights for 
further advances to design anodes for achieving high-performance LIBs. 
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