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(LIBs), supercapacitors, solar cells, fuel 
cells, etc. [ 1–6 ]  Among them, LIBs have 
become one of the predominant power 
sources for applications in portable elec-
tronic devices, electric vehicles, and hybrid 
electric vehicles, owing to their high 
energy density, long cycle life, and envi-
ronmental benignity. [ 7 ]  Currently, com-
mercialized graphite is the most widely 
used anode material for LIBs, but it cannot 
meet the requirements for high-perfor-
mance LIBs due to its relatively low theo-
retical specifi c capacity (372 mA h g −1 ). [ 8 ]  
Therefore, the ongoing search for alter-
native anode materials with high specifi c 
capacity and good cycling stability has 
become the subject of intensive research 
worldwide. [ 9–13 ]  

 Recently, metal sulfi des (e.g., FeS, 
NiS, MoS 2 , SnS 2 , etc.) have attracted tre-
mendous attention as promising anode 
materials for next-generation LIBs due to 
their higher theoretical capacities. [ 14–20 ]  In 
particular, nickel sulfi de (NiS) has a high 
theoretical capacity (590 mA h g −1 ) as well 

as many excellent properties including good electronic conduc-
tivity, abundant resources, and low toxicity. [ 21–24 ]  However, the 
practical applications of NiS materials are severely hindered 
by their rapid capacity fade upon cycling, which mainly results 
from their large volumetric expansion and serious agglomera-
tion during the repetitive lithiation/delithiation process. [ 25–27 ]  In 
order to achieve high reversible capacities and long cycling life, 
one effective strategy is to optimize the NiS materials to nano-
structures and confi ne them within a conductive carbonaceous 
matrix, which can act both as a buffer to accommodate the 
volume expansion/contraction, and as a separator to inhibit NiS 
particles from aggregating during the long-term cycling. [ 28–33 ]  
Moreover, it can also offer a conductive scaffold to maintain reli-
able electric contact with NiS materials and facilitate the charge 
transport across the interfaces, resulting in greatly enhanced 
reversible capacity and cycling stability. [ 34–36 ]  For instance, 
nanocomposites of ultrathin NiS nanosheets and graphene 
sheets delivered substantially higher specifi c capacities and 
better cyclic stability compared with pure NiS nanosheets. [ 37 ]  
Similarly, a synergistic effect was also achieved from hybrid 
materials with NiS nanorod-assembled nanofl owers grown on 

 The lithium storage performance of metal sulfi des is restricted by their 
intrinsic poor conductivity, large volumetric expansion, and involvement 
of insulating polymer binders during the electrode preparation process, 
which can be solved by constructing binder-free hybrid electrodes 
with nanostructured metal sulfi des grown on self-standing conductive 
templates. In this work, fl exible hybrid membranes with nickel sulfi de (NiS) 
nanoparticles uniformly anchored on electrospun carbon nanofi bers (CNFs) 
have been prepared as binder-free anodes for high-performance lithium-ion 
batteries. The hierarchical CNF@NiS core/sheath hybrid membranes with 
3D macroporous architecture can provide open and continuous channels 
for rapid diffusion of lithium ions to access the electrochemically active 
NiS nanoparticles. Moreover, the CNF can act as both a conductive core to 
provide effi cient transport of electrons for fast lithiation/delithiation of the 
NiS sheath, and as a buffering matrix to mitigate the local volumetric expan-
sion/contraction upon long-term cycling. As a consequence, the optimized 
CNF@NiS hybrid membranes exhibit a high reversible capacity of 1149.4 mA 
h g −1  with excellent cycling stability, and high rate capability of 664.3 mA h g −1  
even at a high current density of 3 A g −1 , making them promising fl exible and 
binder-free anode materials for highly reversible lithium storage. 

  1.     Introduction 

 With ever-increasing demand for effi cient energy storage, 
extensive efforts have been devoted to develop advanced energy 
storage and conversion systems, such as lithium-ion batteries 
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graphene, where enhanced electrical contact, electrode struc-
ture stability, and reduced Li-ion diffusion pathways were 
obtained, leading to greatly improved lithium storage capacity 
and cycling performance. [ 38 ]  However, these NiS-based elec-
trode materials need to be mixed with conductive additives and 
polymer binders for the battery tests, which is complicated and 
time-consuming. [ 39 ]  Besides, the polymer binders are insulating 
and electrochemically inert, which may severely block the dif-
fusion channels of ion transportation and impair the overall 
electrochemical performance of electrode materials. [ 40 ]  Thus, a 
proper self-standing substrate with high electrical conductivity 
and mechanical fl exibility for fabricating binder-free NiS-based 
electrode is highly desirable for the improvement of its lithium 
storage performance. 

 Here, we demonstrate an effi cient and scalable process to 
fabricate fl exible hybrid membranes of electrospun CNF@
NiS core/sheath fi bers as binder-free anodes for LIBs. First, 
fl exible self-standing CNF membranes with unique 3D fi ber 
networks and excellent structural stability are facilely obtained 
through the combination of electrospinning and carbonization 
(as shown in  Figure    1  ). Then, hierarchical nanostructures are 
conveniently constructed with nanosized NiS particles uni-
formly anchored on the CNFs, which can effectively prevent 
the agglomeration of NiS nanoparticles and mitigate their vol-
umetric expansion during the repetitive cycling process. Addi-
tionally, the conductive CNF core can provide effi cient trans-
port of electrons for fast lithiation/delithiation of the electro-
chemically active NiS sheath. Moreover, the 3D macroporous 
architecture derived from the nanofi ber networks can sig-
nifi cantly increase the porosity and facilitate the rapid dif-
fusion of lithium ions to access the NiS nanoparticles. As a 
result of the synergistic effects between CNF and NiS, the 
optimized electrospun CNF@NiS core/sheath hybrid mem-
branes exhibit a high reversible capacity of 1149.4 mA h g −1  
as well as excellent cycling stability and rate capability, 
showing great potential as fl exible anode materials for high-
performance LIBs.   

  2.     Results and Discussion 

  2.1.     Morphology and Structure of CNF@NiS Core/Sheath 
Hybrid Membranes 

 Electrospinning is a simple and effi cient technique for fabri-
cating self-standing nanofi ber membranes with unique 3D fi ber 
networks, good structural stability, and high fl exibility. [ 41–45 ]  As 
shown in  Figure    2  , the electrospun CNFs have an average diam-
eter of about 200–300 nm and smooth surfaces without defects. 
Moreover, the nanofi bers interconnected with each other are 
able to form a 3D open architecture, which can provide a high-
surface-area template for further growth of electrochemically 
active materials to construct hierarchical nanocomposites. In 
this work, a facile low-temperature chemical bath deposition 
(CBD) process was utilized to in-situ grow crystalline Ni(OH) 2  
nanosheets on CNFs ( Figure    3  ). It can be seen that the loading 
amount of Ni(OH) 2  nanosheets on nanofi bers obviously 
increases with increasing concentrations of Ni(NO 3 ) 2  solution 
used in the preparation procedure. As for the CNF@Ni(OH) 2 -1 
hybrid membrane (Figure  3 A,D), only small Ni(OH) 2  fl akes are 
evenly scattered on nanofi bers under a low dosage of Ni(NO 3 ) 2 . 
With increasing Ni(NO 3 ) 2  concentration, thin Ni(OH) 2  
nanosheets with curled shapes begin to form and grow per-
pendicularly on the surface of nanofi bers (Figure  3 B,E). How-
ever, a thick layer of Ni(OH) 2  nanosheets and large Ni(OH) 2  
agglomerates are gradually formed with further increasing con-
centrations of Ni(NO 3 ) 2  (Figure  3 C,F), which may be attributed 
to the rapid homogeneous nucleation of Ni(OH) 2  under high 
concentrations. As exhibited in Figure S1 (Supporting Infor-
mation), pure Ni(OH) 2  nanosheets produced in the absence of 
CNF membranes severely aggregate into much larger spherical 
agglomerates. Thus, constructing hierarchical nanostructures 
with Ni(OH) 2  nanosheets uniformly grown on the CNFs can 
effectively prevent the aggregation of Ni(OH) 2  nanosheets.   

 After sulfi dation treatment of the CNF@Ni(OH) 2  
hybrid membranes in ethanol solution of thioacetamide, 
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 Figure 1.    Schematic illustration of the preparation of fl exible free-standing CNF@NiS core/sheath hybrid membranes.
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CNF@NiS hybrid membranes with NiS nanoparticles anchored 
on the CNFs are obtained ( Figure    4  ). Owing to the S 2−  ion 
exchange reactions, nanosheet-like Ni(OH) 2  are transformed into 
nanoparticle-like NiS via three reactions as described by the fol-
lowing Equations  ( 1)  – ( 3)   [ 46 ] 

    → −CH CSNH +C H OH CH (NH )C(OC H ) SH3 2 2 5 3 2 2 5   (1)  

    

−
→

CH (NH )C(OC H ) SH + C H OH
CH (NH )C(OC H ) + H S

3 2 2 5 2 5

3 2 2 5 2 2   
(2)

  

    →H S + Ni(OH) NiS + 2H O2 2 2   (3)    

 The content of NiS nanoparticles in the CNF@NiS hybrid 
membranes clearly increases with increasing initial loading 
amounts of Ni(OH) 2  nanosheets on CNFs. As shown in 
Figure  4 A,D, the nanofi bers of CNF@NiS-1 hybrid membranes 
have not been fully covered by NiS nanoparticles due to the low 
loading amount of Ni(OH) 2  nanosheets. For the CNF@NiS-2 
hybrid membrane, NiS nanoparticles with diameters of 30–70 nm 
are uniformly distributed on the nanofi bers (Figure  4 B,E), 
thus preventing the aggregation of NiS nanoparticles and pro-
viding a 3D macroporous structure that is benefi cial for rapid 
diffusion of lithium ions to access active materials during the 
lithiation/delithiation processes. From Figure  4 C,F, the NiS 
nanoparticles are densely accumulated and form a thick layer 

on the nanofi bers of CNF@NiS-3 hybrid membranes, which 
will surely deteriorate the electron transport between NiS nano-
particles and the conductive CNFs. In comparison, the pure 
NiS nanoparticles sulfurated from pure Ni(OH) 2  nanosheets 
tend to aggregate with each other and form large agglomer-
ates (Figure S2, Supporting Information), implying the sig-
nifi cance of CNFs for effectively dispersing NiS nanoparticles. 
Brunauer–Emmett–Teller (BET) analysis (Figure S3, Sup-
porting Information) strongly verifi es the CNF@NiS-2 hybrid 
membranes as mesoporous materials with much larger spe-
cifi c surface area than the nonporous NiS powder. The specifi c 
surface area and pore volume for a CNF@NiS-2 hybrid mem-
brane are 89.2 m 2  g −1  and 0.38 cm 3  g −1 , respectively, which are 
much larger than those of pure NiS powder (7.5 m 2  g −1  and 
0.06 cm 3  g −1 ). As shown in the inset of Figure S3 (Supporting 
Information), the pore size distribution of CNF@NiS-2 hybrid 
membrane calculated from the Barrett–Joiner–Halenda method 
is mainly centered at 4 nm, which is in the mesoporous range. 
The larger specifi c surface area and pore volume of CNF@
NiS-2 hybrid membrane can greatly facilitate rapid diffusion 
of electrolyte to access the electrochemically active NiS nano-
particles, thus leading to signifi cantly improved lithium storage 
performance compared with pure NiS powder. Furthermore, it 
is worthy to mention that no crack was observed upon bending 
of the CNF@NiS-2 hybrid membrane (inset of Figure  4 E), 
indicating its high fl exibility as binder-free anode for LIBs, 
which can avoid the cumbersome slurry coating process for 
preparing NiS-based composite electrodes by using conductive 
additives and polymer binders as reported previously. [ 47–49 ]  

 The complete conversion from CNF@Ni(OH) 2  to CNF@NiS 
is corroborated by X-ray diffraction (XRD) analysis ( Figure    5  ). 
Both the pure Ni(OH) 2  and CNF@Ni(OH) 2 -2 hybrid mem-
branes display four diffraction peaks at 2 θ  = 12.3°, 24.6°, 33.8°, 
and 59.8°, corresponding to (003), (006), (101), and (110) planes 
of α-Ni(OH) 2  (JCPDS 38–0715), respectively. Moreover, a broad 
peak ranging from 20° to 30° is observed in the XRD pattern 
of CNF@Ni(OH) 2 -2 hybrid membrane, which is ascribed to 
amorphous CNFs, indicating the coexistence of Ni(OH) 2  and 
CNFs in CNF@Ni(OH) 2  hybrid membranes. As for pure NiS 
and CNF@NiS-2 hybrid membranes, fi ve new peaks located 
at 2 θ  = 30.4°, 34.9°, 46.0°, 53.7°, and 73.1° can be indexed to 
(100), (101), (102), (110), and (202) planes of  α -NiS (JCPDS 
02–1280) respectively. And all the peaks related to Ni(OH) 2  
completely disappear, which unambiguously verifi es the suc-
cessful conversion of CNF@Ni(OH) 2  to CNF@NiS after the 
sulfi dation treatment. [ 50 ]  Additionally, the Raman spectra of a 
CNF membrane and a CNF@NiS-2 hybrid membrane (Figure S4, 
Supporting Information) both exhibit two strong peaks located 
at 1345 and 1588 cm −1 , while the Raman spectrum of pure NiS 
powder shows no peak in the range from 1100 to 1900 cm −1 . 
These two peaks are consistent with the well-known D (dis-
order) and G (graphite) band peaks, which are ascribed to the 
sp 3  and sp 2  hybridized carbons, representing the disordered 
and well-ordered lattice structures, respectively. [ 51 ]  Moreover, 
the intensity of the G-band peak is relatively higher, which indi-
cates its high degree of crystallinity in the lattice structure of 
the CNFs. [ 52 ]  Moreover, the weight ratios of CNF in CNF@NiS 
hybrid membranes can be calculated from thermogravimetric 
analysis (TGA) analysis (Figure S5, Supporting Information), 
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 Figure 2.    Field emission scanning electron microscope (FESEM) images 
of a CNF membrane at A) low and B) high magnifi cations.
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which are 68.5, 48.0, and 37.7 wt% for CNF@NiS-1, CNF@
NiS-2, and CNF@NiS-3 hybrid membranes, respectively.  

 The surface electronic state and composition of CNF@NiS-2 
hybrid membranes were further investigated by X-ray photo-
electron spectroscopy (XPS) analysis as presented in  Figure    6  . 
Characteristic peaks for Ni, S, C, and O elements with no detect-
able impurities are observed in the survey spectrum (Figure  6 A), 
which are consistent with energy dispersive spectroscopy 
results (Figure S6, Supporting Information). A high-resolu-
tion spectrum of Ni 2p shows a strong main peak at 853.2 eV 
assigned to Ni 2p 3/2 , as well as an associated excited fi nal state 
satellite peak located at 7.8 eV, a higher binding energy than 
the main peak (Figure  6 B), in good agreement with those 
reported previously for NiS. [ 53 ]  The peak centered at 856.0 eV 
and its associated higher binding energy satellite at 7.7 eV can 
be attributed to nickel–oxygen species on the sample surface 
due to the exposure to atmospheric oxygen. [ 54 ]  Similarly, two 
characteristic peaks corresponding to the binding energies of 
Ni 2p 1/2  and its associated oxygenated component appear at 
870.6 and 874.1 eV, respectively. In the high resolution S 2p 
spectrum (Figure  6 C), the peaks located at 162.9 and 161.7 eV 

are assigned to S 2p 1/2  and S 2p 3/2  orbitals of divalent sulfi de 
ions (S 2− ), respectively. Moreover, the detailed compositional 
analysis reveals that the surface Ni:S atomic ratio is 1.06:1, 
which is close to the formula of NiS. Figure  6 D presents the 
high resolution C 1s spectrum of a CNF@NiS-2 hybrid mem-
brane, showing a standard carbon peak at 284.6 eV.   

  2.2.     Electrochemical Performance of CNF@NiS Core/Sheath 
Hybrid Membranes 

 In order to evaluate the electrochemical performance, fl exible 
free-standing CNF@NiS hybrid membranes were directly used 
as binder-free anodes and assembled into coin cells. To investi-
gate the electrochemistry during the cell testing process, cyclic 
voltammetry (CV) curves of the 1st, 2nd, and 5th cycles of a 
CNF@NiS-2 hybrid membrane were collected in the potential 
window of 0.01–3.0 V at a scan rate of 0.1 mV s −1  ( Figure    7  A). 
In the initial cathodic scan, two reduction peaks at about 1.1 and 
0.6 V are observed, corresponding to the formation of Ni and 
solid electrolyte interface (SEI) fi lms, respectively. [ 39 ]  During the 
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 Figure 3.    Low (left) and high (right) magnifi cation FESEM images of A,D) CNF@Ni(OH) 2 -1, B,E) CNF@Ni(OH) 2 -2, and C,F) CNF@Ni(OH) 2 -3 hybrid 
membranes.
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subsequent cycles, two cathodic peaks located at about 1.7 and 
1.3 V are attributed to the two-step electrochemical reactions 
between NiS and lithium. According to Equations  ( 4)   and 
 ( 5)  , NiS reacts with lithium to form intermediate products of 
Ni 3 S 2  and Li 2 S at the fi rst stage and then form Ni and Li 2 S at 
the second stage. [ 38 ]  The transformation from NiS to Ni 3 S 2  is 
related to the cathodic peak at 1.7 V, while the cathodic peak 
at 1.3 V is associated with that from Ni 3 S 2  to Ni. In the anodic 
scan for the initial and subsequent cycles, four peaks at 1.1, 1.5, 
2.1, and 2.3 V are observed, which can be ascribed to the forma-
tion of NiS and decomposition of SEI layer. [ 55 ]  To be noticed, 
the CV curves of the subsequent cycles are almost overlapped, 
indicating an excellent reversibility of the CNF@NiS-2 hybrid 
membrane during the lithiation/delithiation process. 

    + ↔ +3NiS 2Li Ni S Li S3 2 2   (4)  

    + ↔ +Ni S 4Li 3Ni 2Li S3 2 2   (5)    

 Figure  7 B presents the galvanostatic discharge–charge 
profi les (1st, 2nd, and 5th cycles) of the CNF@NiS-2 hybrid 
membrane at a current density of 0.1 A g −1 . There are two 
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 Figure 4.    Low (left) and high (right) magnifi cation FESEM images of A,D) CNF@NiS-1, B,E) CNF@NiS-2, and C,F) CNF@NiS-3 hybrid membranes. 
The inset of (E) shows the corresponding digital photo of the highly fl exible CNF@NiS-2 hybrid membrane.

 Figure 5.    XRD patterns of CNF membrane, pure Ni(OH) 2 , pure NiS, 
CNF@Ni(OH) 2 , and CNF@NiS hybrid membranes.
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 Figure 6.    A) XPS survey spectrum, high resolution B) Ni 2p spectrum, C) S 2p spectrum, and D) C 1s spectrum of a CNF@NiS-2 hybrid membrane.

 Figure 7.    A) CV curves (1st, 2nd, and 5th cycles) of the CNF@NiS-2 hybrid membrane measured at a scan rate of 0.1 mV s −1 . B) The discharge/
charge curves of the CNF@NiS-2 hybrid membrane in the 1st, 2nd, and 5th cycles. C) Cycling performance of the CNF membrane, pure NiS powder, 
CNF@NiS-1, CNF@NiS-2, and CNF@NiS-3 hybrid membranes at a current density of 0.1 A g −1 . D) Rate performance of pure NiS powder and the 
CNF@NiS-2 hybrid membrane at various current densities.
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potential plateaus at 1.2 and 0.6 V in the fi rst discharge curve, 
corresponding to the formation of a Ni and SEI layer, which 
is in accordance with the CV results. For the subsequent 
discharge cycles, two plateaus located at 1.7 and 1.3 V are also 
consistent with the CV analysis, indicating the two-step lithia-
tion process of NiS (Equations  ( 4)   and  ( 5)  ). During the charge 
process, the potential plateau located at 1.0, 1.4, 2.0, and 2.3 V 
can be attributed to the reversible formation of NiS and decom-
position of SEI layer. As for the pure CNF membrane, only one 
fl at potential plateau at about 0.25 V in the fi rst discharge curve 
is observed and the plateaus mentioned above for the CNF@
NiS-2 hybrid membrane are not observed (Figure S7, Sup-
porting Information). In the initial cycle, the discharge and 
charge capacities of pure NiS are 1305.5 and 715.3 mA h g −1 , 
respectively, with an initial Columbic effi ciency of 55%. In con-
trast, the initial discharge and charge capacities of the CNF@
NiS-2 hybrid membrane are 1768.9 and 1149.4 mA h g −1 , 
respectively, with initial Columbic effi ciency of 65%. The greatly 
improved reversible capacities can be ascribed to the uniform 
distribution of NiS nanoparticles on conductive CNFs instead 
of forming aggregations as well as the enhanced kinetics of 
charge transfer across the interfaces. Additionally, the 3D hier-
archical nanostructures of CNF@NiS-2 hybrid membranes can 
greatly increase the porosity and facilitate the rapid diffusion of 
lithium ions to access the NiS nanoparticles. On the contrary, 
as for pure NiS, the aggregation of NiS nanoparticles makes it 
diffi cult to realize full lithiation of their internal portion and the 
involvement of insulating polymer binders during the NiS elec-
trode preparation may severely deteriorate the overall lithium 
storage performance. 

 Not only high reversible capacity but also good cyclic stability is 
desirable for promising anode materials in LIBs. Figure  7 C dem-
onstrates the cycling performance of pure NiS, CNF, CNF@
NiS-1, CNF@NiS-2, and CNF@NiS-3 hybrid membranes at a 
current density of 0.1 A g −1 . The pure CNF membrane mani-
fests excellent cyclic stability, but its reversible capacity is only 
about 160 mA h g −1 . Although the NiS electrode has an initial 
charge capacity of 715.3 mA h g −1 , it shows severe capacity decay 
and only delivers a reversible capacity of 215.6 mA h g −1  after 
100 cycles. The rapid capacity fade of pure NiS is due to their 
intrinsic poor conductivity, serious aggregation, and pulveri-
zation during the cycling process. By comparison, the CNF@
NiS-1, CNF@NiS-2, and CNF@NiS-3 hybrid membranes 
deliver much higher reversible capacities of 706.3, 1020.6, and 
805.8 mA h g −1  after 100 cycles, respectively. Additionally, the 
Columbic effi ciency of CNF@NiS-2 hybrid membrane gradu-
ally achieves nearly 100% after several cycles (Figure S8, Sup-
porting Information), further indicating its excellent cyclic 
stability upon long-term cycling. The remarkably improved 
cycling performance of CNF@NiS hybrid membranes can be 
attributed to the CNF matrix that restrains the agglomeration 
of NiS nanoparticles and avoids the loss of sulfi de intermedi-
ates during repetitive lithium storage/release process. As dis-
played in Figure S9 (Supporting Information), the fi eld emis-
sion scanning electron microscope (FESEM) image of CNF@
NiS-2 hybrid membrane after the cycling test shows that the 
NiS nanoparticles are still uniformly covered on the surface of 
CNFs, confi rming that the CNF core plays an important role in 
accommodating the volumetric expansion/contraction of NiS 

nanoparticles and maintaining the structural stability of the 
CNF@NiS-2 hybrid membrane upon long-term cycling. Among 
these materials, CNF@NiS-2 hybrid membrane exhibits the 
highest reversible capacity, which can be ascribed to the opti-
mized amount of NiS nanoparticles anchored on the CNFs as 
well as the better electrical contact and interfacial interaction 
between the NiS sheath and conductive CNF core. Associated 
with the morphology analysis, the nanofi bers of CNF@NiS-1 
hybrid membrane have not been fully covered by NiS nanopar-
ticles, while the densely accumulated NiS nanoparticles already 
form agglomerates on the nanofi bers of the CNF@NiS-3 hybrid 
membrane (Figure  4 ). Thus, it gives a proper explanation for 
the optimized electrochemical performance of the CNF@NiS-2 
hybrid membrane, in which the CNFs are fully and uniformly 
covered by NiS nanoparticles with less aggregation. 

 The rate capabilities of pure NiS powder and the CNF@
NiS-2 hybrid membrane were investigated by applying various 
current densities on the coin cells (Figure  7 D). The revers-
ible capacity of pure NiS fades to less than 50 mA h g −1  as 
the current density increases to 3 A g −1 , and regains a capacity 
of about 205.6 mA h g −1  (only about 29% of the initial charge 
capacity) when the current density decreases back to 0.1 A g −1 . 
Contrarily, the CNF@NiS-2 hybrid membrane delivers a high 
reversible capacity of 664.3 mA h g −1  as the current density 
increases to 3 A g −1 . Moreover, the reversible capacity restores 
to 1048.5 mAh g −1  when the current rate is changed back 
to 0.1 A g −1 , approaching 91% of its initial charge capacity. 
Rate performances of different CNF@NiS hybrid membranes 
(Figure S10, Supporting Information) further reveal that 
the CNF@NiS-2 hybrid membrane exhibits higher revers-
ible capacities over those of CNF@NiS-1 and CNF@NiS-3 
hybrid membranes under various current densities. Further-
more, the capacities of the CNF@NiS-2 hybrid membrane can 
still be retained at 745.2, 640.7, and 543.8 mA h g −1  at 1, 2, 
and 3 A g −1  after 100 cycles respectively, indicating its excel-
lent cycling stability at high current densities ( Figure    8  ). The 
remarkably enhanced cyclic stability and rate capability of 
CNF@NiS hybrid membranes are ascribed to the synergistic 
effects between CNFs and NiS nanoparticles, where the highly 
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 Figure 8.    High-rate cycling performance of the CNF@NiS-2 hybrid 
membrane in the voltage range from 0.01 to 3.0 V at current densities of 
1, 2, and 3 A g −1 .
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conductive CNFs can act as the conductive core to provide 
effi cient electron transport for fast lithiation/delithiation of 
the electrochemically active NiS sheath ( Figure    9  ). Moreover, 
the overall 3D macroporous architectures as well as the hier-
archical nanostructures of CNF@NiS-2 hybrid membrane can 
signifi cantly shorten the lithium ion diffusion length, enhance 
the contact area and ensure the ion and electron diffusion with 
little resistance, leading to greatly improved lithium storage 
performance.   

 To better understand the superior electrochemical perfor-
mance of CNF@NiS core/sheath hybrid membranes, electro-
chemical impedance spectroscopy (EIS) measurements were 
carried out to investigate the electrochemical impedance of the 
CNF membrane, pure NiS powder, and the CNF@NiS-2 hybrid 
membrane as shown in  Figure    10  . The Nyquist plots consist of 

two semicircles at high and medium frequencies and a straight 
line with a constant inclining angle at low frequencies, which 
are related to the resistance of the SEI, charge-transfer resist-
ance at the electrolyte/electrode interface and the solid-state dif-
fusion resistance of lithium ions in the electrode, respectively. 
It can be clearly seen that the CNF@NiS-2 electrode displays 
a much smaller radius of semicircle in the high-medium fre-
quency region compared to that of pure NiS electrode. The 
electrode–electrolyte interfacial resistances ( R  i ) are 65, 104, and 
133 Ω for CNF membrane, CNF@NiS-2 hybrid membrane and 
pure NiS powder, respectively. The remarkably reduced  R  i  value 
of CNF@NiS-2 hybrid membrane compared with that of pure 
NiS powder indicates the greatly reduced charge-transfer resist-
ance at the electrode/electrolyte interface due to the combina-
tion of NiS sheath with the conductive nanofi ber core, which 
can greatly facilitate the rapid transfer of both lithium ions and 
electrons during the lithiation/delithiation process and result in 
highly reversible lithium storage.    

  3.     Conclusions 

 In summary, highly fl exible CNF@NiS core/sheath hybrid 
membranes with NiS nanoparticles uniformly anchored on the 
electrospun CNFs have been facilely prepared as binder-free 
anodes for high-performance LIBs. The CNFs with excellent 
electrical conductivity and structural stability cannot only facili-
tate the charge transfer across the interfaces for fast lithiation/
delithiation of the NiS sheath, but also effectively mitigate 
the aggregation and volumetric expansion/contraction of NiS 
nanoparticles upon long-term cycling. Moreover, the overall 
3D macroporous architectures as well as the hierarchical nano-
structures of CNF@NiS hybrid membranes can signifi cantly 
increase the porosity and enable rapid diffusion of lithium ions 
to access electrochemically active NiS nanoparticles. Benefi ting 
from the synergistic effects, remarkably improved lithium 

 Figure 9.    Schematic illustration of lithium ion diffusion and electron transportation in CNF@NiS core/sheath hybrid membranes.

 Figure 10.    Nyquist plots of CNF membrane, pure NiS powder, and 
CNF@NiS-2 hybrid membrane measured in the frequency range from 
100 kHz to 0.01 Hz with an AC voltage amplitude of 5.0 mV.
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storage performance has been achieved for the optimized 
CNF@NiS hybrid membrane with a high reversible capacity of 
1149.4 mA h g −1  and excellent cyclic stability, as well as a high-
rate capability of 664.3 mA h g −1  even at a high current density 
of 3 A g −1 , making it a promising candidate as a fl exible and 
binder-free anode material for highly reversible lithium storage.  

  4.     Experimental Section 
  Materials : Polyacrylonitrile (PAN) ( M  w  = 150 000 g mol −1 ) was 

purchased from Sigma-Aldrich. Electrolyte (1  M  LiPF 6  in ethylene 
carbonate (EC)/dimethyl carbonate (DMC)/diethyl carbonate (DEC) (1:1:1 
by volume)), lithium foil, and Celgard-2400 were purchased from Shanxi 
Lizhiyuan Co. Ltd. All other reagents were purchased from Sinopharm 
Chemical Reagent Co. Ltd. and used as received without further 
purifi cation. Deionized water was used throughout all the experiments. 

  Preparation of CNF@NiS Core/Sheath Hybrid Membranes : The 
preparation procedure of electrospun CNF@NiS core/sheath hybrid 
membranes was schematically illustrated in Figure  1 . PAN nanofi ber 
membrane was fi rst synthesized through a simple single-nozzle 
electrospinning technique. Typically, 1 g PAN was dissolved in 5 mL 
 N,N -dimethylformamide (DMF) at room temperature under vigorous 
stirring to form viscous transparent solution and then transferred into a 
5 mL plastic syringe. The electrospinning process was carried out at an 
applied voltage of 20 kV with a feeding rate of 0.25 mm min −1  through a 
stainless steel needle positioned 20 cm away from the aluminum drum 
collector. The generated PAN nanofi ber membrane was preoxidized at 
250 °C in an air atmosphere for 1 h with a heating rate of 1 °C min −1 , 
and then carbonized in a conventional tube furnace at 800 °C for 2 h in 
N 2  atmosphere to obtain CNF. After that, CNF@Ni(OH) 2  core/sheath 
hybrid membranes with different loading amounts of Ni(OH) 2  were 
prepared by a CBD method. Briefl y, certain amounts of Ni(NO 3 ) 2 ·6H 2 O 
(i.e., 145, 290, and 580 mg, respectively) and 500 mg urea were dissolved 
into a mixed solution of 20 mL deionized water and 20 mL ethyl alcohol 
under stirring. The CNF membranes were then immersed in the above 
solution and heated to 70 °C in an oil bath for 6 h. After cooling to 
room temperature, the obtained membranes were rinsed with water 
several times and dried at 50 °C under vacuum. The CNF@Ni(OH) 2  
hybrid membranes thus prepared with increasing Ni(NO 3 ) 2 ·6H 2 O 
concentrations were labeled as CNF@Ni(OH) 2 -1, CNF@Ni(OH) 2 -2, 
and CNF@Ni(OH) 2 -3, respectively. For the preparation of CNF@
NiS hybrid membranes, the CNF@Ni(OH) 2  hybrid membranes were 
transferred into a Tefl on-lined autoclave containing 40 mL ethanol 
solution of thioacetamide (120 mg) and heated in an oven at 120 °C for 
12 h. Correspondingly, the resulting CNF@NiS hybrid membranes were 
named as CNF@NiS-1, CNF@NiS-2, and CNF@NiS-3, respectively. For 
the control experiment, pure Ni(OH) 2  and NiS were also prepared via 
the same procedure without addition of CNF membranes. 

  Characterization : Morphology of the samples was investigated using 
FESEM (Ultra 55, Zeiss) at an acceleration voltage of 5 kV. XRD patterns 
of the samples were conducted on an X’Pert Pro X-ray diffractometer with 
Cu K α  radiation ( λ  = 0.1542 nm) under a voltage of 40 kV and a current 
of 40 mA. XPS analyses were carried out on an RBD upgraded PHI-5000C 
ESCA system (Perkin Elmer) with Mg K α  radiation (h ν  = 1253.6 eV) or 
Al K α  radiation (h ν  = 1486.6 eV). All XPS spectra were corrected using 
C1s line at 284.6 eV while curve fi tting and background subtraction 
were accomplished using RBD AugerScan 3.21 software. TGA (Pyris 1) 
was performed under air fl ow from 100 to 800 °C at a heating rate of 
10 °C min −1 . Raman spectra were measured on an Avalon Instruments 
Raman Station with a 532 nm laser as an excitation source. The BET 
surface area was measured using a Belsorp-max surface area detecting 
instrument by N 2  physisorption at 77 K. 

  Electrochemical Measurements : Electrochemical experiments were 
carried out with 2025 coin-type half-battery cells assembled in an 
argon-fi lled glovebox (M. Braun Inert gas Systems Co. Ltd.). Pure 
lithium foil was served as the counter and reference electrodes, while 

a polypropylene fi lm (Celgard-2400) was used as the separator. The 
electrolyte was consisted of a solution of 1  M  LiPF 6  in EC/DMC/DEC 
(1:1:1 by volume). The as-prepared self-standing CNF@NiS core/sheath 
hybrid membranes were directly used as anodes without adding any 
polymer binders or carbon black. In contrast, the pure NiS anodes were 
prepared by a slurry coating procedure. The slurry is consisted of NiS, 
acetylene black, and poly(vinylidene fl uoride) dissolved in  N -methyl-2-
pyrrolidinone at a weight ratio of 8:1:1, respectively. The as-prepared 
slurry was pasted on pure copper foil and dried at 80 °C under 
vacuum. The cells were assembled in an argon-fi lled glovebox with 
the concentrations of moisture and oxygen below 0.1 ppm. CV curves 
were collected on a CHI660D electrochemical workstation (Chenhua 
Instruments Co. Ltd.) in the potential range from 0.01 to 3.0 V at a scan 
rate of 0.1 mV s −1 . The galvanostatic discharge–charge measurements 
and rate-performance tests under different current densities were 
performed in the voltage range from 0.01 to 3.0 V by using a CT2013A 
cell test instrument (LAND Electronic Co. Ltd.). The EIS was measured 
in the frequency range from 100 kHz to 0.01 Hz at open circuit potential 
with an AC voltage amplitude of 5.0 mV.  
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