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a b s t r a c t

For the preparation of higher performance Li-ion batteries, we fabricated a binder-free and self-
supported hybrid nanofiber composed of ZnO nanoparticle-decorated core/shell carbon nanofibers
(CNFs) by single-nozzle electrospinning of polyvinylpyrrolidone, polyacrylonitrile and zinc acetate
dihydrate. After calcination, the hybrid nanofiber can directly serve as binder-free and self-supported
anode for Li-ion batteries, which exhibits high capability (723 mA h g�1 at 100 mA g�1) and good
cycling stability. The CNFs in crisscross structure with good conductivity and strength ensure the fast
transportation of electrons and Li ions. In addition, the ca. 2.0 nm amorphous carbon layers on the
surface of ZnO nanoparticles can suppress the volume expansion of ZnO in the insertion/extraction of Li
ions and improve the cycling stability of ZnO/CNFs, while do not inhibit the transportation of Li ions.
These encouraging results suggest a simple and effective method to obtain binder-free and self-
supported anode material for Li-ion batteries.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Li-ion battery is a widely used energy storage device in modern
life and will be used more widely in the future [1]. It is still a
challenging but meaningful work to fabricate Li-ion batteries (LIBs)
with high performance. The electrode material is known as a key
factor to determine the performance of LIBs.With satisfied stability,
graphite has been normally used as the commercial anode material
of LIBs. However, it has a limited theoretical capacity
(372 mA h g�1). Therefore, quantities of attempts have been made
to explore or design novel electrode materials to meet the demands
on higher capacity and stability. In this field, nanostructured metal
oxides (e.g. tin oxide [2e4], zinc oxide [5e7], or iron oxide [8e10])
have got much attention because of their high capacity when used
as the anodematerial in LIBs. Nevertheless, the high volume change
in the charge-discharge cycles severely hinders their application.
Compared with other metal oxides, ZnO has a great potential to be
used as anode material of LIBs due to its readily available and
extremely high theoretical capacity (978 mA h g�1) [11]. In order to
avoid the severe capacity fade of ZnO anode upon cycling [12],
nd should be considered co-
considerable efforts have been made to strengthen the stability of
ZnO while maintain its high capacity [13,14]. In view of the excel-
lent stability of carbon anode in LIBs, an efficient strategy was
reinforced by combination the advantages of ZnO and carbon ma-
terial to prepare ZnO/carbon composites [15,16] with high capacity
and excellent stability simultaneously.

The morphology and spatial structure of carbon material in
ZnO/carbon composites play important roles on the conductivity
of ZnO/carbon material, which should be designed carefully. Kim
et al. [17] synthesized a ZnO/activated carbon nanofiber (ACNF)
composite by electrospinning and subsequent thermal treatment
as a novel anode material for LIBs, which showed good electrical
conductivity. The hybrid structure of ACNF offered a short diffu-
sion path for ions and electrons. Wu et al. [15] synthesized a kind
of ZnO/mesoporous carbon nanocomposite with polyvinyl alcohol
(PVA), zinc nitrate hexahydrate, and ammonium hydroxide,
where the carbon matrix derived from PVA acted as the buffer and
conducting medium of ZnO/carbon anode. Liu et al. [18] fabricated
carbon/ZnO nanorod arrays on nickel substrate by a simple
carbonization of pre-adsorbed glucose on ZnO arrays. The cycling
stability of ZnO was improved due to the uniform coating of
average 6.0 nm carbon shells on ZnO nanorod surface. What's
more, the high capacity of ZnO can be maintained as much as
possible due to the well-designed structure of ZnO/carbon com-
posite. Sharma et al. [11] fabricated novel anode architecture for
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LIBs by encapsulation of ZnO NPs in the hollow core of reduced
graphene oxide (RGO) composite. The interior void spaces com-
bined with the mechanical strength and flexibility of the RGO
shell acted as a structural buffer effectively relieving the volu-
metric stresses generated during charge-discharge cycles. The
synergistic effects of the metal oxide, RGO and the core-shell
design resulted in a high capacity of 815 mA h g�1 at a current
density of 50 mA g�1 with capacity retention of almost 80% after
100 cycles. Through hydrothermal method and subsequent post-
processes, Zhang et al. [19] fabricated a novel structure that ZnO
NPs encapsulated in a 3D hierarchical carbon framework
(ZnO@CF). The surface carbon coating layer combined with the
inside carbon to form a stable 3D carbon framework that encap-
sulated and anchored the ZnO NPs. The developed ZnO@CF
structure not only improved electronic conductivity, but also
alleviated the structural strain associated with repeating Li-ion
insertion/extraction processes to maintain structural stability. So
far, though it is not a new approach to composite ZnO and carbon
material as anode of LIBs, there is still a lot of work to do. Further
research need to be carried out to improve the capacity and sta-
bility of ZnO/carbon material simultaneously.

Herein, we proposed a new strategy to fabricate anode mate-
rial for LIBs. A nanofiber composed of ZnO NPs decorated CNFs
was prepared by single-nozzle electrospinning of poly-
vinylpyrrolidon (PVP), polyacrylonitrile (PAN) and zinc acetate
dihydrate (Zn(CH3COO)2$2H2O) following by calcination process.
The ZnO/CNFs were directly used as a binder-free anode in LIBs
and the reversible capacity and cycling stability were investigated.
The CNFs with core/shell structure promoted the homogenously
distribution of ZnO NPs. More importantly, ultra-thin carbon
layers covered the ZnO surface, fixed the position of ZnO and
prevented the expansion of ZnO NPs in the charge-discharge
cycles.
2. Experimental

2.1. Composite preparation

In a typical procedure, 1.0 g PAN and 1.0 g PVP were wholly
dissolved in 20 mL N,N-Dimethylformamide to make solution A.
Then 1.0 g Zn(CH3COO)2$2H2O was wholly dissolved in solution A
and stirred for 12 h at 45 �C to make solution B. For electrospinning
process, solution B was transferred into a spinning injector. During
the spinning process, the propelling rate of injector was fixed at
25 mL s�1. The distance between the collecting cylinder (rotary
speed 400 r min�1) and the spinning nozzle was 15 cm. The voltage
was kept at 22 kV. The obtained electrospun nanofiber was denoted
as ZnO/CNF-0.5 precursor. During the calcination process, the ZnO/
CNF-0.5 precursor was firstly heated to 240 �C in open air under the
heating rate of 2 �C min�1 and kept 3 h for preventing the adhesion
of CNF. Then the temperature was raised to 600 �C under a heating
rate of 3 �C min�1 in N2 atmosphere (Zhonghuan SK-1200 furnace,
Tianjin, China). The sample was kept at 600 �C for 2 h and then
cooled to room temperature in N2 atmosphere. At last, a black mat
was obtained and denoted as ZnO/CNF-0.5. With the same pro-
cedure, the ZnO/CNF-0, ZnO/CNF-0.25, ZnO/CNF-1.0 and ZnO/CNF-
1.5 were prepared. 0, 0.25, 0.5, 1.0 and 1.5 in ZnO/CNF composites
represent the mass ration of Zn(CH3COO)2$2H2O to PANþPVP in
solution B. For simplicity, we specified the weight ratio of PVP to
PAN as 1:1, while the proportion of Zn(CH3COO)2$2H2O was opti-
mized gradually to obtain the ZnO/CNF composites with the best
capacity and stability. For comparison, ZnO/C-0.5 was also prepared
with the same procedure of ZnO/CNF-0.5 except PVP was replaced
by equal weight of PAN.
2.2. Samples characterization

The functional groups of as-made materials were recorded by
Fourier transform infrared spectrometry (FT-IR) (Thermo Nicolet
NEXUS 670, USA). The crystal structure of as-made samples was
characterized with X-ray diffraction (XRD) (X'Pert PRO MPD,
Holland) using Cu Ka radiation (k¼ 1.518 Å) in angle of 2 theta from
10 to 75�. Field emission scanning electron microscopy (FE-SEM,
S4800, Japan) and transmission electron microscopy (TEM) (JEM-
2100UHR, Japan) were used to investigate the morphology of as-
obtained samples. The weight loss of the obtained samples was
tested by thermogravimetric analysis (TGA) (STA 409 PC Luxx,
Germany). The elemental compositions of as-made materials were
investigated by XPS analysis (ESCALAB 250, USA).

2.3. Electrochemical measurements

The as-made ZnO/CNFs were directly used as the working
electrode. CR2032 coin cells were assembled in an Ar-filled glove
box, with lithium foil as counter and reference electrode, poly-
propylene nanofiber as the separator, and 1 M LiPF6 in a 1:1 (v/v)
mixture of ethylene carbonate and dimethyl carbonate (EC/DMC) as
the electrolyte. Cyclic voltammetry (CV) curves were tested at
0.25 mV s�1 in the range of 0.005e2.8 V by Ametek PARSTAT4000
electrochemistry workstation. The cells were galvanostatically
chargeedischarged between 0.005 and 2.8 V vs. Li/Liþ at the cur-
rent density of 100 mA g�1 on a Land CT2001A battery test system.

3. Results and discussion

The FT-IR spectra of ZnO/CNF-0.5 precursor in Fig. S1 exhibits
characteristic peaks of PAN (C^N stretching vibration, 2240 cm�1),
PVP (C]O stretching vibration, 1670 cm�1), and zinc acetate
(OeC]O stretching vibration, 1600 cm�1). After pre-oxidization of
ZnO/CNF-0.5 precursor, the stretching vibration peak of C^N at
2240 cm�1 almost disappears and a new broad peak at 1650 cm�1

appears due to the cyclization reaction of C^N in PAN to NeC]N at
240 �C. After carbonation, the peaks at 2920 cm�1 (stretching vi-
bration of CeH) and 1420 cm�1 (bending vibration of CeH) vanish,
which indicate the carbonation reactions take place at 600 �C.

To further investigate the chemical compositions of ZnO/CNF-
0.5, the XPS analysis was carried out, as revealed in Fig. 1. The
characteristic peaks of C1s, N1s, O1s and Zn2p all exist in Fig. 1(a),
which indicate that the ZnO/CNF composites are mainly composed
by C, N, O and Zn elements. Fig. 1(b) has twomain nitrogen species,
pyridinic N (398.2 eV) and pyrrolic N (399.9 eV) [20]. The cavity and
electron defects of pyridinic N atoms promote the transfer rates of
electrons and Li ions, which further improve the electrochemical
performance of ZnO/CNFs [21,22].

The morphology of ZnO/CNF-0.5 was characterized by SEM, as
revealed in Fig. 2. The SEM image in Fig. 2(a) shows one-
dimensional polymer nanofiber of ZnO/CNF-0.5 precursor with
smooth surface and uniform diameter of 220 nm (calculated). After
calcination, ZnO/CNFs keep a similar one-dimensional nanofiber
structure, while numerous hemispherical ZnO NPs uniformly de-
posits on the surface, as revealed in Fig. 2(b).

XRD patterns of ZnO/CNFs are shown in Fig. S2. For ZnO/CNF-
0 nanofiber, a broad diffraction peak assigned to the characteristic
(002) reflection of carbon can be found at 24�, suggesting the ex-
istence of large amount of amorphous carbon. The high-resolution
XPS spectrum and the fitting curves of the C1s further verify the
existence of amorphous carbon. As shown in Fig. 1(c), the C1s
spectrum can be deconvoluted into four peaks, of which the highest
fitting peak at 284.7 eV represents CeC bond. The other weaker
fitting peaks at 285.6, 286.8, and 288.9 eV are assigned to CeN, C]



Fig. 1. (a) XPS survey scans of ZnO/CNF-0.5; (b) High-resolution XPS N1s spectrum; (c) High-resolution XPS C1s spectrum; (d) High-resolution XPS Zn2p spectrum.

Fig. 2. SEM images: (a) ZnO/CNF-0.5 precursor and (b) ZnO/CNF-0.5.
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N and C]O bonds, respectively. The characteristic peaks of 31.8�,
34.4�, 36.3� and 56.6� are indexed to the (100), (002), (101) and
(110) crystal planes of the hexagonal ZnO crystalline structure
[6,15], which is consistent with the standard ZnO crystal structure
as revealed in the bottom of Fig. S2. The detailed valence state of Zn
element in the composite can be further confirmed by the XPS
spectrum in Fig. 1(d). According to the Scherrer formula [23], the
crystal size is inversely proportional to its half-height width of
diffraction peak in the XRD spectra. With the increasing content of
ZnO, the diffraction peak of ZnO in ZnO/CNFs are significantly
enhanced, which indicate that the crystalline degree of ZnO is
gradually decreased in the following order, ZnO/CNF-1.0 > ZnO/
CNF-0.5> ZnO/CNF-0.25. It is clearly seen that the crystalline size of
ZnO in ZnO/CNFs can be adjusted by the content of
Zn(CH3COO)2$2H2O in the precursors.

Furthermore, the details of ZnO status in ZnO/CNF-0.5 nanofiber
were investigated by TEM. As shown in Fig. 3(a), the preoxidized
ZnO/CNF-0.5 has a diameter of 160 nm with a core/shell structure.
In consistence with the result of He et al. [24], the core of ZnO/CNF-
0.5 is derived from the carbonization of PAN while the shell is
derived from the carbonization of PVP, the thickness of the shell is
about 24 nm, and the black particles are ZnO NPs. As is more affinity
with PVP, ZnO gradually move to the shell layers during the heat
treatment and transform to hemispherical ZnO NPs along with the
carbonization of PVP. Fig. 3(c) displays the distribution of ZnO NPs
on the surface of ZnO/C-0.5, which is fine and uniform (less than
100 nm), and obviously different with that of ZnO/CNF-0.5, con-
firming that added PVP can promote the formation of hemispher-
ical ZnO NPs on the surface of CNFs. Consequently, the ca. 2.0 nm
amorphous carbon layers (Fig. 3(d)) outside of ZnO NPs in ZnO/
CNF-0.5 are from the carbonization of PVP.

This hybrid structure can effectively inhibit the volume



Fig. 3. TEM images: (a) pre-oxidized ZnO/CNF-0.5; (b) ZnO/CNF-0.5; (c) ZnO/C-0.5; (d) HR-TEM image of ZnO/CNF-0.5.

Fig. 4. Cyclic performance of ZnO/CNF-0.5 at the current density of 100 mA g�1.

Fig. 5. Rate performance of ZnO/CNF-0.5.
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expansion of ZnO NPs in the charge-discharge cycles, while the
ultrathin carbon layers do not block the insertion/extraction of Li
ions. The content of ZnO in ZnO/CNF-0.5 tested by TGA analysis
under air atmosphere is shown in Fig. S3. The main weight loss of
ZnO/CNF-0.5 takes place in the range of 400e600 �C and no weight
loss after 600 �C, this big weight lose corresponds to the combus-
tion of carbon. Accordingly, the weight ratio of ZnO in ZnO/CNF-0.5
nanofiber is calculated to 28.7%.

The as-prepared ZnO/CNFs were directly used as the anode of
LIBs, and their electrochemical performance was investigated.
Firstly, the redox reaction of the ZnO/CNFs was evaluated by cyclic
voltammetry under the scan rate of 0.25 mV s�1 for 5 cycles
(Fig. S4). For ZnO/CNF-0.5 anode, a reduction peak between 0.8 and
0.3 V is only founded in the first circle, which is attributed to the
formation of SEI film during Li-ion inserting reaction [6]. It is
known that the SEI formed is irreversible, thus the platform about
0.7 V is not found in following circles. Another reduction peak
appears between 0.3 and 0 V is attributed to the alloying reaction of
zinc and lithium. The CV curves are substantially coincident in the
following cycles, indicating that the ZnO/CNF-0.5 nanofiber has a
good reversibility in the charge-discharge cycles.
Furthermore, the charge-discharge performance of ZnO/CNF-0.5
anode was tested at current density of 100 mA g�1, as revealed in
Fig. S5 and Fig. 4. It can be seen in Fig. S5 that the first discharging
capacity of ZnO/CNF-0.5 is 1233 mA h g�1 while the first charging
capacity is 882 mA h g�1, and a relative high initial columbic effi-
ciency of 71.5% can be obtained. As shown in Fig. 4, though there is
an apparent decline of capacity in the first charge-discharge cycle, a
high reversible capacity of 723 mA h g�1 after 100 cycles can be
kept, with nearly 100% columbic efficiency maintained, which
indicate that ZnO/CNF-0.5 anode has good cycling stability. After
100 charge-discharge cycles, the reversible capacities of ZnO/CNF-
0.25, ZnO/CNF-0.5, ZnO/CNF-1.0, ZnO/CNF-1.5, ZnO/CNF-0 and
ZnO/C-0.5 at 100 mA g�1 are listed in Table S1. Compared with pure
CNFs (ZnO/CNF-0), all ZnO/CNFs except ZnO/CNF-1.5 show higher
reversible capacity while ZnO/CNF-0.5 has the highest capacity,
which indicate ZnO NPs with appropriate content and morphology
help to improve the reversible capacity of the CNFs [25]. Compared
with ZnO/C-0.5, ZnO/CNF-0.5 has a better cycling stability mainly
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because of the ultra-thin carbon layer coated on ZnO NPs (Fig. 3(d)).
The carbon layers formed by the carbonization of PVP can fix the
position and inhibit the volume expansion of ZnO NPs during the
charge-discharge cycles. All above factors make ZnO/CNF-0.5 as
prepared has relatively high capacity under 100 mA g�1 compared
with the literature data listed in Table S1.

The rate performance of ZnO/CNF-0.5 was also tested, as shown
in Fig. 5. Under different current densities, as in the order of 0.1, 0.2,
0.5, 1.0, 0.1, 0.5, 1.0, 2.0, 4.0, 100 mA g�1, the reversible capacities of
LIBs are listed in Table S2. Even after a serious of charge-discharge
under different current densities, the reversible capacity of LIBs can
be well recovered when the current density goes back to
100 mA g�1. SEM image of the used ZnO/CNF-0.5 anode is given in
Fig. S6. The network structure of CNFs can be well kept even after
long charge-discharge cycles, which indicate that the steady
nanostructure of ZnO/CNF ensures its high cycling stability.

4. Conclusion

In summary, ZnO/CNFs were successfully prepared by single-
nozzle electrospinning and subsequently calcination process. The
obtained CNFs had a core/shell structure derived from the
carbonation of PAN and PVP, respectively. The hemispherical ZnO
NPs covered by ca. 2.0 nm amorphous carbon layers deposited
uniformly on the surface of CNFs. Directly served as a binder-free
and self-supported anode of LIBs, the hierarchical structure of
ZnO/CNF anode facilitates the diffusion of Li ions and electrolyte.
The stable conductive network formed by the crisscross CNFs en-
sures high speed transmission of electrons. The unique coating
structures of ZnO NPs covered by amorphous carbon layers fix ZnO
and inhibit its volume expansion during the charge-discharge cy-
cles. Therefore, LIBs assembled by binder-free ZnO/CNFs anode
exhibit improved electrochemical performance, including high
specific capacity, excellent rate capability, and enhanced cycling
stability. This work provides a simple and effective method to
obtain binder-free and self-supported anode material for Li ion
batteries.
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