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a b s t r a c t

In this study, we demonstrate novel 3D interconnected nanofiber films by intercalating petroleum
asphalt into electrospun ZnO/carbon nanofibers (ZnO/CNFs-PA) as enhanced free-standing anode for
lithium-ion batteries (LIBs). ZnO/CNFs composite is synthesized via one-step electrospinning of
polyacrylonitrile and zinc acetate dehydrate. Through solvent impregnation and subsequent two-step
thermal treatments, appropriate amount of petroleum asphalt (PA) is intercalated into ZnO/CNFs
to generate a conductive carbon film between and around the nanofibers. Benefitting from the
3D conductive network established by the carbon nanofibers and PA-carbon layer, the as-prepared
ZnO/CNFs-PA-1.0 film is evaluated as a free-standing LIBs anode and exhibits a promoted reversible
capacity of 702 mA h g�1 at current density of 200 mA g�1, associating with excellent cycling stability
and rate performance. Such novel nanostructure can effectively accommodate the volume expansion
of ZnO, facilitate charge transfer and reinforce the electrode. The present strategy is believed
to provide a feasible method to produce transition metal oxide/carbon nanofibers electrodes with
superior electrochemical performance for LIBs.

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

With the rapid development of electronic devices and electric
vehicles, as well as other renewable energy integrations,
rechargeable lithium-ion batteries (LIBs) have attracted enormous
attention as promising portable energy storage devices due to
their high energy density, appropriate operating voltage and
long lifespan [1]. Although graphite is mainly employed as the
commercial LIBs anode material for its satisfactory stability, its
limited theoretical capacity (372 mA h g�1) [2] cannot meet the
current and future demands for large energy and power densities.
Therefore, various types of nanostructured anode have been
developed through different synthesis technologies to achieve
superior LIBs with high reversible capacity, good rate capability
and cycling stability. Among these, the one-dimensional (1D)
nanostructured materials [3] including nanotubes [4,5],
nanofibers [6] and nanorods [7], etc. are prominent to achieve
excellent electrochemical performance due to their unique
morphology and properties.

Electrospinning technology has been developed as one of
the most convenient, versatile, and cost-efficient methods to
prepare 1D nanomaterials. By employing organic polymers as the
precursor, carbon nanofibers (CNFs) with diameters ranging from
nanometers to micrometers can be simply synthesized through
electrospinning processes [8]. The unique 1D nanostructure en-
dows CNFs large surface area and conductive channels for electron
transport, which is beneficial to LIBs charge/discharge processes
[9]. Various electrospun CNFs have been reported as promising
anode materials for LIBs [10e12]. Very recently, simultaneously
merging nanostructured transition metal oxides (TMOs) with high
theoretical capacities into CNFs through electrospinning process
has been proved to be an efficient approach to further increase the
reversible capacity of initial CNFs [13,14]. Whereas severe volume
changes and poor conductive characteristic of TMOs leads to poor
stability and inferior rate capability, seriously hindering their
practical applications. Coupling nanostructured TMOs with
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conductive CNFs can not only buffer the volume expansion in the
charge/discharge processes, but also improve the electrical con-
ductivity, which combines the their advantages together and leads
to enhanced electrochemical performance [15e17].

Great efforts have been devoted to developing a various of
nanostructured TMOs/CNFs composites with the assistance of
electrospinning technology. For instance, Huang et al. [18]
developed a MnO/CNFs composite by electrospinning of Mn3O4
nanoparticles into CNFs with subsequent H2 reduction. The MnO/
CNFs delivered a reversible capacity of about 750 mA h g�1 after
200 cycles at a current density of 200 mA g�1. Kim et al. [19]
electrospun cobalt salt into CNFs and obtained Co3O4/PCNF with
subsequent two-step thermal treatment. The Co3O4/PCNF
exhibited an excellent capacity of 952 mA h g�1 after 100 cycles at
100 mA g�1. Kang et al. [7] dispersed hollow Fe2O3 spheres on
amorphous carbon matrix to produce Fe2O3-C composite nano-
fibers via electrospinning and achieved a remarkable
812 mA h g�1 after 300 cycles at 1000 mA g�1. Due to low cost,
abundant resources, considerable theoretical capacity
(978 mA h g�1) [20], as well as versatile properties [21e23], ZnO
has attracted much attention and been electrospun into CNFs to
fabricate ZnO/CNFs and mixed TMOs/CNFs [24e29]. In the TMOs/
CNFs composites, CNFs can accommodate the volume change of
TMOs and provide conductive channels for electron transport
along the longitudinal direction, resulting in good electrochemical
performance. Nevertheless, the electron-transporting property
and interactions between the nanofibers are not satisfied.
Therefore, enhancing the interconnection between the CNFs is
supposed to further improve the capacity and stability of TMOs/
CNFs-based anode for LIBs applications.

Herein, we demonstrate a novel and facile strategy to
prepare 3D interconnected ZnO/carbon nanofibers films as
enhanced free-standing anode for lithium-ion batteries (LIBs).
ZnO/CNFs composite is synthesized via one-step electrospinning
of polyacrylonitrile and zinc acetate dehydrate. Petroleum asphalt
(PA) is chosen as a carbon processor and intercalated into the ZnO/
CNFs interspaces by solvent impregnation. Through subsequent
two-step thermal treatments, PA-carbon layer is generated as
interconnection and binder between the nanofibers, as well as
covering layer for the ZnO nanocrystals. The addition amount of
PA is also optimized. Owing to the novel 3D conductive network
and reinforced nanostructure, the prepared ZnO/CNFs-PA films
are evaluated as enhanced free-standing anode material with
promoted electrochemical lithium-storage performance. The
prepared ZnO/CNFs-PA films deliver high reversible capacity, good
cycling stability and excellent rate performance.

2. Experimental

2.1. Synthesis of ZnO/CNFs-PA films

All reagents used were of analytical grade and used without
any purification. In a typical synthesis procedure, 2.0 g poly-
acrylonitrile (PAN) and 2.0 g zinc acetate dehydrate
[Zn(CH3COO)2$2H2O] were dissolved in 20 mL N,N-Dime-
thylformamide (DMF) and stirred for 12 h tomake a homogeneous
viscous gray dispersion for the electrospinning. The mixture was
transferred into a plastic injector and electrospun on a spinning
machine at a voltage of 22 kV. The propelling rate of injector was
set as 20 mmL s�1. The distance between the collecting cylinder
(rotary speed 400 r min�1) and the spinning needle was 15 cm to
collect a flexible as-spun ZnO/CNFs precursor film. Petroleum
asphalt (PA) was dispersed in toluene to form a 10 wt% solution.
The obtained ZnO/CNFs precursor was impregnated in the PA
solution for 6 h at room temperature. Thewhole vessel wasmoved
into an oven and dried under 100 �C for removing the toluene
solvent to obtain ZnO/CNFs-PA precursor. The prepared ZnO/
CNFs-PA precursor was then pre-oxidized and stabilized at
240 �C in open air for 2 h to obtain ZnO/CNFs-PA pre-oxidized.
Subsequently, the temperature was raised to 600 �C under a
heating rate of 3 �C min�1 in nitrogen atmosphere andmaintained
for another 2 h to achieve the designed ZnO/CNFs-PA composite.
To investigate the influence of PA addition amount, ZnO/CNFs-PA-
0.4, ZnO/CNFs-PA-0.6, ZnO/CNFs-PA-1.0, ZnO/CNFs-PA-1.3 and
ZnO/CNFs-PA-3.0 films were prepared by adjusting the PA amount
to 0.4 g, 0.6 g, 1.3 g and 3.0 g, respectively. As a control, ZnO/CNFs
was prepared with the same procedure without the addition of
PA. Pure CNFs was also prepared by directly pre-oxidation and
carbonization of the as-spun nanofibers derived from PAN.

2.2. Characterization

Fourier transform infrared (FT-IR) spectra were measured
with a Nicolet Nexus FTIR spectrometer using the KBr pellet
technique (Thermo Nicolet Nexus 670, USA). The crystal structure
of the samples was characterized with X-ray diffraction (XRD)
(X'Pert PRO MPD, Holland) using Cu Kɑ radiation (k ¼ 1.518 Å) in
angle of 2 theta from 10� to 78�. Scanning electron microscopic
(SEM) images were recorded using a Hitachi S-4800 instrument.
Thermal gravimetric analysis (TGA) was conducted in air at a
heating rate of 5 �C min�1 (STA 409 PC Luxx, Germany). Element
analysis was carried out with Element Vario EL III (Elementar
Analysensysteme GmbH, Germany) analyzer.

2.3. Electrochemical measurements

The as-prepared ZnO/CNFs-PA films were directly used as free-
standing working anode for LIBs. The electrochemical perfor-
mance of the ZnO/CNFs-PA films were examined using CR2032
coin type cells vs. Li with 1 M LiPF6 in ethylene carbonate/
dimethyl carbonate (1:1 by volume) and Celgard 2300 membrane
as the separator. The discharge and charge processes of the cells
were tested using a Land CT2001A battery test system over a
voltage range of 0.01e3.00 V vs. Li/Liþ. The cyclic voltammetry
(CV) test was conducted on a CHI760E electrochemical worksta-
tion in the range of 0.01e3.00 V at a scan rate of 0.1 mV s�1.
Electrochemical impedance spectroscopy (EIS) tests were also
performed on a CHI760E electrochemistry workstation in the
frequency range of 100 KHz to 10 MHz with AC voltage amplitude
10 mV.

3. Results and discussion

The ZnO/CNFs-PA composites are synthesized by a feasible
method as illustrated in Scheme 1 below. Polyacrylonitrile (PAN)
and zinc acetate dehydrate [Zn(OAc)2$2H2O] are chosen as
raw material for electrospinning. Zinc salt doped CNFs precursor
(ZnO/CNFs precursor) is firstly synthesized through one-step
electrospinning of PAN and Zn(OAc)2$2H2O, employing DMF as
the solvent. Then the low-cost and viscous petroleum asphalt (PA)
is intercalated into the CNFs interspaces and wrapped around the
nanofiber surface for its high viscidity. The prepared ZnO/CNFs-PA
precursor is then pre-oxidized and stabilized at 240 �C in open air.
In this stage, PA is gradually softened and melted under such high
temperature. The light components are volatilized, and the heavy
components tend to be partially oxidized and polycondensed,
forming a PA-carbon skeleton between and around the nano-
fibers. Then under a heating rate of 3 �C min�1 in nitrogen at-
mosphere, the temperature is raised to 600 �C to calcinate the
sample. The PAN nanofiber precursor is carbonized, with ZnO



Scheme 1. Illustration for the synthesis of ZnO/CNFs-PA composites.
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nanocrystals simultaneously synthesized and located on CNFs
surface. In this procedure, the partially oxidized PA-carbon layer is
further deoxidized, polycondensed and carbonized, generating a
carbon layer between and around the CNFs. Thus free-standing
ZnO/CNFs-PA films are obtained, which can be directly utilized
as efficient anode materials for LIBs.

Fig. 1 shows the Fourier transform infrared (FT-IR) spectra
of the ZnO/CNFs precursor, ZnO/CNFs-PA pre-oxidized and ZnO/
CNFs-PA. ZnO/CNFs precursor is composed of PAN and Zn(OAc)2.
The doublet at 2925 and 2854 cm�1 and the peak at 1450 cm�1

correspond to stretching and bending vibrations of C-H, respec-
tively. Characteristic stretching vibrations of C≡N can be observed
at 2240 cm�1. The strong peak at 1585 cm�1 and weak peak at
1735 cm�1 are associated with the carboxylate radical (O¼C-O-)
groups in Zn(OAc)2. After pre-oxidization treatment, the C≡N peak
decreases, whereas new peaks at 1707 cm�1 corresponding to
C¼N and 810 cm�1 for aromatic heterocyclic ring (C¼C-H)
absorption appear, revealing the formation of aromatic structures
and cyclization reactions in the per-oxidation stage. Compared
with that of ZnO/CNFs-PA pre-oxidized, FTIR spectrum of ZnO/
CNFs-PA reveals disappearance of the C-H, C≡N, O¼C-O- adsorp-
tions. In the meanwhile, the appearance of the in-plane vibrations
Fig. 1. FT-IR spectra of ZnO/CNFs precursor, ZnO/CNFs-PA pre-oxidized and ZnO/CNFs-PA.
sp2-hybridized C¼C peak at 1560 cm�1 and C-C peak at 1235 cm�1

implies removal of the functional groups and successful carbon-
ization. The broad peak at around 1130 cm�1 is ascribed to the C-N
absorbance, suggesting nitrogen doping of ZnO/CNFs-PA derived
from PAN and PA.

X-ray diffraction (XRD) was employed to determine the
crystalline structure and chemical components of the composites.
For comparison, Fig. 2a shows the XRD patterns of pure CNFs, ZnO/
CNFs and ZnO/CNFs-PA. In the spectrum of pure CNFs, a
broad diffraction peak assigned to characteristic (002) and (001)
reflections of graphite can be seen at 24� and 44�, suggesting
the existence of large amount of amorphous carbon [30]. As
to ZnO/CNFs, besides the (002) reflection of carbon at 24�,
characteristic peaks at 31.8�, 34.4�,36.3�, 47.5�, 56.6�, 62.9� and
68.0� are indexed to the (100), (002), (101), (102), (110), (103)
and (112) crystal planes of the hexagonal ZnO crystalline
structure. This result is in consistent with the standard ZnO card
(JCPDS 36-1451) [31], revealing the formation of ZnO nano-
crystals. When PA is intercalated, the pattern of ZnO/CNFs-PA
shows no much difference with that of ZnO/CNFs. According to
the DebyeeScherrer equation, the mean ZnO nanocrystals sizes of
ZnO/CNFs and ZnO/CNFs-PA are calculated to be 15 nm and 17 nm,
respectively. Therefore, ZnO nanocrystals with average dimeter
less than 20 nm are synthesized in ZnO/CNFs-PA composite, and
intercalation of PA will not influence the nanostructure of ZnO
nanocrystals.

To further investigate the nanostructure and microtopography
of ZnO/CNFs-PA samples, especially the influence of PA addition
amount, scanning electron microscope (SEM) tests were further
conducted. Fig. 3 shows SEM images of ZnO/CNFs, ZnO/CNFs-PA-
0.4, ZnO/CNFs-PA-1.0 and ZnO/CNFs-PA-3.0. The ZnO/CNFs
image shows nanofibers of uniform diameters around 150 nm,
with ZnO nanocrystals (about 10e30 nm) homogenously depos-
iting on the surface. The ZnO nanocrystals size is in good agree-
ment with the above XRD result. When PA (mass ratio of 0.4) is
added, the ZnO/CNFs-PA-0.4 exhibits smooth nanofibers partially
interconnected by a PA-carbon layer. Probably due to partial PA
agglomeration in the calcination process, some carbon nano-
particles with irregular shape and size can also be observed on the
nanofiber surface. Whereas ZnO cannot be observed, suggesting
that the nanocrystals are covered by the introducing PA-carbon
layer. Fig. 3c shows the nanofibers of ZnO/CNFs-PA-1.0 are suffi-
ciently interconnected with each other by the PA-carbon layer,
Fig. 2. XRD patterns of pure CNFs, ZnO/CNFs and ZnO/CNFs-PA.



Fig. 3. SEM images of (a) ZnO/CNFs, (b) ZnO/CNFs-PA-0.4, (c) ZnO/CNFs-PA-1.0 and (d) ZnO/CNFs-PA-3.0.
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constructing a 3D conductive network between the nanofibers.
Meanwhile, some carbon nanoparticles with diameters around
150 nm are homogeneously distributed on the ZnO/CNFs-PA
surface, which can also provide efficient lithium storage sites
when used as LIBs anode. However, when the mass ratio of PA is
raised to 3.0, the nanofibers are completely covered by excess PA
without any pores (as shown in Fig. 3d), which will hinder the
diffusion of the electrolyte and lithium ions, leading to inferior
electrochemical activity. Comparison of the above results reveals
that the PA addition amount is an essential factor to affect the
microtopography of ZnO/CNFs-PA. Among them, ZnO/CNFs-PA-1.0
displays the optimal proportion and microstructure.

Since ZnO/CNFs-PA-1.0 shows the best nanostructure, thermal
gravimetric analysis (TGA) was conducted in air at a heating rate
of 5 �C min�1 to determine the ZnO content (Fig. 4). The sample
starts to lose weight along with temperature rising. The weight
loss before 200 �C should be ascribed to water gasification. The
Fig. 4. TGA curve of ZnO/CNFs-PA-1.0 sample.
main weight loss occurs between 400 �C and 500 �C, arising
from the carbon pyrolysis. After heating to 600 �C, the ZnO/CNFs-
PA-1.0 is completely converted to ZnO. Accordingly, the mass
percentages of ZnO is calculated to be 34.1 wt%. The composition
of ZnO/CNFs-PA-1.0 is also detected by element analysis. The
weight ratios of H, C, N and ZnO in ZnO/CNFs-PA-1.0 by element
analysis are evaluated to be 1.8, 52.5, 10.5 and 35.2 wt %, respec-
tively, which is in good agreement with the TGA result.

The characterization results reveal the successful intercalation
of PA into ZnO/CNFs to fabricate 3D interconnected nanofiber
composites. The obtained ZnO/CNFs-PA composites are free-
standing films and can be directly utilized as anode for LIBs
without any binder or current collector. Coin cells were made to
evaluate the electrochemical properties of the samples. To un-
cover the charge/discharge mechanism, cyclic voltammetry (CV)
test of ZnO/CNFs-PA-1.0 was firstly performed in 0.01e3.0 V
voltage range at a 0.1 mV s�1 scan rate (Fig. 5a). ZnO/CNFs-PA-1.0
shows a peak at 1.4 V and vanishes in the following cycles, cor-
responding to irreversible lithium insertion into ZnO in the initial
cycle [32]. The strong broad cathodic peaks between 0.3 V and
0.8 V reveal the reducing of ZnO to Zn and Li2O, the alloying re-
action between Zn and Liþ to form LixZn, as well as the formation
of solid electrolyte interface (SEI) layer [33e35]. Insertion of
lithium into amorphous carbon can also be observed from the
reduction peak at around 0.01 V [32]. In the anodic cycle, weak
peaks at 0.3 V, 0.5 V and 0.7 V can be carefully discerned which are
attributed to a multistep dealloying of LixZn alloy [33]. Another
broad peak located at about 1.3 V corresponds to the redox
reaction between Zn and Li2O to form ZnO. In the following cycles,
the CV curves coincide with each other, indicating the good
reversibility in the charge/discharge cycles. Fig. 5b shows the
galvanostatic charge/discharge curve of ZnO/CNFs-PA-1.0 at a
current density of 200 mA g�1 between 0.01 and 3.0 V (vs. Liþ/Li).
The initial discharge and charge capacities are 1664 and
801 mA h g�1, respectively, with a relatively low Coulombic
efficiency of 48.1%. As discussed above, the low Coulombic effi-
ciency should mainly be caused by the irreversible lithium
insertion into ZnO and formation of SEI layer on the surface of the
nanofibers, which is common for most anode materials, especially
nanostructured ones [36e39]. As with the CV result, a gradually



Fig. 5. (a) CV curve of ZnO/CNFs-PA-1.0. (b) Galvanostatic charge/discharge voltage profiles and (c) cyclic performance of ZnO/CNFs-PA-1.0 at a current density of 200 mA g�1. (d)
Rate performance of ZnO/CNFs-PA-1.0 and subsequent cyclic tests at a current density of 100 mA g�1.
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decrease discharge voltage plateaus below 0.8 V can be observed
during the first discharge process. In the 5th cycle, the discharge
and charge capacities are 722 and 676 mA h g�1, respectively,
delivering an increased Coulombic efficiency of 94%. Then cyclic
performance test of ZnO/CNFs-PA-1.0 was conducted at a current
density of 200 mA g�1. As shown in Fig. 5c, the ZnO/CNFs-PA-1.0
sample shows a large capacity fading in the first ten cycles due
to the formation of SEI film [40]. In the subsequent cycles, the
electrode exhibits comparatively good stability, and the Columbic
efficiencies are around 100%. After 200 cycles, ZnO/CNFs-PA-1.0
delivers a discharge and charge capacities are 702 mA h g�1 and
700 mA h g�1, with nearly 100% Columbic efficiency.

Moreover, ZnO/CNFs-PA-1.0 also exhibits excellent rate
performance, as shown in Fig. 5d. The electrode delivers a high
specific capacity of 860 mA h g�1 at a current density of
100 mA g�1. As the current densities are changed to 200, 500 and
1000 mA g�1, the ZnO/CNFs-PA-1.0 shows high reversible
Fig. 6. (a) Long-term cyclic performance tests of ZnO/CNFs and ZnO
capacities of 643, 431, and 323 mA h g�1, respectively. Notably,
when the current density is adjusted back to 100 mA g�1, the
electrode displays a specific capacity of 861 mA h g�1, which is in
full accord with the initial cycle. Then the capacity gradually goes
up to an outstanding reversible capacity of 995 mA h g�1 with
another 40 cycles, which is even higher than the theoretical value
of ZnO anode. This remarkable capacity rise should be attributed
to the release of additional Liþ ions with increasing number of
cycles and “pseudo-capacitance” behavior [41].

In order to investigate influence of the intercalated PA on the
electrochemical performance, long-term cyclic performance tests
of ZnO/CNFs-PA films with different PA addition amount were
conducted (Fig. 6a). For comparison, long-term cyclic perfor-
mance of ZnO/CNFs was also evaluated. ZnO/CNFs shows an initial
discharge capacity of 1188 mA h g�1 and large attenuation in the
first several cycles. With increasing cycles, the capacities are
relatively stable. ZnO/CNFs achieves a reversible capacity of
/CNFs-PA samples. (b) Nyquist plots of ZnO/CNFs-PA samples.
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403 mA h g�1 after 200 cycles. In comparison, the ZnO/CNFs-PA
electrodes show much more stable cycling performance and
higher capacities. After 200 cycles, the ZnO/CNFs-PA-0.4, ZnO/
CNFs-PA-0.6, ZnO/CNFs-PA-1.0 and ZnO/CNFs-PA-1.3 samples
deliver reversible capacities of 520, 552, 702 and 600 mA h g�1,
respectively. The superior stability and capacity should be
ascribed to the formation of the 3D conductive network by the PA-
carbon layer. Such structure can accommodate the volume
expansion of ZnO, provide promoted electrical conductivity, and
reinforce the electrode during long-term cycling processes
[42e44]. Besides, with the increasing of PA addition amount, the
capacity falls after increases first. This result suggests that
appropriate PA would enhance the connections between the
nanofibers. Nevertheless, excessive PA will block the interspace
pores and results in overlarge electrolyte and Liþ ions transfer
resistance. To verify this speculation, electrochemical impedance
spectroscopy (EIS) measurements of the ZnO/CNFs-PA films were
carried out. A semicircle in high to middle frequency region and a
straight line in low frequency region can be seen from the Nyquist
plots of the ZnO/CNFs-PA samples in Fig. 6b. The diameter of the
semicircle indicates the Liþ migration resistance through the SEI
film (Rs) and the charge-transfer resistance (Rc). The sloping
straight line to the real impedance axis in the low frequency re-
gion, which represents Liþ ions diffusion in the bulk of the elec-
trode. The semicircle at high frequency can be assigned to the
charge-transfer resistance (Rc) and the SEI film resistance (Rs)
[34,45]. The sloping straight line to the real impedance axis in the
low frequency region, which represents Liþ ions diffusion in the
bulk of the electrode. As can be seen, the Rc and Rs resistances of
the samples follows the order of ZnO/CNFs-PA-0.4 > ZnO/CNFs-
PA-0.6 > ZnO/CNFs-PA-1.3 > ZnO/CNFs-PA-1.0. This result is
completely consistent with our inference associating with their
different electrochemical performance. Among them, ZnO/CNFs-
PA-1.0 stands out and displays the optimal PA additional propor-
tion. However, as expected, the inclined line at low frequency of
ZnO/CNFs-PA-1.0 shows a smaller slope compared with ZnO/
CNFs-PA-0.4 and ZnO/CNFs-PA-0.6, suggesting that the interca-
lation of PA will slightly hinder the lithium diffusion process
within the electrodes.

The above results indicate the ZnO/CNFs-PA-1.0 possesses
enhanced conductivity and reinforced nanostructure, leading to
the improvement of electrochemical performance. By intercalat-
ing of PA into electrospun ZnO/CNFs, the nanofibers and PA-
carbon layer fabricate a 3D conductive network. Such unique
nanostructure creates shorter diffusion paths for Liþ ions in the
electrolyte, provides high-speed road for charge transfer and re-
inforces the electrode material. Moreover, the in-situ formed ZnO
nanocrystals are covered by the PA-carbon layer, which can
effectively accommodate the volume expansion of ZnO during the
cycling process. Therefore, the conductive and viscous PA serves
as potential interconnection for electrospun ZnO/CNFs to achieve
enhanced self-standing LIBs electrode materials with promoted
reversible capacity and excellent cyclability.

4. Conclusions

In summary, we successfully developed a novel strategy to
construct ZnO/CNFs-PA films as enhanced free-standing anode for
LIBs. Through solvent impregnation and subsequent two-step
thermal treatments, appropriate amount of petroleum asphalt is
intercalated into ZnO/CNFs to generate a conductive PA-carbon
film between nanofibers, as well as covering layer of the ZnO
nanocrystals. Benefiting from the special 3D conductive network
structure, which can effectively accommodate the volume
expansion of ZnO, facilitate charge transfer and reinforce the
electrode, the ZnO/CNFs-PA-1.0 composite delivers promoted
reversible capacity of 702mA h g�1 at 200mA g�1 after 200 cycles,
associating with excellent rate capability and cyclic stability. This
work may open up a feasible and cost-effective avenue to produce
transition metal oxide/carbon nanofibers electrodes with superior
electrochemical performance and industrial potential for LIBs.
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