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Aqueous zinc-ion batteries (AZIBs) have become one of the most potential energy storage devices due to their
high safety and low cost. Vanadium oxide is an ideal cathode material for AZIBs because of its unique tunnel
structure and multivalent nature. In this work, electrospun VO,/carbon fibers (VO,@CPAN) with a three-

dimensional (3D) network are obtained by an electrospinning strategy combining with a controlled heat
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Accepted 24th October 2023 treatment. As cathode for AZIBs, the 3D network of the carbon fiber significantly improves the conductivity
of VO,, avoids the agglomeration of VO,, and increases the stability of VO,. Therefore, VO,@CPAN delivers

DOI: 10.1039/d3ra06395] a specific capacity of 323.2 mA h g~ at 0.2 A g%, which is higher than pure VO,. At the same time,
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1. Introduction

Aqueous zinc-ion batteries (AZIBs) have gradually attracted
worldwide attention due to their advantages of simple pro-
cessing, high safety, and environmental friendliness."* At
present, a variety of AZIBs cathode materials have been devel-
oped, including manganese-based compounds, vanadium-
based compounds, Prussian blue analogues, etc.>> Among the
various cathode materials, vanadium-based materials have
great potential for developing high-performance AZIBs due to
their multivalence nature and versatile vanadium oxide
frameworks.'*** However, the relatively poor conductivity of
VO, hinders the electron transport, thus limiting its electro-
chemical performance."*"” Some strategies have been proposed
to improve the conductivity of VO,, among which combining
conductive materials, such as polyaniline (PANI), polypyrrole
(PPy), and poly(3,4-ethylenedioxythiophene) (PEDOT), is an
effective method.**>* These materials show improved conduc-
tivity and stabilized structure by wrapping or embedding VO,.
Recently, the oxygen-deficient hydrate vanadium dioxide with
polypyrrole coating (O4g-HVO@PPy) is developed, in which the
conductive polymer coating enhances the electronic transfer
and suppresses the cathode dissolution.*” Gu et al. reported
nitrogen-doped VO,(B) nanobelts (VO,-N) and carbon-coated
VO, nanobelts (VO,@C), presenting superior electrochemical
performances to those of pure VO,(B) in AZIBs.>*** Liu et al.
developed K' pre-intercalated V,0s, carbon-coated V,Os
microspheres, and Vs0,3/VO, electrode materials, which also
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excellent capacity retention of 76.6% is obtained at high current density of 10 A g~* after 3000 cycles.

exhibit improved electrochemical performance for AZIBs.>*
Although some achievements have been made, improving the
ions diffusion and architecture stability of VO, to achieve high-
performance AZIBs is still a much-needed study. For improving
the electronic conductivity and structural durability of VO,,
carbon fiber is particularly promising due to large specific
surface area, great conductivity, and superior stability.

Herein, VO, was first prepared by hydrothermal method, and
then VO, was embedded in carbon fiber by an electrospinning
strategy combining with a controlled heat treatment. The ob-
tained electrospun VO,/carbon fibers (VO,@CPAN) consists of
carbon fibers with three-dimensional (3D) network structure
and flake-like VO,. The 3D network carbon fibers significantly
improve the conductivity of the electrode and the flake-like VO,
provides more active sites for electrochemical reactions. The
VO,@CPAN cathode achieves a high specific capacity of
323.2 mA h g~ at a current density of 0.2 A g, which is much
higher than the pure VO, cathode. In addition, an impressive
capacity retention rate of 76.6% is obtained after 3000 cycles at
a high current density of 10 A g™,

2. Experimental

2.1. Synthesis of VO, and VO,@CPAN

For VO,, 2.2 g of NazVO, was added to 60 mL of deionized water,
accompanied by stirring for 15 min at room temperature, and
then 10 mL of ethylene glycol was added and stirred for another
30 min. The pH of the above solution was adjusted to 2 with 2 M
HCI. The mixed solution was stirred for 45 minutes at 75 °C,
then moved into a 100 mL Teflon-lined stainless steel autoclave
and heated to 180 °C for 7 h. VO, was obtained after washing
with deionized water and ethanol, followed by vacuum drying at
60 °C.
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For electrospun VO,/carbon fibers (VO,@CPAN), 0.3 g of the
obtained VO, powder was dissolved in to 10 mL of N,N-dime-
thylformamide (DMF) solution with 10% polyacrylonitrile
(PAN), then was stirred at 45 °C for 12 h. The above solution was
transferred to a 10 mL of plastic syringe with a 19-gauge blunt
tip needle. Electrospinning was carried out in an electro-
spinning equipment (SS-2535H, Ucalery). The applied voltage is
20 kv, the distance from needle to collector is 15 cm, and the
flow rate is 0.05 mm min~". The as-collected electrospun fibers
was first heated to 280 °C in air at a heating rate of 1 °C min "
and kept for 2 h. After that, it was heated to 500 °C at a heating
rate of 5 °C min~' in a nitrogen atmosphere and kept for 1 h.
Finally, it was heated to 700 °C at a heating rate of 5 °C min ™"
and kept for 2 h. After natural cooling, electrospun VO,/carbon
fibers (VO,@CPAN) are obtained. The pure carbon fibers
(CPAN) are prepared by the similar process to VO,@CPAN
except no adding VO, in electrospinning solution.

2.2. Material characterizations

The crystal structures of VO,@CPAN were characterized by an X-
ray diffractometer (D8 FOCUS) with a Cu target. The
morphology and microstructure of the samples were observed
by a field-emission scanning electron microscope (SEM, Quanta
250 FEG, FEI).

2.3. Electrochemical measurements

The electrochemical performance of Zn//VO,@CPAN AZIBs was
studied in a CR2032-type coin cells assembled in air. The
VO,@CPAN cathode was prepared by mixing VO,@CPAN

HCI

(CH,OH),
Y 4

One-Step
Hydrothermal
Synthesis

Fig. 1 Schematic illustration of preparation process for VO,@CPAN.
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powder, conductive carbon, and polyvinylidene fluoride (PVDF)
with a mass ratio of 7:2:1 in N-methyl-2-pyrrolidone (NMP),
fully grinding in the bowl, coating on the graphite paper and
drying at 60 °C for 12 h. The mass of active materials of on
current collector was about 2 mg cm > The glass fiber
membrane was used as the separator, a zinc foil was used as the
anode, and 2 M ZnSO, solution was used as the electrolyte.
Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) were carried out using a Zahner/Zennium
electrochemical workstation. The galvanostatic charge-
discharge (GCD) curves and the specific capacity were obtained
with a NEWARE battery testing system (CT-4008Tn-5V10mA).
CV and GCD were conducted from 0.20 to 1.35 V (vs. Zn>*/Zn).

3. Results and discussion

The preparation process of electrospun VO,/carbon fibers
(VO,@CPAN) is shown in Fig. 1. Firstly, the pure VO, powder
was synthesized by simple hydrothermal method. Then, the
obtained VO, powder was dissolved in the solution of N,N-
dimethylformamide (DMF) and polyacrylonitrile (PAN) to be
electrospun into VO,/PAN fibers, which was converted into VO,/
carbon fibers (VO,@CPAN) via a controlled heat treatment.
Fig. 2 shows the PAN fibers obtained by electrospinning and
the CPAN after a controlled heat treatment. It can be seen that
both fibers have a uniform diameter of about 200 nm. The VO,
synthesized by simple hydrothermal method presents a disor-
dered flake structure with a width of more than 200 nm,
accompanied by severe agglomeration (Fig. 3a and b). The

N
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+
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Fig. 2 SEM images of (a and b) PAN fibers and (c and d) CPAN.
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Fig. 3 SEM images of (a and b) VO, and (c and d) VO,@CPAN; (e) XRD of VO,@CPAN; (f) high-resolution XPS V 2p spectra for VO,@CPAN.
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presence of agglomeration could lead to a lack of full contact
between the active material and the electrolyte, limiting the
complete utilization of the active material. When the VO,
nanosheets were combined with the carbon fibers via an elec-
trospinning strategy combining with a controlled heat treat-
ment, it can be clearly seen that the VO, nanosheets are
uniformly embedded in the carbon fibers and the diameter of
the VO,@CPAN composite fibers increase to 1.1 um (Fig. 3c and
d). The 3D network carbon fibers significantly improve the
conductivity of the electrode and effectively reduce the
agglomeration phenomenon of VO, nanosheets. Also, this 3D
network with abundant porosity can greatly improve ion
transfer kinetics during the charge-discharge process.”® The
flake-like VO, provides more active sites for electrochemical
reactions, making AZIBs obtain high energy storage.”” The close
contact between carbon fibers and VO, nanosheets establishes
an interconnection network with high stability for electro-
chemical reactions, which effectively improves the cycling life of
AZIBs. In order to investigate whether VO, changes before and
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after recombination with carbon fiber, the crystal structure of
VO,@CPAN was analyzed by X-ray diffraction (XRD). As shown
in Fig. 3e, one main peak at 23° in the XRD pattern of VO,@-
CPAN can be attributed to the carbon fibers, and other peaks are
consistent with the monoclinic phase VO,(B) (JSPDS No. 31-
1438). For the V 2p XPS spectrum of VO,@CPAN (Fig. 3f), the
characteristic peaks at 516.1 (523.3) eV and 517.5 (524.2) eV
attributed to V**/V°", respectively. The presence of V** is due to
surface oxidation caused by air atmosphere,* which is in accord
with the less impure peaks appeared in the XRD pattern. This
shows that the crystal structure of VO, after combing with
carbon fibers has no obvious change.

In order to evaluate the electrochemical performance of the
VO,@CPAN, Zn//VO,@CPAN AZIBs were assembled with
VO,@CPAN as cathode, Zn foil as anode, and 2 M ZnSO, solu-
tion as electrolyte. The cyclic voltammetry (CV) curves of Zn//
VO,@CPAN and Zn//VO, AZIBs are shown in Fig. 4a. They have
similar redox peaks and Zn//VO,@CPAN batteries exhibit
a larger current response, indicating that the 3D network
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Fig.4 (a) CV curves of Zn//VO,@CPAN and Zn//VO, AZIBs at 0.2 mV s~ (b) CV curves of Zn//VO,@CPAN AZIBs at 0.2 mV s~ *; (c) GCD curves of
Zn//NO,@CPAN AZIBs at 0.2 A g %; (d) rate performances of Zn//VO,@CPAN and Zn//VO, AZIBs.
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carbon fibers can effectively enhance the electrochemical
activity of VO, nanosheets. Two pairs of redox peaks at around
0.75/0.47 V and 1.15/0.9 V correspond to zinc ion extraction/
insertion and V**/V*" redox processes, respectively.?* As shown
in Fig. 4b, the CV curves of the second and third cycles are
basically consistent with the first curve, indicating that the
VO,@CPAN electrode has excellent reversibility. In addition,
the galvanostatic charge-discharge (GCD) curves (Fig. 4c) of the
Zn//VO,@CPAN AZIBs at 0.2 A gf1 show that the second and
third discharge/charging curves are highly consistent with the
first cycle, which also indicates that VO,@CPAN has superior
reversibility and stability as a cathode material. Fig. 4d shows
the rate capability of the Zn//VO,@CPAN AZIBs. The specific
capacities of Zn//VO,@CPAN AZIBs at 0.2, 0.5, 1.0, 5.0 and
10.0 A g~ ! are 326.5, 299.6, 275.4, 244.8 and 217.3 mA h g,
respectively. When the current density returns to 0.2 A g, the
capacity can reach 324.1 mA h g~ !, which is equivalent to 99.2%
of the initial capacity and higher than the Zn//VO, AZIBs
(96.6%). The improvement of rate performance is attributed to
3D network of VO,@CPAN, which provides ample channel for
the rapid ion transport.

As shown in Fig. 5a, electrochemical impedance spectros-
copy (EIS) shows that Zn//VO,@CPAN has a smaller semi-
circular arc in the high-frequency region, indicating the smaller
charge transfer resistance between the VO,@CPAN electrode
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and the electrolyte.®” This proves that the 3D network carbon
fibers provide a direct electron/ion transport pathway, guaran-
teeing the fast charge transfer and ion exchange in VO,@CPAN.
As shown in Fig. 5b, the long-term cycling performance of Zn//
VO,@CPAN AZIBs at 0.2 A g ' was tested. Zn//VO,@CPAN
AZIBs exhibited 92.2% capacity retention, whereas Zn//VO,
AZIBs presented a capacity retention rate of only 80.1% after 100
cycles. This shows that the performance of Zn//VO,@CPAN
AZIBs has been comprehensively improved. Even at a high
current density of 10 A g’l, 7Zn//VO,@CPAN batteries still ach-
ieve a high initial capacity of 217.3 mA h g~ ' with a capacity
retention of 76.6% after 3000 cycles, much better than Zn//VO,
batteries (Fig. 5¢). The 3D network in the VO,@CPAN increases
the specific surface area of the active material for the electrolyte
access and avoids the agglomeration phenomenon of VO,,
which can bring more reaction sites for the electrochemical
reaction. Therefore, the electrochemical performance of Zn//
VO,@CPAN battery is improved. In addition, at a power density
of 375 W kg™, Zn//VO,@CPAN AZIBs delivered an energy
density of 225 W h kg~'. As shown in Ragone plot (Fig. 5d),
VO,@CPAN reveals a competitive performance in comparison
with other previously reported materials, such as V,05-4VO,-
-2.72H,0,* Nsutite-type VO, microcrystals,* HVO,* Ancient
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Fig.5 (a) EIS, cyclic performance and coulombic efficiency at (b) 0.2 A g~ and (c) 10 A g™ for Zn//VO,@CPAN and Zn//VO, AZIBs; (d) Ragone

plot of the Zn//VO, AZIBs and other vanadium-based AZIBs.
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4. Conclusions

In summary, electrospun VO,/carbon fibers (VO,@CPAN) with
a three-dimensional (3D) network were successfully prepared by
an electrospinning strategy combining with a controlled heat
treatment. The 3D network not only improved the conductivity
of VO,, but also avoided the agglomeration of VO, and provided
ample channel for the rapid ion transport. In addition, the
flake-like VO, provides more active sites for electrochemical
reactions. Therefore, the VO,@CPAN cathode achieves a high
specific capacity of 323.2 mA h g™* at a current density of
0.2 A g ', which is much higher than the pure VO, cathode. At
a high current density of 10 A g7, the Zn//VO,@CPAN battery
delivered a high specific capacity of 217.3 mA h g~" and still
maintained 76.6% capacity retention after 3000 cycles. The
strategy of designing 3D electrospun VO,/carbon fibers by
electrospinning provides a new method for constructing
advanced cathode for AZIBs.
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