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Abstract

Enhancing the performance of the cathode materials is one of the key issues for aqueous zinc-ion batteries
(AZIBs). Layered vanadium-based compounds are considered to be a candidate cathode material for AZIBs owing
to their advantages of variable crystal structures and high-theoretical capacity. Nevertheless, the inherent low
conductivity of V-based compounds leads to their sluggish kinetics and serious capacity degradation of AZIBs.
Here, we proposed a strategy that combined morphology regulation with self-supporting electrodes to build an
efficient electron/ion transport network and prepared Zn,(OH),V,0,-2H,0 (ZVO) nanowires (ZVNW) on carbon
cloth (CC) by a hydrothermal method. As expected, the ZVNW-CC electrode showed excellent electrochemical
performances of a high specific capacity of 361.8 mAh g (50 mA g™, high-rate capability (145.9 mAh g” discharge
capacity at 1,000 mA g™), and long cycling life (96.7% capacity retention after 1,010 cycles at 1,000 mA g”). The
Zn”'/H,0O co-intercalation mechanism for ZVNW-CC electrodes was demonstrated by ex-situ XPS and ex-situ TGA.
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INTRODUCTION

Nowadays, there are two determining factors in the development of lithium-ion batteries (LIBs): safety and
cost price. The rechargeable aqueous Zn-ion batteries (AZIBs) are considered as a preferred solution due to
their high level of safety, low cost, and environmental friendliness"*. However, the wide application of
AZIBs has been seriously hampered by the lack of high-performance cathode materials. Layered vanadium-
based compounds with an open framework structure can facilitate the fast Zn-ion intercalation/de-
intercalation and enhance the specific capacities. Besides, the multiple oxidation states of vanadium can

further contribute to increasing the specific capacity™”.

Zn,(OH),V,0,-2H,0 (ZVO) materials became a powerful competitor among all vanadium-based
compounds. This was because the structural water located between the V-O layers, which was attached by
hydrogen bonds to hydroxyl groups, enlarged the interlayer spacing, leading to high capacity and high-rate
capability"*"'!. While they were commonly used as cathode electrodes in LIBs, only a few studies reported
their usage in AZIBs. For example, Li et al. developed hexagonal ZVO nanoplates by a hydrothermal route
and applied them as a cathode material for AZIBs"”. The ZVO electrode displayed a discharge capacity of
117.69 mAh g at a current density of 50 mA g*. Xia et al. reported ultra-long ZVO nanowires (ZVNW) by
a microwave method™. The ZVNW were utilized as a cathode for AZIBs and showed a high capacity of
213 mAh g' at 50 mA g* due to the short Zn* diffusion channel™”. However, their inherent low
conductivity caused sluggish charge transfer kinetics. Recently, the N-doping carbon as an effective
conductive support was doped into ZVNW, which exhibited a large capacity of 295 mAh g at 0.1 A g™l

However, multiple interfaces formed among the active materials, additives (such as ancillary binders) and
collectors could impede the mass transfer, leading to the unsatistied performances.

To address these issues, the carbon cloth (CC) with high conductivity, light weight, and excellent structural
stability has been used as the growth template to ensure the orientation of active materials and as
collectors'™ to fasten the electron transport due to the strong attachment between the active materials and
CC. In this study, we first prepared the ultra-long ZVO nanowires on CC (ZVNW-CC) through a
hydrothermal route. ZVN'W-CC was directly utilized as a cathode for AZIBs and exhibited a high specific
capacity of 361.8 mAh g (at 50 A g"). ZVNW-CC electrodes displayed higher rate performance and more
favorable cycle retention than pristine ZVNW, indicating that the construction of an efficient electron/ion
transport path of ZVNW-CC cathode for AZIBs was beneficial to the improvement of electrochemical
performance.

EXPERIMENT

Preparation of Zn,(OH),V,0,-:2H,0 nanowires grown on carbon cloth

All the chemicals used in this study were analytical grade without any further purification. They were
purchased from Sinopharm Group Chemical Reagent Co. CC (3 x 3 cm) was pretreated by immersing it in a
mixture solution of 20% nitric acid and sulfuric acid (v% 1:1) for 12 h. Then NH,VO, (2 mmol) and
ZnS0O,-6H,O (3 mmol) were dissolved into 60 mL deionized water at 80 °C to form a clear, light yellow
solution. Later, 7 mL H,O was added to the solution. Subsequently, they were transferred to a 100 mL
polytetrafluoroethylene-lined container along with the pretreated CC. The mixture was heated at 180 °C for
14 h and cooled naturally. Finally, the prepared CC was moved out and washed with deionized water and
ethanol several times, then dried at 60 °C for 12 h to obtain the sample (ZVNW-CC). A synthesis diagram
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of the ZVNW-CC synthesis process was shown in Supplementary Figure 1. The preparation process of
ZVNW was the same as the above-mentioned steps, except that CC was not used.

Sample characterization

For crystallographic analysis, the as-obtained samples were characterized by the powder X-ray diffraction
(XRD, Cu Ko radiation, A = 1.5418 A). Surface elemental oxidation states were identified by X-ray
photoelectron spectroscopy (XPS, Thermo Scientific Escalab 250Xi) using Al Ka as the X-ray source. The
spectrometer was calibrated by the C 1s peak with a binding energy of 284.6 eV. The surface structure was
obtained using field-emission scanning electron microscopy (FE-SEM, S-4700 Hitachi). The lattice fringes
were analyzed using field-emission transmission electron microscopy (FE-TEM, Philips Tecnai F20 at
200 kV). The weight changes of the sample were examined by a thermal gravimetric analyzer (Netzsch STA
449E3) at 800 °C with a heating rate of 5 °C min™ in N..

Electrode preparation and electrochemical performance

A ZVNW-CC electrode disk (diameter: 12 mm) was used directly as a cathode, zinc foil (diameter: 16 mm)
as an anode, and a Whatman CF/F separator was placed between the electrodes. The electrodes were
assembled using a 2016-type coin cell and tested in 3 M Zn(CF,SO,), solution. The active material loading
was approximately 3 mg cm™. For comparison, a ZVNW cathode was fabricated by casting a slurry mixture
of 70 wt% active material, 20 wt% acetylene black, and 10 wt% polyvinylidene fluoride (PVDF) binder in N-
methylpyrrolidone (NMP) on Ti foil. The mixture was then dried at 60 °C for 12 h under vacuum. Cyclic
voltammetry (CV) was performed over a potential range of 0.2 to 1.6 V (vs. Zn*/Zn) at 0.1 mV s
Galvanostatic charge/discharge (GCD) cycling was conducted at various current rates. CV tests were
performed on a CHI 600E electrochemical station. All the tests were performed at room temperature.

RESULTS AND DISCUSSION

Structural and phase analysis

The as-obtained sample was characterized by XRD. Figure 1 shows that the diffraction peaks at 12.3° 16.9°,
20.9% 24.7°, 30.1°, 32.1°, 34.2°, 36.5°, 38.9°, 42.7°, 51.6°, and 62.6°corresponded to (001), (100), (011), (002),
(102), (111), (200), (201), (112), (202), (203), and (204) planes of hexagonal Zn,(OH),V,0,-2H,0 (JCPDS
NO. 87-0417), respectively. In addition, the diffraction peak intensity of (001) is much higher than that of
(102), suggesting the [001] direction (c-axis) crystallographic preferred orientations of ZVNW. The inset
image in Figure 1 shows the crystal structure of Zn,V,0,(OH),-2H,0O, which consists of a Zn-O layer formed
by edge-sharing [ZnO,] octahedra and a V-O layer. The Zn-O layers were separated by V-O-V pillars
formed by corner-sharing [VO,] tetrahedra along the c-axis. Water molecules were randomly filled in the
large cavities"”. Supplementary Figure 2 indicates the XRD pattern of ZVNW-CC. The carbon peaks at 26°
were clearly observed because the content of ZVNW was lower than that of CC.

To further characterize the valence state and composition of ZVNW-CC, the XPS techniques were
performed. Figure 2A shows the overall XPS spectrum of ZVNW-CC, illustrating that it is composed of Zn,
V, O, and C elements. Figure 2B shows the high-resolution XPS spectrum of Zn 2p. The peaks centered at
binding energies of 1045.0 and 1021.9 eV were attributed to Zn 2p,,, and Zn 2p,,,, respectively. And their
binding energy difference was about 23.1 eV, proving the existence of Zn*"**!, Figure 2C is a high-
resolution V 2p XPS spectrum of ZVNW-CC. The binding energies of the fitted peaks corresponding to
V 2p,, and V 2p,, were 524.7 €V and 517.4 €V, respectively, indicating the existence of V**’. The XPS
spectrum of O 1s was performed in Figure 2D, and the fitted peaks at 530.1, 530.8, and 532.8 eV
corresponded to O*, O-H bond, and H,O molecule, respectively.
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Figure 2. XPS spectra: (A) overall spectrum. (B) Zn 2p.(C) V 2p.(D) O 15.SEM images at different magnifications (E-G) of ZVNW-CC.

Morphology and microstructure analysis
The morphologies of ZVNW-CC and ZVNW were characterized by SEM in Figure 2E-G and
supplementary Figure 3. The ZVNW with tens of microns grown on CC in parallel can be clearly observed
in Figure 2E. The length of each nanowire can reach the micron level. This structure was beneficial for
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increasing the contact area between ZVNW and CC, which enhanced the structural stability of the ZVNW-
CC electrode. And 1D nanostructure can shorten the diffusion pathway of Zn** during the charging and
discharging process, promoting the electrochemical performance of the ZVNW-CC electrode. SEM images
in Figure 2F and G show a higher-resolution view of the sample. ZVNW, ranging in size from 20-200 nm,
was stacked and interlaced grown on CC, forming a multi-void network structure.

The microstructure of ZVNW, peeled from CC through prolonged sonication, was further characterized by
TEM. Figure 3A shows a TEM image of a single ZVO nanowire. The surface of the ZVNW was rough,
which increased the contact area between the electrode and electrolyte. Figure 3B is its HRTEM image. The
inter-planar distances of 2.01 and 2.31 A were attributed to (210) and (112) planes of ZVO, respectively.
Figure 3C shows the fast Fourier transform electron diffraction (FFT-ED) pattern of the HRTEM image,
which suggests the single-crystal feature. Figure 3D shows the EDS analysis of a single ZVO nanowire. It
was further confirmed that the ZVN'W were composed of Zn, V, and O elements, which were uniformly
distributed in the ZVNW.

Electrochemical performances

The electrochemical properties of ZVNW and ZVNW-CC electrodes were evaluated by CV and GCD.
Figure 4A shows the CV curves of these two electrodes at 0.1 mV s. The surrounding CV curve area of the
ZVNW-CC electrode was much larger than that of the ZVNW electrode, indicating that the ZVNW-CC
electrode exhibited higher specific capacity. Figure 4B presents the first three cycles of the CV plot for the
ZVNW-CC electrode at a scan rate of 0.1 mV s in the voltage range of 0.2-1.6 V (vs. Zn/Zn*"). Three pairs
of redox peaks were observed at 0.56/0.76, 0.85/1.07, and 1.35/1.46 V, which were attributed to the three-
step reaction of Zn** insertion and extraction into the ZVO lattice structure”’. Among the reduction
reactions at 0.56, 0.85, and 1.35 V showed that the vanadium element in ZVNW-CC was gradually reduced
from +5 valence to +a (a < 5), and the oxidation reactions at 0.76, 1.07, and 1.46 V corresponded to the
gradual oxidation of V* to V*". The cyclic scanning process of the first three loops almost overlapped,
indicating that the storage process of Zn** was highly reversible. GCD tests were conducted between 0.2 and
1.6 V (vs. Zn/Zn*). Figure 4C and D indicates the GCD profiles of ZVNW-CC and ZVNW electrodes for
the first five and 50th cycles at 50 mA g'. In the discharge curve, there were two distinctive potential
plateaus within the range of 0.69-1.00 and 0.45-0.69 V, which corresponded to the two main oxidation peaks
of CV. Similarly, another two potential plateaus in the charge curve within 0.88-1.15 and 0.6-0.88 V
corresponded to the reduction peaks. The related charge-discharge curve of ZVNW-CC electrodes at
50 mA g exhibited a smaller overpotential (AV(Q/2)) than that of the ZVNW electrode (0.26 vs. 0.34 V,
Figure 4C and D). In sharp contrast, the specific capacity of the ZVNW-CC electrode was larger than that of
the ZVNW electrode, benefitting from the synergistic effects of morphology regulation and a self-
supporting electrode.

The rate performances are presented in Figure 5A, where the current density increases from 50 to
1,000 mA g and then returns to 50 mA g"'. The ZVNW-CC cathode displayed specific capacities of 361.8,
328.2, 292.8, 251.1, and 207.6 mAh g' at 50, 100, 200, 500, and 800 mA g*, respectively. Even at
1,000 mA g, the ZVNW-CC cathode can still deliver a reversible capacity of 145.9 mAh g*. And returning
to 50 mA g, the specific capacity of 346.9 mAh g and the capacity recovery of 95.8% can still be obtained.
However, the capacities of the ZVNW electrode were evidently lower than those of ZVNW-CC at every
corresponding current density. This indicated that the structural stability and electrochemical reversibility
of the ZVNW-CC cathode were much superior to those of the ZVNW electrode. In order to assess the
commercial potential of the ZVNW-CC electrode, long-cycle performance testing was necessary. The
cycling performances of the ZVNW and ZVNW-CC electrodes were examined at current densities of 200,
500, and 1,000 mA g’, respectively, and were shown in Figure 5B-D. The discharge capacity of the ZVNW-
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Figure 3. (A) TEM image. (B) HRTEM image. (C) FFT-ED pattern (D) EDS mapping of ZVNW peeled from CC through prolonged
sonication.
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CC cathode reached up to 285.9 mAh g"' at 200 mA g’ and the capacity retention rate was 93.7% after 250
cycles. The ZVNW-CC electrode released a specific capacity of 237.7 mAh g with a capacity retention rate
of 94.2% after 645 cycles at 500 mA g". Even at 1,000 mA g, a specific capacity of 138.2 mAh g with 96.7%
capacity retention after 1,010 cycles and nearly 100% Coulombic efficiency were maintained, indicating its
excellent cycle stability at the high current densities. However, both the cycling performance and specitfic
capacity of the ZVNW electrode were unsatisfactory. Therefore, the integrated ZVNW-CC electrode was
conductive, which improved the electrochemical performance of the half cell. Compared with other similar
reported electrodes (as shown in Table 1), the ZVNW-CC electrode in this study exhibited high specific
capacity and stable long-cycle performance.

Electrochemical kinetic properties and zinc storage mechanism

The Zn-ion storage behavior of the ZVNW-CC electrode was further studied by CV. Figure 6A presents the
CV curves of the ZVNW-CC cathode measured at different scan rates. The CV curves retained the same
shape with the increase of scan rates from 0.1 to 0.5 mV s, indicating good reversibility of the ZVNW-CC
cathode. A power law relationship with the sweep rate: i = av*, or log i = b log v + log a (peak current: i, scan
speed: v, and adjustable parameters: a and b), was used to calculate the contributions of capacitive and
diffusion-controlled processes in AZIBs. Among them, if the value of b was close to 1.0, then the
electrochemical process was controlled by the capacitive effect; when b = 0.5, the process was controlled by
ion diffusion; if 0.5 < b < 1.0, both ion diffusion and capacitance effects were involved. Figure 6B shows the
plot of log (i) versus log (v) for calculation of the b value. The b values of peak (1) and peak (2) in Figure 6A
were 0.7 and 1.0, respectively, indicating a contribution process dominated by capacity control. To further
clarify the details of electrochemical behavior, GITT measurement was implemented to study the Zn*
diffusion coefficients (DZn*) of the ZVNW-CC electrode. DZn** can be estimated according to
Supplementary Figure 4 and Eq. 1 in the supporting information. Each cycle consisted of charging to 1.6 V
at a rate of 50 mA g for 20 min, relaxing for 2 h, and discharging to 0.2 V at the same rate. Figure 6C shows
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Table 1. Comparison of the specific capacity and cycling performance of ZVNW-CC electrode with other reported cathodes in AZIBs

Samples '(S;t:ll‘flgc_];apaqty Capacity retention Refs
ZVO-CC 361.8(0.05Ag") 80% (650 cycles) This work
Zn,V,0,(0H),2H,0 213(0.05A g™ 68% (300 cycles) [13]
V,0, 319(0.02A g™ 81% (500 cycles) [22]
LiV;04 256 (0.016 Ag™") 75% (65 cycles) [23]
KV;04 249 (0.025Ag ") 82.8% (500 cycles) [24]
Zn,V,0, 203(03Ag" 85% (1,000 cycles) [25]
K;V0462.7H,0 3296 (02AghH 82% (500 cycles) [26]
Vs, 190.3(0.05A g™ 98% (200 cycles) [27]
Na3V,(PO )4 97 (0.05Ag" 74% (100 cycles) [28]
VS,@rGO 180 1A g 93.3% (165 cycles) [29]
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Figure 6. (A) CV curves of the ZVNW-CC electrode at different scan rates. (B) b value of the redox peak in the CV curve. (C) GITT
curves during discharge and charge. (D) Corresponding Zn”" diffusion coefficient during the 2nd cycle of charge-discharge. (E) Nyquist
plots of ZVNW-CC and ZVNW electrodes before cycling in the frequency range of 0.01 Hz to 100 kHz. (F) The Ragone plot comparison
of Zn/ZVNW-CC battery with other cathode materials for AZIBs.

the GITT data at the second cycle taken from the charge-discharge curve. DZn*" was calculated between 10~
and 10" cm? s” (as shown in Figure 6D), which is superior to those of some reported V-based cathode
materials in AZIBs™*,

The electrochemical impedance spectroscopy measurement was performed to evaluate the charge transfer
resistance of the ZVNW-CC and ZVNW electrodes before and after cycling (as shown in Figure 6E and
Supplementary Figure 5). Figure 6E displays the Nyquist plots of these two cathodes before cycling and their
equivalent circuit models. The diameter of the semi-circle in the Nyquist plots of ZVNW-CC, associated
with the contact resistance and charge transfer processes (R.,), was far less than that of the ZVNW electrode.
It meant that the R, value of the ZVNW-CC electrode was significantly decreased without any
additives®*. R, values of ZVNW-CC and ZVNW electrodes before (after) cycling were 41.4 (34.3) and
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Figure 7. Ex-situ high-resolution XPS spectra of ZVNW-CC electrodes at different charge-discharge states: (A) V 2p.(B) Zn 2p.(C) OTs.

603.5 (109.1) Q, respectively, indicating the improved conductivity of the self-supporting electrode. The
above results further proved that both the 1D ZVNW-CC cathode and self-supporting electrode together
fastened the Zn** immigration, resulting in high capacity and high cycle stability. Moreover, the energy
density and power density of the ZVNW-CC electrode were calculated to be 273.5 Wh kg and
1,888 W kg™, respectively. Compared with the reported AZIBs containing similar cathodes such as
Ca,,.V,0..nH,0", Zn,V,0,”), VS,*”, and FeFe(CN),", the ZVNW-CC electrode provided higher energy
densities in a wide range of power densities in Ragone plots (as shown in Figure 6F).

Ex situ XPS analyses were used to analyze the valence-state change of the ZVNW-CC electrode and further
revealed the possible Zn* storage mechanism during the charge and discharge processes. Figure 7A shows
the Zn 2p spectra of the fully charged and fully discharged states of the ZVNW-CC electrode. In the fully
discharged state, Zn 2p,,, peaks at 1,022.48 and 1,021.58 eV or Zn 2p,,, peaks at 1,045.76 and 1,044.67 eV
were due to the formation of Zn-O and Zn-C bonds"”. However, in the fully charged state, only the XPS
peak of the Zn-O bond remained and the Zn-C peak disappeared, which suggested that Zn** of Zn-C was
more easily de-intercalated and led to an increase in capacitance. Moreover, with the interaction of Zn*, the
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V** of V-O-V pillars underwent a reduction reaction to V* (a < 5), as shown in Figure 7B. In addition, the
high-resolution XPS spectra of O 1s (as shown in Figure 7C) revealed its evolution at the pristine, fully
discharged/charged states, respectively. Notably, the relative intensity of the crystal H,O peak in the fully
discharged ZVNW-CC decreased significantly during charging, further confirming the co-intercalation
mechanism of Zn* and H,O. Subsequently, thermogravimetric tests (nitrogen atmosphere) were also
performed on ZVNW-CC electrodes under different charge and discharge conditions, as shown in
Supplementary Figure 6. It was consistent with the XPS results. Based on the above analysis and discussion,
the electrochemical reactions that occurred inside the Zn/ZVNW-CC batteries can be described by the
following equations:

7Zn’" +2€ < Zn (1)
Zn,(OH),V,0,2H,0 + xZn’* + yH,O + 2xe < Zn,,,(OH),V,0.-(2+y) H,O (2)

CONCLUSIONS

We have designed the “self-supporting” electrode by 1D ZVNW grown on CC as the cathode material in
AZIBs. Integrating the excellent electronic conductivity of CC, 1D ZVO nanowire with layered framework
structure in ZVNW-CC can facilitate Zn** diffusion and fasten the electron transport, improving the
electrochemical reaction kinetics of the electrode. Consequently, the ZVNW-CC electrode showed excellent
electrochemical performances of a specific capacity of 361.8 mAh g"' (50 mA g*), a high-rate capability
(145.9 mAh g discharge capacity at 1,000 mA g*), and long cycling life (96.7% capacity retention after 1,010
cycles at 1,000 mA g*). The Zn*/H,O co-intercalation mechanism in ZVNW-CC electrodes was
demonstrated by ex-situ XPS and ex-situ TGA. The novel strategy proposed in this study may provide
guidance for exploiting high-performance energy storage systems.
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