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V013 with a nanosheet structure was employed as a cathode material
for aqueous zinc metal batteries. V¢O;3 delivered a high specific capacity
of 425 mA h g~2, outstanding rate performance and durable cycling with
high capacity retention of 86% after 3000 cycles. Moreover, in situ X-ray
diffractometer (XRD), ex situ X-ray photoelectron spectroscopy (XPS)
and X-ray absorption near-edge structure (XANES) were employed to
ascertain the reaction mechanism of Zn?* storage.

Recently, the aqueous zinc metal battery (AZMB) has received
considerable attention because it has a water-based electrolyte with
high safety and fast conductivity of ions." Also, low-cost metal zinc
as the anode can cycle stably in the aqueous electrolyte directly, but
also has high specific capacity and a suitable redox potential.
However, further development of the AZMB is required, especially
finding suitable cathode materials with considerable capacity and a
stable structure for the reversible insertion/extraction of zinc ions
with high charge density.*”

Some developed cathodes, including typical Mn-, V-, PBAs-
and organic-based materials, have demonstrated acceptable
storage of Zn>*."*"® In general, Mn-based materials deliver poor
cycling performance caused by Mn-element dissolution due to
the Jahn-Teller effect. PBAs with unutilized active sites usually
exhibit lower specific capacity than other cathode materials.
Moreover, the organic cathode will have dissolution issues and
produce side-products to damage the zinc anode. Compared
with the cathode materials stated above, vanadium-based
materials have received increasing attention. This is because
of their multiple valence states (+3, +4 and +5) for higher
capacity than other types of materials and a suitable struc-
ture to achieve favourable Zn** insertion/extraction.®'° Thus,
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vanadium oxides and their corresponding analogues may be
promising cathode materials for AZMB.**™*?

Among vanadium-based materials, low-cost V40,3 usually
exhibits high specific capacity, excellent thermal stability and
wide availability in metal-ion batteries, particularly alkali
ion-based batteries with an organic electrolyte.14 V¢O13 has a
monoclinic crystal system. It consists of a single octahedron
and a deformed bi-octahedron, which are connected together
in common vertices. Then, it extends indefinitely along the
direction shape [010] in the form of common edges to form a
tunnel, which can ensure reversible-charge ions insert/extract
into/from host materials. V40,3 of mixed valence (V>*/V*") also
delivers high electronic conductivity to ensure ultrafast charge/
electron transfer.'>™”

However, the crystal lattice will expand if zinc ions are
constantly removed in V4053, which may make the crystal
structure unstable due to the metastable structure of V¢O;3
and lead to poor cycling performance. In this case, the free-
binder,"” ion preinsertion'® and defect strategy'® as well as
heterostructured V40,3°*>" have been developed as the cathode
for an AZMB. Although it has achieved better performance than
a cathode made of pure V40;3, the potential issues and chal-
lenges merit extra attention in subsequent research. Typically,
the free-binder cathode usually grows Vs0;; on the inactive
carbon cloth or other metallic substrates with weight, which
can reduce the energy density. Moreover, alien species will
occupy the storage sites and produce electrostatic repulsion
with Zn®". Also, the oxygen defect may cause a structural
decline due to some missing supporting atoms. In addition,
the heterostructured V40,5 usually has a complex mechanism
for Zn>" storage and should be analysed further with the help of
advanced characterization methods. Notably, the development
of cathode materials with a special morphology and structure
can increase the permeability of the electrolyte to reduce the
diffusion path of Zn>*, but also alleviate the stress changes
caused by repeated insertion/extraction of Zn>**. Thus, the
structural stability of the cathode material is enhanced for a
considerable performance and the effect of lattice expansion is
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reduced thanks to the special micro/nano structure. Moreover,
understanding the zinc-storage mechanism of V¢O;; via
advanced characterization methods is lacking, but it is crucial
for the subsequent modification of cathode materials.

Herein, V4043 with ultrathin nanosheets was prepared as the
cathode for an AZMB via simple hydrothermal and subsequent
heat-treatment methods. Information on the morphology,
structure and chemical bonds was obtained via SEM and
Raman spectroscopy. The Zn>*-storage ability was evaluated
in a mildly acidic electrolyte of 1 M Zn(CF;S0;),. Importantly,
the Zn>"-storage mechanism was demonstrated through the
in situ X-ray diffraction (XRD), ex situ X-ray absorption near-
edge structure (XANES) and X-ray photoelectron spectroscopy
(XPS). This work may provide promising cathode materials
for the further development of AZMBs and other metal-ion
batteries.

V6013 nanosheets could be prepared by hydrothermal synth-
esis and subsequent heat treatment. First, NH,V,0;, micro-
flowers with an ultrathin petal-like structure and poor crystallinity
were synthesized by a simple hydrothermal method (Fig. 1a and
Fig. S1, S2, ESIt). After washing and drying, ultrathin V¢Oi3
nanosheets were obtained by calcination at 450 °C for 8 h under
a nitrogen atmosphere according to eqn (1). In this process, NH;
decomposed from NH,V,0,, acts as a reducing agent to facilitate
the production of mixed-valence vanadium with high electrical
conductivity. Moreover, the nanosheets could shorten the diffu-
sion path of Zn>" and increase the contact area of host materials
and electrolyte to promote the transfer kinetics of Zn>".

18 NH,V,0; — 12 VO3 + 24 H,O + 5N, + 8 NH; (1)

Accordingly, SEM demonstrated that the morphology of the
precursor changed from micro-flowers to random flakes of VO3
during heat treatment. V and O elements were evenly distri-
buted in SEM mapping images (Fig. 1c and Fig. S3, S4, ESI}).
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Fig. 1 (a) Preparation of V¢Os3. (b) SEM of precursor NH4V4O10. (c) SEM of
prepared Ve¢Oi3. (d) TEM image. (e) HRTEM image and SAED pattern of
VeOss. (f) and (g) XRD pattern and corresponding crystal-structure model
of VgOsi3. (h) Raman spectra.
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Meanwhile, this sheet structure was also revealed under the
application of TEM. The HRTEM image showed a clear
lattice spacing corresponding to the (200) plane of V¢Oj3
(Fig. 1d and e).

A different XRD pattern from the precursor showed that a
new substance had been produced during calcination, and it
matched well with V¢O,; reported in the literature.”>** Hence,
the V¢O,; cathode material has been synthesized (Fig. 1f).
Moreover, the crystal structure of V¢O,3; contained three non-
equivalent (but symmetric) vanadium atoms (V1, V2, and V3),
and each vanadium atom was surrounded by a shared oxygen
atom in a distorted VOg octahedron (Fig. 1g). These octahe-
drons formed single- and double-layer VOx by sharing angles
and edges. This unique layer structure and orientation-specific
cavity could make V0,3 a promising cathode material for
energy-storage systems.

Peaks located at 98.7, 142.8, 196.2, 282.6, 403.1, 470.5, 519.8,
680.2 and 992.9 cm ™" were consistent with the reported vibra-
tions of V40,3 (Fig. 1h).>* In general, the three Raman peaks at
the low frequencies of 98.7, 142.8 and 196.2 cm ™ corresponded
to the lattice vibration of [VO5]-[VO5], which is related to the
layered structure in the material. The Raman peak at 282.6 and
403.1 cm ™' corresponds to the bending vibration of the V=0
bond, and the Raman peak at 470.5 wave number corresponds
to the bending vibration of the V-O-V bond. In addition, the
Raman peaks at 519.8 and 680.2 cm ' corresponded to the
symmetric tensile vibrations of the V-O; bond and V-O,
bond, respectively. Finally, the Raman peak at 992.9 cm ™" also
corresponded to the symmetric tensile vibration of the
V=0 bond.

Thus, V0,3 with a nanosheet structure had been obtained
and demonstrated after characterization and corresponding
analyses of results.

Subsequently, the Zn**-storage ability of V40,5 was evaluated
in 1 M Zn(CF;S03), electrolyte using CR-2016-type cells. First,
cyclic voltammetry (CV) curves were tested within the voltage
range 0.2-1.6 V, and the similar redox peaks indicated good
reversibility (Fig. 2a). Fig. 2b shows the galvanostatic charge-
discharge (GCD) curves in the initial five cycles. The specific
discharge capacity could reach 425 mA h g~ " at 50 mA g .
Specifically, the cycling performance was evaluated at 0.5 A g™,
and it can reach a specific capacity of 290 mA h ¢~ " and remain
at 290 mA h g™ ' after 100 cycles (Fig. 2c). Moreover, the
excellent performance was demonstrated further at current
densities of 0.1, 0.2, 0.5, 1.0, and 2.0 A g’l, and the specific
capacity almost reached the initial capacity at the first test
(Fig. 2d and e). Notably, the Zn>*-storage ability was demon-
strated further at a high current density of 8.0 A g and
remained at 3000 stable Zn>" insertion/extraction processes
with an approximately capacity retention rate of 86% relative
to the maximum specific capacity. The increased capacity in the
initial cycling process could be attributed to activation of the
material (Fig. 2f).

In general, the electrochemical properties of VsO;; as a
cathode material for an AZMB were better than those of some
reported V¢O;; (Table S1, ESIt) and the precursor NH,V,O;,
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Fig. 2 (a) CV profiles. (b) GCD curves in the initial five cycles. (c) Cycling
performance at 0.5 A g~*. (d) and (e) Rate performance at different current
densities and corresponding GCD curves. (f) Long cycling performance at
80Ag™

(Fig. S5-S7, ESIt). This finding could be attributed to the rapid
diffusion path provided by the nanosheet structure and elec-
tron transport facilitated by the mixed valence state of vana-
dium. The value of Zn>" diffusion coefficients was calculated to
be approximately 10~ *° to 10" cm® s~ (Fig. S8, ESIt), which
confirmed the analysis stated above.

To further understand the energy-storage mechanism of
V60,3 cathodes during charging and discharging, in situ XRD
analysis was used to characterize the structural evolution of
electrode materials. The characteristic peaks of the (110) and
(—311) planes shifted toward a lower theta value caused by Zn**
insertion and almost back to the original state during subse-
quent Zn>* extraction according to XRD analysis (Fig. 3a). In
Fig. S9 (ESIY), the peak of the electrode in the initial state was
the synthesized V¢O,;. At the first discharge, a series of new
diffraction peaks appeared at 23.62°, 28.48°, and 34.86°, and
these new peaks can be directed to the phase of Zn;V,0,(OH),
2H,0 (ZVO; JCPDS number: 50-0570).>>>” Part of V0,5 under-
went irreversible phase transition in the first cycle. The V-O-V
column supports the zinc-oxide layer, forming a layered ZVO
with a porous structure, which facilitates the rapid migration of
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Fig. 3 (a) In situ XRD pattern at initial three cycles. (b) and (c) TEM-EDS at
full discharge and full charge.
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Zn>".”7?® Moreover, the peak intensity weakened gradually
during discharge and recovered to its original strength
in subsequent cycles, which suggested good reversibility
(Fig. S10, ESIY). During discharge progression, part of the peak
shifted to a higher angle caused by the strong electrostatic
interaction between Zn>" and the vanadium oxygen layer.
Electrostatic repulsion was shielded effectively, causing the
crystal structure to shrink. This finding was consistent with
reports of Vg0,3/VO,>*" samples and the Na,VsO;6-1.63H,0%°
cathode in AZMBs. Also, this reversible Zn>" insertion/extrac-
tion could be demonstrated by TEM-EDS data with an obvious
intensity of Zn element (Fig. 3b and c). Thus, the reversible
Zn*" insertion/extraction into/from V40,; had been initially
demonstrated.

As shown in Fig. 4a and Fig. S11 (ESI}), there were no XPS
spectra of Zn 2p at the fresh electrode, but a strong Zn signal at
the fully discharged state demonstrated that Zn>' could be
inserted into V¢O,3. The significantly weakened Zn signal at the
fully charged state indicated that most zinc ions could be
smoothly removed, and the residual Zn** in the ZVO phase
may serve as a ‘pillar’ to stabilize the structure for reversible
Zn>" insertion/extraction. Moreover, according to the XPS spec-
trum of V 2p (Fig. 4b-d), in the pristine V40,3 electrode, the
valence of main V*>* and part V** was mixed. Differently, the
proportion of V°* decreased while the proportion of V**
increased significantly and V** appeared, which could maintain
charge neutrality after the insertion of zinc ions. This action
resulted in a decrease in the valence of vanadium at fully
discharged states. Notably, there were only V>* and V** signals
at fully charged states, which demonstrated the reversible Zn**
insertion/extraction process. Also, this ex situ XPS result
was consistent with the other mechanistic characterization
stated above.

Furthermore, the ex situ XANES of V40,3 was characterized
to obtain in-depth understanding on local electronic structures
during Zn*" insertion (Fig. 4e and f). Compared with the
original state, the V K-edge moved slightly towards the lower
binding energy at the insertion state, which indicated that the
average valence state of vanadium decreased due to coordina-
tion between the zinc ion and lattice oxygen.** In addition, the

Pristine Insortion
S| — pristine 5 El
S| — nsertor H 8
> | — Exractio | > z
s £ B
£ z =
J Zav=s2s
1050 1040 1030 1020 528 526 524 522 520 518 516 514 528 526 524 522 520 518 516 514
Bind energy (eV) Bind energy (eV) Bind energy (eV)
Vo — Insertion

e
>

=

/

°
S

6 Pro-sgge pesk

Intensity (a.u)

IX(R)I(AS

e

Normalized xp (a.u.)

—Pristine
—— Insertion

e
s

528 526 524 522 520 518 516 514 5460 5520
(eV)

1 2 3 4 5480 5500
Bind energy (e) Radial distance (A) Energy (eV)

Fig. 4 (a)—(d) Ex situ XPS spectrum of Zn 2p and V 2p at pristine, fully
inserted and extracted states. (e) and (f) Ex situ V K-edge XANES and
V K-edge EXAFS of V¢Oq3 at different states.
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variation in the pre-edge peak located at 5468.7 eV was positively
correlated with the deviation from the octahedral symmetry of the
vanadium site. After the insertion of zinc, the peak shifted to a
lower energy position, and the intensity of the peak decreased.
The corresponding Fourier transform extended X-ray absorption
fine structure (FT-EXAFS) spectra (Fig. 4f) showed that after the
insertion of Zn>', the length of the V-O bond increased (from
1.56 A to 1.71 A) and the length of the V-V bond shortened slightly
(from 2.73 A to 2.61 A). The V-O bond is the framework of the
crystal structure of V40,3 materials. Hence, the small changes of
chemical bonds indicated that the structure of the V40,5 material
had good stability during charge and discharge.

V¢O;; obtained by hydrothermal synthesis and subsequent
heat treatment was selected as the cathode for an AZMB. VO3
delivered considerable specific capacity of 425 mA h g~ " and
long cycling performance, such as a high capacity retention rate
of 86% after 3000 cycles at 8 A g~ '. The reaction mechanism
was revealed under application of in situ XRD, ex situ XPS and
XANES. We demonstrated that V¢O;; could be considered a
promising cathode material for AZMBs, and may provide
potential electrode material for other metal-ion batteries.
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