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ARTICLE INFO ABSTRACT

Keywords: The development of amorphous-crystalline hybrids shows significant promise for high-performance cathodes in
Amorp_hous aqueous zinc ion batteries (ZIBs). However, efficient and controlled synthesis remains a major challenge due to
Vanadium the thermodynamic instability of amorphous materials. In this study, we present a facile and ultrafast method for
Ig:;i::;:ucmre the controlled fabrication of crystalline VoO3 and amorphous sodium vanadate (V203/a-NVO) heterostructure

using the flash Joule heating technique, achieved in approximately 3 s. Benefitting from abundant storage sites
and isotropic charge transfer channel of a-NVO, as well as the intimate contact between V203 and a-NVO, the
resulting heterostructure exhibits significant pseudocapacitive contribution and accelerated reaction kinetics,
further facilitated by the co-insertion of H*/Zn?*. This results in impressive electrochemical performance, with a
high specific capacity of 414.6 mAh/g at 0.2 A/g and a capacity of 329.2 mAh/g at a current density of 1 A/g
after 1000 cycles. Notably, it retains a high capacity of 138 mAh/g after 5000 cycles at a large current density of
10 A/g. This approach offers a facile and rapid strategy for designing efficient vanadium-based oxide cathodes

Zinc-ion batteries
Flash Joule heating

through the rational design of amorphous-crystalline heterostructures.

1. Introduction

Aqueous rechargeable batteries have garnered significant attention
as alternative systems to lithium-ion batteries (LIBs) due to their high
ionic conductivity (~ 0.1-1 S cm’l), enhanced safety, and environ-
mental benignity of aqueous electrolytes [1-5]. Amongst, aqueous zinc
ion batteries (ZIBs) stand out for their potential on account of advan-
tageous properties of Zn metal anode, including high theoretical ca-
pacity (820 mAh/g), low redox potential of Zn?**/Zn (—0.76 V versus
standard hydrogen electrode), excellent chemical stability in water, and
abundance [3-7]. Recent efforts have focused on the development of
efficient cathodes, as the high polarization property of Zn?* can result in
strong electrostatic interactions with cathode materials, severely hin-
dering storage kinetics [5-7]. Among various cathode materials,
vanadium-based oxides such as V505, VOo, and V503, along with van-
adates (such as metal vanadates and ammonium vanadates) have
emerged as promising candidates [8-10]. Their layered and tunnel
structures, combined with the multiple oxidation states of vanadium
(+2 to + 5), endow superior storage abilities [8-10]. However, these
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cathodes also suffer from intrinsic drawbacks such as poor electric
conductivity, sluggish kinetics, dissolution of active materials, and
structural collapse, leading to poor cycling stability and low rate capa-
bility [8-10].

To address these issues, diverse strategies such as morphological
design, disorder engineering, metal atoms doping, and the integration of
conductive substances have been exploited to improve the electro-
chemical performance of vanadium-based oxide cathodes [8-10].
Amongst, the building of amorphous-crystalline hybrids has proven to
be a valid route and has gained significant attention [11,12]. As reported
in the literature, different from crystalline counterparts, the amorphous
phase with a disordered structure can break the space constraints to
obtain open frameworks, which can not only provide more storage sites
and isotropic ions diffusion channels for facilitating ion insertion but
also accommodate the lattice strain to greatly minimize the structural
changes during the cycling, achieving the boosted cycling stability [13].
Simultaneously, the highly symmetrical, rigid structure of the crystalline
phase can improve the electrode’s conductivity and contribute to a more
stable structure during repeated ion insertion and extraction processes
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[11,14,15]. However, it is important to note that amorphous materials
are generally thermodynamically unstable, necessitating precise exper-
imental control during the synthesis of crystalline-amorphous hetero-
structures. [16,17]. Therefore, developing facile and controlled
synthesis strategies for crystalline-amorphous heterostructures is crucial
for obtaining efficient vanadium-based oxide cathodes [15].

Recently, the flash Joule heating as a novel synthetic technique has
attracted increasing interest since its ability to achieve a high temper-
ature (up to ~ 3000 °C) at ultrafast heating and cooling rates (up to ~
10° K/s), which are orders of magnitude larger than those of conven-
tional furnace calcination [18-20]. This unique characteristic enables
the synthesis more facile and efficient by greatly reducing both time and
energy consumption while simultaneously suppressing the structure
aggregation of materials at an elevated temperature [18-20]. As a result,
flash Joule heating has been extensively utilized to rapidly fabricate a
variety of functional materials, including nanocarbon and its composite
[21,22], high-entropy alloys [23], single-atom catalysts [24], and
metastable materials [25,26]. In terms of crystalline-amorphous heter-
ostructures, flash Joule heating has shown great potential for facile,
efficient, and controlled synthesis. Its extremely rapid heating and
quenching rates could effectively suppress the undesired but thermo-
dynamically favorable amorphous-to-crystalline transition [16,17].
Nevertheless, the application of flash Joule heating for fabricating effi-
cient amorphous-crystalline heterostructure cathodes has been scarcely
explored.

In this study, we present a facile and ultrafast method for the
controlled fabrication of crystalline Vo0O3 and amorphous sodium
vanadate heterostructure (labeled as V203/a-NVO) using the flash Joule
heating technique, which takes approximately 3 s. Electrochemical
measurements demonstrate that on account of rich storage sites and
isotropic ions diffusion channels of a-NVO, alongside the intimate con-
tact between crystalline V5,03 and a-NVO, the resulting heterostructure
delivers significant pseudocapacitive contributions and accelerated re-
action kinetics. Moreover, the resulting heterostructure undergoes a
distinctive mechanism of proton insertion accompanied by Zn-ion
storage through the reversible deposition of Zn4(OH)eSO4-5H20,
further enhancing the charge dynamics. Eventually, the V,03/a-NVO
heterostructure exhibits remarkable electrochemical performance,
achieving a high specific capacity of 414.6 mAh/g at 0.2 A/g and a
capacity of 329.2 mAh/g at a current density of 1 A/g after 1000 cycles.
Notably, it retains a high capacity of 138 mAh/g after 5000 cycles at a
large current density of 10 A/g. This work provides a facile and cost-
effective strategy for designing efficient vanadium-based oxide cath-
odes through the rational design of amorphous-crystalline
heterostructures.

2. Experimental section
2.1. Sample preparation

For the synthesis of V2,03/a-NVO heterostructure, a sodium vanadate
sample was first prepared by treating the commercial V205 powder in
NaCl aqueous solution [27,28]. Briefly, 2 g of commercial V205 powder
(99.99 %, Rhawn, Shanghai, China) was dispersed in 100 ml of 2 M NaCl
(Sinopharm Chemical Reagent Co., Ltd., China) aqueous solution, and
stirred at room temperature for 72 h. Following this, the solution was
centrifuged to separate the solids, which were then washed several times
with deionized (DI) water and dried in a vacuum oven at 60°C overnight.
Next, urea (Sinopharm Chemical Reagent Co., Ltd., China) was mixed
with the sodium vanadate sample in weight ratios of 2:1, 1:1, and 1:2.
After grinding, 500 mg of the mixture was placed onto graphite paper
and sealed in a quartz tube with ceramic plugs. The ends of the graphite
paper were then connected to the copper contacts of the flash Joule
heating furnace (Hefei In-situ High-tech Co., Ltd.). Finally, the Vo03/a-
NVO composite was successfully synthesized through an ultrafast
heating/quenching process using a quick model with an input voltage of
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15V, an input current of 150 A, and a heating temperature of ~ 1600 °C,
followed by washing with DI water. For samples annealed at ~ 1200 °C
and 2000 °C, the electrical parameters were 20 V, 140 A, and 30 V, 200
A, respectively. For comparison, the VO2/NVO sample was synthesized
using the same procedure as the V,03/a-NVO heterostructure, but
without the addition of the urea precursor.

2.2. Structural characterization

The morphologies of as-obtained samples were investigated by using
scanning Electron Microscopy (SEM, Quanta FEG 250, FEI) and high-
resolution Transmission Electron Microscopy (HRTEM, JEOL 2100F,
200 keV) equipped with energy-dispersive X-ray spectroscopy (EDX,
Oxford Instruments Inc.). X-ray Diffraction (XRD) with a copper (Cu) Ka
source (Shimadzu XRD-6000) and X-ray Photoelectron Spectroscopy
(XPS, Thermo Scientific K-Alpha) were utilized to explore the crystal and
electronic structure of the resulting samples, respectively. Thermogra-
vimetric analysis (TGA) ranging from room temperature to 800 °C was
conducted in an air atmosphere at a heating rate of 10 °C min~" using
Netzsch TGA 209 F1. Raman spectra of the resulting samples were
characterized on Thermo Scientific DXR. X-ray absorption spectroscopy
(XAS) characterizations were performed at Beamline 4B9B, Beijing
Synchrotron Radiation Facility.

2.3. Electrochemical measurements

The electrochemical performance was characterized using CR2025
coin-type cells, comprising the working electrode (cathode), Zn foil
(anode), glass fiber (separator), and electrolyte (3 M Zn(CF3S03)3). The
working electrode was fabricated by mixing the resulting samples with
acetylene black and poly (vinylidene fluoride, PVDF) in a mass ratio of
7:2:1 in N-methylpyrrolidone (NMP) solvent, followed by pasting the
slurry onto titanium foil and dried in a vacuum oven at 80°C overnight.
The galvanostatic discharge-charge (GCD) curves were collected using
LAND CT3001A battery test systems in a voltage window of 0.2-1.6 V.
Cyclic voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) from 100 kHz to 10 mHz were conducted on an electrochemical
workstation (Ivium Vertex. C).

3. Results and discussion

Recently, we demonstrated the rapid fabrication of layer-stacked
vanadium oxide/graphene hybrids by sintering commercial V05 pow-
der on graphite paper using the flash Joule heating strategy [22]. Due to
the low melting point of V,05 (~681 °C), the carbothermal shock
enabled the commercial V205 powder to melt, aggregate, and partially
reduce into the layer-stacked VO,/V30s microstructure. Simulta-
neously, the melting V,O5 detached graphene-like carbon nanosheets
from the underlying graphite paper into the resulting samples. However,
the micrometer-scale dimensions of the layer-stacked VO3/V20s heter-
ostructure required prolonged activation time to achieve high specific
capacity. Hence, in this work, the NaCl-treated V205 nanobelts (sodium
vanadate) with smaller sizes are used as the precursor to minimize ag-
gregation into large microstructures to eliminate the need for a pro-
longed activation process. As shown in Fig. 1, for the synthesis of the
V203/a-NVO heterostructure, sodium vanadate nanobelt bundles
(NayV2016, as indexed in XRD patterns in Fig. 1¢) were first prepared by
stirring commercial V205 powders in a NaCl solution for 72 h at room
temperature, promoting the dissolution of bulk V505 and the subsequent
recrystallization of dissolved VOy species [27,28]. The resulting sodium
vanadate sample was then mixed with urea precursor and sealed in a
quartz glass tube for high-temperature sintering using flash Joule
heating equipment. During this process, an instantaneous current pulse
was applied to the graphite paper substrate, reaching a high temperature
of approximately 1600 °C in about 0.3 s, followed by rapid quenching in
about 2.7 s (total time: ~3 s, Fig. S1). As demonstrated in Fig. 1b, this
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Fig. 1. (a) Schematic illustration and (b) possible reactions for the fabrication of V, O3 /a-NVO heterostructure; XRD patterns (c, d) for the commercial V, Os and

NacCl-soaked V, Os (c), and V5 O3 /a-VNO and VO, /NVO samples (d).

carbothermal shock could induce the rapid pyrolysis of urea (the
decomposition temperature of ~ 130 °C) to release a large amount of
CO4 and NHj3 gas, which then underwent multi-step reactions with the
sodium vanadate to generate a heterostructure composed of crystallized
V203 (PDF#71-0343, Fig. 1d) and amorphous sodium vanadate (NVO).
These preferential reactions mitigate the detachment of the graphite
paper and the introduction of carbon nanosheets into the hetero-
structure. In contrast, the absence of the urea precursor in the VO3/NVO
sample resulted in a composition primarily of crystalline VO, and
crystalline sodium vanadate (Na;oV4064 and NagsV760268), as indi-
cated by the XRD pattern in Fig. 1d.

Fig. 2 presents scanning electron microscopy (SEM) images of the
resulting samples. It is clear that after the soaking treatment in NaCl
aqueous solution, the commercial V;05 powder transforms from
micrometer-sized particles (Fig. 2a) into nanobelt bundles (Fig. 2b).
Subsequently, after the flash Joule heating treatment, these nanobelt
bundles slightly melt into the nanosheet-like morphology (Fig. 2c),
which has been observed in the VOo/NVO sample (Fig. S2). Further,
high-resolution transmission electron microscopy (HRTEM) character-
izations were performed to explore the subtle structure of the resulting
samples. As shown in Fig. 2d and Fig. 2e, a hybrid structure consisting of
crystallized V,03 and amorphous sodium vanadate is observed in the
V203/a-NVO sample. The lattice spacing of 0.27 nm corresponding to
the (104) plane of V03 strongly suggests the good crystalline of V203
nanostructures [29]. Additionally, HRTEM images have revealed the
intimate contact between a-NVO and crystalline V203, which will be
beneficial for greatly facilitating charge transfer in the resulting

heterostructure. Fig. 2f displays the elemental mappings of the V,03/a-
NVO heterostructure, revealing a uniform distribution of O, V, and Na
atoms.

The electronic structure and elemental composition of the resulting
samples were characterized by performing X-ray photoelectron spec-
troscopy (XPS) and X-ray absorption spectra (XAS) measurements. As
shown in Fig. S3a, the XPS survey spectra of the Vo03/a-NVO and VOy/
NVO samples clearly reveal the presence of C1s,015s,V2p,andNa1ls
peaks. The weaker C 1 s peak in the V,03/a-NVO heterostructure rules
out the possibility of carbon residues originating from urea decompo-
sition and/or detachment of the graphite paper substrate. This conclu-
sion is further supported by Raman characterizations (Fig. S4), which
show the presence of V-O and Na-O bonds without the characteristic D
and G peaks of carbon-based materials (at approximately 1300 and
1600 cm ™, respectively) in the V503/a-NVO heterostructure. Fig. 3a
illustrates the high-resolution Na 1 s spectrum of the V203/a-NVO het-
erostructure, where a binding energy of 1071 eV indicates that Na atoms
are bound to oxygen (Na-O bond). The V 2p XPS spectrum in Fig. 3b
reveals two prominent peaks at 516.5 and 523.9 eV, corresponding to V
2p3/2 and V 2p; /9, respectively [30,31]. The spectrum also reveals the
presence of V°*, V¥, and V3*, which result from crystalline V,03 and
amorphous NVO components in the heterostructure [30,31]. In contrast,
no V3* signal is detected in the high-resolution V 2p XPS spectrum of the
VO2/NVO composite (Fig. S3d), indicating the different components in
both samples. Relative to XPS, XAS is a more powerful tool to provide
deeper insights into the electronic structure of matter [32,33]. Thus,
XAS measurements were subsequently conducted to probe the local
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Fig. 2. SEM images of the commercial V, Os (a) and after the treatment of NaCl solution (b) and the as-resulting Vo O3 /a-NVO heterostructure (c); HRTEM images
(d, e) and the corresponding FFT patterns and elemental mappings (f) of V; O3 /a-NVO heterostructure.

structure of the V503/a-NVO heterostructure in more detail. Fig. 3c
presents the V L-edge XAS spectra for the V,03/a-NVO heterostructure
and V503 and Nag 33V205 references. It demonstrates that the chemical
states of vanadium in the V,03/a-NVO sample are most likely a mixture
of those of V203 and NVO. Fig. 3d shows the O K-edge XAS spectra for
the V203/a-NVO heterostructure and Nag 33V205 reference, where peaks
A and B can be assigned to the hybridization of O 2p states with V tag*
and eg* states [34,35]. Similar to the V L-edge XAS, the O K-edge
spectrum of the V303/a-NVO heterostructure exhibits mixed spectral
features from the V503 and Nag 33V20s reference [34,35]. All these re-
sults evidence the successful construction of crystalline V503 and
amorphous NVO heterostructure. Subsequently, thermogravimetric
analysis (TGA) characterizations were conducted to determine the
contents of VoO3 and NVO in the resulting composite. As displayed in
Fig. S5, a significant weight increase of about 18.84 % is observed,
attributed to the transformation of V503 to V205 in the air atmosphere. It
reveals that the weight ratios of the VoO3 and amorphous NVO com-
ponents in the resulting composite are approximately 88.2 % and 11.8
%, respectively.

The electrochemical performance of the resulting sample as a cath-
ode for ZIBs was evaluated by assembling a coin cell with a Zn foil
anode, 3 M Zn(CF3SO3), electrolyte, and a glass fiber separator. Fig. 4a
shows the cyclic voltammetry (CV) curves of the V,03/a-NVO cathode
over the initial 3 cycles at a scan rate of 0.1 mV/s. Two oxidation peaks
at ~ 1.30 and ~ 1.40 V are observed in the first cycle, differing signif-
icantly from those in subsequent cycles. Previous studies suggest that
this behavior may result from the decomposition of water molecules
(proton insertion) and/or the electrochemical oxidation of V303
[36,37]. After the 15th cycle, the CV curves overlap (Fig. 4b), indicating
good reversibility of Zn®" storage in the V,03/a-NVO cathode. Addi-
tionally, there are two pairs of redox peaks at ~ 1.02/0.89 V and ~
0.71/0.52 V, corresponding to the transition of V°*/V** and v**/v3,
respectively, associated with the multistep Zn?* intercalation/dein-
tercalation process [38,39]. Fig. S6 shows the cycling performance and
galvanostatic charge-discharge (GCD) curves for the V;03/a-NVO
cathode at a low current density of 0.2 A/g, in which a high capacity
retention rate of about 82 % is achieved after 100 cycles. Furthermore,
the GCD profiles at this current density exhibit stable plateaus with
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Fig. 3. High-resolution Na 1 s XPS (a) and V 2p XPS (b) spectra for the V5 O3 /a-NVO heterostructure; V L-edge XAS (c) and O K-edge XAS (d) spectra for the V, O3
/a-NVO heterostructure, V, O3 reference (data collecting from Reference 34) and Nag 33 Vo Os reference (data collecting from Reference 35).

relatively low polarization potential, indicating the quick Zn?* ion
insertion/extraction kinetics. The GCD curves of the V,03/a-NVO elec-
trode at different current densities are presented in Fig. 4c, where the
discharge voltage plateaus at 0.6 V and 0.9 V, and the charge plateaus at
0.8 V and 1.1 V are observed, corresponding to the multiple Zn?* ion
insertion/extraction processes described in the CV curves. Fig. 4d shows
the rate performance of Vo03/a-NVO and VO5/NVO cathodes at current
densities ranging from 0.2 to 20 A/g, where the V303/a-NVO hetero-
structure delivers the discharge capacities of 414.6, 390.4, 358.5, 305.5,
207.1,121.2, 87.5, and 69.2 mAh/g at current densities of 0.2, 0.5, 1, 2,
5,10, 15, and 20 A/g, respectively. In contrast, the discharge capacities
of the VO,/NVO cathode are 161.7, 142.3, 125.9, 107, 78.3, 58, 48.9,
and 43 mAh/g at the same current densities. It is evident that the V203/
a-NVO heterostructure exhibits higher rate performance. Notably, when
the current density turns back to 0.2 A/g, the specific capacity of Vo03/
a-NVO heterostructure recovers to 414 mAh/g, implying excellent
reversibility. Further, the cycling performance of the V503/a-NVO and
VO2/NVO cathodes at a current density of 1 A/g was investigated. As
shown in Fig. 4e, the V203/a-NVO electrode delivers a higher initial
capacity of 367.9 mAh/g than that of the VO3/NVO sample (71.8 mAh/
g). After cycling for 1000 cycles, the discharge capacity of V203/a-NVO
remains at 329.2 mAh/g with a capacity retention of 89 %, out-
performing the VO2/NVO electrode. For comparison, the cycling per-
formance of commercial V205 and urea mixture sintered by the flash
Joule heating and the NaCl-treated V505 without flash Joule heating
were also evaluated. As displayed in Fig. S7, both samples exhibit more
rapid decay in specific capacities compared to the Vo03/a-NVO cathode,
strongly suggesting the superior electrochemical performance of the
V203/a-NVO heterostructure and also highlighting the great potential of
flash Joule heating in obtaining efficient vanadium oxide-based
cathodes.

To optimize the electrochemical performance, the experimental
conditions for fabricating the V3;03/a-NVO heterostructure were
explored. As shown in Fig. S8a, the cycling performance at a current
density of 1 A/g reveals that the sample synthesized with a 50 wt% urea

precursor (i.e., the weight ratio of urea to sodium vanadate is 1:1) ex-
hibits the optimal specific capacity. Additionally, the sintering temper-
ature for the V,03/a-NVO heterostructure achieved by flash Joule
heating treatment has also been investigated. As presented in Fig. S8b,
the sample prepared at 1600 °C delivers the highest specific capacity
along with superior stability at a current density of 1 A/g. The long-term
cycling performance at a high current density was also measured to
evaluate the cycling stability of the resulting samples. As shown in
Fig. 4f, at a high current density of 10 A/g, the V,03/a-NVO electrode
maintains a specific capacity of 138 mAh/g after 5000 cycles, while the
VO2/NVO electrode exhibits an obvious activation process followed by a
rapid decline in specific capacity (Fig. 4g). These results strongly suggest
the enhanced electrochemical performance of the V,03/a-NVO
electrode.

To get insights into the improved electrochemical performance of the
V203/a-NVO electrode, electrochemical kinetics behaviors were evalu-
ated by performing the measurements of CV at different scan rates,
galvanostatic intermittent titration technique (GITT), and electro-
chemical impedance spectroscopy (EIS). Fig. 5a shows the CV curves at
varying scan rates of 0.1, 0.2, 0.4, 0.6, 0.8, and 1.0 mV/s, aimed at
investigating the diffusion control and surface capacitive of the Vo03/a-
NVO electrode. Generally, the contributions of capacitance and diffu-
sion can be determined by calculating the b value using Equation (1):

i=a’ (¢

In which a and b are alterable parameters. Typically, the b value of 0.5 is
indicative of a diffusion-controlled process, while a value close to 1.0
suggests a capacitive-controlled behavior [40,41]. Based on the log(i)
versus log(v) plots shown in Fig. 5b, the fitted b-values for peaks 1, 2, 3,
and 4 for the V,03/a-NVO electrode were found to be 0.90, 0.67, 0.66,
and 0.94, respectively. It manifests that the charge storage process in the
V203/a-NVO electrode is predominantly dominated by the surface
pseudo-capacitive process, which is mainly because abundant storage
sites and isotropic charge transfer channels of a-NVO as well as the
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intimate contact between crystalline V5,03 and a-NVO, greatly facili-
tating rapid charge transfer and enhancing the electrochemical reaction
kinetics. Further assessment of the contributions from surface pseudo-
capacitance and diffusion control was performed using Equation (2).

i= k1V+k2Vl/2 (2)
Where kiv and kov'/? represent current contributions resulting from
surface capacitive effects and diffusion-controlled processes, respec-
tively [40,41]. As shown in Fig. 5c, the capacitive-controlled contribu-
tion rises with increasing scan rates from 0.2 to 1 mV/s. Remarkably, a
capacitive contribution of 94.9 % of the total current (capacity) is
observed at a scanning rate of 1.0 mV/s (Fig. 5d). These findings further
confirm that the electrochemical reactions in the V,03/a-NVO electrode
are primarily dominated by capacitive processes, especially at high
current densities, which favor enhanced electron transfer kinetics and
contribute to a high rate capability [40,41].

To further explore the reaction kinetics of the V,03/a-NVO elec-
trode, EIS and GITT measurements were conducted to better understand
the underlying causes for the enhanced electrochemical performance.
The Nyquist plots of the V;03/a-NVO and VO3/NVO electrodes are
presented in Fig. Se, where a smaller radius in the high-frequency region
is clearly observed for the V;03/a-NVO sample. Fig. S9 shows the
equivalent circuit used for simulating the Nyquist plots, and the fitting

results reveal a lower charge transfer resistance (Rc¢) of 151.4 Q for the
V303/a-NVO than that of the VO5/NVO (589 Q) electrode. This indicates
enhanced charge transfer kinetics owing to the amorphous nature of a-
NVO in the as-obtained heterostructure [42-44]. Subsequently, GITT
tests (Fig. S10) were performed to quantitatively analyze the diffusion
coefficient (DZ) of Zn?*t of the V203/a-NVO electrode. The results,
shown in Fig. 5f, indicate that the calculated D%,T values for the V,03/a-
NVO electrode range between 10~° and 107! ecm? S™1, which is obvi-
ously higher than that of the VO,/NVO electrode, consistent with the EIS
results. All these results manifest that the charge kinetics in the V,03/a-
NVO heterostructure are significantly enhanced, likely due to rich
storage sites and isotropic ions diffusion routes of a-NVO as well as the
intimate contact between V,03 and a-NVO.

To understand the storage mechanism of the Vo03/a-NVO electrode,
ex-situ XRD characterizations were carried out to investigate the struc-
tural evolution during charge and discharge states. As shown in Fig. 6a,
an addition diffraction peak at ~ 8° is observed for the sample after the
standing period (labeled as ‘A’), and its intensity gradually increases
during the discharge process of the first cycle, which can be attributed to
the formation of a new phase of Zn4(OH)gSO4-5H20 (ZHS, PDEF:
#78-0246). Typically, the newly assembled cell undergoes an electro-
lyte infiltration process during the standing period, in which the open-
circuit voltage will drop rapidly and greatly due to the self-discharge
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Fig. 5. (a) CV curves of V5 O3 /a-NVO at various scan rates ranging from 0.1 to 1.0 mV/s , (b) log(i) versus log(v) curves of cathodic and anodic peaks, (c) the
capacitive and diffusion-controlled contributions to capacity at different scan rates, (d) capacitive contribution to charge storage at 1 mV/s, (e) EIS spectra of the VO,
/NVO and V, O3 /a-NVO electrodes before cycling, (f) the calculated diffusion coefficients of the VO, /NVO and V, O3 /a-NVO electrodes.

reaction [37]. This reaction leads to the decomposition of water,
generating abundant H' ions that insert into the layered structure of
host materials. Concurrently, an equivalent amount of OH  ions is
produced and reacts with Zn(CF3SO3), in the electrolyte to form ZHS
[37,45,46]. This implies that the formation of ZHS is related to the
intercalation of H' ions into the layered structure of host materials. The
generation of ZHS during the discharge process of the first cycle is
further evidenced by ex-situ SEM and XPS characterizations. As pre-
sented in Fig. S11a and Fig. S11b, the SEM image clearly reveals that
numerous ZHS flakes are generated on the electrode surface at the fully
discharged state (0.2 V vs. Zn/Zn?"). Fig. 6e displays the high-resolution
O 1 s XPS spectra at different states, where the presence of OH™ species
originating from ZHS is observed in the spectrum at the fully discharged
state. Fig. 6b displays the XPS survey spectra of the V,03/a-NVO cath-
ode at the full discharge/charge states of the first cycle, where Na 1 s XPS
signal vanishes (Fig. 6¢) while a distinct Zn 2p peak is detected (Fig. 6d),
suggesting the generation of ZHS and the displacement of Na™ ions due
to the H" insertion. Furthermore, ex-situ XRD patterns (Fig. 6a) have
shown that the peak positions for the V503 phase are unchanged
throughout the electrochemical process of the first cycle but the peak
intensities gradually decrease and completely disappear at the full
discharge state (0.2 V vs. Zn2+/Zn). Generally, the intercalation of
multivalent Zn?* into vanadium oxides could result in the strong
deformation of the crystal structure, therefore the similar diffraction
peak positions for V405 rule out the possibility of the multivalent Zn?*
insertion into the V,03/a-NVO cathode [47]. Further, during the
charging process of the first cycle, the diffraction peaks of ZHS gradually
diminish, and the flake-like morphologies also completely vanish after
full charging (1.6 V vs. Zn/Zn?", SEM image in Fig. S11c and Fig. S11d),
indicating the highly reversible phase transition. At the same time, the
formation of VO3-0.5H20 (PDF: #01-089-6930) phase has been found
owing to the deintercalation of H' ions. Fig. 6a also presents the ex-situ
XRD patterns of V,03/a-NVO heterostructure after the 20th cycle,
further supporting the reversible formation of ZHS. Concurrently, a new
phase of Zn3(OH),V,07-2H50 (ZVOH, PDF: #50-0570) emerges in the
charging process and then gradually decreases and disappears, sug-
gesting the reversible conversion of the ZVOH phase [48]. Moreover,

besides the peaks from ZHS and ZVOH, no other peaks related to crys-
talline V-based compounds are observed throughout the electrochemical
processes, manifesting the amorphous transformation process of the
V,03/a-NVO heterostructure caused by the H insertion/desertion
[46,49]. Overall, based on the above analysis, the storage kinetics of
V,03/a-NVO heterostructure can be outlined as below:

The first few cycles:

Discharge:

H,O—H"+OH
V,03 + NVO(amorphous) + H' + € — Hipgert VOx
ZT'l2Jr +OH + ZII(CF3503)2 +H20—>ZTI4SO4(OH)6 ¢ 5H,0

Charge:

Zn4S04(OH)g @ 5H20 + Hingere VOx— VO, @ 5H,0 +Zn** + H +S05™ + e~

The subsequent cycles:

ZTl4SO4 (OH)6 (] 5H20 + Himen VOX—>ZT13 (OH)Z V207
e 2H,0+Zn*" +H" +S0; +e~

The reaction on the zinc anode:

Zne Zn*t 4+ 2e”
4. Conclusions

An amorphous-crystalline V203/a-NVO heterostructure was rapidly
constructed using a facile and cost-effective flash Joule heating method.
When employed as the cathode for ZIBs, this heterostructure delivers
impressive electrochemical performance, achieving a high specific ca-
pacity of 414.6 mAh/g at a current density of 0.2 A/g and maintaining
329.2 mAh/g after 1000 cycles at 1 A/g, with a capacity retention rate of
89 %. Additionally, it demonstrates a remarkable long-term cycling
stability of 138 mAh/g after 5000 cycles at 10 A/g. The formation of the
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amorphous NVO phase provides more Zn?" storage sites and isotropic
charge transfer channels, which combined with the intimate contact
between crystalline V503 and a-NVO greatly facilitate the reaction ki-
netics and pseudocapacitive contributions. Moreover, the co-
intercalation of H'/Zn?" further accelerates charge dynamics, thereby
boosting electrochemical performance. This work provides a viable
strategy for the design of efficient vanadium-based cathodes for aqueous
ZIBs.
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