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ABSTRACT: Aqueous zinc-ion batteries (ZIBs) play a vital role in large-scale
energy storage for smart grids due to their environmental friendliness, safety, and
low cost. Unfortunately, the application of ZIBs has been challenged by the
relatively low capacity of cathode materials, especially at higher rates, which
originates from the sluggish diffusion of Zn ions. Herein, a crystal engineering z i
strategy is explored for using bernesite, Na,V40,,:3H,0 (NVO), for regulating 30%DoD 70% DoD
the diffusion-preferable texture, which was beneficial for fostering Zn ions’

100% DoD

" 400 S
diffusion and thus guaranteeing a uniform concentration inside the cathode. An jigsuO. ;Zog
enlarged capacity at a higher rate was obtained, delivering a capacity of 156.9 £ ,,] : o §
mAh g at the ultra-high current density of 20 A g~', of which 140.6 mAh g! §1uo-k = © 2
remained after 5000 cycles. The use of crystal engineering to regulate the texture g . —1 , . . . 'io §
of cathode materials paves the way to boost the application of NVO in aqueous & ° O
ZIBs, which could be translated to design state-of-the-art cathodes for other
battery systems.

polymorphous MnO,,'”~** Prussian blue analogs,™ > as

o date, the energy storage market related to portable
consumer electronic devices as well as electronic well as vanadium-based materials’®”” have been subsequently
explored as cathode materials for ZIBs. Vanadium-based

vehicles has been dominated by lithium-ion batteries
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(LIBs) containing a graphite anode with liquid organic
electrolytes, which deliver satisfying energy density with
outstanding cycling stability for the energy supply.' ~® Despite
the promising achievements already made, LIBs cannot meet
the requirements of low cost and safety for the large-scale
energy storage system needed for the smart grid, which is a
vital part of “carbon neutrality”.”~” In contrast to the high cost
for a limited lithium recourse and safety hazards caused by the
utilization of or§anic electrolyte and the dendrite deposition of
lithium metal,"”"" aqueous zinc-ion batteries (AZIBs) have
been called the “holy grail” candidates for improved safety,
environmental friendliness, and low cost, as well as facile
manufacturing processes. The merits of zinc metal include a
high theoretical capacity of 820 mAh g™', the low redox
potential of —0.76 V vs standard hydrogen electrode, and great
element abundance.'*™"?

Nevertheless, the large-scale application of ZIBs in smart
grids is mainly hindered by cathode materials that deliver
relatively low capacity.'®"” Since alpha-manganese-dioxide (a-
MnO,) was reported by Kang et al. a decade ago,'

© XXXX The Authors. Published by
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materials are expected to exhibit higher capacity with excellent
stability for commercialization of ZIBs due to the variable
valences, ranging from +5 to +2, and the open skeleton with
the changeable structure for the V—O coordination poly-
hedron.”**” As a typical representative of vanadium-based
materials, sodium vanadate stands out from the crowd with its
diverse crystal structures and excellent electrochemical proper-
ties.’” In particular, barnesite, Na,V¢O,¢3H,0 (NVO), which
has been widely used for LIBs as well as sodium-ion
batteries,”">> is a typical layer-structure material for ZIBs
comprised of V;Og, wherein interstitial hydrated sodium ions
act as pillars between layers to stabilize the crystal
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structure.”””* Although the application of NVO materials for
ZIBs has been pioneered by Kim and co-workers,” a guideline
for improving the electrochemical performance of NVO in
ZIBs is still missing, slowing down the commercial progress of
ZIBs with NVO cathode in large-scale energy storage systems.

Generally, NVO, a member of the Hewettite family
(M,V¢0,6nH,0, where M = monovalent element), is indexed
to a pure monoclinic crystal phase with a space group of P2,/
m. Like most crystal cathode materials,*>*” the migration of Zn
ions inside the NVO cathode is governed by the specific
texture. As illustrated in Figure 1, the layer of NVO is

d 35

—@— Cross slab through V;04
®— In tunnel with line
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3.0

Energy barrier (eV)

01234586
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Figure 1. Diffusion of Zn ions inside the Na,V40,,3H,0 (a)
across the V;0j slab, (b) in the tunnel in a zigzag, and (c) in the
tunnel in a line. (d) Diffusion energy barriers of Zn ions inside the
layered NVO through different pathways.

structured with V304 coordinated by hydrated sodium ions.
Thus, two migration pathways can be predicted, across the
V04 layer and in the tunnel between V;Oy layers, which are in
accordance with two different textured NVO cathodes,
respectively. Moreover, sodium vanadate, with a stable tunnel
structure, has good reversible insertion/extraction performance
for Zn** without a phase transition.”® Thus, tuning the texture
of as-prepared NVO can regulate the diffusion of Zn ions
inside the cathode, proposed as an effective path to enlarge the
capacity and improve the cycling stability. Unfortunately,
texturing the NVO using a suitable method to regulate the
migration pathway for the diffusion of Zn ion inside has
received little attention up to now.

Herein, crystal engineering is proposed to theoretically and
experimentally regulate the specific texture of the NVO
cathode and thus improve the electrochemical performance
of the cathode material in AZIBs. First, the preferential
migration pathway with a lower diffusion energy barrier was
unrolled at the atomic level, guiding the synthesis of
specifically textured NVO. Taking advantage of crystal
engineering, excellent electrochemical performance, including
the enlarged capacity with cycling stability as well as higher
rate capability, was obtained. The electrochemical mechanism
of the textured NVO cathode was intensively illustrated
through the visualization of related electrochemical fields
inside the electrode containing the textured NVO cathode.
The strategy of crystal engineering in this work paves a
promising avenue to fundamentally improve the electro-
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chemical performance of cathode materials and foster the
application of AZIBs.

First, the diffusion of Zn ions inside the NVO cathode was
revealed atomically with the Density Function Theory on the
Vienna Ab initio Simulation Package (see experimental details
in the Supporting Information). Na,V¢O,4 a kind of tunnel-
type material with a space group of P2,/m, is composed of a
V04 layer with Na ions between layers,” in which the V304
layer is in an alternate arrangement of VO; pentahedrons and
VOgq. The optimized stable structure is obtained by considering
the occupied sites of various Na ions and crystal water
molecules (Figures S1 and $2).*” Similar to the six-coordinate
environment of Na in NVO, the ZnOg octahedral environment
is jointly formed by an oxygen in the V;Og layer and that from
a water molecular (Figure S3). As shown in Figure la—c and
Figure S4, two possible pathways of Zn ions diffusion inside
NVO are predicted: diffusion across the V;0; layer and
diffusion in the tunnel in a zigzag or in a line. Based on the
high diffusion energy barrier up to 2.56 eV, the migration of Zn
ions across the V304 layer is proved to happen rarely,
illustrating that it is difficult for Zn ions to diffuse cross the
V;Og layer and enter the bulk phase when the material surface
is dominated by the (001) crystal plane.”® On the other hand,
Zn jons can diffuse in a zigzag way and in a linear way from a
specific Zn site to another one in the interlayer tunnel, which
requires overcoming the energy barriers of 0.59 and 0.92 eV,
respectively (Figure 1d). Furthermore, the diffusion of Zn ions
in the tunnel is preferable to crossing the V;O; layer.
Experimentally, the surface of NVO, comprised of a V;O4
layer, is represented with a (001) crystal plane, which lacks the
preferable diffusion pathway.”® When b is not equal to 0 in the
crystal plane (abc), such as (111), NVO is dominated by the
exposed tunnels. There exists a high-speed diffusion pathway
for Zn ions, which can be expected to show a greater diffusion
coefficient for the Zn ions. Therefore, increasing the number of
exposed tunnels with the specific crystal plane via crystal
engineering is proposed as a fundamental approach to improve
the electrochemical performance of NVO cathodes.

According to the aforementioned concept, crystal engineer-
ing of the textured NVO cathode can be expected to improve
its electrochemical performance due to the predictable
diffusion facilitated for Zn ions inside the NVO lattice along
the (111) plane, which is closely governed by the synthetic
process. As reported previously, hydrogen peroxide, a kind of
environment-friendly oxidizer, can open the double bond
between vanadium and oxygen to form a poly vanadium oxide
chain. Thus, as shown in Figure 2a, hydrogen peroxide was
selected as the synthetic regulator, where the amounts were set
as 4, 6, 8, and 10 mL in a 50 mL solution. Then, sodium
hydroxide was added to the solution of vanadium oxide for
double-bond-opening. After being stirred for 2 h, the solution
was transported into the Teflon liner and hydrothermally
reacted at 200 °C for a day (see experimental details in the
Supporting Information). The texture patterns of the as-
prepared NVOs with 4, 6, 8, and 10 mL of hydrogen peroxide,
named NVO-4, NVO-6, NVO-8, and NVO-10, were
monitored by X-ray diffraction (XRD). The whole patterns
are consistent with standard PDF#16-0601, showing a typical
Hewettite structure with a space group of P2,/m (Figure 2b).
Specifically, the texture index (TI) can be determined by
quantitative analyses of the XRD peaks using the following
equation:40’41
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Figure 2. Synthesis of textured Na,V(O,,xH,0. (a) Schematic diagram of the synthesis process of textured NVO. (b) X-ray diffraction
pattern of the as-prepared NVO samples and (c) corresponding active plane index. (d) X-ray photoelectron spectroscopy of V 2p with the as-
prepared textured NVO. (e) Scanning electron microscopy image and (f, g) transmission electron microscopy images in (f) moderate
magnification and (g) high magnification with the as-prepared textured NVO.
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where Iy and Iy, are the integral intensities of the (abc)
diffraction peaks for the as-prepared NVO and standard NVO
(PDF#16-0601), respectively, and n is the number of
diffraction peaks in the XRD patterns. Here, the ratio of the
sum of the total active plane (abc) with b # 0 to the inactive
plane (abc) with b = 0 is defined as the active plane index. As
shown in Figure 2c, the index for the active plane rises with the
increase of added hydrogen peroxide from 4 to 8 mL and then
decreases when the amount added is 10 mL, predicting that
the electrochemical performance can be optimized by using
NVO-8. Notable weight losses of 4.9, 6.5, 7.5, and 4.8 wt%,
respectively, for NVO-4, NVO-6, NVO-8, and NVO-10 at the
temperature of 360 °C are revealed by thermogravimetric
analysis (TGA), implying that 1.74, 2.34, 2.73, and 1.70 water
molecules are adhered per unit stoichiometry (Figure S5).
X-ray photoelectron spectroscopy (XPS) was employed to
investigate the chemical valences of each element in as-
prepared NVO. Typically, textured NVO-8 consists of Na, V,
and O in a ratio of 1:5.92:9.55 (Figure S6). The high-
resolution XPS V 2p;,, spectra of textured NVO-8 show two
peaks at 516.6 and 517.2 €V, being characteristics of V(+4)
and V(+5),””* respectively (Figure 2d). Similarly, high-
resolution XPS Na 1s and V 2p + O 1s spectra (Figure S7)
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proved the presence of Na and O elements. Meanwhile, the
similar chemical valences of related elements in different
NVOs are confirmed by XPS as well (Figure S8). This leaves
no doubt that NVO with different textures is successfully
synthesized in this work.

Furthermore, the morphologies of the as-prepared NVO
were revealed with scanning electron microscopy (SEM) and
the high-resolution transmission electron microscope
(HRTEM). As shown in Figure 2e and Figure S9, the
nanobelt morphologies of as-prepared NVOs are observed
with an average width of 150 nm. Along with the increasing
amount of added hydrogen peroxide from 4 to 8 mlL, the
length of the nanobelts increases. Yet, the obvious belt-like
morphology disappears with an overaddition of hydrogen
peroxide (10 mL). The morphology change with the increasing
addition of hydrogen peroxide is reflected by the surface area.
The measured surface areas initially increased gradually from
41.5 to 46.2 and then decreased to 36.9 m* g~', respectively,
with increasing concentration of H,0, (Figure S10). More-
over, satisfying crystallinity of the as-prepared NVO-8 and the
uniform distribution of related elements are confirmed by the
HRTEM images in Figure 2f,g and element mapping in Figure
S11. To sum up, the textured NVO-8 with a higher active
plane index was successfully prepared by the regulation of
added hydrogen peroxide, which was expected to enhance the
electrochemical performance, especially the capacity and rate
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Figure 3. Kinetics of the textured NVO-8 cathode for AZIBs. (a) Galvanostatic intermittent titration technique (GITT) curve of different
NVO cathodes and (b) corresponding diffusion coefficients of Zn ions on NVO cathodes. (c) Resistance for charge transfer of different NVO
cathodes during a series of cycles. (d) Cyclic voltammetry curves of textured NVO cathode at different scanning rates ranging from 0.2 to 1.0
mV s™'. Corresponding (e) relationship between peak currents and scan rates and (f) capacitive contributions of textured NVO at different

scan rates.

performance, due to the reinforced diffusion of Zn ions inside
the NVO-8 lattice gallery as cathode for AZIBs.

In general, as a kind of transient measurement method, the
galvanostatic intermittent titration technique (GITT) was
performed to reveal the relationship between the diffusion of
zinc ions and the charge transfer for textured NVO-8 (see
calculation details in the Supporting Information and Figure
$12).** As shown in Figure 3a,b, the textured NVO-8 cathode
demonstrates the highest diffusion coefficient. Specifically,
during the discharge process, the diffusion coefficient of the
NVO-8 cathode decreases to S X 107 cm™ s~ before 0.9 V
and increases to § X 107'% cm™ s7! at 0.3 V, which can be
explained by the changing interlayer distance watershed by 0.9
V. Not only is the diffusion coeflicient of Zn ions inside the
textured NVO-8 lattice greater than those of other cathodes
during discharge, but also it is the greatest one during the
charge process. Also, the resistance for charge transfer (R,) of
NVO cathodes was obtained using electrochemical impedance
spectroscopy (EIS).** The NVO-8 cathode, with the highest
active plane index, delivers the lowest resistance, which is
consistent with the GITT results (Figure 3c). Therefore, the
diffusion of Zn ions in textured NVO-8 is kinetically fastest in
the synthesized samples.
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Furthermore, the electrochemical kinetics of textured NVO-
8 was studied using cyclic voltammetry (CV) scanned at a
series of rates ranging from 0.2 to 1.0 mV s'. As shown in
Figure 3d, the relative shift occurs along with the increase in
scanning rate, which can be demonstrated by the occurrence of
polarization along with the zincation and de-zincation. The
relationship between peak current (i) and scan rate (v) could
be described by the equation®*** log(i) = b log(v) + log(a),
where a and b are adjustable parameters. After fitting the plots
of peak current at different scanning rates, the slope b can be
found to be b = 0.78, 0.9, 0.89, and 0.86 for peaks 1, 2, 3, and 4
in Figure 3e, respectively, illustrating that the storage of charge,
i.e., Zn ions, was under the cumulative control of diffusion and
capacitive behavior. Meanwhile, the ratio of the contributions
of capacitive behavior and diffusion control can be obtained by
using the equation**™* kiw + kp'/2The capacitance
proportion was thus determined to be elevated from 56.2 to
82.7% when increasing the scan rate from 0.2 to 1.0 mV s~
(Figure 3f), suggesting that the reaction of textured NVO-8 at
a high scan rate is largely controlled by surface capacitive
behavior.

As mentioned before, the special texture of the NVO
cathode tuned by the amount of synthetic regulator of

https://doi.org/10.1021/acsenergylett.2c01890
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of 5 X 107" cm s7! at (f) 10%, (g) 30%, (h) 50%, (i) 75%, and (j) 100% DoD.
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5. Electrochemical performance of textured NVO-8 cathode. (a) Cyclic voltammetry of textured NVO-8 at continuous cycles. (b)
Initial voltage profiles of different NVO cathodes and (c) corresponding cyclic performance at the current density of 300 mA g~

1. (d) Rate

capability of different NVO cathodes. (e) Cyclic performance of textured NVO-8 cathode at a current density of 10 A g™". (f) Comparison of
the electrochemical performances from the available vanadium-based cathodes and textured NVO-8 in this work.

hydrogen peroxide exhibits a higher diffusion coeflicient in
NVO-8 compared with the other samples, which can be
regarded as the explanation for the outstanding electro-

chemical kinetics. It is widely accepted that the polarization
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of electrodes, especially at higher current density, is
determined by the electrochemical kinetics through the
concentration field and the associated electric field, which

affect the rate capacity directly. Therefore, a multiphysics
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mechanism of NVO-8 as cathode for AZIBs.

simulation was conducted to visualize the concentration
distribution of Zn ions during electrochemical reaction in an
NVO-based electrode. As shown in Figure S13, the size of
NVO nanobelts inside the electrode generated with random
function based on the Gaussian distribution is concentrated at
1000 X 150 X 20 nm, which is consistent with the morphology
of the NVO from the SEM image. Meanwhile, the spatial
distribution of the generated NVO nanobelts is a random
arrangement with the relative parallel. An obvious concen-
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tration of Zn ions appears on the interface of the electrode
containing the textured NVO-8 with a diffusion coefficient of 5
X 107% cm s™! against the electrolyte at the depth of discharge
(DoD) of 10% (Figure 4a), which increases well with discharge
processes to DoD = 50% (Figure 4b,c and Figure Sl4a).
Nevertheless, the concentration of Zn ions increases at the
early discharge stage of DoD 10% when the diffusion
coeflicient of Zn ion is lower by 2 orders of magnitude, at 5 X
107" ¢m s7Y; even at DoD = 50%, the insertion of Zn ions
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inside the electrode is still relatively lower than that with a
higher diffusion coefficient (Figure 4f—h and Figure Sl4c). At
the final discharge stage of DoD = 100%, the concentration of
Zn ions inside the whole electrode with textured NVO is not
only higher but also more even than that with other NVO
cathodes with sluggish diffusion of Zn ions (Figure 4d,e and
ij). In contrast, the cross-sectional distribution of Zn ions in
the NVO cathode at the position of Z = 1.5 ym was shifted, as
shown in Figure S15. Insertion of the Zn ions first occurs at the
surface of each NVO nanobelt and develops into the center
gradually. Eventually, the insertion uniformity of Zn ions into
the textured NVO cathode with a higher diffusion coefficient is
enhanced, compared to that in the NVO cathode with the
lower diffusion coefficient (Figure S16). Therefore, the above
results solidly suggested that the fast diffusion of Zn ions inside
the textured NVO-8 cathode was the guarantee for uniformity
of inside concentration field with lower polarization, predicting
the great capacity delivered by textured NVO-8. As shown in
the results from the multiphysics simulation mentioned above,
the lowered polarization of the NVO electrode due to the
uniform concentration field of Zn ions and electric field inside
the electrode is guaranteed by the reinforced electrochemical
kinetics from the special texture of NVO-8, promising the
enhanced electrochemical performance.

Therefore, the as-prepared NVO cathodes were coupled
with polished Zn metal as anode, 2 M ZnSO, electrolyte, and
0.4 M Na,SO, as an additive to evaluate the electrochemical
performance. First, cyclic voltammetry was carried out at a low
scanning rate of 0.2 mV s~ to follow the electrochemical
reaction adequately (Figure Sa). As shown in the initial cycle,
two reduction peaks located at 0.79 and 0.41 V are obvious,
which can be explained as the electrochemical intercalation of
Zn jons into the layer structure along with the reduction of
V(+4) and V(+5) to lower valences.”” Meanwhile, two
oxidation peaks appear at 0.68 and 0.92 V, indicating the de-
intercalation of Zn ions from the interlayer space.’® A slight
shift of CV curves in subsequent cycles can be explained as the
result of the activation process for the fresh NVO electrode,
and the great reproducibility of CV curves for the following
cycles is closely related to the electrochemical reversibility of
the NVO-8 cathode. Comparatively, the reduction and
oxidation peaks with different intensities are exhibited in
similar spots on the CV curves for other NVO cathodes
(Figure S17). Furthermore, the galvanostatic discharge and
charge process was conducted to uncover the improved
capability of the as-prepared textured NVO-8 cathode. As
shown in Figure Sb, the distinct plateaus of the discharge and
charge process are consistent with the spots of the peaks for
the electrochemical reactions of the CV curves. Moreover, the
initial discharge capacity of the textured NVO-8 cathode is
443.2 mAh g™, much improved compared with the capacities
of 302.6 and 4242 mAh ¢! for NVO-6 and NVO-10,
respectively. It should be noticed that the textured NVO-8 also
delivers ultra-stable cyclic performance, exhibiting 401.1 mAh
g~! after 300 cycles, with the highest retention rate of 91.8%
(Figure Sc). Regardless of the initial capacity of 475.1 mAh
¢!, NVO-4 maintains only 267.8 mAh g™' after 300 cycles,
with the highest capacity fading of 43.8%, compared with those
of 33.3% and 39.4% for NVO-6 and NVO-10, respectively.
Along with repeated cycling, polarization inside the NVO-8
cell holds fairly steady, whereas those of the others degrade
obviously (Figure S18).
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Practically, high-rate performance is the vital criterion of
AZIBs for grid energy storage applications. As illustrated
above, the great rate capacity and stability of the NVO-8
cathode can be predicted reasonably due to the fostered fast
kinetics diffusion of Zn ions. A series of current densities were
applied to examine the rate performance of textured NVO-8
cathodes, which delivered rate capacities of 510.0, 460.6, 390.7,
309.9, 217.7, 191.5, and 156.9 mAh g~' at surging current
densities of 0.1, 0.3, 1, 5, 10, 15, and 20 A g_l, respectively
(Figure 5d). When the applied current densities go back to the
lower level from the ultra-high current density of 20 to 0.1 A
g_l, the NVO-8 delivers capacities of 187.3, 222.3, 290.1,
391.7, 4282, and 500.6 mAh g~' from 15 to 0.1 A g~' with
great reversibility. Furthermore, the AZIBs with textured
NVO-8 were cycled at 20 A g~ to verify the cycling stability
under high current density. As could be observed in Figure Se,
the capacity increases rapidly from the initial value of 122.2 to
179.8 mAh g™' after an activation process and could still
maintain a capacity of 140.6 mAh g~' after 5000 cycles,
allowing a mild fading of 0.004% capacity per cycle. The
intensively demonstrated great rate performance of the
textured NVO-8 cathode herein can be attributed to the
reinforced diffusion of Zn ions through crystal engineering.
Finally, as shown in Figure 5f and Table S1, by comparison
with other sodium vanadate cathode materials for
AZIBs, 0337353846515 the NVO-8 cathode exhibits remark-
able superiority.

In order to clarify the mechanism during charge/discharge
of the NVO-8 cathode, in situ XRD was selected together with
cycling at the current density of 100 mA g™* within the voltage
range from 0.2 to 1.6 V, as shown in Figure 6a. The XRD
pattern at the first scanning is indexed well with that of the as-
prepared NVO-8 cathode (Figure S19). The diffraction peaks
at 24.03, 25.80, 25.58, 30.59, 38.78, 39.67, 45.52, and 59.62° of
this initial XRD pattern correspond to the (—301), (110),
(111), (=211), (410), (—=303), (—601), and (612) crystal
planes of the textured NVO-8 cathode, respectively. Along
with discharge to 0.7 V, new peaks appeared at 32.83° and
59.22°, which were attributed to the (3—10) and (007) crystal
planes of basic zinc sulfate pentahydrate (Zn,(OH)SO,
SH,0) (PDF#39-0688),”>° with intensities increasing grad-
ually with a drop in voltage, directly weakening the signals of
the characteristic peaks of NVO-8. When the current is
reversed, the higher-angle-shifted peaks of textured NVO-8
gradually relax to the initial stage and the peak of
Zn,(OH)SO,-SH,O tends to weaken after charging back to
0.8 V. More specifically, the appearance of Zn,(OH),SO,
SH,O, a hydroxide byproduct resulting from the change in
local pH of the electrolyte during the charge/discharge
process, is considered evidence of co-insertion and co-
extraction of protons and Zn ions during the reaction.

In addition, the structural change of textured NVO-8
cathode after being discharged to 0.2 V and charged back to
1.6 V was revealed by HRTEM analysis, as shown in Figure
6b—d. The interplanar spacing is widened from 0.31 nm at the
pristine stage to 0.33 nm at 0.2 V. Meanwhile, the edge of
discharged NVO-8 was covered by the gray-white (3—10)
plane of Zn,(OH)¢SO,:5H,0, identical with the previous
observations. When the NVO-8 is charged back to 1.6 V, the
widened interplanar spacing returns to 0.31 nm, corresponding
to the characteristic facet of NVO-8. This result indicates the
high reversibility of lattice structure upon cycling for the NVO-
8 cathode, which was confirmed by the XRD patterns and
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element mapping at different cyclic stages as well (Figures $19
and S20). Furthermore, XPS was conducted to uncover the
chemical state of the textured NVO-8 surface at different
charge and discharge states. As shown in Figure 6e, V 2p; ), is
assigned to two signal peaks located at 516.8 and 517.4 eV,
which were assigned to V(+4) and V(+5), respectively.””*®
When discharged to 0.2 V, a new peak appeared at 515.8 eV,
which can be attributed to V(+3), indicating that high-state V
ions were reduced with the co-insertion of Zn ions and
protons. However, when the NVO-8 cathode was charged to
1.6 V, V(+3) was oxidized to V(+4) and V(+5) successively
during the extraction of Zn ions and protons. In order to
explain the change of V valence more intuitively, the ratio of
different valences of V is presented in Figure 6f for different
voltage states. In addition, the Zn 2p was found at a deep
discharge state with high intensity (Figure 6g), remaining a
weak signal when charged to 1.6 V, which can be attributed to
the residual Zn,(OH)¢SO4-SH,0 according to the in situ XRD
analysis.”” Thus, the co-insertion and co-extraction of Zn ions
with protons accompanied by the generation of Zn,(OH)SO,-
SH,O was revealed, and the schematic illustration in Figure 6h
explains the electrochemical mechanism, highlighting that the
advantage of the electrochemical mechanism of co-deinterca-
lation of zinc ions and protons does not cause a reversible or
irreversible phase transition of the NVO-8 cathode material.
To sum up, the textured NVO cathode was successfully
designed by crystal engineering, which was guided by
theoretical predictions. Based on the different pathways of
Zn ions inside the NVO cathode, the tunnel in line was
uncovered as the preferable migration pathway with a lower
energy barrier, illustrating that the sample with plenty of active
plane and b # 0 possesses a higher diffusion coeflicient.
Meanwhile, uniform distribution of the concentration field for
Zn ions inside the textured NVO was obtained by the fostered
electrochemical kinetics, which was solidly visualized through
multiphysics simulation. Therefore, the promising electro-
chemical performance of AZIBs, especially the satisfying
capacity of 156.9 mAh g~' at the higher current density of
20 A g™!, was exhibited with great long-term cycle vitality (a
capacity of 140.6 mAh g~ with retention of 78.5% after 5000
cycles). The crystal engineering revealed in this work can be
proposed as an efficient strategy to improve the electro-
chemical performance of cathode materials fundamentally,
even for lithium, sodium, and potassium ion batteries, etc.
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