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Aqueous Zn-ion batteries using mild acidic electrolytes utilizing a Zn?*/H* dual-ion storage mechanism have shown great

potential in achieving high energy density comparable to non-aqueous lithium-ion batteries. This study revealed that

hydrated alkali-ions regulate the formation of alkali-intercalated vanadates layered compounds. Among various vanadate

materials, lithium-intercalated vanadate has the largest interlayer spacing and most disordered local structure, exhibiting

the largest storage capacity of 308 mAh g at 0.05 A g* for Zn?*/H* dual-ion storage and improved charge transfer and

transport kinetics and cycling performance, evidenced by in situ X-ray diffraction and ex situ X-ray total scattering and pair

distribution function analysis. Our study provides new insight into designing the layered vanadate materials for high-capacity

aqueous batteries.

Introduction

Metal-ion batteries have become a key technology for a
wide range of applications, including portable electronics and
electric vehicles.>2 Although lithium-ion batteries (LIBs) based
on an intercalation charge storage mechanism are the
dominant battery technology, their safety (e.g., toxic and
flammable electrolytes), material and manufacturing costs
associated with supply chain crunch (e.g., lithium, cobalt, and
nickel raw materials) have been lingering concerns.> Aqueous
rechargeable zinc ion battery (ARZIBs) utilizing Zn metal anode
has attracted increasing attention for several reasons. Firstly,
Zn metal has a high theoretical specific capacity of 820 mAh g%;
Secondly, Zn?*/Zn redox occurs at low potential (-0.76 V vs.
SHE), providing a wide operation voltage window for ARZIB
cells;*7 Thirdly, mildly acidic electrolytes, resulting from the
usage of ZnSO,4 or Zn(CF3S0s), salt, enable the Zn?* and H* dual-
ion storage in the cathodes for a much-enhanced storage
capacity.®19 Advances in Zn-hosting cathode materials, such as
layered transition metal oxides (TMOs, e.g., manganese and
vanadium oxides),® 2 11 transition metal polyanions,?14
conductive polymers or organic frameworks,'> 16 and Prussian
blue type cathodes,” 18 offered a large open-frameworks to
facilitate a variety of battery chemistry involving Zn%*/H*
intercalation or conversion.

Among various layered TMOs, monoclinic vanadate
AV303:nH,0 (A: intercalated ions) has been considered one of
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the most promising cathodes for ARZIBs due to its high
theoretical capacity (343 mAh g, based on the one-electron
transfer reaction).1% 19-22 Great efforts have been made to tailor
the structure of the vanadate to significantly influence the
storage capacity and kinetics of charge transfer and transport
processes. For instance, enlarged V-O interlayer spacing and
more structural water molecules between V-O layers help store
more cations and promote Zn2*/H* diffusion.2>27 Notably,
vanadate is made of negatively charged V-O bilayers, which
comprise edge-sharing [VOg] octahedra and [VOs] pyramids and
are stacked along the <001> direction. The positively charged
proton, alkali, or alkaline earth metal ions are pre-intercalated
in the interlayers, formed during the materials synthesis, and
interact with negatively charged V-O polyhedral layers by van
der Waals force.?> 28 |t was expectable that these intercalated
cations don’t actively participate in the insertion/extraction
processes during the ARZIBs charging and discharging
processes. Instead, they function as a structural pillar to
stabilize the V-O layers and thus mitigate capacity degradation
during the electrochemical cycling.?® Given the important role
of pre-interacted contrastingly, their
vanadate’s material chemistry and electrochemical properties
have not been comprehensively studied.

Recently, a dissolution-recrystallization approach has been
reported to prepare TMOs and metal borides electrode
materials.?®32 The method involves the treatment of TMOs and
metal borides bulk raw materials with solutions of alkali and
alkaline earth metal salt solution. The bulk raw materials, when
subjected to dissolution and recrystallization in the aqueous
solution in the presence of alkali metal salt, alkaline earth metal
salt, or even conductive polymer,33 tend to grow preferentially
in lateral dimensions. The resulting nanostructured electrode
materials showed a
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large open-framework and improved
electrochemical properties in reversibly hosting monovalent
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and multivalent charge carriers for energy storage applications,
including ARZIBs. However, this pre-alkalization approach was
used mostly for pre-sodiation with a few examples of
potassiation. It remained unclear whether it is applicable to
tuning material characteristics for Zn?*/H* storage by tailoring
the alkali-TMOs interaction.

Here we report solution-based pre-alkalization of vanadate
Zn-ion cathode materials with lithium, sodium, and potassium
salts inorganic compounds (Li;SO4, Na,SO,4, and K,SO4). We
found that the hydrated alkali metal ions regulated the
formation of AV3;0g'nH,0. Different from the vanadate
prepared from sodiation (NaVO) and potassiation (KVO)
processes, synchrotron X-ray scattering analysis shows the pre-
lithiation forms distinct lithium-ion-intercalated disordered
vanadate (LiVO) with the larger interlayer spacing, more vacant
sites, higher portion of [VOs] pyramid building units (namely,
less edge-sharing building blocks). The highly disordered LiVO
exhibits improved ZnZ*/H* transport properties and thus
superior electrochemical performance for ARZIBs with a high
specific capacity of 308 mAh g at 0.05 A g, improved redox
kinetics, and the capacity retention of 96% (0.4 A g for 200
cycles) and 89% (1 A g for 800 cycles), respectively. Our study
provides a fundamental understanding of the roles of pre-
intercalation alkali in optimizing the local structure of TMO
electrodes that have advanced properties for ARZIBs, such as
large capacities and excellent rate capabilities.

Experimental

Materials synthesis and characterizations For the preparation of
LiVO materials, 100 mg commercial V,05 powder (Sigma-
Aldrich, Inc.) are dispersed in a 20 mL vial containing 9 mL Li,SO,4
(Alfa Aesar, Inc.) with a concentration of 0.5 M and stirred for
six days (144 hours). After that, the product is washed with
deionized water and ethanol and then vacuum-dried overnight
at room temperature. The NaVO and KVO products are
obtained by a similar method, except a 0.5 M Na,SO,4 or 0.5 M
K,SO, (Alfa Aesar, Inc.) and 300 mg V,05 powder are used. The
SEM images are collected using a Tescan Lyra3 GMU FIB
scanning electron microscopy at the University of New
Hampshire (UNH). A concentration of 0.5 M salt solution was
chosen because of the solubility limit of K,SO4 in water.

Electrochemical measurements The inks are prepared with a
mixture of 80% pre-alkalized vanadate materials (AVO, A: Li*, Na*,
and K*), 18% carbon black, and 2% styrene-butadiene rubber
binders (SBR, MTl Inc.) which are deposited on the Toray carbon
paper with a diameter of 18 mm (a geometric surface area
about 2.54 cm?). The loading of active materials on each
electrode is about 2.4 mg cm™. The cellulose-based filter paper
(Whatman Inc.) is used as the separators, and Zn foil (Alfa Aesar
Inc.) with a diameter of 18 mm is used as the anode. The ZnSO,
electrolyte (3M) is prepared, and 300 pL is loaded into the cell.

These cell components, including vanadate cathodes,
separator, electrolyte, and Zn anode, are assembled into an
electrochemical cell (model: ECC-Aqu, El-Cell Inc.). The
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chronopotentiometry (CP) galvanostatic charge and discharge
measurements are conducted in the assembled cells with a voltage
range between 0.2 V and 1.4 V (vs. Zn?*/Zn) at the current density of
0.05A g1, and detailed dQ/dV data analysis is also provided. The long-
term cycling stability of AV;30g is tested in the same voltage range (0.2
V - 1.4 V) at the current densities of 0.4 A g* (for 200 cycles) and 1 A
gl (for 800 cycles). All the results from CP measurements and
responding dQ/dV data analysis in two-electrode cells are presented
after three formation cycles. The rate performance with CPs is
tested at 0.05, 0.1, 0.2,0.4,0.8,1, 2 and 5 A g and returned to
0.2 A g! for 85 cycles. Cyclic voltammetry (CV) measurements
are conducted in the assembled cells at the scan rates from 0.05
mV st to 2 mV s?! between 0.2 V and 1.4 V (vs. Zn?*/Zn).
Electrochemical Impedance Spectroscopy (EIS) measurements
are conducted at the open circuit voltages of AVO electrodes
with a perturbation of 5 mV and frequency ranging from 0.01
Hz to 100 kHz. Galvanostatic intermittent titration technique
(GITT) measurements are conducted at the current density of
0.025 A g for three discharge and charge segments between
0.2V and 1.4 V (vs. Zn?*/Zn). The discharge or charge time for
each step is 10 minutes and then relaxed for another 10 minutes
to reach the equilibrium state.

In situ XRD and X-ray PDF characterizations for zinc battery /n-
situ X-ray scattering measurements, including X-ray diffraction
(XRD) and pair distribution function (PDF) measurements, are
conducted in a homemade electrochemical cell at the beamline
28-ID-1 at Laboratory with the
wavelength of 0.166 A. The electrode material is deposited on

Brookhaven National
thin carbon paper, dried naturally in the open air, and placed in
the electrochemical cell as the cathode. Zn disk with a 5 mm
hole (X-ray beam pass) is used as the counter and reference
electrodes. ZnSO, electrolyte (3M, 300 pl) is loaded on the
cellulose-based separators and stacked between the anode and
cathode. CV scans were applied at a scan rate of 0.5 mV s*
between 0.2 V and 1.4 V (vs. Zn?*/Zn), and the X-ray scattering
data were collected during cycling. XRD data are analyzed by
using GSAS Il software.

Results and discussion
Material synthesis and Local structures

Pre-lithiated vanadate (LiVO) is synthesized by stirring V,05
bulk material in 0.5 M Li,SO,4 at room temperature for six days.
Synchrotron (XRD) analysis shows the structural evolution from
orthorhombic V,05 bulk to monoclinic layered LiVO during the
material synthesis (Figures 1a and S1). Monoclinic LiVO hasa P
21/m symmetry, sharing an isomorphic structure with H,V;0g
(JCPDS-85-2401) and NaV30Og (JCPDS-89-0621), as shown in
Figure S2a. Compared to V,0s bulk materials, the (001) peak of
LiVO shifts to a smaller diffraction angle, suggesting a larger
(001) interlayered spacing (dgo1) of 11.3 A. The increase in doo1
is also accompanied by a high ratio of intercalated structural
water (5.5%), as shown in thermogravimetric analysis (TGA)
(Figure S2b).Their SEM images are shown in Figure S2e-S2g. In

This journal is © The Royal Society of Chemistry 20xx
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addition to Rietveld refinement of XRD patterns that only
analyzes the long-range order of materials, the aperiodic
information that lies in local structure is obtained from X-ray
total (diffuse and Bragg) scattering and PDF analysis. X-ray PDF
fitting results are shown in Figure 1b, and detailed lattice
parameters are provided in Table S1.

(a)
/@ LivO
9.2A NavO
KVO

digory=4.4A

Normalized Intensity

—
(=)
~

Normalized G(r), XPDF
. Z
[\1)
<
%

(€} [C1LiVO

Figure 1. (a) XRD patterns with the phase evolution from V,0s to AVO (A: Li, Na, K); (b)
Fitted PDF patterns of AVO and the zoom-in showing V-O double and single bond
lengths near 1.5 A; (c) [c1-3] Crystal lattice structure of LiVO, NaVO, and KVO; LiVO’s
building block units: [c4, 5] VOs bipyramids structure and [c6] VOg octahedra with
individual and averaged V-O bond lengths (VOs pyramid in blue and VOg octahedral in
red, green: Li, blue: V, red: O).

The PDF analysis shows that LiVO is packed with V30gz layers
comprising VOg octahedra and VOs trigonal pyramids and held
together by hydrated intercalated Li-ions (Figure 1c), in stark
contrast to V,0Os bulk materials made up of continuously
connected VOs pyramid units.

For NaVO and KVO, pre-sodiation and pre-potassiation
were performed with solutions of Na,SO4 and K,SO, at room
temperature (Figure S3). Notably, NavVO and KVO vanadates
require a much shorter reaction time than LiVO for a complete
pre-alkalization process (V,05 = AV30s), following the order of
LiVO > NaVO > KVO, opposite to the hydrated ionic radius
sequence (Figure S4). Similar trends are also found in several
structural characteristics, such as disorder, dgy; value, and
structural water ratio (Table 1 and Tables S2-S3).

This journal is © The Royal Society of Chemistry 20xx
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Notably, three AV;0g materials have similar long-range
order, such as the same layered structure under the P21/m
space group and the same types of VOs/VOg building units
(Figures 1c and S5), as suggested by XRD analysis. However, X-
ray PDF analysis shows that three materials have different local
structures. Specifically, the VOs pyramid has the unique V=0
atomic pair with a short vanadyl bond length (~ 1.57 A), the
characteristic feature that cannot be found in the VOg
octahedra. Figure 1b shows X-ray PDF results, where the
relative intensity between the peaks at ~1.6 A (V=0 pair from
VOs pyramid) and ~1.9 A (V-O pairs from both VO pyramids and
VOg octahedra) is higher in LiVO than those in NaVO and KVO.
These results suggest LiVO has a high portion of VOs5 pyramids
connected via edge-sharing and more vacancy sites within the
V-0 framework (Figure 1c). On the contrary, NaVO and KVO are
made up of VOs and VOg connected via edge- and corner-
sharing, showing a more densely packed V-O framework in the
a-b plane. The highly disordered nature of LiVO is also
supported by its larger isotropic atomic displacement
parameters (U;,) value (0.11 A2) from Rietveld refinement of X-
ray scattering than NaVO (0.06 A2) and KVO (0.01 A2). Notably,
the U, value is closely related to the mean atomic
displacements, e.g., U = <u?>>, where u is an instantaneous
atomic displacement. A large U, value is a good representation
of a disordered structure.

All these collective structural details suggest that hydrated
alkali plays a critical role in the formation of AV;0g vanadate
(Figure 2). Among the three alkali ions studied here, Li-ion has
the highest hydration enthalpy and the largest hydrated radius,
bringing more water molecules coordinated in the hydrated
shell during the pre-alkalization material synthesis process.
Thus, the resulting LiVO has the most disordered local structure
and the largest interlayer spacing, possibly due to more
structural water molecules brought by the Li-ion and
intercalated in the interlayer regions between the V-O
frameworks. This hypothesis is supported by the following three
control pre-alkalization experiments, conducted with (i) no salt
additive, (ii) H,SO4, and (iii) (NH4),SO,4. Specifically, when V,0s5
bulk was stirred in water without any salt, XRD analysis found
no vanadate formation (Figure S6); When V,05 bulk was stirred
in water with only H,SO,4 (same concentration of alkali sulfate
salts), XRD analysis also confirmed no vanadate phase occurred,
either. These results suggested that hydronium (H30*) cannot
assist vanadate formation due to the inadequately hydrated
water molecules it could bring to the pre-alkalization process.
Interestingly, when V,0;5 bulk stirred in water with (NH,4),SO4

Table 1. Summary of AVO structural properties.

LivO | NavO | KVO
Hydrated Radius of Alkali (A) 3.82 | 3.58 3.31
Pre-alkalization reaction time (day) 6 3 1
Structural water molar ratio (%) 5.5 8.2 0.26
doos (A) 113 | 9.2 7.7
Usso (A2) 0.11 | 0.06 0.01
Discharge capacity

308 265 70
(mAhg?, 1stcycle, 0.05 Ag?)
Capacity retention (%, 200" cycle, 0.4 Ag?) | 96 85 87
b-value 0.88 | 0.64 0.64

J. Name., 2013, 00, 1-3 | 3
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salt, the vanadate phase formed with nearly identical structural
characteristics to KVO. This result agrees well with our
hypothesis that the hydration of alkali-ions plays a critical role
in forming vanadate materials during the pre-alkalization
process because the ionic radius and hydration number of NH4*
and K* are very similar (Table S4). It is also worth mentioning
that the hydration property of alkali metal ions not only
determines the local structure of the AV;05 vanadate by

* X 144hr Li*(H,0), v’
Recrystallization
’ SR, Na‘(H,0), = Se *
- 72hr KL P AT
\
t K*(H,O : 4 . i
- ) Y 7
Soluble vanadium : J‘d hES f_, #f ’
oxide species 24hr o X‘X‘X
s 0 ik e S
r Dissolution \ o e0 e°

Maratii. L JERT e e
MU/ M o Y Y

V,0, KvO Navo

Ao, TEIBX Ifé
o 1] [ g I‘Ex{*\x
IRIgY

Livo

Figure 2. Hydrated alkali metal-ions (A: Li, Na, K) regulate crystal structure formation of
AVO vanadate with reaction rates and kinetics after the process of dissolution of V,05
bulk precursors and recrystallization (for atoms in the crystal structure, V: blue, O: red,
Li: green, Na: brown, K: yellow, H* and H,0 are neglected considering residing at the
same site of alkali metal-ions).

regulating the structural water in the V-O framework, but also
takes its toll on the pre-alkalization kinetics. As shown in Table
1, LiVO formation requires the longest reaction time for the
complete conversion from V,05 to LiV3Og (six days). This
sluggish pre-alkalization kinetics is due to the lowest ionic
mobility of Li-ions (33.5 ohm™ cm? mol) compared to Na- and
K-ions (Table S4). Notably, the formation of AV30g materials is
governed by the complete reaction between alkali salt solution
and V,05 powder. Therefore, the stoichiometric ratio of alkali
cation in AV30g likely reached an equilibrium. However, the
electrochemical charge or discharge of AV30g materials in alkali
salt solution could provide means to further modify the
stoichiometric ratio of alkali cation and will be explored in
future studies.

Electrochemical performance of AV;0g in Zn-ion batteries

Electrochemical properties of AV30g vanadates as the
cathode materials for ARZIBs were evaluated in a two-electrode
cell using a 3 M ZnSO, electrolyte and a zinc disk functioning
both as the reference and counter electrodes. Figure 3a shows
chronopotentiometry (CP) results at the current density of 0.05
A g in the voltage window between 0.2 V and 1.4 V (vs.
Zn?*/Zn), and corresponding differential capacity curves (dQ/dV
vs. V) are plotted in Figure 3b. Three vanadate materials
demonstrated very reversible redox processes, showing two
charging plateaus (~ 0.75 V and ~ 1.0 V) and discharging
plateaus (~0.57 Vand ~ 0.87 V), whereas LiVO shows the largest
15t cycle discharge capacity (308 mAh g1), relative to NaVvO (265
mAh g1) and KVO (70 mAh g). Rate performance and the long-
term cycling performance of three vanadate materials are
shown in Figure 3c, where LiVO demonstrated the most
superior performance. As current density increased from 0.05

4| J. Name., 2012, 00, 1-3

to 5 A g, LiVO showed capacity values ranging from 308 mAh
g1 (0.05Ag?) to33 mAh g (5Ag?). And as the current density
returns to 0.2 A g}, the capacity of LiVO remained 200 mAh g1,
showing little capacity loss. The long-term cycling performance
of the three materials is shown in Figure 3d. Again, LiVO has an
excellent cycling performance with capacity retention of 96% at
0.4 A gtafter 200 cycles, much better than those of NaVO (85%)
and KVO (87%). At a higher current density (1 A g) and longer
cycling (800 cycles), LiVO remained a high value of capacity
retention (89%, Figure S7).

Besides superior storage capacity, rate performance, and
cycle life, LiVO also shows great kinetics during the charge
transfer and transport processes. We first analyzed the rate-
dependent reaction kinetics of the charge storage process of
three vanadate materials. Basically, we conduct the cyclic
voltammetry (CV) with scan rates ranging from 0.05 mV s to

8 44 b
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Figure 3. (a) CPs of AVO at the current density of 0.05 A gl in an aqueous zinc-ion battery
(1st cycle data); (b) Differential capacity curves of AVO obtained from (a); (c) Rate
performance of AVO up to 85 cycles; (d) Cycling stability of AVO at 0.4 A gt for 200
cycles.

2 mV s (Figures 4a and S8). Assuming peak current (i) in CVs
obeys a power relationship with respect to the scan rate (v) as
the Equation 1 shows:34 35
1=avb Equation 1

where a and b are constants. Traditionally, a b-value of 0.5
suggested a slow charge transfer process, often observed in a
diffusion-limited redox process. On the other hand, a b-value
of 1.0 suggests a quick charge transfer, often a characteristic of
a surface-controlled capacitive process. Figure 4b shows the b-
values of three AVOs calculated from two anodic and cathodic
peaks (see Figure S8 for calculation details) range between 0.5
and 1.0, suggesting combined capacitive and diffusion-limited
charge storage processes. Notably, LiVO showed larger b-values
in all four redox peaks than NaVO and KVO (Figure 4b),
suggesting its peak current is more responsive to scan rate and
thus a swift charge extraction and insertion process during the
electrochemical cycling. The fast charge transport kinetics

This journal is © The Royal Society of Chemistry 20xx
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revealed in LiVO is congruent with its large interlayer and
superior rate and cycling performance. The excellent charge
transport behavior of LiVO is also supported by electrochemical
impedance spectroscopy (EIS) measurements. Although all
AVOs showed similar solution resistances (~ 7 ohms) (Figure 4c),
LiVO shows the smallest electron charge transfer resistance (~
70 ohms) compared to NaVO and KVO, indicating its high
electronic conductivity at electrode /electrolyte interphase.
Furthermore, we have also conducted galvanostatic
intermittent titration technique (GITT) tests of AV;0g at the
current density of 0.025 A g* (Figure 4d and Figure S9) to study
ionic diffusion. The GITT provides thermodynamic hysteresis
and kinetic polarization when the overpotential from the quasi-
equilibrium states is applied. In each step, the voltage first
suddenly drops with a small value due to internal resistance (iR)
once the constant current is removed, and then it gradually
decreases by the concentration polarization due to the ion

o Livo

o Navo

4 KVO
o

— 005 mvs! A2

a

Current Density (Ag") o

5 2 Lvo

07 04 06 08 10 12 14 M Az 1 G2
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Figure 4. (a) CVs of LiVO at scans rates from 0.05 to 2 mV s’%; (b) b-values of AVO
(Li*, Na*, K*) indicating surface-controlled (b=>1.0) and diffusion-limited redox
(b—>0.5) contributions; (c) EIS measurements of AVO at the open circuit voltages;
(d) Calculated diffusion coefficient of ZnZ*/H* in AVO electrodes.

I

Diffusion Ceefficient {cm?s™)
m
=

o
Y]

diffusion (n) until reaching the quasi-equilibrium state. LiVO has
a small iR drop (~ 0.012 V) and a small value of n, suggesting a
large diffusion-coefficient and high electronic conductivity. The
diffusion coefficient at each potential during CP testing is
calculated based on the following Equation 2:

4 (npVm\ 2 (AEN\2
p=2(5) (&)

Equation 2

where tis the duration of the current pulse (s); n,, is the number
of moles; V, is the molar volume of the electrode (cm3 mol?); S
is the electrode and electrolyte contact area (cm?); AE; is the
steady-state voltage change during the constant current pulse
without the iR drop; AE, is the voltage for each current pulse
(Figure S9). The diffusion coefficient of LiVO with the magnitude
between 108 and 101° cm? s'1, which are certainly higher than
those of NaVO and KVO throughout the whole voltage window,
and higher than Mn- or V-based Zn-ion cathodes (1012 to 1014

This journal is © The Royal Society of Chemistry 20xx
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cm? s1). Notably, diffusion coefficients are smaller in the low
state of charge (SOC) (< ~ 50%) than those in high SOC (>~ 50%).
This could be explained by the formation of Zns(OH)gSO4-4H,0
precipitates during the discharge process (see the following
discussion on in situ XRD), which is a poor electronic and ionic
conductor and impedes the transport at the
electrode/electrolyte interface.

The phase evolution of three vanadate materials during the
electrochemical cycling was studied using in situ synchrotron
XRD characterizations. During in situ XRD measurements, CV
scans were conducted under the voltage window between 0.2
V and 1.4 V (vs. Zn?*/Zn) at a scan rate of 0.5 mV slina3 M
ZnS0O, electrolyte. Figure S10 shows the complete in situ XRD
patterns, and their Contour plots are shown in Figure 5. Figure
5a shows the in situ XRD pattern of LiVO, where (110), (111),
and (204) diffraction peaks can be indexed. Although all three
diffraction peaks underwent similar peak position and intensity
evolution, the (204) peak was chosen for the detailed study

ionic
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Figure 5. (a/b/c) Contour plot of in situ XRD measurements of Li/Na/K; (d/e) The
variation of crystal lattices of AVO with zoom-in of (204).

due to its high signal-to-noise ratio and less interference from
background scattering (Figure 5d). When the voltage decreased

J. Name., 2013, 00, 1-3 | 5
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from 1.4V to 0.2 V (discharging), the (204) peak shifts to a lower
26 angle from 5.58° to 5.42°, equivalent to the increase of dyg4
from 1.71 A to 1.76 A. In the consecutive charging from 0.2 V to
1.4 V, it restored to a higher 26 angle and a decreased dju,
value. The reversible changes of d,o; values suggested the
expansion of LiVO lattice upon the insertion of zZn?*
(discharging) since reduced vanadium ions have an increased
ionic radius, an expanded V-O bond length, and an increased
lattice unit compared with the oxidized vanadium ions.
Similarly, the lattice of LiVO shrunk upon the extraction of Zn?*
(charging).

In addition to the LiVO phase, the Contour plot in Figure 5a
also shows a layered Zn4(OH)¢SO, phase with characteristic
basal diffraction planes (00/; I: 1, 4, 6, and 7) following a
quantitative correlation of dgg; =11.01 A/l 1t is known that the
insoluble Zn4(OH)gSO,; phase formed upon a non-faradaic
reaction between ZnSO, and OH-, an indicative of local
depletion of H*. Therefore, Zn,(OH)¢SO,4 has been considered
an indirect titration phase for the H* intercalation. Namely, the
proton insertion caused the decreased concentration of proton
nearby the surface of LiVO and resulted in the formation of
Zn4(OH)eS0O,4, though the ZnSO, electrolyte is mildly acidic.
Besides demonstrating Zn?* and H* dual-ion storage, the
evolution of Zny(OH)gSO, and LiVO phases during the
electrochemical cycling, especially (204) peak from LiVO and
adjacent (006) and (007) peaks from Zn4(OH)gSO,4, also reveal
sequential intercalation and deintercalation of Zn%*/H*,
highlighted in Figure 5d. Specifically, during discharging process
from 1.4V to 0.2 V, the (204) peak of LiVO first shifted to lower
26 angles, and the Zn4(OH)gSO,4 phase didn’t form, indicating
Zn?* intercalation first occurred (note that Zns(OH)eSO,4
formation coincided with the proton insertion). As the voltage
continuously decreased, the LiVO (204) peak position became
unchanged, while (006) and (007) peaks from Zn4(OH)eSO4
phase appeared and intensified, indicating H* intercalation
occurred after Zn?* intercalation. The opposite trends were
observed during the charging process. These potentiodynamic
changes in LiVO and Zn4(OH)gSO,4 phases indicated that dual-ion
intercalation followed sequences of Zn%*-> H* during
discharging and H*=> Zn?* during charging.

The Zn-ion storage of NaVO and KVO are also studied with
in situ XRD tests (Figure S10 and Figures 5b and 5c). A similar
evolution of diffraction peaks from NaVO and KVO vanadate
phases and Zn4(OH)¢SO4 phase were observed, indicating a
similar Zn?*/H* dual-ion storage. However, there are several
distinct differences in diffractions from LiVO, NaVvO, and KVO.
Firstly, NaVO and KVO show much stronger diffraction peaks
than LiVO because NaVO and KVO materials have much-ordered
vanadate structures, also evidenced in Figure 1. Secondly,
compared to LiVO and NaVO, KVO materials show a less distinct
shifting of vanadate diffraction peaks, suggesting a sluggish and
less significant Zn2* intercalation. This is also congruent with the
electrochemical measurements shown in Figure 3, where KVO
has much inferior storage capacity compared to LiVO and NaVvO.
Overall, LiVO shows much more reversible and better kinetics
of Zn?* and H* dual-storage than NaVO and KVO in the aqueous
zinc-ion battery.
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This study showed that pre-alkalization could significantly
modify the local structure of vanadate materials for improved
Zn?* and H* transport kinetics in Zn-ion batteries. It is notable
that pre-alkalization is different from metal ion doping, which is
also a commonly used strategy to modify the electrode
material .36 37 Pre-alkalization allows alkali intercalation in the
interlayer region of the layered electrode, often modifying the
interlayer distance and thus the transport of charge carriers
between metal-oxygen molecular layers. On the other hand,
metal ion doping allows the transition metal ions to substitute
the host metal ion in the metal-oxygen framework, modifying
the electronic structure and electronic conductivity of the host
electrode to tailor the charge transfer process.

Conclusions

We have reported a pre-alkalization approach as a versatile
toolkit to prepare vanadate cathode materials for aqueous Zn-
ion batteries. This scalable approach using recyclable inorganic
alkali salt solutions show great promise for preparing
disordered vanadium oxide electrode. The resulting vanadium
oxide materials with an extensive open framework have
superior electrochemical performance in large capacities,
excellent rate capabilities, and cycle life. Comprehensive X-ray
structural analysis demonstrates that the hydrated alkali metal
ions regulate the formation reaction mechanism of AxV3Og
materials. Furthermore, we conclude that hydrated Li-ions have
the largest hydrated radius and the slowest ion mobility, leading
to highly disordered LiVO with considerable interlayer distance
and an open V-O framework. Electrochemical measurements
show that the LiVO prepared from such an approach exhibits a
high specific capacity of 308 mAh g* at 0.05 A gt in aqueous Zn-
ion batteries and improved electrochemical reaction kinetics
with higher ionic conductivity compared to those of the NavVO
and KVO cathodes. This new study provides a fundamental
understanding of designing layered V;0g materials with the
tailored local structure for high-performance battery cathode
materials.
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