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Abstract: Developing high capacity and stable cathodes is a key to
successful commercialization of aqueous Zn-ion batteries (ZIBs).
Pure layered V,0s has a high theoretical capacity (585 mAh/g), but it
suffers severe capacity decay. Pre-inserting cations into V.05 can
substantially stabilize the performance, but at an expense of lowered
capacity. Here we show that an atomic layer deposition derived V,0s
can be an excellent ZIB cathode with high capacity and exceptional
cycle stability at once. We report for the first time a rapid in-situ on-
site transformation of V,0s atomic layers into Zn3V,07(OH).-2H,0O
(ZVO) nanoflake clusters, also a known Zn-ion and proton
intercalatable  material. The extraordinary electrochemical
performance arises from the unique attributes of the ALD-V,0s: high
concentration of reactive sites, strong bonding to the conductive
substrate, nanosized thickness and binder-free composition, all of
which facilitate ionic transport and promote the best utilization of the
active material. We also provide new insights into the V,0s
dissolution mechanisms for different Zn-salt aqueous electrolytes
and their implications to the cycle stability. Our work offers an
appealing engineering solution to develop high-capacity and stable
cathodes for commercial ZIBs and contributes to the fundamental
understanding of ionic storage mechanisms in rechargeable
aqueous batteries.

Introduction

With the fast-growing renewable industry and strong demand for
leveling variable renewable power generation, rechargeable
battery systems with high capacity, long cycle life, low cost,
safety and eco-friendliness are highly desirable.['! Rechargeable
Zn-ion batteries (ZIBs) with mildly-acidic-to-neutral Zn-salt
aqueous electrolytes, layer-structured oxide cathodes and Zn-
metal anodes are some of the best contenders to meet the
above requirements because of their inherent advantages in
electrolyte conductivity, manufacturability, safety, cost and
dendrite resistance.?

The current ZIBs research is mostly focused on developing
high-capacity and durable cathodes.®! While new cathode
materials are currently being identified, e.g. NASICON-
structured oxide,®? the two most studied families of ZIB
cathodes are MnO, and V,0s based materials that possess
tunnel/layered structures containing abundant low-energy
crystallographic sites suitable for storing Zn?* and/or H*.X
However, the discharge profiles for the two systems are
discernably different, viz. MnO»-based cathodes typically exhibit
high and flat potentials, whereas V.Os-based cathodes display
low and sloping potentials.®2 ® The difference is fundamentally
rooted in their intercalation chemistries, i.e. redox potentials

(Mn**/Mn3* vs V5*/VV4*/\/**) and phase composition (conversion-
based multi-phase vs intercalation-based single-phase).®! In
particular, pure V.05 is attractive benefitted from its highest
theoretical capacity capacity (589 mAh g based on V5+/V3*
redox couple) in all V-based cathodes. However, V,0s5 suffers
cycle stability issues, largely due to its dissolution in aqueous
solution. The use of shallow V4*/V¥* (VO,) and V3*/V?* (V,03)
redox couple, pre-insertion of cations (e.g. Na*, Ca?*, Mg?,
NH4*) and H,O molecule can stabilize the performance.l”
Unfortunately, they inevitably lower Zn-ion storage capacity due
to the decreased oxidation state of V, increased electrostatic
interactions between negatively charged oxide layers and pre-
inserted cations, and reduced host sites available for Zn-ion
accommodation. 8!

Here, we report that an atomic layer deposition (ALD)
derived V205, unlike the other types of V,0s5 (e.g. ball-milled and
hydrothermal) reported in the literature, exhibits excellent
capacity and cycle stability at both low and high current rates.
We also discuss the V,0s-dissolution mechanisms and role of
electrolytes in performance stability, and present experimental
evidences to support a new ionic storage mechanism
accountable for the outstanding electrochemical performance of
the ALD-derived V,0s cathode.

Results and Discussion

Microstructure of ALD-V20s

The surface view of ALD-V,0s deposited on a commercial
graphite paper is shown in Figure 1a of an SEM image.
Compared with the original pure graphite paper, see Figure S$1,
there is no discernable difference other than that the coated
sample appears to be smoother. The deposited V20s is first
confirmed by Raman spectrum shown in Figure S2, where the
Raman shifts match well to the vibrational modes associated
with the orthorhombic V.0s phase, as well as by XRD to be
shown later.

Figure 1. (a) Surface and (b) cross-sectional views of ALD-V20s overcoats on
a graphite paper. (c) HRTEM image of ALD-V20s.
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The internal structure of ALD-V,Os on graphite paper is
revealed in Figure 1b, 1c of HRTEM images, where a uniform,
well-bonded, 20 nm thick V,Os layer with a d-spacing of 2.88 A
(corresponds to the (301) planes of orthorhombic V,0s) is clearly
seen on both sides of single graphite sheet in the graphite paper.
Such a double-side coating is the result of the pre-existing gaps
between each graphite sheet, thus allowing the ALD precursor
and oxidizer to penetrate and react. These gaps are also
expected to be filled later by the electrolyte solution during
battery assembly, which are highly desirable to maximize the
reactive area and ultimately boost charge transfer kinetics.

Electrochemical performance

The rate performance of ALD-V;0s cathode is shown in
Figure 2a over a current range of 2 to 20 A g™ for two repeated
cycles; the original discharge/charge profiles (first cycle only) are
given in Figure S3 as an example. The demonstrated reversible
capacities are 496, 466, 457, 446, 430, 405 mAh g at 2, 5, 8,
10, 15 and 20 A g, respectively, with no sign of degradation
during the two short rate excursions. Such a high-rate capability
as well as current-insensitive capacity signal an excellent
electrode kinetics of ALD-V.Os cathode for Zn-ion storage. The
Ragone plot of energy density vs power density in Figure 2b
clearly ranks the ALD-V.0s as the top performer among the pure
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V,0s cathodes reported in the literature.® Obtained from CV at
different scan rates (see Figure S4), Figure 2c indicates that
there are only 50-70% capacitive contribution from the ALD-
V,0s cathode, whereas it is over 70% reported for other types of
V,0s cathodes in the literature.®® 9 The lower capacitive
contribution is believed to arise from the nanoscale thickness
(20 nm) of ALD-V,0s, by which the diffusion of Zn-ions in the
bulk becomes easier. In other words, there are ample Zn-ions
penetrated the V,0s bulk, rather than adsorbed on the surface.
The cycles of ALD-V,;0s at both low and high rates are
exceptionally stable. Figure 2d and 2e show a capacity of 513
mAh g over 200 cycles and 439 mAh g over 1000 cycles at
0.5 and 5.0 A g, respectively, virtually with no sign of
degradation. This observation is distinctive from the literature
reports that oxide-based cathodes always exhibit a poorer cycle
stability at low rates than at high rates. While the nature of this
phenomenon is still not well understood, most researchers
attribute it to the significant surface-controlled capacitive charge
storage over diffusion-controlled bulk storage. However, this
understanding is contradictory to the results presented here, viz.
a cathode with low capacitive contribution shows a good stability
at low rates. Therefore, a different degradation mechanism
might exist. We will discuss an alternative mechanism later.
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Figure 2. Electrochemical performance of ALD-V20s cathode. (a) Rate performance. (b) Ragone plot and comparison with other V20s cathodes. (c) Charge
storage contribution vs voltage sweep rate in CV. (d) Cyclic performance at 0.5 A g™ and the corresponding Coulombic efficiency. (e) Cyclic performance at 5 A g°

" and the corresponding Coulombic efficiency.

Morphology change vs cycling

To understand the origin of the high electrochemical
performance, we first examined morphologies of the ALD-V,0s
cathode after testing. Figure 3 depicts that a new flake-like
phase is formed on the surface of ALD-V.Os at various cycling
stages. A close comparison within Figure 3 suggests that this
new phase first emerges in smaller flake-like clusters, then
grows into larger flakes with cycling; the longer the cycle the
more flake-like clusters formed. We also observe that such a
surface morphology change is somewhat dependent of current
density, i.e. at higher 5 A g', SEM images of Figure S5
suggests a lesser surface morphology change than at lower 0.5
A g for the initial cycles, but eventually a full change to the
nanoflake structure after 1000 cycles.

Figure 3. Surface morphology of the ALD-V20s cathode after cycling at 0.5 A
g’
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In-situ and ex-situ transmissive XRD investigation

To investigate when and what the new phase is formed, we
carried out ex-situ and in-situ transmissive XRD on ALD-V,0s
and ball-milled (BM) V,0s cathodes at different state of charge
(SOC), respectively. In this study, we first started with in-situ
XRD on ALD-V;0s. Unfortunately, the signal from the ALD-V;0s
was too weak to discern due to the low mass loading and
attenuation by the Kapton film and graphite substrate. Thus, we
only performed ex-situ XRD on ALD-V,0s. Figure 4a shows that
the original V.05 phase appears to have changed into a different
phase with a characteristic peak at ~12.3°. In the following, we
will provide evidence to show that this new phase belongs to
Zn3V707(0OH)2-2H20O (denoted as ZVO hereinafter). Similar to
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V.05, ZVO with space group P3ml and lattice parameters:
a=2.531(5) A and ¢ = 6.713(5) A also has a layered structure
consisting of V-O-V pillars in V>0 layers and H,O between the
layers.'l Early studies have suggested that it is an
intercalatable material for Zn-ions (and also likely protons) with a
low band gap (0.051 vs 2.163 eV for V,0s),'> '3 Indeed, Figure
4a indicates lattice expansion and contraction in ZVO upon
discharging and charging, respectively, as evidenced by a shift
of the characteristic peak (12.3°) related to the (001) plane
toward lower degree (11°) upon discharging of Zn-ion (and/or
proton) intercalation. Upon charging of Zn-ion (and/or proton)
deintercalation, ZVQ’s lattice resumes to its original state,
regardless it is the 5th or 50th cycle.
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Figure 4. (a) Ex-situ XRD patterns of (001) Bragg peak of ZVO in the ALD-V20s electrode during the 5th and 50th charge and discharge states. (b) in-situ XRD
patterns of BM-V20s cathode for the first cycle. Data in (b) are shifted vertically for clarity.

A supporting evidence to the ZVO formation is also provided
by Figure 4b of in-situ XRD patterns collected from a BM-V,05
blended with binder and conductive carbon. The corresponding
charge/discharge curve is shown in Figure S6. With a much
higher loading, we were able to observe the phase evolution
with SOCs. The XRD patterns include the characteristic peaks of
orthorhombic V,0s (15.3°, 20.3°, 22°, 31°) and graphite (26°) in
the initial state. Upon discharging, the peak at 15.3° (see the
right panel) slightly shifts toward lower degree and a new peak
emerges at 6.24° (see red dot in the left panel); the latter can be
assigned to layered Zn,V,0s5-nH,O due to the co-insertion of
Zn?* and H,0,®% " which it is not observable for the ALD-V,0s
sample. Nonetheless, the cycle for the BM-V,0s does not seem
to be fully reversible as the V,0s peaks (15.3°) becomes weaker
with cycling, signaling that V,Os is being consumed. One
possibility is that it irreversibly converts into ZVO; the latter is
suggested by the right panel of Figure 4b by the emergence of
12.3%-peak and its small left-shift during the discharging cycle
and its persistence, and slight right-shift during the charging
cycle, even though its overall intensity is rather weak. The weak
ZVO signal is due to the slow V,05-t0-ZVO conversion kinetics
in BM-V,05 compared to ALD-V,0s. We will present more

evidence to this assertion in a later section. Overall, the trending
of these ZVO peak shifts corresponds well to Figure 4a.

Ex-situ microscopic and surface chemistry analyses

STEM mapping, HRTEM and XPS of the ALD-V,0s cathode
were also employed to gather information on chemical
compositions and oxidation states in V,0s vs SOCs. Figure 5a
of STEM elemental mapping shows expectedly no Zn but V in
the pristine ALD-V,0s. Upon a full discharge to 0.2 V at the 20th
cycle, for example, a significant amount of Zn is observed along
with V in the sample, implying incorporation of Zn, while the
morphology is also transformed into the “flake-like” shape,
matching well to those observed in Figure 3. Upon a full charge
to 1.6 V at the 20th cycle, both V and Zn are detectable, but with
a reduced amount of Zn. This “permanent” Zn in the sample is
persistent even after 50 cycles. The corresponding STEM-EDS
results in Figure S7 complements the STEM-mapping, revealing
an atomic V/Zn ratio of 0.45 after a full discharge to 0.2 V at the
20th cycle, and V/Zn= 0.61 upon a full charge to 1.6 V; the latter
remains almost unchanged (V/Zn=0.62) after a full charge to 1.6
V at the 50 cycle, which is very close to the stoichiometric ratio
of V/Zn=0.67 in ZVO, indicating possible formation of ZVO and
its stability during cycling.
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Figure 5. Compositional analysis of ALD-V20s cathode at different charge and discharge states. (a) STEM images with Zn and V mapping at states of pristine and
discharged to 0.2 V after 20 cycles (D-0.2-20th), charged to 1.6 V after 20 cycles (C-1.6-20th), and charged to 1.6 V after 50 cycles (C-1.6-50th). HRTEM images
of ALD-V20s at (b) D-0.2-20th, C-1.6-20th, and C-1.6-50th states, respectively. (c) Zn-2p and (d) V-2p XPS spectra of the samples at D-0.2-20th, C-1.6-20th, and

C-1.6-50th states, respectively.

Figure 5b of HRTEM images further suggests that the
incorporation and removal of Zn-ion (and/or proton) into and
from the sample are accompanied by a change in the (020)
interlayer d-spacing of ZVO, i.e. from 2.61 A of the pristine ZVO
to 2.76 A after a full discharge and back to 2.62 and 2.65 A after
a full charge at the 20th and 50th cycles, respectively. Figure 5¢
and 5d of subsequent XPS analysis indicates the presence of
Zn?* (Zn-2p 3/2 at 1021.6 eV and Zn-2p 1/2 at 1045.1 eV) and
V5 (V-2p 3/2 at 517.4 eV and V-2p 1/2 at 524.80 eV) for all
charged states. Meanwhile, a second low-intensity Zn?* peak
(Zn-2p 3/2 at 1025 eV and Zn-2p 1/2 at 1048 eV, marked as the
blue curve in Figure 5¢) and V**/V® redox couples (V** at 517
eV and V* at 515 eV) are observed at the discharged state,
signifying the intercalation of Zn?* and the associated oxidation-
state change in V-lattice.’® 51 Overall, the results of STEM
mapping, STEM-EDS, HRTEM and XPS suggest that there
might be a new Zn-ion storage mechanism in the ALD-V0s
involving ZVO as the Zn-ion storage material, not in the V2,05 as
originally thought.

Understanding the dissolution of V205 in aqueous solutions

It is well known that crystalline V205 is slightly soluble in
water, giving a characteristic pale-yellow color. According to the
pH-log[V®*] diagram, see Figure 6,['® at pH < 3.2 and [V®*] < 10
"M (pH dependent), the most stable form of V-species in an
aqueous solution is VO3*:

V05 + 2H* = 2VO,* + H,0 (1)
leading to an increase in pH by consuming protons. However, at
3.8 < pH < 7.8 and [V®*] < 10*M, the most stable V-species is
VO2(OH), (or H2VOy4) and the V205 dissolution follows:

V205 + 3H,0 = 2VO,(OH); + 2H* (2)
resulting in a decrease in pH by releasing protons. The formed
VO,(OH)y can further react with Zn?*in Zn-sallt, yielding ZVO via
the following reaction:

2VO,(OH), + 3Zn?* + 3H,0 = Zn3V,07(OH)2-2H,0 (ZVO) + 4H* (3)
Our independent V,Os/electrolyte reaction experiments agree
well with the pH-log [V®*] diagram. Figure S8 explicitly shows
that the initial pH values of 3M Zn(NOs), and 3M ZnSO,

electrolytes have been increased, i.e. 3.14 —> 3.58 for ZnSO,
and 3.06 —> 3.52 for Zn(NOs), after soaking with V,0s. In this
case (initial pH < 3.2), the stable V-species in the solution is
VO;* accompanied by consuming protons. Figure S9 of XRD
confirms that there is no new phase formation in the original
V205. For 3M ZnCl, with a starting pH = 3.8, which is on the
boundary of VO(OH); and VO2(OH),, only a very small pH
change, ie. 3.8 — 3.77, was observed. The XRD pattern
correspondingly indicates a minor fraction of ZVO.
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Figure 6. The pH-log [V®*] diagram in V20s-H20 system.

For the 3M Zn(CF3SO03); electrolyte with a starting pH = 3.95,
Figure 7a shows that its pH rapidly decreases during the first 5-
days of soaking, followed by leveling off at pH ~2.5. This pH
decrease can be explained by reaction (2) with VO2(OH)," being
the stable V-species and release of protons. The VO3(OH)y
species can further react with Zn?* to form ZVO as shown by
reaction (3). Indeed, Figure 7b of XRD patterns indicates that
the original V,0s structure has been completely transformed into
ZVO. The Rietveld refinement in Figure 7c using ZVO as the
model indicates low reliability factors of Ru, = 3.29 % and R, =
2.92 %. Figure 7d and 7e of XPS analysis complements the
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XRD data by showing that Zn?* and V" are the only two cations
in the sample after soaking in the electrolyte, but not in that
soaked in a pure H,O. Another contributing factor to the ZVO
formation could be attributed to the bulky CF3SO3™ anion. While
the doubly charged Zn?* is favorable to a stronger solvation, the
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presence of bulky singly charged CF3SO; can effectively shield
H>O molecules from coordinating with Zn?*, thus reducing the
solvation effect and giving Zn?®* more freedoms to move and
react with VO,(OH),".[22: 7]
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Figure 7. (a) pH values vs the soaking time of ALD-V20s in 3M Zn(CF3SOs).. (b) XRD patterns ALD-V20s at pristine and after soaking in 3M Zn(CF3S0Os)2
electrolyte for 10 days. (green: soaked V20s, orange: pristine V20s, purple: standard ZVO). (c) Experimental and Rietveld-refined XRD patterns of the soaked
ALD-V20s. Inset: crystal structures of ZVO. (d) Zn-2p and (e) V-2p XPS spectra of the pristine, soaked in H20, and soaked in 3M Zn(CF3S03). samples,
respectively. (f) V/Zn molar ratio in ALD-V20s vs the soaked time. The inset shows TEM image of a 10-day soaked ALD-V20s.

Additional supporting evidence to the ZVO formation is the
time-dependent change in V/Zn molar ratio determined by ICP-
OES. Figure 7f shows a rapid decrease in V/Zn molar ratio from
~2.25 at the beginning to 0.693 after 5 days, followed by a
stabilization at 0.676 on the following 25 days; the stabilized
V/Zn ratio matches well to the theoretical value of 0.67 for a pure
ZVO, implying a full transformation of V.05 to ZVO. The TEM
image of an isolated ZVO particle shown in the inset of Figure
7f depicts a nanoflake morphology, matching to those observed
in Figure 3. Since the V,05-t0-ZVO conversion is expected to be
diffusion limited, a thicker ALD-V,0s would take longer time to
achieve a full conversion. Figure $10 compares the coverage of
flake-like clusters for 20 nm and 80 nm thick ALD-V,0s layers for
different soaking times. The comparison suggests that thicker
V,0s5 can spontaneously transform into ZVO but may need more
time to complete a full conversion, which leads to an inferior
capacity retention due to the limitation in diffusion and higher
resistance (Figure S11).

From the above proposed mechanism, it is important to point
out that electrical cycling can accelerate the formation of ZVO.
This is because H* like Zn?* can also be intercalated into ZVO'’s
layered structure during a discharge process, thus shifting the
reaction (3) to promote the formation of ZVO. During the charge
process, the intercalated H* will move back to the electrolyte and
re-establish the equilibrium of the reaction (3). Such an
equilibrium-and-shift dynamics will continue until all V05 is
converted into ZVO. Therefore, it is reasonable to assert that the
actual transformation of V,0s into ZVO in a real battery cell is
faster than what Figure 7f indicates. The feasibility of H*
intercalation is confirmed by the fact that ALD-V,0s cathode

exhibits lower capacity and higher overpotential in organic-
based electrolytes than in aqueous electrolytes, see Figure S12.
Another supporting evidence is the ionic diffusivity obtained from
GITT technique (Figure S13). The extracted ionic diffusivity
shown in Figure S14 is comparable to those of other reported
vanidium oxide cathodes.[%- 3°1 More importantly, it indicates a
higher value at high voltage region than at low voltage region,
implying H* involvement in diffusion at high voltage given the
high-mobility nature of H*. This observation is consistent with
early theoretical and experimental results regarding the
likeilihood of Zn?*/H* co-intercalation.["® '8l

Based on above results, the electrochemical mechanism of
Zn/ALD-V,0s batteries with 3M Zn(CF3S0Os), electrolyte can be
described by two stages: (1) the pristine ALD-V,Os initially
involves in ionic intercalation/extraction and transformation into
ZVO. The formed ZVO can also be a host for co-Zn?*/H*
intercalation/extraction; (2) after V,Os is completely converted
into ZVO, the latter acts as the only host for Zn?*/H*-storage.

Note that a potential consequence of the reaction (3) is the
partial consumption of Zn?* and H,O in the electrolyte, which
may change the electrical property of the electrolyte solution. As
such, the initial relative mass of electrolyte to V.05 should be
ensured high enough to support the transformation while
maintaining the basic properties of the electrolyte.

Further electrochemical testing

Following the above discussion, a legitimate question to ask
is if the in-situ formation of ZVO in ALD-V;05/3M Zn(CF3SOs3),
cell is indeed the reason for the observed extraordinary capacity
and stability. To answer this question, we tested three additional
cells: a Zn(CF3S03),-presoaked ALD-V;05/3M Zn(CF3SOs3), cell,
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a premade ZVO/3M Zn(CF3SOs3); cell and ALD-V,05/3M ZnSO,
cell. Note the premade ZVO was synthesized by following a
previously reported hydrothermal method & and made into a
testable electrode by mixing it with binder, conductive carbon,
and solvent; its phase verification/morphology can be found in
Figure S15. Figure 8a of capacity retention comparison shows
that the pre-soaked ALD-V;0s performs slightly better than the
pristine one, which is likely caused by a minor change in the
electrolyte properties due to the in-situ transformation. However,
with the same 3M Zn(CF3SOzs), as the electrolyte, both ALD-
V,0s5 cathodes outperform substantially the prefabricated ZVO in
cycle stability. We attribute such an excellent stability to the
unique properties possessed by the ALD-V,05 derived cathode:
nanosized ZVO flakes well bonded to a conductive graphite
substrate, high reactive surface area, nanoscale thickness and
binder-free composition, all of which would facilitate Zn-ion
transport and promote the best utilization of the active material.
On the other hand, the ALD-V,05/ZnSO, cell also exhibits a
worse capacity retention than the ALD-V,0s/3M Zn(CF3SO3);
cells. We attribute it to the V205 dissolution in ZnSO4 electrolyte
via reaction (1), thus a gradual loss of the active V,0s. Figure
8b compares the differential capacitance plots (dQ/dV vs V) for
the pristine, presoaked ALD-V,0s and pure ZVO. A general
trend is that all the redox peaks of ALD-V,0s related samples
shift toward those of ZVO with cycling, suggesting a transition
from V205 to ZVO.
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Figure 8. (a) Cyclic stability comparison among the pristine ALD-V20s,
presoaked ALD-V20s, ZVO cathodes in 3M Zn (CF3SOs). electrolyte and
pristine ALD-V20s in 3M ZnSO4 at 0.5 A g™'. (b) The dQ/dV comparison at the
selected cycles.

In addition, the corrosion of Zn-anode can also contribute to
the degradation. It has been previously reported that Zn-anode
is thermodynamically and electrochemically unstable in aqueous
electrolytes.[' The SEM images of Figure S16 for Zn-anode
after cycles indeed show a gradual increase in surface
roughness. Such a roughened morphology would accelerate the
uneven nucleation, promoting Zn dendrite formation and
resulting in capacity deterioration. Further work is needed to
address this issue.

Finally, the conversion kinetics from V.05 to ZVO was
studied among different types of V,Os in particle sizes of 1-5 pm
and 0.1-0.2 ym, which were fabricated by ball-milling (named as
BM-V20s5) and- hydrothermal (named as HT-V,;0s) methods,
respectively. Detailed fabrication procedures and the particle
morphology are provided in the Supporting Information (SI) and
Figure S17, respectively. Due to the largest sizes and lowest
surface areas, both the soaking experiment and electrochemical
measurements confirm that BM-V,0s5 takes the longest time to
convert to ZVO (see Figure $18-26), thus having the worst
cycle stability. Another factor to the inferior performance of both
BM-V;0s and HT-V20s is the use of binder and conductive
carbon in its electrode makeup, which could interrupt electron
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pathways by the ZVO transformation and phase reconstruction.
To support this point, a conventional flake-like V.05 was also
synthesized and then fabricated into a traditional slurry-coated
cathode. The performance in Figure S27 clearly shows a faster
capacity decay than the above ALD-V,0s based cathode. Finally,
we emphasize that the capacity reported in this study is based
on the mass of V,0s. We did not use ZVO mass to present the
capacity because the ZVO mass is varying throughout the cycle.
However, if we assume all the V05 is converted into ZVO, the
capacity would be very close to the reported ZVO'’s capacities (~
198 mAh g).l"3!

Conclusion

In summary, we have demonstrated that ALD-V,0s5 is a high
capacity and durable cathode with Zn(CF3SOs3), electrolyte for
ZIBs. We observe that V.05 atomic layers transform into ZVO
nanoflakes in-situ in a 3M Zn(CF3SOs3), electrolyte and ZVO
becomes the active materials for the subsequent Zn?*/H*
storage. A determining factor for the ZVO formation is the initial
pH of the electrolyte, i.e. the most stable V-species is VO,* at pH
< 3.2 and it is VO,(OH),™ at 3.8 < pH < 7.8. Therefore, for 3M
ZnSO4 and 3M Zn(NO3). electrolytes with a pH < 3.2, there is no
new phase formation, but partial dissolution; whereas for 3M
Zn(CF3S0s3); and 3M ZnCl; electrolytes with a pH = 3.8, ZVO
phase is formed as a result of VO,(OH)," reaction with Zn?*.
Since ZVO is also a good Zn?*/H* host, the sustainable capacity
observed in ALD-V,05/3M Zn(CF3SOs3), cell is derived from
Zn?*/H* (de)intercalation in ZVO. Due to the H* co-intercalation,
electrical cycling can accelerate the V;0s-to-ZVO conversion.
Benefited from the strong bonding, high-surface-area, nanosized
thickness and absence of binder, the in-situ converted ZVO
cathode outperforms substantially the ball-milled and
hydrothermal V,0s, exhibiting a facile electrokinetics that results
in a high capacity of 513 mAh g at 0.5 A g™ for 200 cycles and
439 mAh g' at 5 A g’ for 1000 cycles without detectable
degradation. Our demonstration of ALD-V,0s5 as a high-capacity
and durable cathode and the gained fundamental insights into
the in-situ conversion and V,Os-dissolution mechanisms are
expected to help advance the cathode development for
commercial ZIBs.
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We report on the of atomic layer deposition derived V,0s (ALD-V;0s) as a high-capacity and stable ZIB cathode. Direct and
compelling evidences show that ALD-V.0Os undergoes an in situ on-site transformation into nanoscaled Zn3V,07(OH),-2H,0 (ZVO)

and the latter is largely responsible for the excellent electrochemical performance. We also offer our new understanding on the
capacity degradation mechanisms.
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