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Ferroelectric Interfaces for Dendrite Prevention in Zinc-lon
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Aqueous rechargeable zinc-ion batteries (ZIBs) are increasingly recognized as
promising energy storage systems for mini-grid and mini-off-grid applications
due to their advantageous characteristics such as high safety, affordability,
and considerable theoretical capacity. However, the long-term cycling
performance of ZIBs is hampered by challenges including the uncontrolled
dendrite formation, the passivation, and the occurrence of the hydrogen
evolution reaction (HER) on the Zn anode. In this study, enhancing ZIB
performance by implementing oxide material coatings on Zn metal, serving as
a physical barrier at the electrode-electrolyte interfaces to mitigate dendrite
growth and suppress the HER is concentrated. Specifically, the mechanisms
through which the n-type semiconductor TiO, coated Zn anode establishes
ohmic contact with Zn, and the high-dielectric BaTiO; (BTO) coated Zn anode
fosters Maxwell-Wagner polarization with ferroelectric properties, significantly
inhibiting dendrite growth and side reactions, thereby resulting in a highly
stable Zn anode for efficient aqueous ZIBs is explored. This advanced
BTO/Zn electrode demonstrates an extended lifespan of over 700 h compared
to bare Zn and TiO,/Zn anodes. Additionally, full-cell aqueous ZIBs

fuels, the global energy landscape is cur-
rently undergoing substantial transforma-
tions. Central to the advancement of future
energy systems is energy storage technol-
ogy, which holds the potential to signifi-
cantly impact upcoming energy infrastruc-
ture and security. Within the energy storage
system, the rechargeable battery plays a cru-
cial role in the continuum of energy storage
technology. Among rechargeable batteries,
lithium-ion batteries have emerged as the
market leader and have found widespread
use in modern technology, from handheld
electronics to EVs. Their popularity is at-
tributed to their lightweight nature, high
energy density, and long-term stability.!!
However, concerns about the availability of
materials, cost competitiveness, and safety
indicate that lithium-ion batteries may not
be the optimal choice for environmen-
tally sustainable and cost-effective alterna-

incorporating BTO/Zn//VO, (B) batteries exhibit superior rate capabilities,

high capacity, and sustained cycle life.

1. Introduction

Given the considerable challenges posed by environmental is-
sues and energy crises resulting from overreliance on fossil
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tives, particularly in the context of mini-
grid and mini off-grid energy storage so-
lutions. As a result, the rapidly advanc-
ing field of new energy storage systems
has led to an increased demand for innovative batteries that
encompass characteristics such as energy density, safety, cost-
effectiveness, and eco-friendliness. Here, aqueous ZIBs have
recently become an important part of electrochemical energy
storage.l?] High-capacity oxide-based materials (V-based and Mn-
based) are considered potential cathodes with metallic Zn an-
odes, creating a promising electrode configuration for ZIBs.]%!
The properties of metallic Zn anodes, including high theoretical
capacity (~#820 mAh g~'or 5855 mAh cm~?), low redox potential
(—0.76 V vs standard hydrogen electrode), and suitability for de-
ployment in aqueous electrolytes enable a two-electron transfer
process during redox reactions, contributing to the attainment of
high-energy density in ZIBs.[*!

While Zn metal stands out as an ideal choice for the anode
in ZIBs, it faces a significant challenge in the form of dendrite
growth when exposed to aqueous electrolytes.’] This challenge
gives rise to unfavorable side reactions, including the formation
of Zn dendrites, the HER, passivation, and corrosion, ultimately
leading to a decrease in capacity over extended cycling periods.[>¢!
To address these issues, various strategies have been explored.
These include the application of artificial surface coatings on
Zn anodes, the manipulation of the electrolyte composition, and
the development of advanced separator designs.[®l Among these
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approaches, the application of artificial coatings directly onto the
Zn surface emerges as an easy-to-process, practical, and direct
solution that can be implemented on an industrial scale.l’]

These coatings create a barrier between the electrolyte and
the Zn electrode, effectively reducing the chance of direct water-
Zn contact. This minimizes the occurrence of the HER and en-
hances the kinetics of Zn?* plating and stripping, while also en-
suring a uniform electric field distribution. Various oxide mate-
rials, such as Ti0,,/81 ZnO,° Ce0,,1% BaTiOBTO),[!!] Nb, O,
Zr0,,”] and others, have been utilized as artificial layers on
Zn anodes due to their chemical and thermal stability. Materi-
als such as ZnO, TiO,, and Nb,O; have demonstrated the abil-
ity to form ohmic contacts with Zn, facilitating efficient electron
transfer between the Zn and oxide layers.*1?] This results in a
uniform electric field distribution, promoting consistent Zn**
plating and stripping. Furthermore, the polar surfaces of these
oxides assist in the desolvation of solvated Zn?* ions, which
helps reduce HER and enhances the stability of the Zn anode.[’!
High-dielectric materials like BTO exhibit both Maxwell-Wagner
and ferroelectric effects, characterized by a high dielectric con-
stant in metal-oxide/perovskite structures.l'*] These properties
have been shown to effectively suppress non-uniform Zn den-
drite formation. The Maxwell-Wagner polarization, commonly
observed in high-dielectric coatings, generates a uniform elec-
tric field flux at the Zn anode surface and aids in creating a bal-
anced ion distribution. Additionally, BTO materials display space
charge polarization during Zn?>* plating when an electric field
is applied. However, a deeper understanding is needed to deter-
mine whether n-type materials that form ohmic contacts with Zn
or high-dielectric materials that promote the Maxwell-Wagner ef-
fect with ferroelectric properties are more effective at suppress-
ing Zn dendrite growth and improving cycling stability in ZIBs,
as sequential studies on this comparison remain scarce.

In this research, we examined the effects of applying TiO, and
BTO coatings on Zn anodes to suppress dendrite formation in
ZIBs. The primary goal was to assess how these coatings, which
either form Ohmic contacts with Zn or utilize high-dielectric
constant materials that promote the Maxwell-Wagner effect with
ferroelectric properties, influence dendrite growth. Interestingly,
our in-depth analysis revealed that, even with identical coating
thicknesses and particle sizes, Zn anodes coated with BTO exhib-
ited a significantly greater ability to suppress Zn dendrites com-
pared to those coated with TiO, and uncoated Zn anodes. As ex-
pected, when subjected to full cell of BTO-coated Zn anodes tests
against VO, (B) cathodes, the cells exhibited better charge stor-
age performance, including enhanced cycling stability and rate
capability, compared to Zn//VO, (B) cells.

2. Result and Discussion

The schematic illustration of the Zn dendrite growth mecha-
nism, passivation, HER reaction, and protective high-dielectric
layer coating on the Zn anode is displayed in Figure 1. The uti-
lization of pristine Zn as an anode in aqueous electrolytes for
ZIBs is impeded by dendrite growth, resulting from the uneven
deposition of Zn?* due to the tip effect (Figure 1a), passivation
layers, and the introduction of the HER, which diminishes the
cycling stability of ZIBs. However, the surface reconstruction of
Zn anodes through the application of an electrochemically sta-
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ble coating mitigates these challenges and thereby enhances the
long-term cycling stability of Zn anodes. Herein, we have investi-
gated by constructing an Ohmic layer interface on the Zn surface
via deposition of protective layer TiO, on the Zn anode or the role
of high dielectric BTO on Zn surface via creating space charge
distribution between the electrode and electrolyte interface. Sur-
face reconstruction represents a straightforward approach to sup-
pressing dendrite growth on Zn anodes and is commercially vi-
able. The use of spray processing techniques (Figure 1b) proves
to be a robust and rapid method for coating materials onto Zn an-
odes to serve as protective layers, offering flexibility in controlling
the thickness of the coating materials. Recognizing the advan-
tages of spray processing techniques, we employed this approach
to coat TiO, and BTO nanoparticles uniformly onto Zn foil to
serve as anodes. Figure 1c—d depict digital images of the sam-
ples, demonstrating the uniform application of TiO, and BTO
onto Zn foil over a large area (10 X 10 cm?). The coating thick-
ness of TiO, and BTO was optimized by controlling the spray-
ing time, with optimum performance observed at a thickness
of #10 um, as confirmed by the height profiles in Figure le,f.
Figure 1g,h present scanning electron microscope (SEM) images
of the utilized TiO, (size = 50-100 nm) and BTO (size = 50—
100 nm) nanoparticles. The EDS mappings of the samples are
included in the Supporting Information (Figure S1, Supporting
Information). The X-ray diffraction pattern (XRD) of the TiO, and
BTO nanoparticles validates their crystallinity. The XRD pattern
of TiO, (Figure 1i) confirms rutile TiO,, with diffraction peaks at
27.33°, 36.09°, 41.23°, 44.14°, 54.36°, 56.46°, and 56.46°, corre-
sponding to the (110), (101), (111), (210), (211), and (220) crystal
planes, respectively, in accordance with the standard card (JCPDS
No. 21-1276). Whereas XRD pattern of the BTO nanoparticles
shows a pure perovskite phase without any secondary phases
(Figure 1j). The strong Bragg’s reflections were observed ~26 of
22.2°,31.5°,38.9°,45.4°, 51°, and 56.3° corresponds to the (100),
(110), (111), (200), (210), and (211) pseudo-cubic miller indices of
BTO (JCPDS number #892 475).115] The inset shows the magni-
fied (111) and (200) reflections. A clear splitting of (200) suggests
the presence of a ferroelectric tetragonal structure with (P4mm)
crystal symmetry. A strong singlet-like peak can be seen in be-
tween the 200 tetragonal splitting corresponds to the ferroelectric
pseudocubic phase.

To evaluate the cyclic stability of the Zn?* stripping/plating
process in electrodes, including pristine Zn, TiO,-coated Zn
(TiO,/Zn), and BTO-coated Zn (BTO/Zn) anodes, symmetric
cells were assembled using these electrodes, denoted as Zn//Zn,
TiO,/Zn//TiO,/Zn, and BTO/Zn//BTO/Zn, respectively. To un-
derstand the Zn?* plating/stripping behavior on pristine Zn
and coated Zn, cycling performances were measured under dif-
ferent areal currents, and voltage profiles were recorded. In
Figure 2a, voltage profiles of symmetric cells at a constant areal
current of 1 at 1 mAh cm™2 are depicted. The bare Zn//Zn
cell exhibits an average voltage hysteresis of ~72 mV. In con-
trast, TiO,/Zn//TiO,/Zn and BTO/Zn//BTO/Zn demonstrate
lower hysteresis values, ~47 mV each, indicating an improve-
ment compared to their pristine counterparts. At a higher areal
current of 5 mA cm™ at 5 mAh cm~2, BTO/Zn//BTO/Zn ex-
hibits a relatively lower and stable voltage profile for long-term
cycling, with an average voltage hysteresis of 91 mV. This is in
contrast to Zn//Zn and TiO,/Zn//TiO,/Zn cells, which display
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Figure 1. a) Schematic illustrating dendrite growth, passivation, and HER on pristine Zn, while the application of a protective layer suppresses these
processes, providing long-term cycling stability when used as anode materials in ZIBs. b) Schematic depicting the spray processing technique for surface
reconstruction, followed by the spraying of respective materials onto Zn anodes. Digital images showing the spray-coated c) TiO, and d) BTO onto Zn
metal foils. e, f) Depth profile of coated TiO, and BTO onto Zn. g, h) SEM image of used TiO, and BTO nanoparticles. XRD patterns of i) TiO, and
j) BTO nanoparticles.

hysteresis values of 187 and 92 mV, respectively (Figure 2b). The
reduced voltage hysteresis suggests improved Zn?* transfer ki-
netics, leading to a more stable Zn?* plating/stripping process
and consequently extending the cycling life.l'®'7] To delve deeper
into these characteristics, SEM images of cycled electrodes (at
1 mA cm™2) were captured to understand the surface morpholo-
gies during Zn?* ion stripping/plating. As depicted in Figure S2
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(Supporting Information), SEM images taken after the experi-
ment display a rough surface with pronounced dendrites on the
untreated Zn electrode, contrasting with the coated electrodes.
However, obtaining clear morphological images proves challeng-
ing, particularly with symmetric cells in the coin cell configura-
tion, as the conventional glass fiber separator adheres to the an-
ode surface when cycling and is difficult to remove. To ensure fair
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Figure 2. Voltage profiles obtained from a symmetrical cell using Zn, TiO,/Zn, and BTO/Zn anodes were investigated at areal currents of a) 1 mA cm~2
(at 1 mAh cm™2) and b) 5 mA cm™2 (at 1 mAh cm™2). ¢) Assessment of the rate performances of the symmetrical cells under various areal currents,
including 0.1 mA cm~2 (at 0.1 mAh cm~2), 0.2 mA cm~2 (at 0.2 mAh cm™2), 0.5 mA cm~2 (at 0.5 mAh cm™2), 1 mA cm~2 (at 1 mAh cm™2), and 5 mA

cm™2 (at 5 mAh cm=2).

morphological analysis, we devised a specialized cell design for
direct dendrite monitoring in the absence of a separator, cap-
turing surface morphology while Zn?* ions plate onto the an-
odes (see further). Moreover, voltage profile tests at different
areal currents ranging from 0.1 to 5 mA cm~2, as depicted in
Figure 2c, further confirm lower voltage hysteresis profiles in
BTO/Zn//BTO/Zn than TiO,/Zn//TiO,/Zn and Zn//Zn, where
higher values are observed in Zn//Zn at each areal current com-
pared to that of coated electrodes.

Figure 3a depicts the linear sweep voltammetry (LSV) of sym-
metric cells. Interestingly, it is observed that the pristine Zn
exhibited a relatively larger current compared to TiO,/Zn and
BTO/Zn anodes under the same voltage. Consequently, coated
samples exhibit higher Oxygen Reduction Reaction (ORR) activ-
ity under the same voltage, providing a lower current than that
of the pristine sample. Additionally, we conducted Electrochem-
ical Impedance Spectroscopy (EIS) on symmetric cells at differ-
ent temperatures to evaluate the activation energies of the an-
odes. As depicted in the Arrhenius plots in Figure 3b, In(R,™!)
is linear as a function of 1000/T. The absolute value of the slope
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of BTO/Zn and TiO,/Zn is smaller than that of Zn. The calcu-
lated activation energies are 22.6 and 22.9 k] mol~! for BTO/Zn
and TiO, /Zn, respectively, which are smaller than the value for
Zn (24.3 k] mol™!). Coating with BTO and TiO, improves inter-
facial charge transfer kinetics, with BTO/Zn providing a better
value. Furthermore, we assessed the corrosion resistance of the
samples using a Tafel curve (Figure 3c). Lower exchange current
densities result in greater corrosion resistance. The BTO/Zn and
TiO,/Zn anodes showed the lowest exchange current densities of
1.7 and 1.2 mA cm™* compared to bare Zn (3.5 mA cm™?), indi-
cating the lowest corrosion activity of BTO/Zn and TiO,/Zn.!8]
Subsequent to these experiments, we conducted in situ monitor-
ing of dendrite growth on pristine Zn anodes as well as on an-
odes coated with TiO, and BTO. For these assessments, we uti-
lized a specially designed symmetric cell for real-time monitor-
ing of dendrite growth, as opposed to using a coin cell (refer to
Figure S3, Supporting Information). Zn?** plating was carried out
by applying a specific current of 10 mA cm™ to the anodes, and
optical microscopic images were captured from the side of the
electrode at various plating time intervals (0, 15, and 30 min).
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Figure 3. a) Linear sweep voltammetry (LSV) results of symmetrical cells tested at 0.5 mV s™'. b) Arrhenius plots and a comparison of activation energies
for Zn, TiO,/Zn, and BTO/Zn anodes. e) Tafel plots of anodes tested in a three-electrode system at 0.5 mV s™! using AgCl and platinum as reference and
counter electrodes. d) In situ optical images of the anodes, specifically Zn, TiO,/Zn, and BTO/Zn, were captured at various time intervals ranging from
0 to 30 min during the Zn deposition process. These assessments were conducted using symmetric cell configurations at a current density of 10 mA
cm™2. The scale of the images is set at 500 um. ) SEM images of the anodes of i, ii) pristine Zn, iii, iv) TiO,/Zn and v, vi) BTO/Zn at low and high
magnifications after 30 min Zn2* plattings in d).
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As anticipated, at the initial stage (0 min), the edges of all three
electrodes displayed clarity and smoothness, indicating that Zn**
plating had not yet commenced (refer to Figure 3d). However,
with the progression of galvanizing time, clear and uneven zinc
deposits emerged on the edges of the pristine Zn anode, even
after 15 min of galvanizing. Furthermore, the uneven Zn depo-
sition on the edges of the Zn anodes became more pronounced
after 30 min of galvanizing. In contrast, this phenomenon was
not noticed with the TiO, and BTO-coated anodes. The SEM im-
ages (Figure 3e) of the 30-min Zn?* plating clearly demonstrate
an uneven surface on the pristine Zn anode (Figure 3e(i,ii)) due
to dendrite growth, while no such dendrites were observed on
the TiO,/Zn (Figure 3e(iii,iv)) and BTO/Zn (Figure 3e(v,vi)) an-
odes. This observation suggests that the coated samples effec-
tively inhibited the formation of dendrites compared to the pris-
tine anodes. Figure S4 (Supporting Information) shows the cross-
sectional SEM images of the anodes after 30 min of platting at
10 mA ¢cm~2. Furthermore, for enhanced comprehension of the
anodes’ stability and endurance in the electrolytes, we immersed
them in 3 M Zn(CF;S0,), electrolytes for six months. Following
this period, the pristine Zn electrodes exhibited noticeable corro-
sion, whereas the treated electrodes showed minimal signs of cor-
rosion, as illustrated in Figure S5 (Supporting Information). To
gain further insights into the kinetics of Zn?* plating/stripping
and the behavior of coated anodes, we designed and tested special
symmetric cells using a 1 X 1 cm? cuvette design (Figure S6a,b,
Supporting Information) over 100 h. Cross-sectional SEM im-
ages, digital images, and EDS mappings were captured as shown
in Figures S6 and S7. (Supporting Information) As expected, pris-
tine Zn showed severe dendrite growth after 100 h of cycling,
along with tip effects (Figure S6d, Supporting Information), and
cross-sectional SEM images clearly demonstrated uncontrolled
dendrite growth on the pristine Zn surface. On the other hand,
after cycling the TiO, /Zn anode, an increase in coating thickness
(Figure S6f,g, Supporting Information) and surface roughness
was observed, likely due to dendrite growth between the TiO, and
Zn interfaces, although much less pronounced than in the pris-
tine Zn. Cross-sectional images of BTO/Zn anodes before and
after cycling (Figure S6h,i, Supporting Information) indicate a
more uniform surface coating compared to Zn and TiO,/Zn an-
odes, likely due to slower dendrite growth in BTO/Zn anodes.
The inset digital image in Figure S6i (Supporting Information)
shows that the white coating layer remains intact even after cy-
cling, suggesting Zn?* plating/stripping occurs at the BTO-Zn
interface. Furthermore, the EDS mappings of the anodes (Figure
S7, Supporting Information) align with the findings in Figure S6
(Supporting Information), where significant surface roughness
was observed along with the distribution of Zn elements in the
cycled Zn anode. As expected, the EDS mappings of the BTO/Zn
anode before and after cycling reveal a relatively uniform surface,
indicating the dendrite-suppressive behavior of the BTO-coated
Zn anode. Elemental mappings of Zn (Figure S7e, Supporting In-
formation), Ba (Figure S7f, Supporting Information), Ti (Figures
S7g—0 and S7h, Supporting Information) after cycling further
confirm that the signals from BTO are more prominent than
those from Zn, suggesting that Zn?* plating/stripping occurs at
the BTO-Zn interface.

This observation serves to reaffirm the enhanced stability of
the coated Zn anodes compared to their pristine counterparts.
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Table S1 (Supporting Information) presents a comparison of the
Zn plating/stripping performance in the current work with re-
cently reported results for symmetric cells, which were fabricated
using various surface coatings on Zn anodes.

The effective suppression of dendrite formation and the
achievement of uniform Zn?* plating and stripping can be elu-
cidated by examining the even distribution of electric fields on
the surface of the reconstructed anodes. It is necessary to note
that metallic Zn possesses a lower work function (3.6-3.8 eV)
than TiO, (4.4-5.0 eV).""] Generally, TiO, is known to be an
n-type semiconductor. If the work function of an n-type semi-
conductor is greater than that of a metal, ohmic contact forma-
tion occurs, facilitating the efficient flow of electrons without sig-
nificant potential barriers. Thus, when Zn and TiO, come into
contact, electrons move from Zn to TiO,, establishing an ohmic
contact interface (see Figure 4a,b(i)). The negative charges accu-
mulated at this interface attract Zn** ions, promoting improved
Zn?* diffusion kinetics and reducing the nucleation barrier for
Zn, resulting in dendrite-suppressive Zn deposition chemistry
(see Figure 4b(ii)). On the other hand, BTO not only advances
as an n-type semiconductor forming an ohmic contact with Zn
but also promotes the Maxwell-Wagner effect and exhibits ferro-
electric properties, i.e., the polarization of space charges under
applied electric fields. Consequently, the strong electric flux gen-
erated on the surface of BTO nanoparticles provides more nucle-
ation sites and enhances Zn?* transport kinetics through “space
charge polarization.” This further ensures uniform Zn?** strip-
ping/plating, reduces the overpotential, and improves long-term
cycling stability. To validate the ferroelectric properties of BTO
nanoparticles, screen printing techniques were employed to cre-
ate a thin layer, ~20 microns thick, of 0-3 types BTO composite
samples on an aluminum foil. The printed composite was then
poled using a corona poling technique, as depicted in Figure 4c,
at an elevated temperature of 120 °C and a voltage of 16 kV ap-
plied at the tip, #36.5 cm away from the sample (Figure 4d). Fur-
ther details of this process can be found in the Experimental Sec-
tion. The piezoelectric charge coefficient d,; was measured to be
~10 pC N~!. Additionally, the Sawyer-Tower technique was uti-
lized to gather polarization versus electric field (PE) data, con-
firming the ferroelectric behavior. PE loops were recorded up to
75 kV cm™ at room temperature, as shown in Figure 4e, with
the hysteresis loop indicating remnant polarization and satura-
tion polarization values of 0.31 and 0.66 pC cm~2, respectively.
Based on these findings, it is hypothesized that BTO/Zn anodes
exhibit a more robust and uniform field distribution, coupled
with space charge accumulation, leading to a consistent flux dis-
tribution for Zn?* deposition compared to TiO, /Zn anodes. Con-
sequently, this contributes to improved suppression of dendrite
formation. Furthermore, the protective function of the BTO layer
effectively mitigates corrosion and HER.

Subsequently, we conducted further investigations on BTO/Zn
anodes for full-cell tests paired with VO, (B) cathodes to assess
their charge storage performance and compared the results with
pristine Zn anode counterparts. The synthesis of materials and
respective characterization of VO, (B) cathodes are detailed in the
Supporting Information (refer to Figure S8, Supporting Informa-
tion). The consistent cyclic voltammogram (CV) curves for both
Zn/|VO, (Figure 5a) and BTO/Zn//VO, (Figure 5b) at different
scan rates from 0.2 to 1.0 mV s™' suggest stable and reversible
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Figure 4. a) Illustration of electron flow from metallic Zn to TiO,, where Zng, and TiO, ¢, denote the work functions of Zn and TiO,, and Ef represents
the Fermi level. b) Depicts the formation of an ohmic contact interface between Zn and TiO, (or BTO) and uniform electric flux distribution to promote
uniform Zn%* platting. ¢, d) Schematic representation of the corona poling technique and digital image of the printed 0-3 types BTO composite samples
on an aluminum foil. e) Polarization-electric field P—E) curve of the utilized BTO nanoparticles.

charge storage performance of the cells. In Figure 5c,d, the com-
parative CV of Zn//VO, and BTO/Zn//VO, cells at scan rates of
0.5 and 1.0 mV s7! within the voltage window of 0.2 to 1.6 V is
presented. The CV curves revealed two pairs of redox peaks in
both cells, corresponding to the two-step intercalation of Zn?*
into VO, (B) cathode. Specifically, the reduction/oxidation peak
potentials for the Zn//VO, full cell were 0.71/1.05 and 0.50/0.89
at 1.0 mV s~!. In the BTO/Zn//VO, full cell, these peaks were ob-
served at 0.71/1.06 and 0.49/0.89 at 1.0 mV s~'. Importantly, the
redox reaction mechanism of VO, (B) remained unchanged with
the BTO coating on Zn but exhibited an increase in redox peak-
specific currents compared to the pristine Zn anode. This indi-
cates that the artificial coating layer of BTO is effective in enhanc-
ing electrochemical reactivity and capacity, consequently improv-
ing peak current density.[?®! To further comprehend the improved
charge storage performance after the BTO coating onto the Zn
anode, we quantified the capacity contributions from capacitive-
controlled and diffusion-controlled mechanisms. The process of
charge storage can be analyzed in terms of capacitive-controlled
(k,v) and diffusion-controlled (k,*°) components, as indicated
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by the current at a fixed voltage relationship, I (V) = kv + k%3
or I[(V)/*° = k;*° + k,.12!] Utilizing this equation, the over-
all capacitive contribution can be calculated to be ~51.8% and
68.6% for Zn//VO, and BTO/Zn//VO, at a scan rate of 0.2 mV
s71. These values increase to 70.6% for Zn//VO, and 83.0% for
BTO/Zn//VO, when the scan rate is raised to 1.0 mV s~! (refer to
Figure 5e). Consequently, with the incorporation of BTO on Zn,
the overall charge storage in full cell configuration exhibits a syn-
ergistic improvement in capacitive contribution, resulting in en-
hanced rate capability for BTO/Zn//VO, compared to Zn//VO,,
see further.

Subsequently, we conducted Galvanostatic Discharge—
Charge (GDC) performance assessments for Zn//VO, and
BTO/Zn//VO, at various specific currents, ranging from 50 to
2000 mA g~!, within a voltage range of 0.2-1.6 V. lllustrated in
Figure 6a,b, the comparative GDCs at 200 and 10 000 mA g
reveal notable enhancements in charge storage performance
for BTO-coated anode-based cells, spanning from low to high
rates. For example, at a high specific current of 10 000 mA g
(Figure 6b), the measured specific capacities are 88 mAh g~ for

© 2024 The Author(s). Small published by Wiley-VCH GmbH

85UB017 SUOUIOD 9AI1E.1D) 3[cfedt|dde au Ag peusenob ke sl VO ‘88N J0 SajnJ o} Akeiq 18Ul UO 8|1 LD (SUORIPUOD-PUE-SWSIALIOY"A8 | 1M Ale.q Ul |UO//Stny) SUORIPUOD pue swie | 8y} 89S *[7202/60/72] Uo Akeiq18uliuo A8|Im ‘seoinses Akeiqi 0N uopuoabe|jod AisieAlun A SSSEOVZ0Z |IWS/Z00T OT/I0p/Wod 8| im Aleiq i jput|uoy/sciy Woiy papeojumod ‘0 ‘62895T9T


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

Juill

www.advancedsciencenews.com

www.small-journal.com

—02mVs'—04mVs'—05mVs’—06mVs’ —0.2mV 5'11 —04mV s: 06mvs"
VR i e b ey
— = BTO/Zn/NO
£ 10 [ ZNVO, 1 s} niNO, 1
< <10} . .
= 05 { =5 .
] @ 05} i
E 00} 4 E
3 3 00} -
o _ L 4 L
= 0.5 § P 1
(]
= k= E Q.
(% 1.0 &-1.0} 4
-15 1 1 1 Il 1 15 L 1 1 1 1
03 06 09 12 15 03 06 09 12 15
Voltage (V vs. Zn/Zn?*) Voltage (V vs. Zn/Zn?)
(C) 1.0 —mmmm—m————7——T7 (d) 2.0 T T T T T
| at0.5mV/s T [ at1mVis ]
‘Tm o | I
0.5 -
< Stor ]
€ © 05 -
o0l 4 E - ]
= 300} -
ot Q - ]
sf—f_o_5 L —zivo, | §-05F — Vo, -
3 —pBTOZONVO, | & . | —BTOIZNINO, 1
2 | &0} 4
(7)) L
_10 i 1 L 1 L 1 L 1 " 1 _15 I " 1 L 1 " 1 " 1
0.3 0.6 0.9 12 1.5 0.3 0.6 0.9 1.2 15
©) Voltage (V vs. Zn/Zn?*) Voltage (V vs. Zn/Zn?")
’\c\ 100 T T T T T T
< Zn/INO, BTO/Zn/NO,
c 80k
S
2 60}
£
=1
S 40f
g
= 20F
O
©
Q 0 —
8 0.2 0.4 05 0.6 0.8

Scan rate (mV s"j
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at scan rates of ¢) 0.5 and d) 1 mV s~. e) Capacitive contribution plot with respect to scan rate of the cells.

Zn//VO, and 117 mAh g=! for BTO/Zn//VO,. The substantial
improvement, even at a high specific current, following the
application of BTO onto the Zn anode may be attributed to en-
hanced Zn?* platting/stripping kinetics contribution to charge
storage, thereby enhancing rate capability. The rate test plot for
Zn/|VO, and BTO/Zn//VO, (Figure 6¢) exhibits enhancements
in specific capacities for BTO/Zn//VO, compared to Zn//VO,
across various specific currents ranging from 50 to 2000 mA g.
Additionally, Figure 6d presents long-term cycling test results,
revealing that the BTO/Zn//VO, cells, formed by coating BTO
onto the Zn anode, not only improve charge storage performance
in terms of specific capacities but also enhance long-term stabil-
ity. After GDCs at 2000 mA g~', the BTO/Zn//VO, demonstrates
a capacity of 231 mAh g~! while Zn//VO, exhibits a reduction
to 186 mAh g~!. Consequently, our findings suggest that BTO
coating on the Zn anode enhances rate capability and cycling
stability by improving charge transport kinetics and inhibiting
dendrite formation at the anode-electrolyte interface. Moreover,
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the observed increase in the capacity of the materials during
cycling is primarily due to the activation of active materials, a
well-documented phenomenon in aqueous Zn-ion batteries.
Table S2 (Supporting Information) shows a comparison between
our performance results and those reported in other studies on
ZIBs.

In this study, we developed a novel approach by creating an ar-
tificial SEI layer coated with high-dielectric BTO on the zinc an-
ode. This layer was applied using a simple spray-coating method
to reduce dendrite formation and prevent the HER. The high-
dielectric BTO layer forms both an ohmic contact interface and
electric dipoles at the interface. The electric dipoles can be aligned
by applying an external electric field, and during the charge—
discharge process, the combined effect of the ohmic contact and
electric dipoles helps to guide the migration of zinc ions. This
alignment accelerates zinc-ion kinetics and mitigates dendrite
growth, as observed through in situ optical techniques. The BTO-
coated zinc anode demonstrates stable performance in terms of
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Figure 6. GDC tests for Zn//VO, and BTO/Zn//VO, full cell: a,b) GDC result at 200 and 10 000 mAh g~', c) Rate tests performance of the cells, d)

long-time cycling result at1 A g™

zinc stripping and plating, with a reduced voltage hysteresis of
91 mV for up to 750 h at a high current density of 5 mA cm™
and a capacity of 5 mAh cm~2. Furthermore, the BTO/Zn elec-
trode shows a lower activation energy of 22.6 k] mol™', higher
resistance to corrosion, and enhanced oxygen reduction reaction
(ORR) compared to the uncoated zinc anode. When used in full-
cell aqueous ZIBs, with a VO, cathode, the BTO/Zn anode de-
livers excellent rate capability (117 mAh g~! at 10 A g7!) and ex-
tended cycle life, retaining 231 mAh g=! after 2000 cycles. This
work contributes to the development of a stable zinc metal anode
for high-performance aqueous zinc-ion batteries.
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