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Abstract: For zinc-metal batteries, the instable chemistry
at Zn/electrolyte interphasial region results in severe
hydrogen evolution reaction (HER) and dendrite
growth, significantly impairing Zn anode reversibility.
Moreover, an often-overlooked aspect is this instability
can be further exacerbated by the interaction with
dissolved cathode species in full batteries. Here, inspired
by sustained-release drug technology, an indium-che-
lated resin protective layer (Chelex-In), incorporating a
sustained-release mechanism for indium, is developed
on Zn surface, stabilizing the anode/electrolyte inter-
phase to ensure reversible Zn plating/stripping perform-
ance throughout the entire lifespan of Zn//V,0s bat-
teries. The sustained-release indium onto Zn electrode
promotes a persistent anticatalytic effect against HER
and fosters uniform heterogeneous Zn nucleation.
Meanwhile, on the electrolyte side, the residual resin
matrix with immobilized iminodiacetates anions can also
repel detrimental anions (SO,>~ and polyoxovanadate
ions dissolved from V,0s cathode) outside the electric
double layer. This dual synergetic regulation on both
electrode and electrolyte sides culminates a more stable
interphasial environment, effectively enhancing Zn
anode reversibility in practical high-areal-capacity full
battery systems. Consequently, the bio-inspired Chelex-
In protective layer enables an ultralong lifespan of Zn
anode over 2800 h, which is also successfully demon-
strated in ultrahigh areal capacity Zn//V,Ojs full batteries
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Introduction

The rapid development of renewable energy has spurred a
thriving market for grid-scale electrochemical energy
storage.! However, the frequent occurrence of safety
incidents has raised public concerns about energy storage
systems that rely on flammable organic electrolytes, such as
lithium-ion batteries.”! Benefitting from the intrinsic safety
of aqueous electrolyte and the advantages of Zn metal
anodes, including high capacity (820 mAhg™), low potential
(=0.76 V, vs. SHE), and natural abundance, rechargeable
aqueous zinc metal batteries (AZMBs) are emerging as one
of the most promising candidates for the next generation
large-scale energy storage technology.’! However, the vola-
tile chemical environment at the Zn/electrolyte interphase,
characterized by the high reactivity of aqueous electrolytes
and uncontrollable Zn nucleation and deposition, can trigger
dendrite growth, hydrogen evolution reactions (HER), and
the accumulation of inert basic zinc salt by-products (like
Zn,SO,(OH),-xH,0, ZSH, in ZnSO, electrolyte), signifi-
cantly impeding the commercialization of AZMBs.!
According to the typical electrochemical model, the Zn/
electrolyte interphasial region is composed of both metallic
Zn electrode phase and liquid electrolyte phase.”) And Zn
electrodeposition is a multifaceted electrochemical process
that involves mass transfer and desolvation in the electrolyte
phase, alongside nucleation and crystal growth in the
electrode phase.! Within the electrolyte phase, solvent
water molecules, particularly those in the solvation shell of
[Zn(H,0)¢]*", are highly susceptible to electro-reduction
due to their thermodynamic instability during zinc
electrodeposition,”’ thereby exacerbating risk of HER and
the subsequent by-product accumulation (Figure 1b).) En-
couragingly, creating a protective layer on the surface of Zn
can effectively diminish the presence of active interfacial
H,0, enhancing the reversibility of Zn anodes.”’ Moreover,
some meticulously designed surface coatings have been
further demonstrated to facilitate Zn?* ion conduction,
consequently mitigating Zn dendrite growth to a certain
extent.’*'”) However, these artificial protective layers typi-
cally do not influence the nucleation process within the
electrode phase, which is critical for uniform Zn
deposition.""! Generally, due to the absence of the nuclea-
tion sites on pristine Zn foils, “homogeneous nucleation” on
Zn sites requires a higher degree of supersaturation than
heterogeneous nucleation, necessitating a larger overpoten-
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Figure 1. (a—d) Schematic diagram of (a) sustained-release drug, (b) deterioration of bare Zn anode, (c) dissolution and shuttle of detrimental
soluble polyoxovanadate anion from V,O; cathode, and (d) enhanced Zn deposition by Chelex-In. (e) The snapshot of interphasial region that
Zn@Chelex-In in 2M ZnSO, electrolyte obtained by molecular dynamics (MD) simulations. (f) The electrostatic potential (ESP) isosurface plots
between Chelex and In**, Zn?*, H,0 and SO,>". (g) FTIR spectra of Chelex-100 and Chelex-In. (h) The Structural formula of Chelex-In.

tial for electrodeposition.'” Besides, the surface of commer-
cial zinc foil is not uniformly smooth, leading to electro-
deposition preferentially occurring at surface defects like
bumps or scratches to minimize the interface energy,
resulting in uncontrolled Zn nucleation and growth.["
Recently, the employment of zincophilic metals (e.g., Ni,
Cu, Ag, Sn, Bi, Sb, etc.)" on Zn anode surface has been
recognized for promoting favorable heterogeneous nuclea-
tion, achieving uniform nucleation of the initial deposition
process. Nevertheless, the effectiveness of such approaches
may be limited due to the obscuring of these metals by Zn
deposition under high areal capacity conditions.'***! Hence,
reconciling Zn nucleation and mass transfer behavior in the
electrode/electrolyte interphase enduringly is crucial for the
long-term cycling stability of Zn anodes.

It is also noteworthy that the reported lifespan of Zn
metal anodes in full cells (calculated by the cumulative
capacity of Zn) is usually inferior to that in symmetriccells
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(Figure S1 and Table S1). This discrepancy may be related
to the interference of dissolved cathode species on the Zn
anode side, particularly under high-areal-capacity condi-
tions. Taking representative Zn//V,0O; battery system for an
example, we found that V,0s cathode is partially dissolved
and transformed to soluble anionic decavanadate in the bulk
electrolyte during cycling, which can transfer to the anode
side and eventually deposit on the Zn surface as insoluble
Zn;(OH),V,0,-2H,0, (ZVO). These irreversible by-prod-
ucts are prone to disturb Zn?>" transport and increase the
interfacial polarization, resulting in an accelerated risk of
internal short circuits (Figure 1b,c). Therefore, it is also
significant to prevent the crosstalk of dissolved cathode
species to avoid the unsatisfactory effects of Zn metal anode
modification strategies in practical full batteries.**!*!
Sustained-release drugs are dosage forms designed to
release active ingredients at a predetermined rate, aiming to
prolong their therapeutic effects over an extended period,
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which have been extensively adopted for the treatment of
chronic diseases (Figure la). Inspired by this, an indium-
chelated resin protective layer (Chelex-In) with the func-
tionality of sustained-release indium is designed on the
surface of Zn anode, realizing the stabilization of both
electrode and electrolyte sides of the interphasial region
throughout the entire lifespan of Zn//V,0;s batteries. This
protective layer enables the sustained release of In’" from
the resin, which is then electro-reduced on the electrode
surface. This process not only provides continuous heteroge-
neous nucleation sites for Zn deposition but also alleviates
HER side reactions based on the inherent HER anticatalytic
features of indium. Furthermore, the anchored resin matrix
layer can repel detrimental anions, meanwhile regulating the
solvation structure of zinc ions, mitigating erosion and
smoothening mass transfer in the electrolyte (Figure 1c—e).
In the practical Zn//V,0Os full battery system, the Chelex-In
is demonstrated to effectively impede the shuttle of deca-
vanadate and prevent the formation of inert ZVO on the
anode, thus circumventing serious dendrite growth under
high-areal-capacity conditions. With the multifunctional
protection of Chelex-In layer, the cyclic life of symmetric
cell is extended to 2800 h with a high Coulombic efficiency
of 99.85 %. Moreover, the assembled Zn@Chelex-In//V,0s
full cells can deliver an ultrahigh area capacity of
4.79 mAhcm? over 200 stable cycles at a low N/P ratio of
3.08, validating its reliability and practicality.

Results and Discussion
The Verification of Sustained Indium Release

The Chelex-In is prepared through an ion exchange route
between commercial Chelex-100 chelating resin and In*T,
which is subsequently coated onto commercial Zn foils to
obtain the Zn@Chelex-In electrodes, and the thickness of
resin layer is around 15 um (Figure S2). Chelex-100 chelat-
ing resin is composed of the polystyrene-divinylbenzene
containing iminodiacetate (IDA) groups, which can form a
chelate (complex) with high-valence cations like In** and
Zn** "1 Electrostatic potential (ESP) calculation results
(Figure 1f) show that IDA groups in Chelex are surrounded
by negative charges, enhancing their affinity for In** cations.
Besides, Fourier transform infrared spectroscopy (FTIR)
analysis (Figure 1g) reveals the shift of peaks at 1732 cm™',
1611 cm™, and 1406 cm™" after ion exchange, signifying the
coordination of carboxyl groups with In**. The appearance
of a new peak at 1451 cm™' and the shift at 1155 cm™ are
assigned to the involvement of N atoms in coordinating with
In**.1% Consequently, the imino and carboxyl groups in
IDA can act as tridentate ligands for chelating In*" (Fig-
ure 1h),"! effectively anchoring it within the resin layer. It
can be seen that the Chelex-In protective layer is uniform
and smooth with a homogeneous distribution of indium
element (Figure S3).

Through a typical ion-exchange method, the selectivity
coefficient of Chelex-100 chelating resin towards In’* and
Zn*" is measured to be notably high at 400:1 (Table S2).
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The low-valence Zn*" cations with a high concentration in
the bulk electrolyte, are expected to compete with In** for
coordination sites, realizing the sustained release of In*"
from the resin. Meanwhile, the existence of an electric field
in battery may also promote the release of In**, which is
monitored using an H-type electrolytic cell (Figure 2a,b).
Given the lower reduction potential of Zn** (—0.762 V vs.
SHE) compared to that of In*" (-0.338V vs. SHE), a
moderate constant potential of —0.45V (vs. Ag/AgCl) is
applied to the platinum working electrode to establish an
electric field through water electrolysis while preventing the
reduction of In*" in the electrolyte. And the amount of
released indium ions is quantified by the inductively coupled
plasma optical emission spectrometer (ICP-OES). Notably,
the concentration of In®" increases slowly without electric
field, underscoring the weak competition from low-valence
cations. However, upon the application of an electric field,
both the concentration and the releasing rate of In’" are
significantly increased, revealing that the existence of
electric field can indeed expedite the release of In** from
Chelex-In. Furthermore, the finite element simulation is
employed to visually assess the impact of electric field on
indium release more intuitively. As presented in Figure 2c,
the existence of electric field results in a higher concen-
tration and a more uniform distribution of released In**
within the electrolyte. This electric field induces the electro-
migration of In**, improving its transport and diminishing
the diffusion-induced concentration gradient. Moreover, the
diminished In** concentration at the interphase can also
promote the chelation equilibrium towards dissociation,
thereby expediting the indium release.

To get deeper insights into the release and deposition
behavior of In’" under the influence of electric fields in
batteries, the electrochemical quartz crystal microbalance
with dissipation monitoring (EQCM-D) is conducted (Fig-
ure 2d,e). Herein, a Na,SO, solution is selected to eliminate
the interference caused by Zn deposition and dissolution.
Cyclic voltammetry (CV) measurement is performed within
the range of 0.7V to —0.7V (vs. Ag/AgCl) to ensure the
occurrence of a complete indium redox reaction. Initially,
the EQCM-D test is conducted on a bare Au quartz
electrode to evaluate the impact of electrolyte. As shown in
Figure 2d, the substantial reduction current coupled with a
negligible oxidation current indicates the occurrence of
HER on the electrode, while the minimal changes in mass
and dissipation during CV scanning are attributed to the
exchange between proton and adsorbed water molecules at
the interface.” By comparison, the periodic and evident
mass variation on the Au@Chelex-In electrode during CV
scanning indicates the release of In*" from the resin layer as
well as its reversible dissolution and deposition on the Au
quartz electrode. Besides, the Faraday current is still
predominantly contributed by the HER, as inferred from
the significantly higher reduction current relative to the
oxidation current. Meanwhile, experiments with zinc-che-
lated resin (Chelex-Zn) are also conducted to exclude the
potential influence of the resin matrix itself. Apparently, the
mass change observed with Au@Chelex-Zn is significantly
lower than that with Au@Chelex-In, confirming the obvious
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Figure 2. (a) The concentration of In’* released from Chelex-In over different times through ICP-OES, and (b) the corresponding schematic
diagram of the experimental device. (c) The distribution of In** at Chelex-In/electrolyte interphase through COMSOL Multiphysics. (d) The time-
voltage/current/frequency-change/dissipation-change curve on different quartz electrodes through EQCM-D, and (e) corresponding schematic
diagram of the changing process for Au@Chelex-In. (f) XPS spectra of pristine Zn and cycled Zn@Chelex-In (the resin layer is removed). (g) The
indium content in cycled electrodes and corresponding resin layers after different cycles (obtained by ICP-OES). h-m) The scanning electron
microscope (SEM) images of bare Zn electrodes after (h) 20 cycles, (i) 50 cycles and (j) 100 cycles, and Zn@Chelex-In electrodes after (k) 20

cycles, (1) 50 cycles and (m) 100 cycles. The cycled electrodes aforementioned are cycled at T mAcm ™ for 1 mAhcm™

unless separate annotation.

mass variation for the Au@Chelex-In electrode is indium-
related. Besides, the Au@Chelex-Zn exhibits a more
pronounced change in dissipation, which can be ascribed to
the morphological alteration induced by water molecule
migration within the resin.

Based on the above investigation, it can be inferred that
In** ions in the Chelex-In layer will be sustainedly extruded
and co-deposited with Zn** onto Zn anodes during the
plating process. X-ray photoelectron spectroscopy (XPS)
analysis of the cycled Zn@Chelex-In electrode surface after
removing the upper Chelex-In layer clearly shows the
presence of indium (Figure 2f). Moreover, as the cycle
number increases, the indium content in the Chelex-In layer
decreases, while that in the Zn electrode increases continu-
ously (Figure 2g), indicating a progressive accumulation of
indium in the zinc deposition layer. Considering the
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2, and generally 50 cycles

inevitable increase of reaction area in Zn electrodes during
cycling, such a sustained indium release effect is of great
importance, which can be reflected in the morphology
evolution of zinc deposits. As shown in (Figure 2h-j), the
surfaces of cycled bare Zn electrodes exhibit an aggregation
of fragmented zinc deposits, which becomes more severe
after repeated cycling. In contrast, the Chelex-In protected
electrodes not only show a distinct reduction of fragmented
deposits but also demonstrate a unique “self-healing”
feature where the Zn deposition layer becomes increasingly
smooth over successive cycles (Figure 2k-m). This self-
healing effect may be due to the rising indium content in the
deposited layer, which exerts a stronger regulation ability on
deposition behavior.

© 2024 Wiley-VCH GmbH
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The Stable Interphasial Chemistry Enabled by Sustained-release
Indium and Anchored Resin Matrix

During the electroreduction process, a high energy barrier
must be overcome for [Zn(H,0),)]*" to shed their solvation
sheath water molecules before transitioning to Zn’.*!! These
unstable water molecules are prone to be reduced on the
electrode surface, leading to the production of H, and ZSH.
Notably, according to the ESP results in Figure 1f, the IDA
groups in Chelex resin can also attract Zn** while repelling
SO/~ in the bulk electrolyte, highlighting its potential to
modulate the solvation structure of [Zn(H,0)¢)]*". As a
critical rate-controlled step in the electro-reduction of Zn?*,
the desolvation process is reflected in the interface activa-
tion energy (E,), which can be -calculated using the
Arrhenius equation (equation 1).”? In this equation, R, is
the interfacial resistance (measured via electrochemical
impedance spectroscopy (EIS)), A is the preexponential
factor, R is the gas constant, and T is the thermodynamic
temperature. As depicted in Figure 3a and Figure S4, the
presence of Chelex layer lowers the E, from 59.53 kJmol
to 42.90 kImol ™!, indicating that the Chelex resin can
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effectively facilitate the desolvation process of [Zn-
(H0)e)]".

Rict:Aexp(—Ea/RT) 1)

In order to further comprehend the intrinsic mechanisms
underlying the diverse desolvation behaviors, the radial
distribution function (RDF) is derived from MD simulations
to elucidate the coordination state of Zn** in different
environments. In a pure ZnSO, aqueous solution, Zn?" is
observed to be coordinated with 6 H,O (Figure S5), aligning
with its well-known coordination structure.”” Due to the
strong interaction between Zn** and IDA group, two H,O
in the solvation shell of [Zn(H,0),)]*" are successfully
replaced by one IDA group, leading to the formation of
IDA-Zn*"(H,0), solvation structure (Figure 3b). Conse-
quently, this coordination of IDA is calculated to signifi-
cantly reduce the desolvation energy of hydrated zinc ions
(Figure 3c), corroborating corresponding experimental re-
sults. Moreover, dynamic distribution snapshots reveal that
Zn** ions are drawn closer to Chelex distinctly after 5 ns
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Figure 3. (a) The E, of different electrodes calculated by the Arrhenius equation. (b) The RDF of species in the solvation sheath of Zn’" with the
existence of Chelex. (c) The desolvation energy barriers of Zn>* coordinated in different forms. (d—e) The snapshots of dynamic interactions
between Chelex and (d) Zn** or (e) SO,*". (f) The normalized density distribution of H,0 and SO,*~ on different electrodes. (g) The potential
energy of IDA group in Chelex interacting with various species. (h) The LSV curves of different electrodes in 0.5 M Na,SO, electrolyte. (i) The AG,.
on different crystal faces obtained by DFT calculations. (j) The chronopotentiometry curves of different electrodes in 2 M ZnSO, electrolyte at a

current density of —1 mAcm™

. (k=1) The current density distributions in anode/electrolyte interphase for (k) bare Zn and (I) Zn@Chelex-In, which

are obtained by finite element simulations. (m-n) In situ optical micrographs of (m) Bare Zn and (n) Zn@Chelex-In during Zn electrodeposition

process at a current density of 5 mAcm ™
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(Figure 3d), visualizing the strong attraction of Chelex to
Zn*",

MD simulations also provide insightful details about the
impact of the Chelex resin layer on other interfacial species
(H,0O and SO,*), crucial for understanding its effectiveness
in mitigating side reactions and enhancing zinc anode
reversibility. In the Zn/ZnSO, interface without modifica-
tion, a random distribution of H,O and SO,*” ions is
observed (Figure S6), which will easily exacerbate HER and
by-product formation.*” However, with the introduction of
the Chelex layer, there is a noticeable reduction in the
presence of these two detrimental species at the interface
(Figure 1le). In addition, the dynamic distribution demon-
strates that SO, gets far from Chelex spontaneously
(Figure 3e), which coincides with the ESP results. Mean-
while, the normalized density through MD simulations
(Figure 3f), also confirms the significant decrease in H,O
and SO, amount due to the Chelex layer intervention,
illustrating its role in suppressing side reactions during
cycling. Besides, the potential energy between IDA group
and other species is also calculated to clarify their inter-
actions. As illustrated in Figure 3g, the potential energy
between Zn>* and IDA group approaches to minimum at
around 23 A, and remains negative as the distance in-
creases. In contrast, the potential energies between IDA
group and SO, are always positive, underscoring the
functionality of Chelex in attracting Zn’>" while repelling
SO,*". These individually targeted attraction and repulsion
effects effectively reduce HER, as evidenced by linear sweep
voltammetry (LSV) curves and corroborated by EQCM test
and simulation results (Figure 3h). In addition, it is worth
noting that the HER current is further decreased for the
Chelex-In compared to the Chelex-Zn layer, indicating that
the sustained indium release is helpful in suppressing the
HER. According to the volcano plot,”! the rate-limiting
step for HER on both indium and zinc metal surfaces is the
adsorption process of protons or water molecules.? There-
fore, the density functional theory (DFT) simulation is
performed to measure the Gibbs free energy of hydrogen
adsorption (AGy.) on different metals. As presented in
Figure 3i, the AGy- on each crystal face of indium is higher
than zinc, indicating the thermodynamically hindered hydro-
gen adsorption process. This validates the excellent anti-
catalytic effect of indium, supporting its addition in enhanc-
ing the cycling stability of Zn anodes.

Despite the excellent ions and H,O reconfiguration
enabled by the Chelex protective layer, the nature of
electrode surface itself also influences Zn deposition behav-
ior. Apparently, the simple Chelex-Zn protective layer fails
to change the nature of “homogeneous nucleation” that zinc
ions are reduced on the surface of metallic zinc, which
requires a high overpotential during the electrodeposition
process. Typically, although the zinc deposition layer is
relatively flatter due to the modification of Chelex-Zn
(Figure S7), some conglomerate lamellar deposits can be
still detected on the Zn surface.””) For the Zn@Chelex-Zn
electrode, instead of improving nucleation overpotential
(Figure 3j), the deposition overpotential even increases due
to the heightened mass transfer resistance.” Moreover, as
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presented in the finite element simulation (Figure 3k), due
to the absence of nucleation sites and uncontrolled Zn*"
diffusion, zinc ion fluxes are concentrated at edges of
scratches and bumps to minimize the interfacial energy,!'*"
which will further aggravate surface heterogeneity. Encour-
agingly, both the nucleation overpotential and the deposi-
tion overpotential are significantly reduced through the
introduction of Chelex-In layer (Figure 3j). The higher
electrode potential of indium facilitates its preferential
deposition, and the sustained-release effect maintains con-
tinuous indium electrodepositing, providing consistent het-
erogeneous nucleation sites for uniform zinc deposition.
And the improved wettability also contributes to the
reduction of overpotential (Figure S8). On the one hand, the
transfer barrier of zinc from indium is reduced (Figure S9)
due to their proper binding and the less absorption of H on
indium.®! Additionally, electrons from external circuits tend
to be aggregated on the surface of indium due to its higher
electrode potential, thus realizing the induction of zinc
deposition.” Benefitting from the induction of Zn deposi-
tion by the heterogeneous indium nuclei and the regulation
of Zn*" transfer by the Chelex resin layer, the Zn*" flux is
remarkably uniform on the surface of Zn@Chelex-In (Fig-
ure 31). As presented in situ optical microscopy tests (Fig-
ure 3m and Video S1), many particles appear on the surface
of bare Zn at the beginning of Zn deposition, grow
randomly, and arrange irregularly subsequently, which
finally become a deposition layer consisting of disorder
particles. For Zn@Chelex-In (Figure 3n and Video S2), the
zinc is observed to be deposited below the resin layer,
presenting a flat and slow swelling of the resin on the
surface, which proves that the Chelex-In layer can effica-
ciously restrain the growth of zinc dendrites.

Symmetric cells were assembled to evaluate the protec-
tion effect of the resin layer on zinc anode stability. The Zn//
Zn symmetric cell initially exhibits a great polarization and
encounters an internal short-circuit within 80 hours due to
pronounced dendrite growth (Figure 4a). However, the
introduction of the Chelex-Zn layer extends the cell’s
lifespan to 900 hours. Remarkably, the Zn@Chelex-In//
Zn@Chelex-In symmetric cell achieves an ultralong lifespan
of 2800 hours with a significantly reduced voltage hysteresis
of only 19 mV. This notable improvement, including the
gradual decrease in voltage hysteresis during cycling, high-
lights the continuous release and deposition of indium
within the deposition layer. Besides, even under a high
current density of 25 mA cm™?, the Zn@Chelex-In//Zn@Che-
lex-In symmetric cell can also maintain stable cycling for
300 h (Figure S10). In addition, the Zn//Cu half cells are
assembled to evaluate the effect of resin layer on the
reversibility of zinc deposition. As shown in Figure 4b, the
bare Zn//Cu half cell exhibits a distinct efficiency fluctuation
after 140 cycles and then fails for the internal short circuit,
while the Zn@Chelex-Zn//Cu@Chelex-Zn half cell demon-
strates an average coulomb efficiency (CE) of 99.60 % in
700 cycles due to the desolvation of Chelex-Zn. Encourag-
ingly, with the synergistic regulation of Chelex-In layer, the
Zn@Chelex-In//Cu@Chelex-In half cell delivers an excep-
tionally high average CE of 99.85 % over 4500 stable cycles.
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Figure 4. (a) The cycling performance of symmetric cells with different electrodes. (b) The Coulombic efficiency of different Zn//Cu half cells
(insertion are the corresponding 5™ capacity-voltage curves). (c) XRD patterns of different cycled electrodes. (d) The ZSH content in electrodes
after different cycles obtained by ion chromatography. (e—-f) Raman mapping of ZSH on the cycled (e) bare Zn and (f) Zn@Chelex-In (the resin
layer is removed). (g-h) 3D superficial morphology of cycled (g) bare Zn and (h) Zn@Chelex-In (the resin layer is removed) obtained by AFM. The
cycled electrodes aforementioned are all cycled at 1 mAcm™2, 1 mAhcm ™ for 50 times.

Besides, a new small platform emerges at 0.33 V (vs. Zn*"/

Zn) in the capacity-voltage curve, which accounts for about
1% of the total deposition, corresponding to the dissolution
process of deposited indium.

In fact, the accumulation of insulating by-products ZSH
which is associated with the HER side reaction, is one of the
culprits for zinc anode deterioration, since the insulating
ZSH will cover the active site for electrodeposition,
exacerbating the surface inhomogeneity and preventing the
normal deposition.>*"! Benefitting from the stabilized Zn/
electrolyte interphase, in situ differential electrochemical
mass spectroscopy (Figure S11) indicates the hydrogen
evolution rate in Zn//Zn symmetric cell is significantly
reduced. As depicted in Figure 4c, the emergence of new
peaks at 8.2° and 16.1° in the X-ray diffraction (XRD)
patterns of cycled bare Zn and Zn@Chelex-Zn indicates the
accumulation of ZSH. By contrast, the peak intensity of
ZSH is significantly reduced on the Zn@Chelex-In. Besides,
ZSH content in deposits is quantified by ion chromatog-
raphy (Figure 4d), which also reveals that the ZSH
decreases markedly due to the synergic regulation of
Chelex-In layer. In addition, based on the characteristic
Raman peak of ZSH at 967 cm™' (Figure S12),!*! the
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distribution of ZSH is obtained by the Raman mapping. As
shown in Figure 4e, obvious and unevenly distributed ZSH
is detected on the surface of cycled bare Zn, which increases
the inhomogeneity of surface and causes random Zn
deposition. The atomic force microscope (AFM, Figure 4g)
manifests the huge surface fluctuation of cycled bare Zn
reaching several microns. Conversely, with the protection of
Chelex-In layer, the ZSH is almost undetectable on the
cycled Zn@Chelex-In (Figure 4f), whose surface fluctuates
within a few hundred nanometers (Figure 4h), demonstrat-
ing the robust inhibitory effect on inhibiting the accumu-
lation of by-products and dendrite growth. Above all, at the
Zn electrode side, the sustainedly released indium could
suppress the HER and provide heterogeneous nucleation
sites continuously for zinc deposition. Meanwhile, the
remaining functional resin matrix enables the desolvation
effect and uniform Zn?" flux, relieving the corrosion from
electrolytes. The synergistic regulation of Chelex-In stablizes
both the electrode and electrolyte side of interphasial
region, resulting in slower side reactions and dendrite
growth, improving the cyclic stability of the Zn anode.
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95UB917 SUOWILLOD dAIEa1D 3|qeal|dde ay) Ag peusenob afe sajole YO ‘8sn JO S9N o) Aleiq 18Ul uQ A8]IAA UO (SUONIPUOI-PUE-SLBI/LI0D 4B 1M Aleid 1 [eu1 UO//:SdNy) SUONIPUOD pue SWwid | 8y 8eS *[7202/90/5T] uo Areiqiauliuo A3|IM ‘AsleAiun usweiX Ad £6550v202 9 1Ue/Z00T 0T/10p/wod As|Im Arelq 1 pul|uoy//:sdny wou) pepeojumod ‘0 ‘€L.ETZST



GDCh
~~

Application of High-loading Zn//V,O;s Full Cells

In order to evaluate the practicability of the Chelex-In
protective layer, V,0Os electrodes with high loading mass are
used in full cell configurations. As presented in Figure Sa,
the Zn@Chelex-In//V,0s full cell with a high V,0s loading
mass of 7mgem* can deliver an average capacity of
1.86 mAhcm™ for over 1300 stable cycles at a current
density of 35 mA cm > Peculiarly, the capacity of bare Zn//
V,0s full cell rapidly declines to 0 after just 120 cycles,
presenting a deviation from previous findings that Zn//V,05
full cells with low areal capacity could sustain prolonged
cycling.”" The time-voltage curve (Figure Sb) reveals a
sudden voltage drop during charging (corresponding to zinc
deposition at the anode side), indicative of an internal short
circuit caused by dendrite growth on the anode. Examina-
tion of the cycled Zn electrode shows obvious black dotted
zinc deposits mixed with a yellow substance (inset of
Figure 5a). The SEM and corresponding element mapping
demonstrate that its surface is extensively covered by
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numerous granular sediments (Figure S13), in which the
element ratio of vanadium reaches as high as 23.85%
(Figure S14), implying that vanadium species dissolved from
the V,0s5 cathode to the bulk electrolyte have a negative
effect on the cycling performance of Zn anode in full cells.
To confirm that the failure of Zn//V,O;s full cells is mainly
due to the dendrite growth on anode, the V,0s cathode
recycled from the failed Zn//V,0Os full cell is used to
reassemble batteries with the replacement of new anode,
electrolyte and separator. The ICP-OES results (Table S3)
indicate that 4% of the V,0Os is dissolved and deposited in
the separator and anode. As shown in Figure S15, the
capacity and voltage curve basically recover to the normal
state before failure, indicating the cathode remains intact.
And many metallic fragments, typical forms of dendrites
that can penetrate the separator and cause internal short
circuits, were even found on the cathode-facing side of the
replaced separator (Figure S16). Moreover, under the more
severe test condition with an extremely high loading mass of
12.24 mgcem ™2, a lower current density of 12.24 mA cm ™2, and
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Figure 5. (a) The cyclic performance of different high-loading Zn//V,O; full cells at 35 mAcm™? (insertion is the corresponding digital photographs
of cycled electrodes) and (b) the corresponding time-voltage curve. (c) The cycling performance of different higher-loading Zn//V,Os full cells
under a more severe test condition, and (d) its performance in comparison with other full cells employing vanadium oxide cathodes in reported
literature. (e) Raman spectra and (f) XRD spectra of cycled Zn electrodes (after 50 cycles in full cells at 5 A g™'). (g) The content of vanadium in

cycled Zn electrodes tested by ICP-OES.
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a limited N/P ratio of 3.08, the bare Zn//V,0;s full cell fails
rapidly within just 50 cycles (Figure 5c). By comparison, the
Zn@Chelex-In//V,0s cell can deliver an exceptionally high
areal capacity of exceeding 4.79 mAhcm 2 for 200 cycles,
and the utilization efficiency of anode reaches 27.9 %,
demonstrating superior performance compared to the most
recently reported Zn//V,Os full cells (Figure 5d, Table S4).
Even at an ultralow current density of 0.55mAcm™’
(50 mA g™, Figure S17), the Zn@Chelex-In//V,0s full cell
delivers an average capacity of exceeding 4.9 mAhcm ™ for
10 cycles (200 h), and the utilization efficiency of anode
reaches impressive 87.6% (10 um Zn foil). Besides, the
Zn@Chelex-In//V,05 pouch cell can deliver an average
capacity of exceeding 30 mAh, and lights the LED panel
easily (Figure S18), indicating the reliability and the prac-
tical application potential of Chelex-In protective layer on
Zn anode.

In order to preliminarily explore the cause of the
accelerated degradation of Zn anode in full cells, cycled Zn
anodes are extracted and subjected to Raman and XRD
analyses. The findings, illustrated in Figure Se and f, reveal
the presence of hydrated zinc vanadate (Zn;(OH),V,0;,
ZVO) on the cycled bare Zn electrodes, whereas no
significant traces of ZVO were detected on the cycled
Zn@Chelex-In electrodes. Furthermore, ICP-OES results
(Figure 5g) show a substantial presence of vanadium in the
bare Zn after just 5 cycles, with vanadium levels increasing
progressively with continued cycling. In contrast, the pres-
ence of the protective Chelex-In layer significantly curtailed
the accumulation of vanadium. These preliminary investiga-
tions suggest that the persistent formation of ZVO on the
Zn anode surface might be a key factor in accelerating
anode degradation in full cells. The Chelex-In resin layer, by
averting the formation of ZVO, potentially enhances the
cyclic stability of Zn anodes, presenting an effective strategy
for improving the longevity and reliability of Zn anodes in
full cell configurations.

Investigation of The Zn Deterioration Induced by V,O5 Cathode

It is crucial to clarify the intrinsic dissolving mechanisms of
vanadium species from cathode, transferring pathways in the
electrolyte, and irreversible deposition behavior on Zn
anode. It is well known that vanadium oxide is very sensitive
to the pH of aqueous electrolytes.” Given that, an acid-
base titration combined with Raman spectral analysis is
performed to ascertain the composition of vanadium species
under varying pH conditions (Figure 6a). In detial, 1 g V,05
is dispersed in 150 mL deionized water with the pH
monitoring simultaneously. Then 1M KOH is added until
the pH reaching 12.59, followed by the dropwise addition of
0.5M H,SO, to adjust the pH back. As shown in Figure 6b,
with the addition of KOH, the V,Os gradually dissolves
completely, alongside the color of the solution becomes
lighter until colorless. A platform emerges at pH=~6.06—
6.24, corresponding to the predominant dissolution process
of V,0;s, in which the Raman spectroscopy indicates that the
main species are V,04,(OH)*™ (at 949 cm™) and VO5;(OH)*

Angew. Chem. Int. Ed. 2024, 202405593 (9 of 13)
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(at 326 cm ™). As the pH increases, the dissolved vana-
dium species predominantly transitions to V,0;* (pH=
10.53, located at 877 cm™'). Following acidification, the
solution becomes deep yellow, and the Raman spectrum
indicates the presence of V;,O,(OH),* (pH=4.66, located
at 1005 cm ™). However, further acidification to a pH of
1.68 resulted in an unstable solution and gradual formation
of solid vanadium oxides (Figure S19). These observations
are basically consistent with the V(V)-H,O Pourbaix dia-
gram (Figure S20), suggesting that V,0s exhibits relative
stability under acidic conditions but dissolves into polyox-
ovanadate ions in alkaline environments. The condensation
degree of these ions increases with decreasing pH and rising
concentration, leading to darker coloration and more
complex compositions of the solution.’!

It is worth noting that some polyoxovanadate ions
cannot coexist with Zn’* due to the pH window of Zn*"
-containing solution and the generation of insoluble zinc
vanadate. The vanadate-containing solution obtained during
titration at a pH of 4.66 is mixed with the 0.5M ZnSO, in a
volume ratio of 1:8, thus obtaining a mixed solution
(denoted as Z-V solution) containing both Zn’" and
vanadate. The polyoxovanadate ions with a low degree of
condensation are hardly detected in Z—V solution by Raman
spectra (Figure 6c). However, the Z—V solution appears as a
clear yellow liquid in its digital photograph (Figure S21),
indicating the existence of polyoxovanadate ions in the
electrolyte.’™® As shown in the nuclear magnetic resonance
spectrum of Z—V solution (Figure S22), the strongest peak
at 515.8 ppm is assigned to the V;;O,(OH),"", and two
peaks located at 499.4 ppm and 422.4 ppm are assigned to
V,00,°~.F*1 According to the V(V)-H,O Pourbaix diagram,
the present polyoxovanadate ion is speculated to be
decavanadate (principally of V,0,,(OH),""). Since there is
no insoluble matter precipitating from the Z—V solution
(Figure S21), it can be proved that the Zn** can coexist with
V,00,(OH),*". After undergoing 5 cycles in a symmetric
cell using Z—V solution (1 mAcm2, 1 mAhcm™?), a new
Raman peak located at 877 cm™' is detected on the surface
of bare Zn electrode (Figure 6¢), whose location is consis-
tent with the peak of V,0,*~ (pH =10.53). Besides, this peak
still exists when the Z—V solution is added onto the cycled
Zn electrode (Figure 6c), confirming the emergence of the
newly formed vanadium-containing insoluble species (Zns-
(OH),V,0,-2H,0, ZVO0),’™ showing the complex inter-
actions between vanadium species and electrolyte environ-
ment.

In situ Raman spectroscopy was employed within a
symmetric cell utilizing the Z—V solution to explore the
formation mechanisms of ZVO on Zn anodes. As shown in
Figure 6d, shortly after the beginning of electrodeposition, a
distinct peak of ZSH (967 cm™) appears on the surface of
bare Zn, which can be attributed to the pH increase at the
interface of Zn/electrolyte. Subsequently, the peak of ZVO
is observed at 877 cm™' and exhibits a low intensity during
the early stages of deposition. As zinc is stripped in the
subsequent process, the intensity of ZVO peak increases,
indicating the persistence of ZVO. However, by the second
cycle, the ZVO peak vanishes, likely due to the overlay of
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Figure 6. (a) Acid-base titration curve of V,0; by 1M KOH and 0.5 M H,SO, (the insertion is digital photos of solutions at different pH conditions),
and (b) their corresponding Raman spectra. (c) Raman spectra of different solutions and cycled Zn foil. (d—e) In situ Raman spectra of (d) bare Zn
and (e) Zn@Chelex-In electrodes in Z-V solution, which are performed in symmetric cells at 5 mAcm™? for 2.5 mAhcm™. (f) The ESP isosurface
plots between Chelex and V,,0,5(OH),*". (g) The potential energy of IDA group in Chelex interacting with V,40,6(OH),*" ion. (h) The cycle
performance of symmetric cells with Z—V solution (ZnSO, is 2 M) electrolyte. (i) The diffusion test of soluble vanadium species performed in an H-
type electrolytic cell (the solution is obtained from the acid-base titration process at pH of 4.66), and the corresponding concentration of vanadium
obtained by ICP-OES. (j) Schematic diagram of deterioration for bare Zn anode in Zn//V,O; full cells and the protection mechanism of the Chelex-

In layer.

extensive dendritic growth (Figure S23). Notably, the emer-
gence of ZVO leads to the consumption of OH™, competing
with the formation of ZSH, which disappears upon ZVO
formation. Moreover, according to the in situ Raman spectra
performed in pure 0.5M ZnSO, electrolyte (Figure S24), it
is observed that only the ZSH appears repeatedly during the
cycling, while there is no change observed at around
877 cm™', confirming the extra peak observed in the above
mentioned Z—V solution is indeed related to the insoluble
vanadium species. The configurations of vanadium com-
pounds are determined by the concentration of vanadium
and the pH of solution.’” Accordingly, it can be
speculated that the vanadium species in full cells with high-
loading of V,0; undergo the following steps to generate

Angew. Chem. Int. Ed. 2024, 202405593 (10 of 13)

ZVO on the zinc anode: During the discharging process, the
proton-embedding leads to a localized increase in pH at the
cathode interface, which leads to the dissolution of V,Os
(Figure S25, equation 2).¢%! Subsequently, the dissolved
vanadium species will be exposed to the bulk electrolyte and
suffer from the pH decrease, thus part of them are trans-
formed into V,i0,(OH),*~ (equation 3),”***! and shuttles
towards the anode side. The HER side reaction on zinc
anode will result in the pH increase at the Zn/electrolyte
(equation 4),”" leading to the formation of vanadium species
with a lower degree of condensation (equation 5),*) which
will combine with Zn’" to generate the insoluble ZVO
(equation 6).°%"!
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V,0s5 +40H™ — 2VO;(OH)*> +H,0 )
10VO;(OH)* +16 H* — V,0,,(OH);”+12H,0 (3)
H,0+2¢ —20H +H, 4)
V1005 (OH); +6 OH™ + 6 H,0 — 10 VO,(OH); 5)

2VO,(OH); 4+3 Zn*" + 3 H,0 —

6
Zn;(OH),V,0, - 2H,0 (ZVO) + 4H* ©)

Encouragingly, with the protection of Chelex-In resin
layer, neither ZSH nor ZVO are detected throughout the
entire cycling process (Figure 6¢). Moreover, the Raman
characteristic peak of Chelex-In remains unaltered (Fig-
ure S26), proving the excellent chemical stability of Chelex-
In. Furthermore, theoretical simulations are performed to
investigate how the Chelex-In layer prevents the migration
of soluble vanadium species. As presented in the ESP results
(Figure 6f), the richness of negative charge in Chelex can
keep the decavanadate away from the layer. Besides, the
potential energy between the IDA group and decavanadate
is always positive (Figure 6g), demonstrating that Chelex is
capable of repelling detrimental decavanadate ions, thus
helping to prevent the formation of ZVO on the anode
surface. In a further step, the Z—V solution (containing 2M
ZnS0O,) is directly employed as the electrolyte for Zn//Zn
symmetric cells to evaluate its influence on the zinc anode.
With the introduction of soluble vanadium species, the bare
Zn//Z—V solution//Zn symmetric cell fails within less than 5
cycles due to the internal short circuit (Figure 6h), whose
lifespan is much shorter than the symmetric cell employing
pure ZnSO, electrolyte (80 h, Figure 4a), highlighting the
serious damage caused by ZVO accumulation. However,
with the protection of Chelex-In layer, the lifespan of the
symmetric cell is extended to 1500 h, which proves the
reliability of the Chelex-In layer in preventing the erosion
from vanadium species. Besides, an intuitive diffusion test is
conducted in the H-type electrolytic cells (Figure 6i), which
validates that the Chelex-In resin layer can significantly
impede the shuttle of soluble vanadium species. The richness
of immobilized anion in Chelex-In resin can prevent the
decavanadate anion in electrolyte from contacting with zinc
anode directly through the electrostatic repulsion, mean-
while its synergistic regulation can inhibit the side reaction
and mitigates the pH fluctuations on the anode, thereby
averting ZVO generation on zinc electrode (Figure 6j). In
addition, the iodide cathode, which also suffers from the
serious crosstalk of dissolved cathode species (shuttle effect
of anionic polyiodide intermediates),’”! was also employed
as the cathode for the full cell assembly. As presented in
Figure S27, the Chelex-In layer can effectively inhibit the
shuttle of polyiodide, stabilizing the Zn anode. And the
Zn@Chelex-In//I, full cell can deliver an average discharge
capacity of 2.36 mAhcm? for exceeding 250 cycles with an
ultralow N/P ratio of 1.34, proving practical potential and
universality of indium-chelated resin protective layer.
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Conclusion

To conclude, from the perspective of stabilizing both the Zn
metal phase and the electrolyte phase of the Zn electrode/
electrolyte interphasial region, an indium-chelated resin
layer is developed on Zn surface to ensure the reversible Zn
chemistry throughout the entire lifespan. On the electrode
surface, the sustained indium release enables the persistent
anticatalytic effect of HER and continuous heterogeneous
nucleation sites for Zn deposition. In the electrolyte phase,
the anion-immobilized resin matrix can coordinate with zinc
ions and repel the injurious ingredients to achieve slower
side reactions and uniform Zn>" flux. Moreover, given the
huge discrepancy in Zn-anode’s lifespan in symmetrical cells
compared to that in full cells, this work proves the dissolved
cathode species, such as the decavanadate anions from V,0O;
cathode, is the primary factor that accelerates the deterio-
ration of Zn, particularly in the high-areal-capacity con-
ditions. Accordingly, based on preventing the crosstalk of
anionic cathode-dissolve products, such ingenious design of
chelated-resin modification reconciles Zn nucleation and
mass transfer behavior in the Zn/electrolyte interphasial
region, providing new insights into the practical high-areal-
capacity zinc metal batteries.
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An indium-chelated resin protective layer
is designed to stabilize the Zn/electro-
lyte interphasial region. The sustained
release of In** can provide continuous
heterogeneous nucleation sites for Zn
deposition and alleviate HER side reac-
tions, meanwhile the anchored resin
matrix layer can repel detrimental anions
like SO,% and V,0,6(OH),*", circum-
venting serious dendrite growth.
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