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Amorphous anion skeletons induce rapid and
cation-selective ion flux towards stable aqueous
zinc—iodine batteriest
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The aqueous zinc—iodine battery is considered a promising technology for large-scale energy storage due
to its high safety, large energy density, and easy accessibility. However, its development suffers from two
challenges: parasitic side reactions on Zn anodes and polyiodide shuttling effects. To overcome them, we
designed an artificial protective layer on the Zn anode based on amorphous zeolite-like Nay,Zn,(TeOs)s,
whose crystalline counterpart possesses periodic ion channels and an anion skeleton. It not only preserves
the original coordination environments and pore structures of the Na,Zn,(TeOs)s crystal, but also exhibits
broadened ion channels and shortened ion diffusion pathways. Combined with the superior structural
stability of the amorphous Na,Zn,(TeOs)s, the Zn anode can cycle stably for 2790 h at 1 mA cm~2 with a
low overpotential. Meanwhile, the Zn,(TeOx)s>~ anion skeleton can also repel |”-species and SO4%~ anions
from the anode surface, thus enabling outstanding Zn plating/stripping reversibility and excellent cycling
ability of the full cells coupled with different cathodes. Significantly, the capacity retention of the high mass
loading zinc—iodine pouch cell was 92.7% after 600 cycles. This work provides a novel strategy to achieve
high-performance zinc—iodine batteries, which has great promise for practical applications.

Aqueous zinc-iodine batteries are highly safe, have large volumetric energy densities, and are cost-effective, making them well-suited for grid-scale energy
storage devices. However, their practical implementation is significantly hampered by rampant Zn dendrite growth, polyiodide shuttling, and interfacial side
reactions. To solve this dilemma, we provide a facile strategy, constructing a cation-selective artificial layer on Zn anodes based on the amorphous

Na,Zn,(TeO3);. It possesses periodic ion channels and an anion skeleton, while exhibiting broadened ion channels and shortened ion diffusion pathways
compared to the crystalline counterpart. Benefitting from the rapid and cation-selective ion flux enabled by the amorphous Na,Zn,(TeO;); layer, a high stability

of the Zn platting/striping process is achieved, especially in terms of the superior cycle performance of the high loading zinc-iodine pouch battery. This work
emphasizes the importance of structural innovation of the interface material in promoting aqueous zinc-ion batteries.

Introduction

In the backdrop of the global energy crisis, the green transfor-
mation of energy through developing sustainable energy sources,
e.g., wind and solar energy, has become urgent.'” The wide
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application of reliable grid-scale energy storage instruments is
indispensable to enhance their utilization.* Lithium-ion bat-
teries are the mainstream electrochemical energy storage tech-
nology because of their substantial energy density and low self-
discharge rate.> However, the limited lithium resources and high
flammability of electrolytes severely hinder their commercial
application in stationary energy storage systems. Therefore, it
is crucial to develop other energy storage technologies that
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feature abundant resources and high safety for substitution, e.g.,
aqueous aluminum-ion, aqueous sodium-ion, and aqueous
magnesium-ion batteries.®®> Aqueous zinc-ion batteries are con-
sidered a promising energy storage technology due to their high
volumetric capacity of 5188 mA h ecm, low redox potential
(—0.72 V vs. standard hydrogen electrode), and abundance of the
anode materials."®'* Furthermore, the non-flammable and
environmentally friendly aqueous electrolytes also enable easy
fabrication, making them particularly suitable for grid-scale
energy storage.'” For cathode materials, iodine (I,) has garnered
widespread attention due to its high theoretical capacity and
abundance of raw materials, particularly the high discharge
potential plateau of 1.38 V vs. Zn>'/Zn, enabling batteries to
achieve a high energy density of 220 W h kgjoqine * (based on the
reversible conversion between I~ and 1°)."*'* However, the
practical application of zinc-iodine batteries is hindered by
uncontrollable parasitic reactions on the Zn metal anode (e.g.,
hydrogen evolution reaction, corrosion, and dendrite growth)
and the shuttle effect of the iodine cathode.”>™” Consequently,
the battery would generally cycle with low coulombic efficiency
(CE) and suffer from rapid short-circuiting.

Numerous efforts have been made to enhance the practical
feasibility of aqueous zinc-iodine batteries, including polyio-
dide shuttling elimination, iodine species confinement, and Zn
metal anode protection.’®*?° Among them, protecting the Zn
metal anode is rather crucial as the I" species in the electrolyte
also accelerate the performance decay of the anode. However,
the simultaneous realization of fast Zn®" ion transport and
long-term cycling stability of the battery remains a significant
challenge.””** The most common approach is using ion-
selective membranes that allow positively charged Zn>* ions
to pass through while preventing the diffusion of high-
concentration I;~ from the I, cathode to the Zn anode.'®**?*
For example, Nafion membranes are widely applied in zinc-
iodine batteries because of their reliable cation-selective per-
formance, attributed to the electrostatic repulsion effect gener-
ated by rich immobilized sulfonic acid groups.>® Nevertheless,
Nafion membranes typically have narrow and torturous ion
transport channels, thus generally delivering sluggish electro-
chemical reaction kinetics due to the anion-repelled ion
migration behavior.”® On the other hand, the pore engineer-
ing of porous polyolefin/carbon and metal-organic frame-
works (MOFs, e.g., Ui0-66 and Zn-BTC with diameters of 0.6
and 0.5 nm, respectively) has also been reported to effectively
block the large hydrated I;~ ions.?””?® In addition, they can
also exclude water molecules of hydrated Zn** ions and
uniformize Zn** ion flux at the interface to stabilize the Zn
anode. Regretfully, the structural stability of the ion diffusion
channels of MOFs and other porous materials in aqueous
electrolytes needs further improvement. In particular, the
charge/discharge processes would generate an alkaline
environment at the anode interface due to the violent HER,
thus accelerating the failure and blockage of those functional
interlayers.”® That is, searching for an interfacial material
with wide ion transport channels and high structural stability,
capable of long-term blockage of I;~ and rapid Zn** ion flux, is
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essential for the application of zinc-iodine batteries in grid-
scale energy storage applications.

Zemannite crystals are typically consistent with
A, ,[M,(TeOs);]-nH,0 (A = Na, K, Rb, Cs; M = Mn, Co, Ni, Cu,
Zn). They are made up of an anionic [M,(TeO5);]*~ framework
and A cations and are permeated by large and hexagonal
channels (about 0.82 nm) extending along the [001]
direction.***' Because of the larger structural frameworks
and channel size, we chose Na,Zn,(TeO3); crystals to construct
a protective layer on the Zn metal anode, which has the
potential to facilitate the Zn** ion transport process.”’ After
heat treatment, the crystalline Na,Zn,(TeO;); is confirmed to
be transformed into an amorphous one with preserved coordi-
nation environments and pore structures. The amorphous
Na,Zn,(TeO3); shows an enhanced structural stability and
shortened ion diffusion pathway (along the lone pairs of
electrons of the TeO; units), thereby enabling the Zn|Zn
symmetric cell a lifespan of 2790 h with a low and stable
overpotential. In addition, the presence of the Zn,(TeO3);>"
anion skeleton can also repulse SO,>~ and I;~ anions at the
anode interface, thus effectively suppressing the corrosion and
surface passivation of the Zn anode (Scheme 1). Consequently,
the amorphous Na,Zn,(TeO;); interlayer enables a high CE of
99.6% of the Zn| Cu half-cell, while the Zn| MnO, full-cells with
limited Zn (N/P ratio of 2.6, close to the practical application
level) could cycle stably for more than 620 cycles with little
capacity decay. In particular, when assembled into a high
loading Zn||I, pouch cell, they could still cycle stably 600 times
with a capacity retention of 92.7%, which is among the most
stable cycling performances to date. That is, the amorphous
Na,Zn,(TeO;); interlayer can not only push the aqueous zinc-
ion batteries towards practical application but also promote the
development of other electrochemical devices based on the
selective ion diffusion mechanism.

Results and discussion
Characterization of crystalline and amorphous samples

The crystalline Na,Zn,(TeO;); (named CNZT) powder was pre-
pared through a facile solvothermal method and then heated at
453 K under an Ar atmosphere to acquire its amorphous
counterpart, which is named ANZT. As exhibited in Fig. 1a,
the X-ray powder diffractometer (XRD) patterns show that all
diffraction peaks of the as-prepared CNZT sample resemble the
Na,Zn,(TeO3); (ICSD no. 97-003-3638). Those diffraction peaks
disappeared after heat treatment, indicating the crystalline NZT
powder was transformed into an amorphous one. Both the
CNZT and ANZT samples are highly stable, as their crystalline
and amorphous states were preserved after ball milling with
PVDF followed with a drying process at 375 K for 24 h. To clarify
the crystalline-amorphous transform progress of CNZT powder,
the differential scanning calorimetry (DSC) measurements were
carried out. Clearly, the weight loss of the sample begins at
383 K, which is accompanied by the endothermic peak in the DSC
up-scan curve (Fig. 1b). That is, the amorphous transformation

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 The role of the artificial interlayer based on the anion skeleton in inhibiting Zn dendrite and other side reactions on the Zn anode and its

amorphous transformation in enhancing ion diffusion kinetics.

process is mainly induced by the loss of water molecules in the
channels of CNZT samples.*?

To detect the structure evolution of the crystalline sample
during the heat-treatment process, the Raman spectra of both
the CNZT and ANZT powders were acquired. As shown in
Fig. 1c, the bands at 441 cm ™", 665 cm ™', and 782 cm ™ * belong
to the bending motion of O in the Zn-O-Te/Te-O-Te asym-
metric stretching, and the Te-O~ stretching, respectively.*® In
addition, their Fourier transform infrared spectroscopy (FTIR)
spectra (Fig. Sla, ESIt) also show identical peak locations of
about 590 cm™* and 643 cm ™!, corresponding to the Zn-O and
Te-O bonds, respectively.** Meanwhile, in the high-resolution
XPS O 1s and Te 3d spectra, signal peaks of CNZT and ANZT
exhibit similar locations and shapes, indicating the same
coordination environment around their O and Te atoms
(Fig. 1d and Fig. S1b, c, ESIt). It is worth mentioning that these
XPS signal peaks are slightly blue-shifted in the ANZT com-
pared to the CNZT, implying the longer Te-O and Zn-O bonds
in the ANZT sample, which will be discussed later. The BET
analysis also shows that the CNZT and ANZT powders possess
similar BET surface area, pore volume, and pore distribution
(Fig. S2, ESIY). These above results all confirm the chemical
composition and coordination environment of CNZT is

This journal is © The Royal Society of Chemistry 2025

preserved during the heat treatment, which can be confirmed
by the inductively coupled plasma (ICP) results in Table S1
(EST¥).

In addition, the scanning electron microscope (SEM) images
and energy dispersive spectrometer (EDS) results (Fig. S3, ESIT)
show both the CNZT and ANZT samples consist of small
particles with the uniformly distributed Na, O, Te, and Zn
elements. Furthermore, those small particles in ANZT are
slightly agglomerated during the amorphization process. The
selected-area electron diffraction (SAED) results confirm the
highly ordered single-crystalline hexagonal arrangement as
characterized by the Na,Zn,(TeO3); (210) plane with a crystal-
line interplanar spacing of 0.308 nm in the high-resolution
transmission electron microscopy (HRTEM) image, as shown in
Fig. 1e. However, for the ANZT sample, no periodic lattice
fringes are observed (Fig. 1f), which is in good agreement with
the XRD results.

Both the prepared CNZT and ANZT interlayers on the Zn
anode deliver smooth and compact morphology, thereby ensur-
ing the good protection effect for the Zn metal anode (Fig. 1g
and h). Meanwhile, their side-view SEM images were acquired
to determine the thickness of the prepared CNZT and ANZT
interlayers (Fig. S4, ESIt), which further prove that both the

Energy Environ. Sci., 2025, 18, 7267-7277 | 7269
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contact angles of different Zn anodes to the 2 M ZnSOy, electrolyte.

prepared interlayers are compact. The electrolyte wettability of
those interlayers between the Zn metal anode and the electro-
lyte was also essential to the interfacial ion transport process.
As displayed in Fig. 1i, both the CNZT (67.3°) and ANZT (65.8°)
interlayers exhibit relatively low contact angles to 2 M ZnSO,
electrolyte, which of the bare Zn anode is 99.8°, thus facilitating
Zn”" ion transport kinetics at the anode interface.*> The hard-
ness of the CNZT and ANZT interlayers are also compared by
nanoindentation measurement. As shown in Fig. S5 (ESI}), the
interlayer with CNZT shows low hardnesses of 148.1, 168.3, and
99.3 GPa at the three selected positions. In contrast, the
amorphous one delivers high hardnesses of 185.2, 197.8, and
200.3 GPa, thereby enabling the stability of the prepared inter-
face during cycling.*® In this work, the thickness of the used Zn
anode is 50 pm unless otherwise noted.

The enhanced ion transport kinetics in the ANZT interlayer

The detailed local structures of CNZT and ANZT samples were
studied through classical molecular dynamic (MD) simulations.
Based on the corresponding structural models, the radial
distribution function (RDF) curves were acquired. Clearly, the
Te-O coordination distance increased from 1.85 A (CNZT) to
1.95 A (ANZT), as displayed in Fig. 2a. According to the
structural model of Na,Zn,(TeO;); crystal, the ion transport
channels are formed by the alternating connection of TeO; and
ZnO, units. Therefore, the increased Te-O distance in ANZT
indicates the enlargement of the radius of those ion transport
channels. In addition, the contained Na* ions in the hexagonal

7270 | Energy Environ. Sci., 2025, 18, 7267-7277

channels extending along the [001] direction that consist of the
anionic [Zn,(TeO3);]>~ framework can be exchanged with the
external metal ions.*® Therefore, we propose that the Zn>" ions
in the electrolyte will also replace the Na' ions in those
channels during cycling (Fig. Séc, ESIT). To confirm this, the
high-resolution Na 1s XPS spectra of CNZT and ANZT inter-
layers before and after cycles were acquired and compared. As
shown in Fig. S6d (ESIt), the peaks of the Na 1s XPS spectra of
the ANZT and CNZT interlayers located at about 1071 eV
(belong to the Na' ions), both disappear after cycling, implying
the loss of Na' ions in the channels.

On the other hand, the Zn®" ion diffusion path in the
channels is determined by the DFT calculation (Fig. 2b). Spe-
cifically, the O site (—1.35 eV) in the channel shows the
strongest interaction with the adsorbed Zn atom, which for
the Te site and Zn site to Zn atoms are —0.59 eV and —0.16 eV,
respectively. Consequently, the Zn®" ion is energetically pre-
ferred to transport along the O site to the O site in the
channel.”” However, according to the structural model of
CNZT, the arrangement of O atoms along the channels’ wall
are not even. Specifically, the Zn>* ion diffuses to an adjacent O
atom at a distance of 2.78 A, and then needs to diffuse an
additional 4.85 A to reach the third O atom, thus hindering the
Zn>" jon’s transport process. As shown in the RDF curves in
Fig. 2c, the O-O coordination distance between the first and
second coordination layers of ANZT slightly decreased com-
pared to that of the CNZT sample. Meanwhile, the O-O coordi-
nation number increases from 6.6 (CNZT) to 8.1 (ANZT). As a

This journal is © The Royal Society of Chemistry 2025
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(a) The radial distribution function (RDF) curves of the Te—O distance of the CNZT and ANZT samples that are based on classical molecular

dynamics simulation, insert: corresponding structural model of the Na,Zn,(TeOs3)s crystal. (b) Calculated binding energies between the O, Te, and Zn sites
of CNZT toward the adsorbed Zn atom with the corresponding charge difference pictures. (c) The RDF and coordination number curves of the O-O
distance of CNZT and ANZT samples (based on classical molecular dynamics simulation). (d) The mean square displacement (MSD) results of Zn>* ions in
the channels of the CNZT and ANZT samples. (e) A schematic illustration of the reason for the faster Zn2* ion transport kinetics in the ANZT compared to
the CNZT samples. (f) The calculated activation energy for hydrated Zn?* ions in the electrolyte to deposit on bare Zn, CNZT@Zn, and ANZT@Zn anodes.
(g) Temperature-varied 2*Na NMR spectra of the ANZT and CNZT samples. (h) The full width at half maximum of the peaks in the 2Na NMR spectra of

different samples.

result, based on the mean square displacements (MSD, Fig. 2d)
curves, the calculated Zn?>' ion diffusion coefficient in the
channel of CNZT (3.2 x 10~° A®> ps™") is obviously lower than
the Zn>" ions in ANZT (5.3 x 107> A* ps~"). Based on their
structure models, Fig. 2e schematically describes the randomly
arrangement of O atoms on the wall of channel in ANZT
sample, thus reducing the diffusion distance of Zn>" ion.

In this way, the calculated activation energy for Zn>* ions in
the electrolyte to deposit on the ANZT@Zn anode is the
smallest (25.58 k] mol ', Fig. 2f and Fig. See-g, ESIt). The
activation energies on the CNZT@Zn anode and the bare Zn
anode are 28.36 and 33.73 k] mol ', respectively. Furthermore,
the temperature-varied nuclear magnetic resonance (NMR)
measurement was also conducted to study the ion transport
kinetics in the channels of the CNZT and ANZT samples. The
full width at half maximum (FWHM) of the signal of NMR
spectra is closely associated with the ion diffusion coefficient.®
Here, the >*Na NMR spectrum is used to substitute the ®’Zn

This journal is © The Royal Society of Chemistry 2025

NMR spectrum to evaluate the ion diffusion kinetics because of
its higher sensitivity to the NMR measurement. As shown in
Fig. 2g and h, the FWHM values of ANZT are less influenced by
the test temperatures (increasing from 0 to 80 °C) compared to
the CNZT, indicating a larger ion diffusion coefficient.*® These
above results confirm that the amorphous Na,Zn,(TeO3); could
effectively enhance the Zn>" ion transport kinetics by enlarging
the diameter of channels and reducing the distance for ion
diffusion. Note that the signal peak of the >*Na NMR spectrum
of the CNZT layer almost disappeared after one Zn plating/
stripping cycle (Fig. S7a, ESI{), further confirming the Na* ion
in the channel is replaced by the transported Zn** ion in
electrolyte. Consequently, the Zn metal anode with the ANZT
interlayer shows the highest Zn>" ion transference number of
0.87 (which of bare Zn and CNZT@Zn anodes are 0.58 and 0.75,
respectively, Fig. S7b-f, ESIt). Therefore, the ANZT interlayer
enables cells with the fastest Zn plating/stripping kinetics (the
CV curves of half-cells) and the smallest Zn plating/stripping

Energy Environ. Sci., 2025,18, 7267-7277 | 7271
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overpotential (the rate performance of symmetry cells, Fig. S8,
ESIt) compared to others electrodes.

The electrochemical performance of cells with different anodes

To further determine the superiority of the ANZT interlayer, the
ANZT@Zn, ANZT@Cu, CNZT@Zn, CNZT@Cu, bare Zn, and bare
Cu electrodes were assembled into Zn| Cu half-cells and Zn||Zn
symmetric cells to carry out the electrochemical measurement.
For the Zn||Cu half-cells, the bare Cu electrode delivers a low
average CE (ACE) of 94.8% at the current density of 1 mA cm™>
(Fig. 3a). Surprisingly, the CNZT and ANZT interlayers signifi-
cantly promote the reversibility of the half-cell, as the ACE
reached 98.6% and 99.2%, respectively. The corresponding
charge/discharge curves of the half-cell with bare Cu electrode
shows the gradually increasing voltage polarizations during
cycling, and then failed after 100 cycles, as displayed in
Fig. 3b. In striking contrast, the voltage polarization of the
half-cell with the ANZT interlayer is almost unchanged even after
500 cycles, emphasizing its outstanding cyclic stability (Fig. 3c).
For the cell with the CNZT@Cu electrode, its polarization
significantly increases after 200 cycles due to the fast failure of
the interlayer (Fig. S9a, ESIT). The smallest corrosion current and
the lowest onset potential for the HER explain the superior
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cyclic stability of the Zn||ANZT@Cu half-cell, including the
high CE at 5 mA cm™? (Fig. $9b-d, ESIt). In addition, the long-
term cycling stability of the Zn||Zn symmetric cells with or
without the CNZT and ANZT interlayers was evaluated. As
displayed in Fig. 3d, under a current density of 1 mA cm >
with a capacity of 1 mA h cm™?, the ANZT@Zn anode realizes
the longest lifespan of 2790 h, as well as the lowest over-
potential among the three Zn anodes. For the CNZT@Zn and
bare Zn anodes, they exhibit shorter cyclic lifespans of 962 and
142 h, respectively. In addition, these cells were also tested
under high current densities of 9 mA cm™? (with a capacity of
4.5 mA cm~ > and 10 um Zn foil, Fig. S9¢, ESIT) and 20 mA cm >
with a capacity of 5 mA h cm 2. As displayed in Fig. 3e, the bare
Zn anode merely sustains for 33 h, while the CNZT@Zn and
ANZT@Zn anodes can cycle for 450 and 800 h. In short, as
shown in Fig. 3f and Table S2 (ESIt), when compared to the
recently reported Zn anode modification strategies, the ANZT
interlayer shows the most superior performance.*

To determine the potential of the designed ANZT artificial
interlayer in practical applications, the Zn|MnO, and
Zn|NH,V,0,, cells with the ANZT@Zn anode were tested.
The CV curves of the ANZT@Zn|MnO, cell exhibit a smaller
polarization than the bare Zn|MnO, cell, indicating its faster

(@) (b)  oas T (c) o4
<100 — e ORGSO Bare Cu / ANZT@Cu
5 031 —5th 0.3 ——5th

——20th — ——20th

S 90 CE=99.6% s Soth > soth
c © 02- 100th © 02 100th
& o . o 200th
O 80 E 2 ~— 500th
o = 01- =
2 [ o
o O Bare Cu > 1 "——ﬁ;) >
g 70 1mAcm? 0.0- X
o 0 ANZT@Cu \\ -
3 |
Q 60 0.1 0.1
o 200 400 600 800 1000 00 02 04 06 08 10 00 02 04 06 08 10

Cycle number

Capacity (mAh cm?)

Capacity (mAh cm?)

d 03 e 0.8 N —
( ) Bare Zn ( ) Bare Zn (f) E 20 = PVDF@Sn 2Zn(002) "E
0.2 1 mA cm?, 1 mAh cm? 5 5 © 45 SALs = CIL H
Py ANZT@Zn 0.4 20mAcmSmAhcm TeT E it Zn(oR), cel =
: = NI@NIO@Ag = ESM
2 04 > £n | ‘é
3, : 2 LR <
0o Ee s >
s g _ g° e =17’
- 01 —
g 0.1 | >° w2f o2f = 23
o8 of [T 04 ool || J’ L 00 5 = This work S
0.2 ] | = e ig
. wfd 5 02 £ ©
- ] o o5 —— o i z
0. o
0 500 1000 1500 2000 2500 3000 0 200 400 600 800 0 800 1200 1800 2400 3000
Lifespan (h) Lifespan (h) Lifespan (h)
(9) == 300 ~(h) T 400 — (i) T s00
= i 1003 e 100 o] 100
2 ' - 3 2 El 5
= 1Ag" & B g0 2 £ 300 osAg! o BareZnMnO, 80 & £ 600 , o Bare ZnINHY.0. 80 o
200 @ ANZT@Zn|MnO, 2 = N/P =26 ® ANZT@Zn| Mno, @ = 1Ag @ ANZT@Zn|NH,V,0 )
2 w2 & R 60 2
3 % 3 T g %
a -3 o
d40 O o \\‘ 40 O
e g S ‘g S 200 'g
) ) o
b= s & s & G
3 2 3 : 3 2
0 - 0o ° [ . o ° 0+ 0
& o 500 1000 1500 © & o 200 400 600 © & "0 200 400 600 800 1000 ©

Cycle number

Cycle number

Cycle number

Fig. 3 (a) CE test of the Zn| Cu half-cells with bare Cu, CNZT@Cu, and ANZT@Cu electrodes (1 mA cm~2/1 mA h cm~2). Charge-discharge curves of the
Zn||Cu half-cells with (b) bare Cu and (c) ANZT@Cu electrodes at the 5th, 20th, 50th, 100th, 200th, and 500th cycles, respectively. Cycle performance of

the Zn||Zn symmetric cell cycled at a current density of (d) 1 mA cm™2 with a capacity of 1 mA h cm~2 and (e) 20 mA cm™~2 with a capacity of 5mA hcm

-2

(f) Comparison of the cyclic lifespan of the ANZT@Zn anode with recently reported anode-modified strategies. Cycling performance of the Zn||MnO,
cells at the current densities of (g) 1A g~ and (h) 0.5 A g~* (10 um Zn foil, with a low N/P ratio of 2.6). (i) Cycling performance of the Zn||NH4V,4O1, cells

with bare Zn and ANZT@Zn anodes at a current density of 1 A g%
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electrochemical reaction kinetics (Fig. S10a, ESIT). Similarly,
the charge/discharge curves of the full-cell with the ANZT@Zn
anode show a much lower voltage polarization of 305 mV
compared to the cell with bare Zn anode (373 mV) and a better
rate performance (Fig. S10b and c, ESIT). On the other hand,
the long-term cycling stability of those full cells was also
tested. The ANZT@Zn|MnO, cell prevents a discharge capa-
city of 108.9 mA h g~ ' after cycling for 1500 cycles under a
current density of 1 A g~ ' with a capacity retention of 79.2%
(Fig. 3g). In contrast, the bare Zn|MnO, cell undergoes fast
decay of its discharge capacity after 482 cycles and then fails
after 610 cycles due to the formation of Zn dendrites
(Fig. S10d, ESIt). Furthermore, the Zn|MnO, cells were also
tested under the conditions closed to practical application
(the N/P ratio reduces to 2.6, Fig. 3h). The ANZT interlayer still
endows an excellent cycling performance of the Zn | MnO, cell.
In detail, the cell with the ANZT@Zn anode maintains stable
cycling for 600 times, which of the bare Zn anode is 142 times.
Meanwhile, the Zn|NH,V,0, cells with different Zn anodes
were tested at the current density of 1 A g~ ' to confirm the
universality of the designed ANZT interlayer. As shown in
Fig. 3i, the ANZT@Zn|NH,V,0,, cell maintains stable cycling
for about 1000 cycles and delivers a discharge capacity reten-
tion of 80.1% (336.3 mA h g~'). For the bare Zn|NH,V,0;,
cell, although it delivers a similar initial discharge capacity as
the ANZT@Zn anode, its discharge capacity suddenly reduces
after 56 cycles and fails after 513 cycles.

Study of Zn deposition morphology and interface stability

The analysis of Zn deposition morphology was carried out to
clarify the origin of the excellent stability of the Zn metal anode
that enabled by the ANZT interlayer. The focused ion beam
scanning electron microscopy (FIB-SEM) technology is powerful
in studying the micromorphology of deposited Zn metal on Cu
electrodes. For the cross-section SEM image of FIB-milled bare
Cu electrode (after 2.5 mA h em ™2 Zn metal deposited, Fig. 4a),
the nucleation and growth of Zn are uneven, thus accelerating
the growth of Zn dendrite. In contrast, as shown in Fig. 4b, the
Zn deposition morphology on the ANZT@Cu electrode is uni-
form and tightly attached to the substrate. Furthermore, the Zn
deposition morphologies on different Zn anodes during the Zn
plating/stripping cycling were investigated. After 50 cycles at the
current density of 5 mA h cm™? with a capacity of 2.5 mAh cm ™2,
the surface of cycled bare Zn anode is uneven and accompanied
by the formation of Zn dendrites (Fig. 4c). Meanwhile, the
corresponding enlarged SEM image shows that the orientation
of deposited Zn plates is random, causing the incoherent
distribution of electric field and ion flux at the anode interface.
In contrast, as displayed in Fig. 4d, the surface of the cycled
ANZT@Zn anode is still smooth, and the enlarged SEM images
show that most of the deposited Zn metal is oriented with the
(101) plane, thus delivering a dense Zn deposition morphology.
The corresponding side-view SEM images also confirm that the
Zn deposition on the bare Zn anode is loose and accompanied by
many byproducts, whereas the Zn deposition on the ANZT@Zn
anode is remarkably even and compact (Fig. S11a and b, ESI}). In
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addition, the in situ optical microscopy measurement was used
to further detect the Zn deposition morphology evolution in a
large view. Obviously, as displayed in Fig. 4e, some Zn dendrites
form and grow on the bare Zn anode with the continuing Zn
deposition process. For the ANZT@Zn anode, the uniform Zn
deposition morphology can be maintained for over 15 minutes.
This morphology is highly dependent on the stable Zn>* ion
channels and their suppression of the two-dimensional diffusion
of Zn®" ions on the anode surface (Fig. S11c, ESIY).

The XRD patterns of all the bare Zn, CNZT@Zn, and
ANZT@Zn anodes after 20 cycles were acquired and displayed
in Fig. 4f. Specifically, a diffraction peak at around 8.7° is
observed from the bare Zn anode after 20 cycles, indicating
the formation of Zn,(SO,)4(OH)¢-5H,0.%° For comparison, this
diffraction peak cannot be found on the cycled CNZT@Zn and
ANZT®@Zn anodes, implying that the side reactions on them are
effectively suppressed. Besides, the values of I(191)/I(o02) Of bare
Zn, CNZT@Zn, and ANZT@Zn are 3.85, 6.64, and 7.08, respec-
tively, indicating that the NZT interlayers can realize the Zn
deposition along the Zn (101) plane. Therefore, a compact Zn
deposition morphology is achieved on the ANZT@Zn surface
(as confirmed by the SEM image), which also effectively reduces
the contact area between the Zn anode and electrolyte to inhibit
the side reactions.”” As determined by the DFT calculation
(Fig. S11d, ESIY), the Zn (101) plane shows the highest adsorp-
tion energy of 6.54 €V to the TeO;>~ group, which of the Zn
(002) and Zn (100) planes are 1.63 and 2.77 eV. Therefore, the
TeO,>~ group that fixed on the ion channels of the ANZT
interlayer can guide the Zn metal deposition along the Zn (101)
plane.*!

When cycled for 120 times, the diffraction peaks of
Zn,(SO4)4(OH)-5H,0 are still not observed from the XRD
pattern of the ANZT@Zn anode, and the Ij01)/fj002) value
increases to 9.27. However, for the CNZT@Zn anode, a weak
peak of the byproduct is observed in the XRD pattern, and the
I101)/I(002) value reduces to 2.88. That is, the CNZT interlayer
gradually lost its ability to protect the Zn anode during cycling.
To clarify this, XPS measurement of the CNZT and ANZT inter-
layers was conducted to discuss their structure evolution during
cycling. As shown in Fig. 4g, the peak located at 1021.3 eV in the
Zn 2p XPS spectra belongs to the Zn-O bond, which in the ANZT
interlayer is almost unchanged before and after 120 cycles. For
the CNZT interlayer, this peak shifts to a higher binding energy
of 1022.2 eV after 120 cycles, which belongs to the Zn-OH
bond.*? As a supplement, the high-resolution O 1s XPS spectra
are also acquired, and the peak at 530.5 eV belongs to the
anionic [Zn,(TeO;);]>~ skeleton (Fig. 4h). The location of this
peak of the ANZT interlayer is almost unchanged before and
after 120 cycles, verifying the local structure of the anionic
[Zn,(TeOs);]*~ framework is preserved. This peak slightly broad-
ens due to the residue of electrolyte. However, a significantly
broad and blue shift happens to the O 1s spectrum of the CNZT
interlayer after 120 cycles, indicating severe structural destruc-
tion and side reactions during cycling. In addition, the Te 3d XPS
spectrum of the ANZT interlayer exhibits the same peak location
(575.3 eV, belonging to the Te**~0 bond, Fig. 4i) before and after
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Fig. 4 Side-view SEM images of FIB-milled (a) bare Cu and (b) ANZT@Cu electrodes with 2.5 mA h cm~2 Zn metal deposition (at 5 mA cm~2) and the
corresponding EDS mapping results. SEM images of (c) bare Zn and (d) ANZT@Zn electrodes after 50 cycles at 5 mA h cm™2/2.5 mA h cm™2, and the
enlarged SEM images are inserted on the right. (e) In situ optical microscopy measurement records the Zn deposition morphology on bare Zn and
ANZT@Zn anodes (100 um Zn foil) at a current density of 30 mA cm ™2, scale bar: 100 um. (f) XRD patterns of bare Zn, CNZT@Zn, and ANZT@Zn anodes
after different cycle numbers (in symmetric cells at 1 mA cm~2/1 mA h cm™2), with calculated /ig02//u01) Values. High resolution XPS spectra of (g) Zn 2p,
(h) O 1s, and (i) Te 3d of CNZT and ANZT interlayers after 120 cycles (in symmetric cells at 1 mA cm~2/1 mA h cm™2).

120 cycles, confirming the Te-O bond of the anionic [Zn,(TeOs);]*~
framework is preserved during cycling. In contrast, the Te 3d XPS
spectrum of CNZT after 120 cycles shows a broad peak which shifts
towards a higher binding energy, indicating the coordination
environment of the Te atom is significantly changed. These
characterizations all determine the superior structural stability of
the ANZT interlayer, thereby exhibiting the stable charge transfer
resistance of the symmetric cell during cycling (Fig. S12, ESIT).

Anion rejection behaviour of the designed interlayer

The negatively charged [Zn,(TeO;);]*>” skeleton of the ANZT
interlayer can also reject the SO,>~ and I*”~ anions from the Zn
anode surface to avoid the byproducts formation and shuttle
effect. In this way, the interlayer can prevent the fast capacity
decay when coupled with the iodine cathode. To determine its
ability in rejecting SO,>~ ions, the in situ Raman measurement
was carried out on the bare Cu and ANZT@Cu mesh electrodes

7274 | Energy Environ. Sci., 2025, 18, 7267-7277

in a custom mold. As shown in Fig. 5a, during the Zn plating
process, a strong peak occurs at about 980 cm™ " in the Raman
spectra of the bare Cu mesh electrode, which belongs to the
vibration of $0,>.'° However, for the ANZT@Cu mesh elec-
trode, only a weak peak can be observed from the Raman
spectra during the Zn deposition process, implying the side
reactions are effectively suppressed (Fig. 5b). As a supplemen-
tary investigation, Ar'-etching XPS measurements were also
adapted to study the depth distribution of S element on
different Zn anodes after 50 cycles in the symmetry cells. As
displayed in Fig. 5c, the signal peak of the S element could be
detected even after 150 nm of Ar'-etching from the bare Zn
anode surface. In contrast, on the surface of the ANZT@Zn
anode, this peak cannot be observed in the S 2p XPS spectrum
after Ar'-etching for merely 50 nm. In addition, the corres-
ponding SEM images and EDS results of the two Zn anodes
after cycling were acquired. The content of the S element on the

This journal is © The Royal Society of Chemistry 2025
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In situ Raman spectra of (a) bare Cu mesh and (b) ANZT@Cu mesh during the Zn plating/stripping process. (c) The Ar-etching high-resolution

XPS spectra of S 2p of bare Zn and ANZT@Zn anodes after 50 cycles in the symmetric cells (at 5 mA cm~2/2.5 mA cm™2). (d) Optical images of H-type
glass mold with anolyte (left, 0.5 M KIOs and 0.1 M I,), catholyte (0.5 M KIOs), and the GF separator with/without the ANZT coating layer. (e) The Ar*-
etching high-resolution XPS spectra of | 3d of bare Zn and ANZT@Zn anodes after 100 cycles in the Zn|I, cells (at 1 A g™4). (f) Electrochemical aging test
(from 0.5 to 5 h standing after full charge state) for Zn||1, batteries with bare Zn (upper) and ANZT@Zn (lower) anodes. (g) The cycling performance of
Zn||I; cells with bare Zn and ANZT@Zn anodes at a current density of 2 A g’l. (h) The cycling performance of Zn||l, pouch cells with different Zn anodes at
a current density of 1 A g~* with the high cathode mass loading of 9.31 (bare Zn) and 9.75 (ANZT@Zn) mg cm—2.

bare Zn anode is 5.6%, which on the ANZT@Zn anode reduced
to 0.9% (Fig. S13, ESIt). All the above results verify the excellent
ability of the ANZT interlayer in expelling the SO anions
from the Zn anode surface to avoid the formation of bypro-
ducts. Consequently, their Ar'-etching high-resolution XPS
spectra (O 1s and Zn 2p) show that the considerable amounts
of oxygen-containing byproducts were detected on bare Zn after
150 nm of etching, while cannot be detected on the ANZT@Zn
anode after 50 nm of etching (Fig. S14, ESI}).

The iodine-diffusion, Raman, and UV/vis measurements
were carried out to confirm the ability of the ANZT interlayer
to repel the iodine compound in the electrolyte during cycling.
First, we prepared an ANZT layer on a glass matrix, then
transferred and attached it to the surface of the glass fiber
(GF) separator, named ANZT@GF separator. Those separators
were fixed at the middle joint of the H-type glass mold (left:
0.5 M KIO; + 0.1 M I; right: 0.5 M KIO3), and left for 6 min, 6 h,
1 day, and 2 days for photographing (Fig. 5d). Clearly, for the
H-type glass mold with the GF separator, the iodine-containing
yellow solution on the left permeates into the bottom of the
right transparent solution after standing for just 6 min. And the
solution on the right gradually turns yellow from the bottom up
after standing for 2 days. Whereas, for the mold with the
ANZT@GF separator, the solution on the right remains

This journal is © The Royal Society of Chemistry 2025

transparent even after standing for 2 days because only small
amounts of I-contained species permeate through. This result
can also be confirmed by the Ar'-etching XPS of the bare Zn and
ANZT®@Zn anode after 100 cycles in the Zn| I, cell. The high-
resolution XPS spectra of I 3d of the cycled bare Zn anode
delivers an obvious signal peak even after etching for 200 nm
(Fig. 5e). In contrast, benefitting from the protection effect of
the ANZT layer, the signal peak of I 3d can hardly be detected
on the ANZT@Zn anode surface. Furthermore, the ex situ
Raman and UV/vis were also used to determine the accumula-
tion of polyiodide compounds on these Zn anode surfaces
during the continuous charge/discharge process. As displayed
in Fig. S15 (ESIT), the concentration of I;~ (the peak located at
103 cm~ ' in the Raman spectra) on the bare Zn anode is
significantly increased as the cycle number is increased.*’ In
contrast, the concentration of I;~ on the Zn anode under the
ANZT interlayer remains at a low concentration. In addition,
the concentration of I (the peak located at 220 nm in the UV/
vis spectra) on the bare Zn anode also significantly increases
during cycling, which on the ANZT anode is almost
unchanged.”® In other words, the ANZT interlayer can effec-
tively eliminate the I;~ accumulation on Zn anode (its accumula-
tion would cause the incomplete conversion of L,/I” and the
corrosion of Zn anode), thereby stabilizing the Zn||I, battery.
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The Zn||1, full-cell with bare Zn and ANZT@Zn anodes were
assembled and tested to evaluate the superiority of the ANZT
interlayer. As shown in the CV curve (Fig. S16, ESIt), both the
cells with bare Zn and ANZT@Zn anodes exhibit one paired
reduction and oxidation peaks. The smaller polarization
between redox peaks and the higher current of the cell with
the ANZT@Zn anode compared to bare Zn imply faster electro-
chemical reaction kinetics and higher iodine utilization.***®
Consequently, it delivers an excellent rate performance under
the step-varied current densities from 0.2 to 2 A g~'. Mean-
while, the aging test (Fig. 5f) also confirms the superior
performance of the ANZT interlayer in stabilizing the Zn|I,
cell, as the cell only exhibits a slight decay of the discharge
capacity after aging for 5 h. In addition, as presented in Fig. 5g,
under the current density of 2 A g ', the discharge capacity of
the Zn| I, cell with the bare Zn anode decays at 580 cycles, and
the cell failed after 4060 cycles. In contrast, the cell with the
ANZT®@Zn anode maintains stable cycling for more than 5500
cycles with a capacity retention of 99.3%. Furthermore, these
Zn anodes and I, cathodes were assembled into a pouch cell
and tested under conditions close to those of practical applica-
tions, as shown in Fig. 5h. When the cathode mass loading
arrived at 9.75 mg cm™?, after activation for 10 cycles, the
ANZT®@Zn|]I, pouch cell still maintained stable cycling for
600 times with a capacity retention of 92.7% at a current
density of 1 A g~'. However, the bare Zn|I, pouch cell shows
a fast capacity decay and then failed after 98 cycles, which is
ascribed to the magnification of both the polyiodide shuttling
and side reactions in the pouch cell compared to the coin
cell."**” 1t is worth mentioning that the cyclic ability of the
assembled pouch cell is superior to recently reported high mass
loading pouch cells with different types of cathode materials,
including I,, VO,, LiMn0O,0,, and NaV;Og (Table S3, ESIT).

Conclusions

In this work, the construction of an amorphous zeolite-like
Na,Zn,(TeO;); interlayer enhances the electrochemical kinetics
of the Zn metal anode. Meanwhile, it realizes the excellent cycling
lifespan and reversibility of the Zn anode and the excellent cycling
ability of the zinc-iodine/MnO,/NH,V,0,, batteries. Through
elaborate structural characterization, the coordination environ-
ment and pore structure of the crystalline Na,Zn,(TeO3); sample
is confirmed to be preserved in its amorphous counterpart.
Besides, based on the MD simulation and ssSNMR measurement,
both the increased distance of the Te-O bond and the reduced
distance between the O atom of the first and second coordination
layers help the fast Zn®" ion transport process. Meanwhile, the
constructed interlayer realizes the closely arranged Zn deposition
morphology along the Zn (101) plane, thus effectively inhibiting
the Zn dendrite and water-induced parasitic reactions. It is worth
mentioning that the Zn,(TeO;);>  anion skeleton is verified to
repel the SO, and I” anions from the Zn anode surface, thus
suppressing the shuttle effect of the I, cathode and inhibiting the
corrosion/byproducts on the Zn metal anode. Consequently, the

7276 | Energy Environ. Sci., 2025, 18, 7267-7277

View Article Online

Energy & Environmental Science

ANZT interlayer achieves a long lifespan of Zn anodes and high
Zn deposition/stripping reversibility, including superior electro-
chemical performances when coupling the modified Zn anode
with MnO,, NH,V,0,,, and I, cathodes. In short, our work
provides a deep insight into the ion transport mechanism of
porous materials and its multiple protective effects for the Zn
metal anode to promote the development of high-performance
aqueous zinc-ion batteries.
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