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Rechargeable aqueous zinc-metal batteries, considered as the possible post-
lithium-ion battery technology for large-scale energy storage, face severe
challenges such as dendrite growth and hydrogen evolution side reaction
(HER) on Zn negative electrode. Herein, a three-dimensional Cu-In alloy
interface is developed through a facile potential co-replacement route to
realize uniform Zn nucleation and HER anticatalytic effect simultaneously.
Both theoretical calculations and experimental results demonstrate that this
bifunctional Cu-In alloy interface inherits the merits of low Zn-nucleation
overpotential and high HER overpotential from individual copper and indium
constituents, respectively. Moreover, the dynamical self-reconstruction dur-
ing cycling leads to an HER-anticatalytic and zincophilic gradient hierarchical
structure, enabling highly reversible Zn chemistry with dendrite-free Zn (002)
deposition and inhibited HER. Moreover, the improved interface stability
featured by negligible pH fluctuations in the diffusion layer and suppressed by-
product formation is evidenced by in-situ scanning probe technology, Raman
spectroscopy, and electrochemical gas chromatography. Consequently, the
lifespan of the Culn@Zn symmetric cell is extended to more than one year with
a voltage hysteresis of 6 mV. Importantly, the Culn@Zn negative electrode is
also successfully coupled with high-loading iodine positive electrode to fab-
ricate Ah-level (1.1 Ah) laminated pouch cell, which exhibits a capacity reten-
tion of 67.9% after 1700 cycles.

Since the invention and commercialization of Lithium-ion batteries
(LIBs) decades ago, they have evolved into the primary energy source
for electric vehicles, consumer electronics, and grid-scale energy
storage'. However, the escalating dependence on LIBs in these appli-
cation sectors has also highlighted their deficiency in terms of safety
performance, environmental sustainability, and cost driven by the
limited reserves of lithium sources®’. In response to the growing
demand for secure and cost-effective energy storage devices, aqueous
zinc-metal batteries (AZMBs) have emerged as highly promising

alternatives to LIBs*®. This is attributed to their non-flammable aqu-
eous electrolyte and water-compatible metallic zinc negative elec-
trode, which possesses a high specific capacity of 820 mAh g™ and low
redox potential of —-0.76 V (vs. standard hydrogen electrode (SHE))"°.
However, the irreversible Zn chemistry on the negative electrode side,
marked by notorious dendrite growth, parasitic hydrogen evolution
side reaction (HER), and the concomitant accumulation of by-products
(such as basic zinc sulfate, Zn,SO4(OH)¢xH,0, ZSH) (Fig. 1a), results in
low Zn utilization ratio, increased internal resistance and the risk of
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Fig. 1| Schematic diagram as well as structural and morphological character-
izations for Culn@Zn. Schematic diagram of a uncontrolled Zn chemistry on bare
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corresponding distribution of elements of Culn@Zn. i The HRTEM images of Cu-In
powder. j XRD patterns of pristine Cu-In particles. The Normalized XANES spectra
of k In K-edge and I Cu K-edge. Fourier transform (FT) of EXAFS spectra of m In
K-edge and n Cu K-edge in R-space. EXAFS curves fitting of Cu K-edge in o R space
and p k space.

short-circuiting, impeding the further progress of AZMBs in practical
applications™ ™,

According to the classical heterogeneous nucleation theory, Zn?
ions accept electrons to form Zn embryos at nucleation active sites
when the potential reaches a dip'**. Following instantaneous nuclea-
tion, the potential rises to a plateau potential, allowing for the sub-
sequent growth of Zn nuclei'®. Moreover, Zn*" ions exhibit a tendency
to gather and deposit in the vicinity of the already formed Zn nuclei
due to the deformation of the electric field, further facilitating the
continuous growth stage”. Therefore, Zn nucleation is one of the most
essential steps that influence the zinc deposition morphology and
induces the formation of dendrites®'®". Accordingly, various zinco-
philic metallic sites (Co, Sn, Cu, Ag, Ni, Bi, Sb)**?%, have been adopted
to optimize nucleation due to their relatively large binding energies
with Zn atoms. The tunned interfacial interaction between the

substrate and Zn can lower the Zn nucleation barrier, leading to a
smaller nucleation overpotential and suppressing dendritic Zn
growth”?’, Besides, hydrogen evolution reaction (HER) is also another
core issue to exacerbate the reversibility’ 2. The conventional single-
component zincophilic substrate design, however, faces challenges in
simultaneously addressing these issues such as HER and chemical
corrosion®, Specifically, the alkaline environment induced by these
processes results in the accumulation of ZSH at the interface®. This
weakens the bonding forces between zinc deposits and the substrate,
inducing dendrite formation®. Meanwhile, the dendrites will extend
the exposure area of active zinc, creating more HER sites and exacer-
bating the deterioration of the Zn negative electrode®. A direct strat-
egy to stabilize the Zn surface is to construct an artificial layer that
effectively restrains free water molecules and detrimental anions from
reacting with the inner metallic Zn**. From a fundamental
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perspective, designing a functional interface with both good zinco-
philicity and a passivated electrocatalytic feature for HER appears to
be the ultimate solution for achieving reversible and stable Zn metal
negative electrodes*™*. It is also noteworthy that most previously
reported advancements for Zn metal full batteries are performed on
laboratory-scale coin cells. While there are a few studies reporting Zn
metal pouch cells, they often fail to deliver prolonged cycle life (>500
cycles) at a relatively high cell-level energy (>1 Ah). Very recently, Zhi et
al.*** pioneered the development of high volumetric energy density
zinc metal pouch cells using vanadium oxides as positive electrodes,
paving the way to practical AZMBs. However, developing Ah-level Zn-I
pouch cells with satisfactory cycling stability is still a great challenge
due to the low Zn utilization induced by HER and corrosion of shuttled
polyiodides. Moreover, considering that any minor defect in coin cells
can be magnified in a practical pouch cell*®, the consistency of many
reported modification strategies in realistic high-energy Zn metal
batteries should be carefully examined.

Herein, a readily accessible three-dimensional (3D) Cu-In alloy
heterogeneous interface (Culn@Zn) is developed to realize uniform Zn
nucleation and hydrogen evolution anticatalytic effect simultaneously.
The Cu-In alloy inherits the zincophilicity of copper, reducing the Zn
nucleation barrier and suppressing dendritic Zn growth. Besides, the
alloying of indium improves the HER anticatalytic property (anti-HER)
of Cu-In interface, thereby mitigating uncontrolled Zn degradation
and resulting in a flat, by-product-free zinc electrodeposited layer with
Zn (002) preferential orientation (Fig. 1b). Moreover, the Culn@Zn is
observed to be self-reconstructed during cycling due to the slow oxi-
dation and reduction of indium, leading to a zincophilic and HER-
anticatalytic gradient hierarchical structure, thereby maximizing the
synergistic regulation. As a result, the Cu-In layer enables the
Culn@Zn||Culn@Zn symmetric cell stably cycles for more than 1 year
at 1 mA cm™ for 1 mAh cm™. More importantly, the Culn@Zn||l, pouch
cell can deliver an Ah level capacity (1.1 Ah) for more than 1700 cycles,
and steady power for the small electronic device, evidencing its prac-
tical potential. Based on the design of a multifunctional interface, this
work highlights the indispensability of both zincophilicity and HER
kinetics toward highly reversible practical Zn negative electrode.

Results

Structural and morphological characterizations

The Cu-In alloy interface is formed on the surface of metallic Zn
through a straightforward potential co-replacement route. As shownin
SEM (scanning electron microscope) images of the as-prepared
Culn@Zn electrode (Fig. 1c), the surface is coated with a three-
dimensional (3D) spherical interface. Element mappings indicate that
Cu, In, and Zn are homogeneously distributed in the layer (Supple-
mentary Fig. 1) and the primary particles of the interface layer (Sup-
plementary Fig. 2), which is consistent with the results of XPS (X-ray
photoelectron spectroscopy) (Supplementary Fig. 3). The content of
residual zinc in the Cu-In layer is quantified as 10 wt% by inductively
coupled plasma optical emission spectrometer (ICP-OES, Supple-
mentary Table 1). Furthermore, to clearly observe the surface structure
of Culn@Zn, focused ion beam machining system (FIB) processing was
employed to expose the cross-section of the Cu-In alloy interface. As
depicted in Fig. 1d, the Cu-In layer with a thickness of a few microns
integrates tightly with the Zn substrate without any particle shedding.
Meanwhile, elemental analysis reveals that the Cu and In elements
were predominantly distributed at the top region of the cross-section,
corresponding to the presence Cu-In alloy (Fig. 1g, h). However, a
distinct concentrated distribution of Zn can be clearly observed
beneath the region with enrichment of Cu and In (Fig. 1f). The varia-
tions in cross-sectional height can lead to different degrees of X-ray
signal obstruction, resulting in a significant decrease in the intensity of
EDS (energy dispersive X-ray spectroscopy) signals with increasing
depth. In light of this, a gradual increase in the relative intensity of zinc

can still be observed from the line scanning analysis of EDS (Fig. 1e),
while copper and indium exhibit a corresponding decrease with depth,
which strongly suggests the presence of a zinc-rich transition phase
between Cu-In layer and Zn substrate. The displacement reaction of
Cu-In initiates from the surface and progresses along the grain
boundary towards the bulk phase. As the reaction depth increases,
the concentration and reactivity of the Cu-In solution decrease,
leading to the emergence of a transition phase with an increasing zinc-
content gradient. Besides, a small amount of radical zinc particles
remains within the Cu-In alloy layer, which reinforces the integration
with the substrate, thus ensuring the structural stability of the inter-
face. Notably, the cross-cut test manifests the good adhesive strength
between the Cu-In alloy layer and the substrate (Supplementary
Fig. 4), which is crucial for its proper functionality.

X-ray diffraction (XRD) is performed to further investigate the
composition of the interface. As illustrated in Fig. 1j, the XRD spectrum
reveals that the Cu-In interface is mainly composed of Culn (PDF#00-
035-1150)***" and CuyyIne (PDF#00-041-0883), with a small amount of
indium and unconverted zinc. Besides, the interplanar distance of
2.59 A assigned to the Culn (200) crystal face can be observed in the
high-resolution transmission electron microscopy (HRTEM) image®,
presenting great consistence with the XRD results. Attentionally, the
Culn is a metastable phase which does not exist in the Cu-In phase
diagram, but it can indeed be acquired under some mild synthesis
conditions (Supplementary Fig. 5)***2.

Furthermore, the synchrotron radiation-based X-ray Absorption
Fine Structure (XAFS) was performed to explore the electronic struc-
ture and local coordination environment around the copper and
indium atoms in the Cu-In alloy layer. The X-ray absorption near-edge
spectrum (XANES) of In K-edge is presented in Fig. 1k. Besides, the
integration method was employed to obtain the edge energy (Ecqge) in
XANES regardless of the shape of curves, thus analyzing the valence
states semiquantitatively (Supplementary Fig. 6 and Supplementary
Table 2)****. According to the normalized results, the Eqge Of indium in
Cu-In (27938.47 eV) is almost equal to that in In foil (27938.33 eV),
suggesting that the indium exists as In° in the Cu-In alloy. Besides, as
presented in the XANES of indium K-edge (Fig. 1I), the Ecgge of copper
in Cu-In (8985.87 eV) is almost equal to that in Cu foil (8985.90 eV),
indicating that the Cu also exists as Cu® in the Cu-In alloy.

Moreover, the Fourier-transformed EXAFS (extended X-ray
absorption fine structure) was analyzed to explore the local coordi-
nation structure in Cu-In alloy. As shown in the R space positions
(phase-uncorrected distances, Fig. Im) of In K-edge, the In-In peak
appears at around 2.98 A in In foil. However, the intensity of this peak is
significantly reduced in Cu-In, and a new peak assigned to the Cu-In
peak appears at 2.47 A, which coincides with that the Cu-In bond is
shorter than the Cu-Cu bond. Besides, as illustrated in Fig. 1n, the
Cu-Cu peak in Cu foil is 2.24 A, while that is observed at 2.26 A in the
Cu-In. According to the fitting results of Cu K-edge EXAFS (Fig. 1o, p
and Supplementary Table 3), there are two coordination bonds in
Cu-In alloy (Cu-Cu, -2.54 A, Cu-In, -2.79 A), verifying the formation of
Cu-In alloy. Moreover, as described in the wavelet transform (WT)
results of Cu K-edge (Supplementary Fig. 7a, b), the relatively strong
oscillation in the high-R part shifts to the higher wavenumber of k in the
presence of indium, indicating the influence of indium on Cu. Besides,
the strongest oscillation shifts to the lower wavenumber of k in the WT
results of In K-edge with the existence of copper (Supplementary
Fig. 7c, d), and no peaks appearing at the low wavenumber of k which
belongs to the coordination with light elements, thus confirming the
reciprocal coordination of Cu and In in the Cu-In alloy layer®.

Investigation of zincophilicity and hydrogen evolution antic-
atalytic kinetics

To investigate the functionalities of copper and indium for Zn negative
electrode, respectively, the Cu@Zn and In@Zn are also prepared using
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Fig. 2 | Quantitative descriptions for zincophilicity and side reactions. a AGy
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optical microscope pictures of Zn deposition on e bare Zn electrode and f Culn@Zn
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at a current density of 10 mA cm™ (symmetric cells). g Schematic illustration of
in situ interfacial pH detection by pH UME. h In situ interfacial pH evolution curves
on different Zn electrodes at the platting current density of 10 mAcm™. i, j The
mapping of interfacial pH changes on i bare Zn and j Culn@Zn after soaking for
24 h. k-n In situ Raman spectra of k, I bare Zn and m, n Culn@Zn negative elec-
trode (100 pm of thickness) cycling in the symmetric cell at the current density of
5mA cmfor 2.5 mAh cm™and corresponding time-voltage curve. The thickness of
Zn foils in above tests is 100 pm.

the same method. At first, density functional theory (DFT) simulations
and linear sweep voltammetry (LSV) were conducted to assess the
influence of different substrates on HER. According to the HER-
volcano®®, Cu, In, and Zn are on the left side, signifying that the rate-
determining step of HER should be the electrochemical adsorption of
H atoms or H,0 molecules on these surfaces™. As shown in Fig. 2a, In
shows the highest Gibbs free energy of hydrogen adsorption (AGy:),
indicating the weakest adsorption of H. Conversely, the AGy- on Cu is
even positive, representing that Cu will catalyze the HER process.
Fortunately, the introduction of In efficaciously mitigates the adsorp-
tion of H on the Culn (200) and CuyIng (400) surfaces. The LSV curves

further confirm that the HER current density on Cu@Zn is even higher
than bare Zn (Fig. 2b), while it is significantly reduced on In@Zn and
Culn@Zn, which is consistent with the simulation results. Besides,
among Cu, In, and Zn, Cu*/Cu has the highest standard electrode
potential (0.342V vs. SHE, while In*/In is —0.338V and Zn*'/Zn is
-0.762V), thus the Cu is predictably able to suppress the chemical
corrosion of Zn in aqueous electrolyte, which is verified in the polar-
ization curve (Supplementary Fig. 8).

Subsequently, the zincophilicity of various substrates is quanti-
fied via DFT simulations and electrochemical tests. As shown in Fig. 2c,
the Cu (100) shows the lowest binding energy while the In (101)
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exhibits the highest binding energy, indicating the superior zincophi-
licity of Cu. Moreover, the binding energy of Culn (200) and Cuylne
(400) is lower than that of Zn and In, which reveals the Cu alloying
evades the insufficient zincophilicity of In. Besides, the AGy- and zinc
binding energy calculations for Culn, and Cu,In (two alloy phases with
varying copper content) are conducted to validate the synergism of
copper and indium in Cu-In alloys. As presented in Supplementary
Fig. 9, both AGy- and zinc binding energy on Cu-In alloys fall within the
range between those of pure copper and indium. Besides, there is an
increasing trend observed in both AGy- and zinc binding energy on
Cu-In alloys as the indium content increases, demonstrating the uni-
versality that the Cu-In alloy inherits the zincophilicity of copper and
HER anticatalytic property from indium. As expected, the bare zinc
electrode exhibits quite a high nucleation overpotential (47 mV) and
deposition overpotential (39 mV) due to the poor zincophilicity
(Fig. 2d). In contrast, both the Cu and In exhibit a lower overpotential,
and Culn@Zn demonstrates the lowest nucleation overpotential
(18 mV) and deposition overpotential (13 mV), which is attributed to
due to the zincophilicity of Cu and the reduced impedance of In
resulting from decreased H adsorption®. Besides, according to the
phase diagram of Zn-In (Supplementary Fig. 10), the metal indium is
difficult to form an alloy with zinc”, thus the indium is densely
deposited on the surface of zinc to form a 2D substrate (Supplemen-
tary Fig. 11). The 3D structure of the Cu-In modified layer can not only
significantly decrease the local current density, but also improve the
wettability due to the capillary actions of porous nature (from 68.07°
to 25.13°, Supplementary Fig. 12). Briefly, the good zincophilicity and
improved wettability significantly reduce the conversion barrier from
Zn?* to Zn° (Supplementary Fig. 13), meanwhile the 3D structure and
rich zincophilic sites will lead to the rapid formation of fine but
abundant Zn nuclei’®, reducing the resistance to their subsequent
growth. As a result, from the in situ optical microscopy test (Fig. 2e,
Supplementary Movie S1), many large Zn particles are observed gen-
erating on the surface of bare Zn randomly at the beginning of elec-
trodepositing, which continue to grow at different speeds, leading to
an uneven and granular Zn deposition layer. Whereas, Zn is deposited
on the Cu-In alloy interface homogeneously and compactly during the
entire process (Fig. 2f, Supplementary Movie S2). Accordingly, the Cu
is helpful to improve zincophilicity, inhibit chemical corrosion, and
result in uniform Zn nucleation, while the In is employed to avoid the
HER in electrochemical process. As a result, the Cu-In combines the
advantages of Cu and In, realizing the synergistic regulation of zinc
deposition and HER kinetics.

The HER will result in the pH increase on the Zn/electrolyte
interface, which serves as the immediate cause of the ZSH formation*’.
To investigate the pH evolution at the interface, composite pH ultra-
microelectrodes (pH-UME) equipped with scanning electrochemical
microscopy (SECM) are utilized for in situ measurement of interfacial
pH with high spatiotemporal resolution (Fig. 2g, Supplementary
Fig. 14). In the self-made electrolytic cell, the pH detection site is
located at 30 um above the zinc electrode, which is in the diffusion
layer of OH™°. The spacing distance between pH-UME probe and the
substrate electrode is controlled contactless by the current feedback
of FcMeOH on the platinum ultra-microelectrodes®. As presented in
Fig. 2h, the interfacial pH of the bare Zn increases rapidly to 5.1 within
850's during the zinc deposition. Subsequently, a gradual rise in pH
suggests the continuous formation of ZSH. Besides, the pH fluctuates
dramatically at 1240s and 1690s, which can be attributed to dis-
turbances caused by hydrogen bubble overflow. Conversely, no
notable elevation in pH is observed on Culn@Zn during zinc deposi-
tion, proving the substantial inhibition of both interfacial pH fluctua-
tion and electrochemical HER process. In addition, there is a more
severe HER if the bare Zn is porous (Supplementary Fig. 15). Con-
sidering the 3D structure and the larger specific surface area, the
Culn@Zn exhibits a more pH resistance than bare Zn. In addition,

SECM is employed for obtaining mappings depicting changes in
interfacial pH on the Zn electrode. As presented in Fig. 2i, after soaking
for 24 h, the interfacial pH of bare zinc unevenly and significantly
increases for more than 1.0, indicating pronounced chemical corrosion
due to the high activity of zinc metal and its uneven surface. By com-
parison, the interfacial pH of Culn@Zn only increases by 0.3 (Fig. 2j),
suggesting that the Cu-In layer effectively stabilizes the zinc electrode.
Notably, the instability of interfacial pH will lead to the formation and
accumulation of ZSH*. In the Raman spectrum, there is a sharp peak
located at 967 cm™ assigned to ZSH*, which differs from the ZnSO,
electrolyte (Supplementary Fig. 16). Based on this, in situ Raman
spectra are employed for the in situ detection of ZSH. During the
cycling of the Zn negative electrode, a peak at 967 cm™ appears on the
bare zinc electrode in the second deposition process (Fig. 2k, 1, Sup-
plementary Fig. 17a). Besides, the peak persists in the subsequent
stripping process, indicating the irreversible accumulation of ZSH.
After being modified by the Cu-In layer, no new peaks appear
throughout the entire cycle process (Fig. 2m, n, Supplementary
Fig. 17b), indicating the Cu-In layer can significantly prevent the pro-
duction of ZSH. Above all, Culn@Zn enables the regulation of uniform
Zn electrodeposition of zinc while inhibiting the accumulation of ZSH.

Preferred orientation of Zn (002) on Cu-In alloy interface

In fact, the zinc crystals always tend to be Zn (002) preferentially
exposed hexagonal zinc flakes (HZF) during the electrochemical
nucleation and growth (Supplementary Fig. 18)°%. However, the HZFs
will grow and stack to form EDZs (electrodeposited Zn) with diverse
arrangements due to the influence of substrate zincophilicity, ion
concentration distribution, and by-product accumulation®, resulting in
the variety of texture®’. Accordingly, the (101) and (100) crystal faces
exhibit the HZF arranged at large angles or even vertically on the
substrate, whereas the (002) face represents small angle or even par-
allel arrangements®’. In addition, due to the strongest resistance to
HER (Supplementary Fig. 19), achievement of preferred orientation Zn
(002) has been the research focus for the Zn electrode optimization®.
Benefitting from the zincophilicity and the lattice structure diversity,
conductive interfaces can affect the texture of EDZ significantly®*®,
Hence, the electrodeposition of Zn on various substrates is conducted
to investigate the growth mechanism of EDZ. Besides, grazing
incidence-XRD (GIXRD) was conducted to determine the texture dis-
tribution of EDZ, excluding the interference from the zinc substrate. As
shown in Fig. 3a-d, the EDZ on Culn@Zn presents a significant pre-
ference for Zn (002) over a wide range of deposited capacities, while
preferential orientation of Zn (002) is observed on In@Zn and Cu@Zn
only at the low deposition capacities, and bare Zn does not exhibit any
preference for Zn (002) at any deposition capacities, indicating the
achievement of ordered texture Zn deposition through synergistic
regulation by Cu-In layer.

According to the growing process of EDZ, the critical factors for
the preferred orientation of Zn (002) are horizontal growth during the
initial stage and the subsequent layer stacking. Firstly, zincophilicity is
the prerequisite for controlled zinc depositing on the substrate*’. As
illustrated in Supplementary Fig. 20a-c, a large number of fine nuclei
are observed to grow uniformly on the surface of the Cu-In layer,
indicating the rapid nuclei process. In addition, zincophobe Al foil and
the Culn@Al obtained through the similar co-replacement route were
utilized in in situ XRD tests (Supplementary Fig. 21). As illustrated in
Fig. 3e, with the increase of Zn deposition capacity on bare Al, the
intensity of Zn (002) gradually increases but always maintains rela-
tively weaker than Zn (100). The ratio of 1(pp2)/l100) remains around 0.8
throughout the deposition process (Fig. 3g). For the Culn@Al, the
appearance of a weak peak (weakened due to the blocking of X-rays by
Alfoil) at around 34.5° confirms the existence of Cu-In alloy layer on Al
foil (Fig. 3f). Notably, there is a rapid increase in Zn (002) intensity,
with an lo2)/laoo) ratio exceeding 3, significantly higher than that
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Fig. 3 | Preferred orientation of Zn (002) on Cu-In alloy interface. GIXRD pat-
terns of Zn electrodepositions on a Culn@Zn, b Cu@Zn, ¢ In@Zn, and d bare Zn
with different capacities at 1 mA cm™. The in situ XRD of electrodeposited Zn on
e bare Al foil and f Culn@Al at the current density of 5 mA cm™. g The intensity ratio
of Zn (002) to Zn (100) at different deposition capacities during the in situ XRD
tests. h-m The SEM images of Culn@Zn after zinc deposition with different
capacities at 1 mA cm™. n DEMS results in different Zn||Zn symmetric cells at

10 mA cm™ for 5mAh cm™ (inset is the schematic illustration of ZSH affecting the
Zn electrodeposition). o, p Raman mapping of ZSH on k Culn@Zn and I bare Zn and
after 50 cycles at a current density of 1.0 mA cm™ for 1.0 mAh cm™. q, r The inverse
pole figure (IPFZ) orientation maps (inset is the corresponding Zn (002) pole fig-
ures) of q bare Zn and r Culn@Zn after S mAh cm™ deposition of zinc at 1 mA cm™
The thickness of Zn foils in above tests is 100 pm.

observed for bare Al substrates. This provides evidence that the Cu-In
alloy layer effectively induces the preferred orientation of Zn (002),
owing to its inherent zincophilicity independent of substrate influence.
Moreover, on the zincophilic substrate, the orientation of HZF is
notably influenced by substrate anisotropy®. Based on the extended
formula for lattice mismatch calculating (reported by Zhou et al.,
Supplementary Fig. 22)°¢, the Cu-In alloy layer can be assigned as the

semi-coherent interface, which helps reduce the interfacial energy
during zinc deposition.

Due to the diffusion-induced distribution of Zn*" concentration,
the Zn deposition tends to occur at the tips (Supplementary Fig. 23e).
However, it can be observed that zinc deposits at the bottom pits and
evolves into a flat EDZ layer on Culn@Zn (Supplementary Fig. 24). In
fact, due to poor intrinsic conductivity of Cu-In and serious electron
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scattering caused by abundant grain boundaries in nanoscale Cu-In
primary particles, the conductivity of Cu-In powder is much lower
than that of the substrate (Supplementary Fig. 23a-c). Considering the
concentration gradient of zinc in the Cu-In alloy layer, the resistance
gradient results in a significantly lower localized current density on the
tips of bulges compared to that on the substrate, presenting the cur-
rent density gradient from the bottom to the top (Supplementary
Fig. 23d). As presented in Fig. 3h-m, the zinc deposition strictly starts
at the bottom. Then the horizontally extending HZFs merge with each
other, resulting in plate-like zinc deposition that covers the small
Cu-In particles at the bottom. Subsequently, the HZFs continue to
grow and stack until all Cu-In particles are covered. Throughout this
process, HZFs maintain parallel arrangement with a low angle, corre-
sponding to the preferential exposure of the Zn (002) crystal face. The
gradient conductivity results in the bottom-up deposition of zinc in the
3D Cu-In layer, achieving dense and flat zinc deposition.

More importantly, insulated impurities such as ZSH accompanied
with the HER will terminate the growth of HZF*, causing stacking
differences on the substrates, thereby resulting in the different texture
of EDZ>**%, As shown in the in situ differential electrochemical mass
spectroscopy (DEMS, Fig. 3n) results, the rate of HER in real time is
significantly reduced by Cu-In layer due to its HER-anticatalytic effect.
As a result, there is barely ZSH accumulation on the surface of cycled
Culn@Zn (Fig. 30), and the cycled Culn@Zn is flat and dense (Sup-
plementary Fig. 25a). The surface altitude of cycled Culn@Zn is
revealed to fluctuating within 300 nm (Supplementary Fig. 26a) by
AFM (atomic force microscope). In contrast, due to the severe HER, the
Raman mapping indicates the obvious accumulation of ZSH on the
cycled bare Zn (Fig. 3p), which is responsible for the loose and mussy
dendrites (Supplementary Fig. 25d) with a surface fluctuation of sev-
eral microns (Supplementary Fig. 26b).

The limitation of a single regulation for HER kinetics or zinco-
philicity can be reflected from the EDZ on Cu@Zn or In@Zn surfaces.
Well-defined and large HZF can be observed on the cycled Cu@Zn
(Supplementary Fig. 25b), which is attributed to the strong zinco-
philicity of Cu. However, the high HER activity of Cu results in a
significant accumulation of ZSH. As a result, the HZF on cycled
Cu@Zn is unparallel to the substrate, and the EDZ on Cu@Zn exhi-
bits a weak preference for Zn (002) only at a low deposition capacity
(1mAh cm, Fig. 3b). By contrast, benefitting from its anti-HER abil-
ity, the EDZ on In@Zn has a significant preference for Zn (002) with
low deposition capacities (1mAh cm™ and 2 mAh cm, Fig. 3c), and
the EDZ on cycled In@Zn is pretty compact (Supplementary
Fig. 25c). However, with the deposition capacity of EDZ on In@Zn
increasing to 5mAh cm™, the peak intensity of Zn (002) decreases
notably, accompanied by the disappearance of In (101). Considering
the 2D In layer is difficult to induce the bottom-up deposition and its
zincophilicity is relatively weak, the In layer loses efficacy at a high-
deposition capacity of EDZ, resulting in the uncontrollable HER and
Zn deposition. The electron backscatter diffraction (EBSD) was per-
formed to intuitively analyze the orientation distribution. As illu-
strated in Fig. 3q, numerous interspaces can be observed in the EDZ
of bare Zn, while the grains are small and the texture is random due
to the poor zincophilicity and serious HER. Besides, the Zn (002)
shows an almost uniform distribution of intensity in the pole figure,
suggesting a loose and non-texture orientation of EDZ. In contrast,
the distribution of Zn (002) is significantly increased on the EDZ of
Culn@Zn. Moreover, the hotspot of Zn (002) is concentrated at the
center of its pole figure (Fig. 3r), manifesting the preferential crys-
talline orientation of Zn (002) on the Culn@Zn.

Therefore, the zincophilicity and low lattice mismatch of Culn
facilitate the growth of HZF along the substrate plane, while the 3D
structure and bottom-up deposition properties originating from the
gradient conductivity enable the ordered deposition. Moreover, the
restrained accumulation of ZSH enhances the binding force between

HZFs and allows for their parallel arrangement, thus resulting in the flat
and ZSH-free EDZ with Zn (002) preferential orientation. Therefore, it
can be concluded that the Zn (002) preferential orientation on Cu-In
alloy layer is the result of synergistic regulation involving the zinco-
philicity, HER-anticatalytic, and gradient conductivity structure, high-
lighting the meaning of synergistic regulation on Zn negative
electrodes.

Self-construction and electrochemical performance

Firstly, the stability of the Cu-In alloy layer during the stripping pro-
cess is verified through ex situ SEM and in situ optical microscopy
tests. As shown in Supplementary Fig. 27, zinc is observed to be strip-
ped beneath the Cu-In layer, which can remain basically intact even
after a stripping capacity of SmAhcm™ Moreover, a half-replaced
Culn@Zn electrode was fabricated to compare the morphology evo-
lution of the Cu-In layer and bare Zn during the stripping process
simultaneously. As presented in Supplementary Fig. 28 and Supple-
mentary Movie S3, as the duration of Zn stripping increases, the
stripping traces begin to form on the bare Zn surface and progressively
grows larger and uneven. By contrast, the Cu-In alloy layer remains
stable throughout the discharging process without significant chan-
ges, indicating its remarkable stability. Besides, there was no obvious
shedding of Cu-In particles on the cycled separator (Supplementary
Fig. 28c), proving the cyclic stability of the Cu-In layer.

Notably, the Cu-In alloy layer will be self-constructed dynamically
during the cycling process (Fig. 4a). As presented in the XRD pattern of
cycled Culn@Zn (Fig. 4b), a new diffraction peak at 33.0° is observed,
which is assigned to the In (101)*?. Besides, the relative intensity of the
newly emerging peak is higher in the GIXRD pattern of cycled
Culn@Zn (Supplementary Fig. 29), indicating the phase separation of
Cu-In alloy and the formation of indium metal on the surface. Com-
pared to the pristine Culn@Zn (Supplementary Fig. 1), many Cu-In
particles disappear significantly after 10 cycles (Fig. 4c and Supple-
mentary Fig. 30), with the surface being covered by blocky EDZ. After
20 cycles (Fig. 4d), the EDZ becomes flatter and the large Cu-In par-
ticles almost disappear, while the tiny Cu-In particles remain on the
surface. After 50 cycles, no detectable copper is observed on the EDZ
surface but numerous tiny indium particles are present (Fig. 4e), which
coincides with the XRD results. From the perspective of thermo-
dynamics, the standard electrode potentials of Cu, In, and Zn are
0.342V, -0.338V, and -0.762V, respectively, thus the Cu is most
stable during the cycling process. Moreover, it can be inferred from the
phase diagram (Supplementary Fig. 31) that the Cu is easy to form
alloys with Zn at room temperature. As described in Fig. 4a, since Cu
can form an alloy with Zn but In cannot, the In will be slowly dissolved
and replaced by Zn from the Cu-In alloy layer during the repeated zinc
deposition/dissolution process. As presented in Supplementary
Table 4, the indium demonstrates a more pronounced trend in dis-
solution and migration. In fact, the self-construction of Cu-In layer is a
complicated process due to the presence of excessive zinc and pH
fluctuations of electrolyte. The excessive electrolyte and lower pH
levels promote the dissolution of indium due to reduced passivation
effects*’. Besides, the dissolved In** will be reduced by zinc, thus the
amount of dissolving indium is very small in the case of excessive zinc.
In a macroscopic view, indium is removed from the alloy phase and
migrates to the electrode surface, forming a gradient substrate with
high indium content in the surface layer and high copper content in
the inner layer. Since the electrode surface directly contacts with
electrolyte leading to severe HER issues, this enrichment of
indium significantly enhances its anti-HER capability. As presented in
Fig. 4b, except Culn@Zn, the new diffraction peaks of ZSH appear at
8.1° and 16.2° in the XRD patterns of other cycled electrodes. In addi-
tion, the enrichment of zincophilic Cu at the bottom is helpful to
induce the bottom-up deposition of zinc, thus improving the utiliza-
tion of the substrate. Consequently, the self-reconstruction of the

Nature Communications | (2024)15:9455


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-53831-z

Culn@2n-50 cycleg

© In¥ b

© Zn
*

* Zn,SO4(OH)s-5H,0— In@Zn-50 cycles

[+ Indium

b

*

Zincophilic

| \
— Cu@Zn-50 cy::Ies

* I

Ly
——2Zn-50 cycles|

Ly

| T}
— Pristine Culn@Zn|

l 1 i | .
—— Pristine In@Zn

Intensity (arbitrary units)
*

L ll | \ s
—— Pristine Cu@Zn

11—

~— Pristine Zn

ﬂ | | A A

15 30 45 60 75 90
—2Theta (degree) ____

0.00

0.02

Voltage (V)
S
R

: 1.0 mAh cm®

1.0 mA cm? 1.0 mAh cm? g 0124 Bare zn : e
++ Unit: mA cm™

Cu@zn .
—— In@Zn .
0.04 _f— Culn@2n: ;

g
)
|11) MG 1111 1111

1) " W v‘r’v'”VIVIVIIIVIVIVIHIVIV”

Voltage (V)
o
8

cu@zn
Thickness of Zn foils: 100 um - ] 3
-0.084 0.00 W Zn utilization: 1.7% H Culn@zn 0049 Thickness of zn
In@zn foils: 100 pm!
-0.02 ——Bare Zn =0.08 - 09 UM, .
Zn utilization::1.7% .
—0121 4000 1005 1010 -0124 05 i 1 2510 1
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 0 15 30 45 60 75 90 105
h | Time (h) Time (h)
0.154 Cu@zn 10 mA cm? 5 mAh cm™2 0.08 Zn||Zn pouch cell 1.0 mA cm? 1.0 mAh cm?
" |——cun@zn
0.101—In@zn — 0.04
2 005 <
[ (]
g 0.00 B 0.00
© -0.05 e
> -0.104 > -0.04 ——Bare Zn
Thickness of Zn foils: 100 um Thickness of Zn foils: 50 um Culn@zn
=015 zn utilization: 8.5% -0.084 Zzn utilization: 3.4% 3cmx3 cm
0 150 300 450 600 750 0 200 400 600 800 1000 1200 1400
Time (h) Time (h)

Fig. 4 | Self-construction and electrochemical performance of Culn alloy
interface. a Schematic illustration of self-construction of Culn@Zn. b XRD patterns
of the different pristine and cycled electrodes. c-e Morphology and element dis-
tribution evolution on Culn@Zn after ¢ 10 cycles, d 20 cycles, and e 50 cycles at a
1.0 mA cm™ for 1.0 mAh cm™ obtained by SEM. The voltage-time profiles of sym-
metric cells employing different electrodes at the conditions of f 1.0 mA cm™,

1.0 mAhcm™?and h 10 mA cm™, 5mAh cm™. g The rate performance of symmetric
cells with different electrodes at current densities from 0.5 to 10 mA cm™. i The
voltage-time profiles of symmetric pouch cells employing different electrodes at
1.0 mA cm™ for 1.0 mAh cm™ (inset is the digital photograph of Culn@Zn||
Culn@Zn symmetric pouch cell).

Culn@Zn substrate establishes a zincophilic and anti-HER gradient
hierarchical structure, which further intensifies the effect of synergistic
regulation.

The Zn||Zn symmetric cells are assembled to evaluate the cycling
stability of various electrodes during long-term cycling. As presented
in Fig. 4f, the Culn@Zn||Culn@Zn symmetric cell exhibits a long life-
span of more than one year (9100 h) and a low voltage hysteresis
(6 mV) at a current density of 1.0 mAcm™ with a plating/stripping
capacity of 1.0 mAh cm™ (corresponding to the Zn utilization of 1.7%
with the 100 pum Zn foils), which is superior than the majority of cur-
rent reports about a conductive substrate designing (Supplementary
Fig. 32 and Supplementary Table 5). By contrast, the short circuit
occurs in In@Zn||In@Zn, Cu@Zn||Cu@Zn, and Zn||Zn symmetric cells
at 5000 h, 3500 h, and 230 h, respectively. The rate performance of
symmetric cells (Fig. 4g) shows that the Culn@Zn displays the best

cycling stability and the smallest voltage hysteresis when the current
density changes from 0.5, 1, 2, and 5 to 10 mA cm™. Even under a hard
test condition of high current density and capacity (10 mAcm?,
5mAhcm?, Fig. 4h), Culn@Zn||Culn@Zn symmetric cell achieves a
long cyclic life of more than 750 h, while the In@Zn||In@Zn happens an
internal short-circuit due to the failure of induced effect, and the
Cu@Zn suffers from a severe polarization increase due to the serious
HER. Besides, the Culn@Zn||Culn@Zn symmetric cells can also achieve
a significant improvement of performance under other test conditions
(Supplementary Fig. 33 and Supplementary Fig. 34), indicating the
Cu-In modified layer can regulate the zinc deposition and dissolution
over a broader range of current densities. Furthermore, electro-
deposited zinc was utilized to restrict the zinc content and enhance the
depth of charge and discharge (DOD). As shown in Supplementary
Fig. 35, Culn@Zn||Culn@Zn symmetric cells with electro-deposited Zn
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can achieve a stable cyclic life of more than 700 h at the depth of
charge and discharge (DOD) of 25%, and more than 500 h even if the
DOD reaches 50%, indicating the effectiveness of Cu-In layer in
enhancing the reversibility of Zn negative electrode.

Due to the larger area of electrodes and the smaller external
pressure, the pouch cells require more stability of the electrode than
the button cells. As expected, the Culn@Zn||Culn@Zn symmetric
pouch cell (Fig. 4i) delivers a stable cyclic life of more than 1200 h with
a small voltage hysteresis (10 mV) under the condition of 1.0 mA cm™
and 1.0 mAh cm™, while the internal short-circuit happens in the Zn||Zn
pouch cells within only 40 h. Therefore, benefitting from the syner-
gistic regulation and self-construction of the Cu-In alloy layer, the
cycling reversibility and stability of the zinc negative electrode are
significantly improved during long-term cycling.

Application in high-capacity full cells

Inspired by the synergistic regulation of the Cu-In alloy interface on
suppressing HER and dendrite formation, V,0s with high mass loading
is employed as positive electrodes to evaluate the feasibility of
Culn@Zn. Notably, the higher mass loading of V,0s means the more
serious dissolution of vanadium species. The HER will lead to the
increase of interfacial pH on the Zn electrode, resulting in the forma-
tion of insulting zinc vanadate, which will dramatically aggravate the
dendrite growth on the Zn negative electrode® . As presented in
Fig. 5a, the capacity of Zn||V,0s full cell drops to O after 228 cycles, and
the time-voltage curve exhibits a sudden voltage drop during the
charging process, indicating the occurrence of an internal short circuit
in the cell. By contrast, Culn@Zn||V,0s delivers an average discharge
capacity up to 3.36 mAhcm™ in more than 1300 cycles. At a low
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current density of 1Ag™ (Fig. 5b), the Culn@Zn||V,0s full cell can
deliver a high discharge capacity of 6 mAhcm™ in more than 330
cycles. At the current density of 3A g7, the lifespan of Culn@Zn||V,0s
full cell can be extended to more than 2000 cycles with an average
areal discharge capacity of 2.86 mAh cm™ (Supplementary Fig. 36).
Even if assembled into pouch cells (Supplementary Fig. 37), the
Culn@Znl|V,0s full cell can deliver a reversible capacity of
1.6 mAhcm™ for 230 cycles at a low current density of 0.3Ag?,
demonstrating the ability of Cu-In alloy interface to prevent the den-
drite growth under extreme conditions.

In addition, the Culn@Zn electrode is coupled with eco-friendly
I, positive electrode to determine its reliability. Notably, the I, posi-
tive electrode, particularly with high loading mass, suffers from the
serious shuttle effect of polyiodide intermediates (137, I, etc.), which
will exacerbate the side reaction and cell degradation’7*. Benefitting
from the corrosion resistance of the Cu-In layer, the Culn@Zn can
not only synergistically regulate the HER and Zn deposition, but also
prevent the Zn negative electrode from the severe I3” corrosion, thus
enhancing the stability of full cells (Fig. 5c). As shown in Supple-
mentary Fig. 38, even when employing a thin Zn foil (20 pm) with a
high mass loading of I, (20 mg cm™) and limited N/P ratio of 2.74, the
Culn@Zn||1, full cell can deliver a high areal capacity of 2.81 mAh cm™
in more than 2000 cycles at 2 C with good cyclic stability. With a lower
Zn content in the negative electrode (4.2 mAh cm, electrodeposited
Zn, Fig. 5d), the full cell can deliver a high discharge capacity
of 2.6mAhcm™ over 500 cycles at 1C with a low N/P ratio
of 1.21. Besides, the Culn@Znl|l, pouch cell (3cm x 3cm) can
deliver an average reversible capacity of 17.3 mAh for more than 550
stable cycles at 2 C, while the Zn||l, pouch cell employing bare Zn
negative electrode presents a dramatic capacity fluctuation within
only 84 cycles and a significant increase of voltage hysteresis due to
the serious HER and accumulation of by-products (Supplemen-
tary Fig. 39).

More importantly, the readily accessible Culn@Zn facilitates the
acquisition of ampere-hour-level zinc iodine batteries. As illustrated in
Fig. Se-g, the assembled ampere-hour level Culn@Zn||l, pouch cell
with a total loading mass of 8.7 g I, is laminated structurally, and the
size of the electrode plate is 10 cm x 10 cm. Meanwhile, a gas chamber
is set to mitigate the battery expansion and capture the generated H,
for the gas chromatography (GC) test (Fig. 5g). As shown in Fig. 5e, with
the protection of the Cu-In layer, the rate of hydrogen production
decreased significantly. This enhancement enables the Culn@Zn||l,
pouch cell to deliver a high average capacity of 1.1 Ah stably for 1700
cycles (Fig. 5f), which is superior to most of the reported studies of
rechargeable Zn metal pouch cells (Supplementary Fig. 40 and Sup-
plementary Table 6). The acupuncture experiment confirms that the
Culn@Znl|l, pouch cell poses no security risks such as fire or explo-
sion, aligning with consensus findings (Supplementary Fig. 41). More-
over, the assembled Culn@Zn pouch cell is capable of lighting the LED
panel (Fig. 5h, Supplementary Movie S4) and driving the small electric
fan (Fig. 5i, Supplementary Movie S5) with a large and stable output
current. Even with the limited Zn content in negative electrode
(3.9 mAhcm?, electrodeposited Zn, Supplementary Fig. 42), the
Culn@Znl|l, pouch cell can exhibit a discharge capacity exceeding
16 mAh with an N/P ratio of 1.58, meanwhile successfully lighting an
LED panel, proving the practical potential of Cu-In alloy layer mod-
ification strategy.

Discussion

Synergistic regulation of Zn zincophilicity and HER kinetics is executed
to prevent the deterioration of the Zn negative electrode through an
accessible Cu-In alloy interface, which combines the anti-HER cap-
ability of indium and the zincophilicity of copper. Besides, this work
claims the interaction effect between HER, zinc deposition behavior,
and ZSH accumulation via in situ scanning probe technology, Raman

spectroscopy, and theoretical simulations, reminding the importance
of overall consideration of zincophilicity and HER. Moreover, the
impressive performance of high-capacity Culn@Zn||V,0:s full cells and
ampere-hour level Culn@Zn||l, pouch cell reveals the effect of syner-
gistic regulation and the practicability of the Cu-In alloy modified
layer. In the end, we hope this work can provide an opportunity for
highly reversible practical Zn negative electrode, promoting the
commercialization process of AZMBs.

Methods

Preparation of electrodes

The Culn@Zn electrode was prepared by the chemical substitution
method. In detail, 1.6 g InCl;-4H,0 (Macklin, >99.9%) and 0.35g
CuCl,-2H,0 (Aladdin, >99.9%) were dispersed in a mixed solvent
containing 350 mL ethanol (Aladdin, >99.5%) and 30 mL ultra-pure
water (>18 MQ) at room temperature (-25 °C). Then, the polished Zn
foils (10 cm x 10 cm) were immersed in the obtained solution for
3 min. After that, the obtained Culn@Zn plate was washed with ultra-
pure water and ethanol, respectively. Similarly, the Cu@Zn and
In@Zn were obtained in the same process, in which the distinction is
that the mixed solution only contains the InCl;-4H,0 (for In@Zn) or
CuCl,2H,0 (for Cu@Zn). The obtained electrodes foils were all cut
into discs (®12 mm), strips (1cm x 2cm) and square plates (3 cm x
3 cm or 10 cm x 10 ¢cm) for tests of button cells, three-electrode sys-
tem, and pouch cells, respectively. The Cu-In powder was separated
from the Culn@Zn through a mechanical stripping method. Typically,
the Culn@Zn foil was immersed in the ethanol, and the Cu-In layer
was carefully removed from the surface using a lab scraper. Subse-
quently, these collected Cu-In particles, dispersed in ethanol, were
separated through vacuum filtration and then washed three times
with water and ethanol in turn. The sediment was freeze-dried to
obtain the final Cu-In powder. To fabricate V,0s positive electrodes,
commercial V,05 (Macklin, >99%), acetylene black (9DINGCHEM),
and polyvinylidene fluoride (PVDF, SOLVAY SOLEF PVDF 5130) were
mixed in N-methyl-2-pyrrolidone (NMP, SINOPHARM, >99%) solvent
in a mass ratio of 7:2:1 to obtain a slurry with the magnetic stirring. The
slurry was pasted onto 12 mm diameter hydrophilic conductive car-
bon cloth (Cetech) or stainless-steel mesh (3cm x 3 cm, for pouch
cells) and dried at 80 °C for 24 h in the vacuum oven, and the loading
mass of V,0s in positive electrodes was 11-15mgcm™ (on carbon
cloth) and 4-6 mgcm™ (on stainless-steel mesh). The I, positive
electrode was obtained through a sublimation diffusion method on
activated carbon cloth (ACC, 280 pm of thickness, 9.5 mgcm™ of
density) which was treated with 9 wt% hydrochloric acid. In detail, the
ACC was pre-cut to discs (®12 mm for coin cells) and square plates
(3cm x 3 cmor 10 cm x 10 cm for pouch cells). Then a certain amount
of I, (Aladdin, >99.8%) and ACC were mixed in a sealed glassy reactor
and then heated at 80 °C for 30 min, and the loading mass of I, in
positive electrodes was 20-25mgcm™> Notably, to enhance the
conductivity and support of the positive electrode matrix in Zn||l,
pouch cells, the ACC@I, was bonded to the Ti foils (3cm x 3 cm or
10cm x 10 cm, 30 um of thickness) with homemade aqueous con-
ductive adhesive (containing acetylene black, carboxymethyl cellu-
lose, and polymerized styrene butadiene rubber with a mass ratio
of 9:0.5:0.5).

Electrochemical measurements

Zn||Zn symmetric cells, Zn||V,Os full cells, and Zn||l, full cells were
assembled into pouch cells or CR-2032 type coin cells and tested with
the Neware BTS test system at 25 °C. The full cells were charged to 1.6 V
(for both V,05 and 1, positive electrodes), and discharged to 0.8 V (for
I, positive electrode) or 0.2V (for V,0s positive electrode) in constant
current mode. The glass fiber filters (GF-D, Whatman, 675 pm of
thickness) were employed as the separator. The volume of electrolyte
was 120 pL (for coin cells), 800 pL (for 3 cm x 3 cm pouch cells), and
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25 mL (for Ah-level Zn||l, pouch cell). The pure 2.0 M ZnSO, (Aladdin,
>99.5%) was employed as electrolyte for all the cells except the Zn||
V,0s full cells. For the Zn|[V,0s full cells, 3.0M zinc tri-
fluoromethylsulfonate (Zn(OTf),, LEYAN, >98%) was employed as the
electrolyte of Zn||V,0s to avoid the severe dissolution of V,0s. Besides,
cellulose membrane was employed as the additional separator to
reduce the influence of V,05 dissolution, and the cells were activated
for 5 cycles at 0.1Ag” to improve the capacity (Supplementary
Fig. 43). The Ah-level Zn||I, pouch cells were laminated configuration
which consisted of two layers of positive electrodes, three layers of
negative electrodes, and four layers of separators. Both the positive
and negative electrodes were double-side coated. Specifically, the
carbon cloths with loading of I, (10 cm x 10 cm) were adhered on two
sides of titanium foils (10 cm x 10 cm, thickness of 30 pm), while both
sides of the zinc foil negative electrodes (10 cm x 10 cm, thickness of
50 pum) were modified with the Cu-In layers. The total mass of all
components for assembled Ah-level Zn||l, pouch cells is 65-75g. The
LSV curves for HER, polarization curves, and chronopotentiometry
curves were obtained in the three-electrode cells (50 mL of size, with
the addition of 10 mL electrolyte) at 25°C. Electrochemical work-
station (CHI 660E, chinstruments) was employed to collect the data
without current-resistance corrected. The Ag/AgCI (in 3 M KClI) elec-
trode that calibrated in the reversible hydrogen electrode system was
utilized as the reference electrode. The 1 cm x 2 cm pristine Zn foils or
modified Zn foils (Culn@Zn, Cu@Zn, and In@Zn) were employed as
working electrodes. The back of Zn foils was insulated by polyimide
tapes, and the area of working electrodes exposed in electrolyte was
controlled as 1cm? The current in 3-electrode systems were normal-
ized with area. The tests for HER were performed with the LSV program
from -1.0 V to 2.0 V at a scanning rate of ImVs™, inwhich1cm x 1cm
platinum plate electrode was employed as counter electrode, and
0.5 M Na,SO, solution was selected as supporting electrolyte to avoid
the influence of Zn electrodeposition. For polarization curves and
chronopotentiometry curves, pure Zn foils were employed as the
counter electrode in the 2M ZnSO, electrolyte. Polarization curves
were obtained by the TAFEL program at a scanning rate of ImVs™
from -0.84V to -114V. The chronopotentiometry curves were
obtained by the MULTI-CURRENT STEPS program with a current
density of -1 mA cm™. Electrochemical impedance spectroscopy tests
were performed by Solarton1287A + 1260 A (AMETEK) in Zn||Zn sym-
metric cells. The in situ localized pH tests were performed on the
scanning an electrochemical microscope (SECM, CHI920d, chinstru-
ments) equipped with the homemade composite pH ultra-
microelectrode (UME)*. The pH UME consisted of Pt (®20 pm), W/
WO; (®50 pm), and Ag/AgCl electrode, working as range-indicating
electrode, pH-responsive electrode, and reference electrode, respec-
tively. The potential of the W/WO; electrode is Nernst corresponding
to the concentration of protons, thus the open circuit potential of pH
UME has a linear relationship with the pH of the solution, and the pH
was calculated from the following equation (the unit of E is V): pH=
-24.07E + 1.120. Pristine Zn foil or Culn@Zn of 0.5cm x 0.5cm was
located in the bottom of self-made electrochemical cell as substrate
electrode. By the current feedback of Pt UME in 1.0 mM ferrocene
methanol (FcMeOH, with the addition of 0.1M KClI), the vertical dis-
tance between the W/WO; electrode and substrate electrode was
controlled at 30 pm. In the in situ interfacial pH tests, electrodes for Zn
electrodeposition were arranged properly and powered by a direct-
current source, thus avoiding the interference of the pH UME potential
by the solution electric field. In the mapping of interfacial pH change,
the electrolyte is replaced with 1M NaCl solution to accelerate the
corrosion process.

Materials characterizations
The ICP-OES was performed on SPECTRO SPECTROBLUE FMX36. The
GIXRD patterns were obtained by Rigaku Ultima IV X-ray powder

diffractometer (Cu-Ka, 40 KV, 3°/min). The XRD and in situ XRD tests
were performed on the X-ray diffractometer (Malvern PANalytical
Empyrean diffractometer with Cu Ka radiation) within the homemade
electrochemical cell. The EBSD was performed on Nordlys max3, and
the samples were polished by Ar ions. The XAFS data were collected
through the Shanghai Synchrotron Radiation Facility (SSRF, BL11B)
with Si (111) crystal monochromators for Cu K-edge and Si (311) crystal
monochromators for In K-edge, respectively. The In K-edge XAFS
spectra were recorded in fluorescence mode, while the Cu K-edge
spectra were obtained in transmission mode. The FIB processing was
conducted on the Orion Nanofab. The XPS profile was obtained by
Thermo Scientific ESCALAB Xi+ (Al-Ka, 1486.68 eV). The field emis-
sion scanning electron microscopy images (SEM) were acquired by
Zeiss GeminiSEM 500 (EHT =5kV). Atomic force microscope (AFM)
images were obtained by Oxford Instruments Asylum Research
Cypher ES. The in situ optical images were acquired on a CX40M
metallographic microscope (NINGBO SUNNY INSTRUMENTS) with a
homemade electrochemical cell at 10 mA cm™ The microstructure of
Cu-In alloy particles and the corresponding element mapping were
observed through transmission electron microscopy (TEM, FEI Tecnai
F30). The specific resistance of Cu-In powder was measured by
resistivity testers (ST2742B for low resistance and ST2463 for high
resistance, four probe method). The electrodes for materials char-
acterizations are all cycled in CR2032 type coin symmetric cells for
different cycles (generally 50 cycles), and washed with deionized
water to get rid of the ZnSO, on the surface. Raman spectroscopy
(Horiba LabRAM HR Evolution) was used to characterize the ZSH on
the surface of the electrode, with a 532 nm wavelength of laser and
28 mW power. The GC results were obtained by (Agilent Technologies
7890 A). For GC tests, 20 mL of normal air (79% nitrogen) was injected
into the gas chamber to dilute the hydrogen. Then all of the gas was
pumped to GC for H, concentration, and the H, volume was inferred
according to the intensity of N,. The nail penetration test was con-
ducted by a battery nail penetration tester (DGBELL) with a 3 mm
diameter stainless steel nail. The DEMS test was conducted on HPR-
40, R&D with a homemade stainless steel electrochemical cell that
ensures great airtightness and achieve well conductive connection of
electrode slice at the same time. The electrochemical cells were
cycled with a configuration of symmetric cells at 1mAcm™ for
1mAh cm™. Meanwhile, the generated gas (H,) during cycling was
blown out continuously of the cell by pure argon (the flow rate is
5mL min™). After removing the water by passing through the -15°C
cold trap, the mixture gas is analyzed by a mass spectrometer. And the
signal intensity of hydrogen was calibrated by standard gas contain-
ing 100 ppm of H,.

Simulations and DFT calculations

All the phase diagrams in this work were obtained through the
FactSage™ thermochemical software”. The DFT calculations were
carried out using the Vienna Ab initio Simulation Package (VASP)’®. The
core electrons were modeled with the projector-augmented-wave
(PAW) method”. The exchange and correlation function of Perdew-
Burke-Ernzerhof (PBE) was adopted within the framework of general-
ized gradient approximation (GGA)’®. The plane-wave basis cut-off
energy was set to 500 eV. The structures were relaxed until the forces
and total energy on all atoms converged to less than 0.02 eV A and 1 x
107 eV, respectively. Visualization of the structures is made by using
VESTA software. To explore the interactions between a Zn or H atom
and substrates cleaved from the corresponding crystal structure, a
vacuum layer of 15 A was adopted.

Based on the experimental data (XRD results), the main exposed
surfaces of different substrates (Zn (101), Cu (100), In (101), Culn (200),
Cuylng (400)) are chosen to build the model. Zn atom adsorption
energy calculations: The binding energies of Zn atom on Zn (101), Cu
(100), In (101), Culn (200), Cuylng (400), Culn,(100), and Cu,In (100)
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surfaces were calculated according to the Eq. 1:

Ea=Ezn_substrate ~ Esubstrate ~£zn @

where Ez,.substrate 1S the energy of a Zn atom adsorbed on the Zn
surface, Egypstrate iS the energy of the Zn slab and Ez, is the energy of a
single Zn atom.

Gibbs free energy change AGy* calculation: The Gibbs free energy
changes AGy* of hydrogen evolution reactions on Zn (101), Cu (100), In
(101), Culn (200), Cuylng (400), Culn,(100), and Cu,In (100) surfaces
were calculated according to the Eq. 2:

Where AEzpg is the difference in zero point energy and ASy is the
entropy between hydrogen adsorption and hydrogen in the gas phase.
Here the contributions from the electrode to both AE,pe and ASy are
small and could be neglected. As a result, the AEzpg is obtained by Eq. 3
and Eq. 4, in which Slo-lz is the entropy of H, gas at the standard con-
dition.

_H
AEzpE=EZpg —1/2Fy, 3

-~ _ 0

ASy = I/ZSH2 “4)

The binding energy of H atom adsorption on the surface of the

supercell was obtained according to the following Eq. 5, where E ls-lub is

the energy of an atom adsorbed on the electrode substrate, Egp, is the
energy of the substrate, and £ H is the energy of gas H,.

_rH
AEy=Eqp —E

sub — 1/2E;p )

Data availability

The data supporting this study have been included in the main text and
Supplementary Information. The other relevant data supporting this
work are available from the corresponding authors on request. Source
data are provided with this paper.
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