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ARTICLE INFO ABSTRACT

Keywords:
Zinc metal batteries

Rechargeable aqueous zinc metal batteries (AZMBs) have garnered significant attention for large-scale energy
storage. However, they are hindered by the sluggish Zn(H,0)Z" desolvation kinetics, leading to uneven Zn
deposition as well as side reactions of active water molecules for the formation of hydrogen evolution reaction
(HER). Herein, high spin-state ferrimagnetic interphase of spinel zinc ferrite (ZFO) has been pioneered to serve as
artificial interphase on metallic Zn anode (ZFO@Zn). Specifically, high-spin Fe>* center enhances electron
delocalization and the spinel crystal structure of ZFO layer facilitates the interfacial ion transfers, catalytically
reducing the barriers of Zn?* desolvation and atom diffusion. Meanwhile, the micro-magnetic field self-motivates
interfacial ion flux and separates the active molecules, enabling uniform Zn deposition without HER. The as-
fabricated cell employed with ZFO@Zn achieved an impressive cumulative capacity exceeding 3500 mAh
cm~2 at 30 mA cm ™2, demonstrating its remarkable kinetics and stability. The assembled vanadium-based full
cell exhibits superior performance of 411.1 mAh g~ at 10 A g~ ! and maintained the capacity-retention of 90.7%
after 3000 cycles at 5 A g~!. Impressively, the large-areal pouch cell with ZFO@Zn anode stabilizes for 150
cycles, underscoring the potential of magnetic spinel materials for the commercialization of AZMBs.

Delocalized electron
Ferrimagnetic interphase
Catalytical desolvation
Self-motivated behaviors

1. Introduction affordability owing to the application of safe aqueous electrolytes,

making them an attractive choice for future grid-storage [2]. Despite

With the evolution of global energy landscape, the topics of resource
sustainability and environmental protection of batteries are constantly
mentioned. Among them, aqueous zinc metal batteries (AZMBs) are
particularly promising for large-scale energy storage systems due to
their high theoretical capacity (820 mAh g™}, 5855 mAh cm™3), low
redox potential (—0.76 V vs. standard hydrogen electrode), and abun-
dant resources of zinc [1]. Unlike lithium-ion batteries with high risks of
combustion and high costs, AZMBs offer intrinsic safety and
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above advantages, the metallic Zn anode still faces critical challenges,
including hydrogen evolution reactions (HER), surface corrosion, and
Zn dendrite growth. In principle, these issues stem from the bulky sol-
vation shell of [Zn(H20)e] 2+ clusters and it imposes significant steric
hindrance to diffusion, leading to substantial desolvation energy barrier
for successive reactions [3-5]. Additionally, the dissociation of active
water molecules from the solvation shell exacerbates side reactions once
the molecules reach electric contact.
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To address these challenges, significant research efforts have focused
on electrolyte engineering or interface modification. For example,
electrolyte engineering such as the introduction of organic additives or
high-concentration salts can modify Zn?" coordination environments
and suppress potential HER with crowded water molecules in the elec-
trolytes [6]. However, these approaches always undermine the high
ionic conductivity of aqueous electrolytes, induce severe corrosion to-
ward current collectors, and burden costs, which are contradictory to
the goal of AZMBs for affordability. Another promising approach is the
construction of artificial solid electrolyte interphase (SEI) layer, which
chemically modulates the ion distribution and physically shields elec-
trons from aqueous electrolytes [7]. Compared to self-generated SEI
layers, artificial SEI layers feature tunable properties and uniform for-
mation [8]. Nevertheless, existing designs still struggle to support rapid
ion transport under high charge-discharge rates and prevent dendrite
growth during prolonged cycling [9]. The development of a multi-step
regulated artificial SEI layer for achieving long-term dendrite-free Zn
plating/stripping with high reversibility remains an open problem.

Magnetic materials have shown potential in battery applications. For
instance, Zhou et al. used magnetic Co304 nanocrystals to stabilize
lithium metal anode, where the self-generated micro-magnetic field can
simultaneously induce compact and deep Li deposition [10]. On the
other hand, the generation of magnetism is always accompanied by spin
splitting, which increases the overall energy of the system. The density
of states of metal ions shifts toward the Fermi level, and the resulting
additional unpaired electrons form a delocalized electron effect and
enhance catalytic activity. This promotes electron transfer, which
catalytically reduces the electrode reaction barrier and improves inter-
facial reaction kinetics. Regarding the regulation of reaction behavior at
the aqueous electrode/electrolyte interface, Wang et al. introduced a
delocalized electron catalytic strategy in the vanadium-based cathode,
which could enhance desolvation and diffusion kinetics catalytically by
constructing active sites on V305 cathode [11].

Inspired by this, we constructed an artificial SEI layer using magnetic
spinel ZnFe»04 nanoparticles (ZFO@Zn) on the surface of metallic Zn
anode. The spinel structure provides three-dimensional (3D) channels
for rapid Zn?* diffusion [12]. Under an electric field, solvated [Zn
(H20)6l 2+ clusters are sieved by the channels, and abundant high-spin
Fe3* active sites provide delocalized electrons for achieving des-
olvation facilely. The free Zn?" then travels uniformly along the micro
paths to reach the metallic Zn surface for reduction and nucleation.
During this process, the magnetic SEI layer modulates interfacial electric
field distribution, suppressing disordered ion diffusion in the two-
dimensional (2D) plane. Once the tip discharge phenomenon occurs
with the central aggregation of the current in any region due to slight
deposition differences, the micro-magnetic field deflects the current via
the Lorentz force, eliminating dendrite growth tendencies and enabling
long-term, self-limiting flat Zn deposition [13-16].

The superior performances of ZFO@Zn in interfacial reactions were
confirmed by theoretical simulations and electrochemical testings.
Through in-situ/ex-situ characterizations, we demonstrated that
ZFO@Zn interface effectively suppresses surface corrosion and dendrite
growth. The modified zinc anode maintained a low voltage hysteresis of
29 mV with a high reversibility of 99.02% for over 3000 h. Impressively,
the anode stabilizes at an ultra-high current density of 30 mA cm ™2 with
only 147 mV polarization, delivering over 3500 mAh cm ™2 cumulative
capacity. Additionally, the ZFO interface could prevent the consumption
of shuttling ions from vanadium-based cathodes, resulting in excellent
capacity retention (90.7%, 3000 cycles) and low self-discharge rates
(98.07%, 24 h) in the full cell with ZFO@Zn. To further validate this
interface modification strategy, large-areal pouch cells assembled with
ZFO@Zn exhibited stability for hundreds of operations and successfully
charged for a smartphone, showcasing promising applications for next-
generation energy storage systems.
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2. Experimental section
2.1. Preparation of ZFO@Zn anode

The commercial ZnFe;04 powder was combined with polyvinylidene
fluoride (PVDF) in a ratio of 9:1 and mixed with N-methyl-2-pyrrolidone
(NMP) under stirring to get a slurry. This slurry would be coated on the
metallic Zn foil by using y pm scraper (y = 30, 50, 100, 200). The coated
Zn foil dried in an oven at 60 °C for 6 h to evaporate all the solvents.
Finally, the foils were cut to the desired sizes to obtain ZFO@Zn anode
for testing.

2.2. Preparation of V20s., cathode

The fabrication of V05, cathode is similar to our previous report.
Briefly, commercial VoOs was treated at 400 °C for 2 h under the 5% Hy/
Ar atmosphere. The V505, cathode was prepared by mixing V,O0s.y,
Super P, and PVDF in a ratio of 7:2:1 in NMP solvent to form a homo-
geneous slurry. This slurry was coated onto a carbon film, which was
then cut into appropriate sizes. The average areal mass loading of the

active material was approximately 1 mg cm™2.

2.3. Fabrication of various cells

The coin cells for testing are assembled by using a glass fiber GF/B
(Whatman) as separators in CR2025 coin cells. The Zn symmetric cells
used 10 mm diameter Zn foils as electrodes. The 10 pm thick copper or
titanium foils were cut into 15 mm diameter discs to serve as electrodes
of half-cells. The 10 mm diameter V,Os_, cathodes and 12 mm diameter
Zn foils are assembled as full cells. The 2 M ZnSO,4 was used as elec-
trolyte for symmetric cells and half-cells, and 3 M Zn(CF3SO3) for full
cells.

2.4. Electrochemical measurements

All galvanostatic charge/discharge measurements were conducted
on a battery testing instrument (Land CT2001A) at different current
densities. All electrochemical tests were configured on a Biologic VMP-3
multichannel electrochemical workstation. Electrochemical impedance
spectroscopy (EIS) measurements were performed in a frequency range
of 200 kHz to 100 mHz at open circuit potential. Tafel curves were
obtained using Zn symmetric cells with a voltage window from 0.2 V to
—0.2 V at a scan rate of 1 mV s L. The ionic transference number was
tested using Zn symmetric cells under a bias of 20 mV for 6000 s.
Chronoamperometry (CA) curves were measured using Zn symmetric
cells under a bias of 150 mV for 300 s. Linear sweep voltammetry (LSV)
tests were conducted using a Zn//Ti half-cell at a scan rate of 1 mV s ..
In-situ optical microscopy imaging was conducted using a commercial
window electrochemical cell assembled with Zn symmetric cells for
testing.

2.5. Material characterizations

The microstructure and elemental composition of the ZNB@Zn were
examined using a field-emission scanning electron microscope (SEM,
Hitachi Regulus 8230) and energy-dispersive spectroscopy (EDS,
Quanta FEG 250). The crystalline phases were identified through X-ray
diffraction (XRD) analysis performed on a Bruker AXS D8 Advance. X-
ray photoelectron spectroscopy (XPS) analysis was carried out with an
ESCALAB 250XI (Thermo Scientific) spectrometer to investigate the
chemical states of the elements. Time-of-flight secondary-ion mass
spectrometry (TOF-SIMS) was performed with a TOF-SIMS 5-100 sys-
tem, using a 30 keV Bi>* ion beam for sputtering to analyze the surface
composition and depth profiles.

Distribution relaxation times (DRT) analysis was computed from EIS
data by using an open-source Matlab toolbox of DRT tools, which was
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developed by Professor Francesco Ciucci's research group [17-20]. The
DRT tools is freely available from the following site: https://github.
com/ciuccislab/DRTtools

2.6. Simulation method

The electronic structure and system energy calculations are per-
formed based on density functional theory (DFT) implemented in the
Vienna ab initio simulation package (VASP) [21,22] and Quantum ATK
[23]. The spin polarization and spin-polarized DFT are used for ZnFe;04
and Znj 4Fesx04 systems, respectively. The exchange-correlation po-
tential is explained by the Perdew-Burke-Ernzerhof (PBE) functional
based on spin-generalized gradient approximation plus on-site Coulomb
interaction (SGGA + U) functional [24,25] with Ues = 3 €V on Fe—3d
[26]. The projector augmented-wave method is used for wave function
expansion with an energy cutoff of 450 eV. The geometry optimization

Chemical Engineering Journal 519 (2025) 164989

continues until the energy differences and ionic forces converge to less
than 107° eV and 0.01 eV/A, respectively. Monk horst-Pack k-point
meshes of 10x 10x 10 are used for electronic structure calculation of
metal oxides (including Fe atom doping and Zn ion adsorption). Mag-
netic ground state energy tests of ZnFe;O4 and Znj.Fes ,O4 exhibit
antiferromagnetism and ferrimagnetism, respectively. Calculation of
desolvation energy barriers of Zn(H,0); into Zn (H20),.1 and Zn(H20);
on the different delocalization-electron catalyzers is set k-point meshes
of 5 x 5 x 1. For the slab calculations, the vacuum thickness is 15 Ato
reduce artificial interactions due to periodic boundary conditions.

3. Results and discussion
As illustrated in Fig. 1a, Zn?* is encased in bulky solvated shells as

[Zn(HZO)G]ZJr clusters, which hinder diffusion and introduce significant
desolvation energy barriers [27,28]. This slows down the plating/
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Fig. 1. Morphology and structural characterizations on ZFO artificial interfacial layer. (a) Challenges for metallic Zn anode. (b) Schematic illustration of the working
mechanism of the ZFO layer. (c) High-resolution Fe 2p XPS spectrum of ZFO. (d) Raman spectrum of ZFO. (e) HR-TEM image and diffraction fringes of ZFO
nanoparticles. (f) TOF-SIMS sputtering depth profiles. (g) 2D planar mappings and 3D reconstructions of ZFO@Zn anode. (h) Cross-sectional SEM image of ZFO@Zn

and corresponding elemental mapping.
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stripping process and leads to nonuniform deposition. The dissociation
of hydrated [Zn(H20)6]2+ at the electrode/electrolyte interface releases
highly reactive water molecules, exacerbating HER and surface corro-
sion. [8] The inert by-products from side reactions degrade interfacial
conductivity with electron injection and perpetuate a vicious cycle [4].
These issues not only increase futile energy loss but also severely limit
AZMBs reversibility and lifespan.

Zinc ferrite (ZFO) is a highly stable material characterized by its
resistance to high temperature or corrosion, making it widely applicable
across various fields. Its magnetic properties make it suitable for
manufacturing electromagnetic devices. Also, its excellent electromag-
netic shielding capability enables it to be used as a wave-absorbing
material. With a theoretical specific capacity over three times that of
graphite, ZFO has also been studied as an anode material for lithium-ion
batteries. [29] As an n-type narrow-bandgap semiconductor, its photo-
catalytic activity and photoelectric conversion properties have garnered
significant attention in related fields. Additionally, ZFO is cost-effective
and easily obtained by separating it from zinc ore slag. In conclusion,
constructing the artificial SEI layer by ZFO for Zn anode has great ad-
vantages and substantial commercialization prospects. As shown in
Fig. 1b, the spinel-type ZFO exhibits a cubic crystal structure with Fd3m
symmetry. In this structure, oxygen atoms form a face-centered cubic
array at the 32e sites, while Zn and Fe atoms occupy the 8a tetrahedral
and 16d octahedral sites, respectively. The unoccupied 16¢ sites form
edge-sharing 3D channels with 8a sites, enabling rapid Zn?* diffusion.
These channels induce the pre-desolvation of hydrated Zn?* by the
sieving mechanism outside the SEI layer. Additionally, the high-spin
Fe3* metal centers provide abundant delocalized electrons that facili-
tate the charge transfer process and reduce desolvation and diffusion
barriers, which catalytically promote the dissociation of solvated shell
and transfer of free ions to achieve unimpeded Zn deposition.

The standard spinel-structured [Zn]a[Fe3]gO4 exhibits a net mag-
netic moment of zero due to the mutual cancellation of magnetic mo-
ments between Fe3' in the octahedral sites, which makes itself
paramagnetic. However, surface defects and cation disorder lead to Fe>*
partially occupying tetrahedral sites in nanoscale particles, forming a
hybrid spinel structure of [Zn,Fe;_,]alZn;_,Fe; 1304 with ferrimag-
netic property [30]. This phenomenon is evidenced by the attraction of
ZFO nanoparticles to a magnet and compass, as demonstrated in Fig. S1.
To gain deeper insights into the origin of this magnetism, the valence
states of the elements in ZFO were analyzed by using X-ray photoelec-
tron spectroscopy (XPS). High-resolution XPS of Fe 2p (Fig. 1c) reveals a
small amount of Fe?* doping within the ZFO nanoparticles. To maintain
charge balance, the O 1 s spectrum (Fig. S2) also displays a peak at
532.1 eV corresponding to oxygen vacancies. Raman spectra further
support this observation, the peak above 600 cm ™! is attributed to the
stretching vibrations of tetrahedral interstices. Since the radius of Zn**
is larger than that of Fe®*, the peaks at 650 cm™! and 680 cm™! are
assigned to Zn>* and Fe>* occupying tetrahedral sites, respectively [31].
As shown in Fig. 1d, the tested ZFO nanoparticles consist of 80.2%
normal spinel phase and 19.8% inverse spinel phase. X-ray diffraction
(XRD) pattern (Fig. S3) confirms consistency with the reported ZnFe;04
(PDF#79-1150), with a fitted lattice parameter of 8.406 A, smaller than
the 8.436 A of normal spinel ZnFe,0,. This reduction is attributed to the
tetrahedral sites of Fe>* occupying a smaller radius, thereby decreasing
atomic interactions. The presence of defects and atomic disorder in
nanoscale crystals not only generates a net magnetic moment between
Fe3* ions, resulting in ferrimagnetism of ZFO, but also elevates the
crystal field splitting energy of ZFO above the electron pairing energy.
This causes the d-orbital occupation of Fe>* to transition from a low-spin
state (tgg) to a high-spin state (tggeg), increasing the number of unpaired
electrons [32]. The enhanced electron exchange interactions between
Fe3* and polar water molecule ligands affect the coordination behavior
and desolvation energy barrier of adjacent Zn?* ions [33-36]. Vibrating
sample magnetometer (VSM) result of ZFO powder (Fig. S4) reveals a
saturation magnetization (Ms) of 21.59 emu g’1 and remanence (Br) of
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2.03 emu g}, which confirms that the commercial nano ZFO is a soft
ferrimagnetic material.

High-resolution transmission electron microscopy (HR-TEM) images
(Fig. 1e and S5) reveal an average particle size of approximately 20 nm,
enabling uniform coating on the Zn anode surface to construct an arti-
ficial SEI layer. The observed lattice fringes with a spacing of 0.291 nm
correspond to the (220) planes of the spinel structure, which consist
with previous conclusion of smaller crystal parameter.

In preliminary exploratory experiments, four scraper thicknesses
were used to investigate the optimal preparation process for the artificial
layer of ZFO zinc anode. As shown in Fig. S6, due to limitations in slurry
viscosity and the surface flatness of Zn foil, the coating prepared with 30
pm scraper exhibited uneven distribution. Coatings fabricated using 50,
100, and 200 pm scrapers yielded thicknesses of 5, 9, and 15 pm,
respectively. These coatings constructed a uniformly modified interface
layer and exhibited a dense and smooth dark orange surface, indicating
effective structural control. Symmetric cell tests were conducted on Zn
anodes with ZFO artificial layers of varying thicknesses (Fig. S7). The
ZFO@Zn prepared with the 50 pm scraper demonstrated the lowest
overpotential, while the overpotential increased with greater thickness.
Consequently, the 50 pm ZFO@Zn was selected for subsequent experi-
ments and investigations.

To confirm the composition of ZFO layer, time-of-flight secondary
ion mass spectrometry (TOF-SIMS) using Cs* sputtering was conducted
(Fig. 1f). After 1200 s, the Fe' signal intensity decreased significantly,
while Zn" content increased rapidly, indicating the presence of the ZFO
layer. The 2D planar mappings and 3D reconstructions of Zn™ and Fe™
(Fig. 1g) further illustrate the uniform ZFO artificial layer on the
metallic Zn anode surface. (Fig. 1h) The cross-sectional SEM image with
related elemental mapping of the ZFO@Zn anode by energy-dispersive
spectroscopy (EDS) corroborates the uniform distribution of ZFO
layer. In conclusion, the successful construction of the ZFO artificial SEI
layer is verified through these characterizations. Its appropriate thick-
ness and uniform distribution are expected to facilitate the Zn plating/
stripping process.

To elucidate the interaction mechanism between Zn?* with the ZFO
used in the experiments and thoroughly investigate their influence on
interfacial reactions, density functional theory (DFT) simulations of ZFO
materials were systematically analyzed. Through the electronic density
of states (DOS) for two ZFO structures, it is evident that the hybrid type
ZFO exhibits spin splitting in the electronic states dominated by high-
spin Fe 3d valence orbitals due to Zn/Fe atomic disorder, which
fundamentally explains its ferrimagnetic properties (Fig. 2a). Concur-
rently, the overall DOS shifts toward the Fermi level, indicating
enhanced electron delocalization characteristics and superior electro-
chemical activity to facilitate reaction kinetics [37]. By constructing
adsorption models on metallic Zn, standard ZFO, and hybrid ZFO sur-
faces, various adsorption sites were systematically selected to investi-
gate Zn?* adsorption mechanisms. As shown in Fig. 2b, the adsorption
energy of Zn?* on the bare Zn surface is —0.539 eV. The Zn top site on
standard ZFO demonstrates a higher adsorption energy (—0.826 eV),
with other sites lower than that of the bare Zn surface. Remarkably, the
hybrid ZFO surface universally displays higher adsorption energies with
the maximum value (—0.842 eV) observed at the hollow site, confirming
its superior Zn%* adsorption capability. Comparative analysis of charge
density differences in optimal adsorption configurations (Fig. 2c) reveals
that the hybridization of the high-spin eg orbitals with O 2p orbitals
reduces the energy level of these orbitals and then promotes preferential
Zn?" adsorption at Fe—O bridge sites. The Zn?" diffusion barrier for
different materials was calculated to evaluate their transport kinetics. As
the simulation results demonstrate that hybrid ZFO possesses an ultra-
low Zn?* migration barrier of 0.099 eV, enabling rapid ion transport
within the ZFO spinel framework (Fig. 2d). Furthermore, desolvation
energy simulations reveal that hydrated Zn?>" requires overcoming a
high energy barrier (4.544 eV) for water dissociation on bare Zn sur-
faces, which is a critical limitation for interfacial kinetics. In contrast,



H. Yang et al. Chemical Engineering Journal 519 (2025) 164989

a 80
0 CYMRTNINLY ]
2 Tk 1 1
g _ 'W‘P'\tw 1
g 80 Hybrid ZFO ‘ ‘ :
§ Lr“f““l' 1
[=] P \fg\‘(l"’" ~ I A\ !
0 P = 1
v S SN X
AT W 1
Standard ZFO ¥ !
-80 T T T 1
2 K| 0 1 |
b Energy (eV) 1
- 1

# .

4.2 :
g b 7 :
>
2 -0.826 eV 0.842 6V 1
2 -0.8 </ 1
@ \

c . I - I
S -0.539 eV l l l 1
o
& 11 '
2041 W 1
g 11 '
[ |
-0.0
Bare Zn Standard ZFO Hybrid ZFO
7
do2 »— Hybrid ZFO e M
o r‘ﬁ

0.099 eV 6

0.1 s 000000000
- ’ Y ©00000000
Sool o o o —— — s
3 o 3 4.544 eV
] +— Standard ZFO 2 .
£ 0.2 S 4 Ay 1
s 0117 eV s ; <
s o1 — T~ 5
s o -
| ,a - g3 : <
g00L o~ o o — 2 - .

a . 0.202 eV 22 1.753 eV

0.2 Bare Zn : a - 1.493 eV

0.11 . 1 —_— —

0.0{ - . ) ) R

0 1 2 3 4 5 6 7 8 9 Bare Zn Standard ZFO Hybrid ZFO

Site

Fig. 2. DFT simulation of ZFO. (a) Density of states for two ZFO structures. (b) Adsorption energies of Zn>* at various surface sites. (c) Charge density difference for
Zn?* adsorption on ZFO surfaces. (d) Diffusion energy barriers of Zn>* across different surfaces. (e) Desolvation energy barriers of Zn(H,0)2" on various surfaces.

the hybrid ZFO surface significantly reduces this barrier to 1.493 eV,
demonstrating exceptional catalytic activity for desolvation processes
(Fig. 2e). These computational insights collectively highlight the
promising application potential of ZFO in advanced AZMBs.

The experimental results validated the simulation results. Since
desolvation is identified as the rate-determining step in the charge
transfer process, the activation energy (E,) derived from calculating the
charge transfer resistance (R.¢) at varying temperatures via the Arrhe-
nius equation serves as a quantitative metric to evaluate the desolvation
energy barrier (Fig. 3a and S8) [4]. The E, for ZFO@Zn (21.23 kJ mol™ 1)
is markedly lower than that of bare Zn (36.28 kJ mol’l). This substantial
reduction demonstrates the ability of ZFO layer to enhance desolvation
kinetics for [Zn(H20)6]2Jr clusters.

Electrochemical impedance spectroscopy (EIS) analysis is a widely
used method for probing electrode reaction kinetics. Its result reveals
that the incorporation of the ZFO layer significantly reduces impedance
(Fig. 3b). To further investigate the impact of the ZFO layer on deposi-
tion kinetics, the distribution of relaxation times (DRT) technique was
applied to analyze the EIS data (Fig. 3c). The reduction in corresponding
peaks indicates that the ZFO layer promotes all critical steps in zinc
deposition, including adsorption, charge transfer, and diffusion. The
high ionic conductivity of the ZFO layer enables rapid diffusion kinetics.
Supporting this, EIS measurements of Ti symmetric cells reveal a sig-
nificant reduction in ohmic resistance from 1.99 Q (bare Ti) to 0.65 Q
(ZFO@Ti), demonstrating its exceptional facilitation for Zn?* transport
(Fig. S9). Consequently, ZFO@Zn exhibits a significantly higher ion
transference number (0.449) in comparison with bare Zn (0.139)

(Fig. 3d and S10). As shown in Fig. S11, the contact angle between the
bare Zn anode and the electrolyte is 105.92°, while that of ZFO@Zn is
significantly reduced to 51.13° due to ZFO's zincophilic properties and
superior transport kinetics, which demonstrates excellent wettability
and facilitates interfacial contact. To quantify the impact of the ZFO
layer on Zn?* deposition process, Zn//Cu asymmetric cells were
assembled and tested by cyclic voltammetry (CV) method. The results
(Fig. 3e) reveal that ZFO layer significantly reduces voltage hysteresis,
and the enhanced peak current indicates the presence of more nucle-
ation sites.

As a more in-depth view, this improvement stems from alterations in
interfacial solvent structures. The solvation environment is shown by the
Raman spectra of the 0SO3~ bond region at 970-1000 cm ™! (Fig. 3f and
S$12). With increasing sulfate concentration, the free water content de-
creases, and the OSO%’ stretching vibration exhibits a blue shift, indi-
cating a transition from solvent-separated ion pairs (SSIP, [Zn2+(H20)6
OSO%‘]) to contact ion pair (CIP, [Zn2+(H20)5 OSO%‘]). The higher CIP
ratio on the ZFO@Zn surface (58.6%) suggests that Zn2*t can achieve a
more readily desolvation process before entering the ion transport
channels, which is facilitated by the sieving mechanism and electrons
delocalization effect of ZFO layer. Further insights into activation of
water with Raman spectra at 3000-3800 cm ™! region by the O — H
stretching vibration (Fig. 3g and S13) show an increase in strong
hydrogen bonds on the ZFO@Zn surface (from 54.1% for bare Zn to
71.2%). This is accompanied by decreases in medium and weak
hydrogen bonds from 35.5% and 10.4% to 27.2% and 1.6%, respec-
tively. It indicates the reduction in free active water content by the
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modulation of the ZFO layer. Consequently, the associated HER and
corrosion processes are also significantly mitigated.

Linear sweep voltammetry (LSV) results (Fig. 3h) reveal a higher
HER onset potential for ZFO@Zn (112 mV) in comparison with bare Zn
(87 mV), confirming its superior HER suppression. As the detection of
Tafel polarization curves (Fig. 3i), the corrosion reaction rate on the Zn
anode surface can be reflected by the slope of strongly polarized region,
and the corrosion current density (Icorr) of bare Zn is approximately
three times higher than that of ZFO@Zn (10.64 vs. 3.47 mA cm_z), also
confirming a significant reduction in corrosion reaction for ZFO@Zn
[38].

Time-of-flight secondary ion mass spectrometry (TOF-SIMS) analysis
(Fig. 4a) provides further insights into the post-cycling Zn anode. The
top 2D planar mappings of ZnO™ reveal clustered deposits on bare Zn,
and ZFO@Zn achieves uniform deposition. The appearance of dendritic
protrusions on the bare Zn surface can be more visually seen on the 3D
reconstructed image, and the distribution of ZnOH™ and SO3 mutually
corroborates its poor surface coverage by thick ZHS by-product. On the
contrary, the Zn anode protected by the ZFO layer shows suppressed side
reactions and compact zinc deposition.

The comparison of the XRD patterns between the Zn anode before
and after cycling (Fig. 4b) further corroborates the above observation.
Diffraction peaks at 20 = 15-30 ° on cycled bare Zn correspond to the
ZHS standard sample, indicating the existence of rampant side reactions
on the bare Zn surface. The increased ratio of the 002/101 crystalline
plane diffraction peak area on the ZFO@Zn surface then evidences the
parallel-preferential nucleation-inducing ability of the ZFO artificial SEI

layer.

In situ optical microscopy (Fig. 4c) recorded the changes in surface
morphology during the deposition of bare Zn and ZFO@Zn, respectively.
The bare Zn surface developed irregular protrusions within 10 min of
deposition, which evolved into sharp dendrites by just 30 min. In
contrast, the ZFO@Zn surface remained flat throughout the deposition
process, highlighting the superior regulation ability of the ZFO layer
over Zn deposition behavior. The cross-sectional SEM images of the post-
cycling ZFO@Zn (Fig. S14) show the flat Zn deposition behavior under
ZFO layer and sustain interfacial contact integrity even under a high
current density of 10 mA cm 2. SEM analysis from top view (Fig. 4d)
confirms that ZFO@Zn promotes uniform planar deposition with 002
crystal phase nucleation, whereas bare Zn exhibits uneven, aggregated
deposition with hexagonal ZHS by-products [39]. The chronoampero-
metric curve (Fig. 4e) demonstrates that the ZFO-modified Zn anode
maintains a stable negative current plateau corresponding to dense Zn
deposition, whereas the bare Zn exhibits an uncontrolled increase in
current magnitude due to irregular dendritic growth.

Fig. 4f provides a clearer understanding of the mechanism by which
the ZFO layer regulates zinc deposition behavior. For bare Zn anodes,
dendrite growth is intrinsically related to tip-discharge effects. Uneven
surfaces lead to disordered 2D diffusion and ion clustering. Fortunately,
the magnetic SEI layer composed of ZFO effectively mitigates these is-
sues. The micro-magnetic field generated by the ZFO layer reconstructs
the disordered interfacial electric field. As previous studies have
demonstrated, ion flux on the magnetic surface is redirected into a he-
lical motion under the Lorentz force, suppressing tip-discharge effects.
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[10,14,40,41] The free Zn?** travels through evenly distributed ion-
conducting channels after desolvation, achieving stable 3D deposition
and avoiding dendrite formation. The real-time simulations of electric
field and ion concentration distributions during deposition on different
Zn anode surfaces provide microscopic mechanistic evidence validating
the aforementioned design by COMSOL Multiphysics software. As
shown in Fig. S15, the bare Zn anode exhibited electric field aggregation
due to the tip effect of surface protrusions, leading to continuous
dendrite growth. Rapid ion consumption caused a significant increase in
ion concentration gradients, and concentration polarization intensified
during deposition. In contrast, the Zn anode with a magnetic ZFO arti-
ficial layer maintained uniform electric field and Zn?* concentration
distributions even with surface protrusions, revealing the effectiveness
of magnetic regulation in controlling deposition behavior.

To assess the reversibility of ZFO@Zn, charge/discharge cycling tests

were performed on the assembled Zn//Cu half-cells. During galvano-
static plating/stripping tests, the capacity-voltage profiles (Fig. 5a and
S16) demonstrate lower polarization voltages for ZFO@Zn//ZFO@Cu
cells (48.4 vs. 97.5 mV). Thanks to the anti-corrosion and dendrite-
suppression capability of ZFO layer, the ZFO@Zn//ZFO@Cu cell sus-
tained over 600 highly reversible cycles at 1 mA cm 2 for 1 mAh cm ™2
Zn deposition, whereas the control group failed after 120 cycles due to
CE degradation and short circuits (Fig. 5b).

The measurement of the average CE during 50 cycles of plating/
stripping in Zn//Cu asymmetric cells after pre-deposition (Fig. 5¢ and
$17) shows that ZFO@Zn//ZFO@Cu asymmetric cell achieved a CE of
99.02%, compared to 97.82% for the bare counterpart. The higher CE
indicates that ZFO layer effectively suppresses side reactions with Zn
consumption [42]. Galvanostatic intermittent titration tests (GITT) on
Zn symmetric cells reveal reduced ohmic resistance and voltage
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polarization under the regulation of ZFO layer (Fig. 5d-e). Critically, it
can investigate the concentration polarization hysteresis through time
relaxation of a certain duration. ZFO@Zn displays significantly lower
concentration polarization (5.7 mV) than bare Zn (8.5 mV), which is
attributed to its fast desolvation and diffusion capabilities [43].

In prolonged rest experiments (Fig. 5f), bare Zn suffered severe
passivation due to by-product accumulation, leading to extremely high
polarization and cell failure after 50 cycles by hindered Zn deposition. In
contrast, ZFO@Zn maintained interfacial stability through multiple rest
periods. EIS tests during the cycling process (Fig. S18) show that
ZFO@Zn symmetric cell consistently maintains a significantly lower

impedance in comparison with the bare one during the first 50 cycles,
highlighting the stable interfacial contact and enhanced electrode re-
action kinetics. In symmetric cell tests at 1 mA cm 2 (Fig. 5g), ZFO@Zn
exhibited outstanding long-term stability, sustaining low polarization
(29 mV) over 3000 h, while bare Zn failed after only 130 h. In the rate
performance test (Fig. 5h), a similar comparative trend is still detected,
the ZFO@Zn anode demonstrates excellent low voltage polarization. As
the current density increased from 1 mA em 2 to 30 mA cm ™2, the
ZFO@Zn symmetric cell maintained low voltage hysteresis of 29, 34, 37,
44, 62, 100, and 147 mV, respectively. In contrast, the bare Zn sym-
metric cell exhibited significantly higher voltage polarization and finally
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short-circuited during this process. During continuous charging/dis-
charging at an ultra-high current density of 30 mA ecm™?2 (Fig. 5i), the
ZFO@Zn anode demonstrated a cumulative capacity of more than 3500
mAh cm~2. The 40% depth of discharge (DOD) tests indicate that the
bare Zn anode short-circuited after only a few cycles under high-voltage
polarization due to dendrite formation, whereas ZFO@Zn maintained
stable cycling for over 250 h under interfacial layer regulation
(Fig. S19). ZFO modification strategy shows excellent cycling stability in
comparison with recently reported inorganic artificial layers (Fig. S20
and Table S1). Overall, the performances of ZFO@Zn symmetric cell
demonstrate an ultra-stable operation with low polarization, attributed
to the exceptional corrosion resistance, rapid ion transport, and self-
motivated deposition mechanism from the ZFO artificial SEI layer,
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further reinforcing the previously discussed findings.

To further verify the performance of the ZFO@Zn anode in practical
application scenarios, we assembled a Zn//V0s_, full cell for testing.
The SEM images and corresponding EDS elemental mapping of the V,0s.
« cathode are provided in Fig. S20. As expected, ZFO@Zn//V305_
exhibited significantly lower electrochemical impedance (Fig. 6a). The
CV test of full cells reflects the cathode reaction behavior and kinetics,
the two pairs of redox peaks in Fig. 6b correspond to the interconversion
of V3*/V* and V**/V®* in the vanadium-based battery. From Fig. 521,
there is a clear comparison that the voltage polarization between the
V3 /v* and V¥ V5" redox peaks of the ZFO@Zn//V,0s_y full cell
decreased from 291 mV and 184 mV to 207 mV and 93 mV, respectively,
which reveals the excellent ion transport ability of the ZFO layer. After a
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self-discharge test with a duration of 24 h (Fig. 6¢), the ZFO@Zn full cell
retained 98.07% of its original capacity, outperforming the bare Zn
(92.85%), indicating the effectiveness of ZFO layer in suppressing cross-
talk side reactions [44].

As shown in the rate performance tests (Fig. 6d-e), when the current
density increased from 0.2 A g* to 10 A g~!, the specific capacity of
ZFO@Zn//V20s_y full cell only decreased slightly from 475.7 mAh g~}
to 411.1 mAh g~'. In contrast, the bare Zn counterpart experienced a
significant drop to 327.3 mAh g’1 (Fig. S21), highlighting the great
ability of ZFO layer to enhance ion transport and diffusion under high
current density. It is widely known that the dissolution of metal ions
from the vanadium-based cathode would become pronounced at low
current density. When dissolved ions shuttle to the Zn anode surface and
are consumed by side reactions, a huge irreversible loss of cathode ca-
pacity is caused. [45,46] At a current density of 0.5 A g™, the specific
capacity of bare Zn//V,0s_, full cell dropped precipitously to 157.3
mAh g_1 after 300 cycles, and ZFO@Zn//V50s_y full cell maintained
83.7% capacity retention (Fig. 6f), demonstrating its effectiveness to
isolate irreversible cross-talk side reactions with metallic Zn. Further-
more, post-cycled bare Zn and ZFO@Zn surfaces were characterized via
XPS and TOF-SIMS analyses (Fig. S22). The results demonstrate signif-
icant suppression of vanadium-oxygen shuttle by-products on the
ZFO@Zn surface in comparison with bare Zn, which further validates
the previous hypothesis. When the current density increased to 5 A g1
(Fig. 68), the ZFO-protected cell achieved 3000 stable cycles with 90.7%
retention, whereas the bare Zn full cell could only sustain around 1000
cycles with a reduced capacity of 341.6 mAh g~ before short-circuiting.
Thus, the fast ionic conduction properties and self-motivated mecha-
nism of ZFO artificial SEI layer are well-validated by full cell
applications.

The series-connected pouch cell array assembled with the ZFO@Zn
anode and V50s5_, cathode successfully powered the smart device. With
a high cathode areal loading of 6.49 mg cm ™2, the pouch cell maintained
stable operation for 150 cycles at a current density of 1 A g™, achieving
a high specific capacity of 288 mAh g~!. This demonstrates the feasi-
bility and advantage of the ZFO-coated anode modification strategy for
future commercial applications.

4. Conclusions

In summary, zinc ferrate as a spinel-structured ferrimagnetic nano-
material was proposed for the construction of artificial layers for AZMBs
anodes. The 3D crystal structure and electron delocalization of ZFO
layer enhance interfacial reaction kinetics, while its self-generated
micro-magnetic field induces dendrite-free Zn deposition. Character-
izations, simulations and electrochemical tests confirmed the excellent
comprehensive properties of the ZFO layer, which enables the modified
Zn anode to exhibit highly reversible long-cycle performance with low
polarization. At a current density of 1 mA crn_z, the ZFO@Zn anode
sustained dendrite-free stable cycling for over 3000 h. Even under an
ultrahigh current density of 30 mA cm ™2, it demonstrated a low voltage
polarization of 147 mV and an impressive cumulative capacity of 3500
mAh em ™2 Thanks to the inhibition of side reactions by ZFO layer, the
ZFO@Zn//V30s_y full cell maintained stable cycling for 3000 cycles at 5
A g1 with a capacity retention rate of 90.7%. The simple preparation
method and low cost of ZFO layer provide a promising pathway for the
development and commercialization of high-performance AZMBs,
expanding their practical applications and market potential.
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