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ABSTRACT: The practical deployment of rechargeable aqueous zinc-ion
batteries is greatly hindered by severe Zn dendrite growth and the hydrogen

\ Protective Layer G L
evolution reaction on Zn metal anodes. Herein, we report the spontaneous N / \Ahymsa /
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construction of an adsorption-induced o-carborane artificial interphase to o-Carboraneizn Uniomy irbuted 20 fux Smoothand dense
stabilize Zn anodes. The cage-structured o-carborane clusters possess robust — e
structural stability and chemical inertness, endowing Zn anodes with strong | - suerorser fimorming abilty > High toprevent H0 !
durability to suppress Zn dendrite and hydrogen evolution. The constructed  { "o srctre! sabiiyand cremicalneriess  Abundantsies o induce uiorn Z0 deposiin |
o-carborane protective layer can redistribute Zn** flux, avoiding nonuniform 7 Om,

Zn deposition and achieving highly reversible Zn plating/stripping et znceposion s RS rurteroyng
processes. The o-carborane-derived SEI can prevent Zn metal from being 2o
corroded by the electrolyte and accelerate Zn>* transfer. Consequently, Znll \ / \ /{gﬂmmsa
Zn symmetric batteries and ZnllCu half-batteries based on o-carborane- Bare 20 et e e
modified Zn electrodes demonstrate long cycling lifespans at elevated

current densities. The assembled ZnlIV,0O; batteries also achieve lower voltage polarization, enhanced rate capability, and
prolonged cycling stability. This work highlights the potential of adsorption-driven artificial interphases constructed from
cage-like clusters in stabilizing transition metal anodes, providing a promising route to develop advanced aqueous multivalent-
ion batteries.

inc (Zn) metal has been considered a promising anode Different from the above two approaches, constructing a
material for aqueous energy storage devices due to its robust and highly Zn*'-conducting artificial interphase is
low redox potential (—0.762 V vs standard hydrogel another promising route to achieve highly durable Zn metal
electrode), high specific capacity (820 mAh g~ or 5854 mAh anodes. Recently, various artificial interfacial layers, including
cm™?), high natural abundance, and low toxicity.' ™ Unfortu- inorganic materials'®™>* and organic polymers,”*~*’ have been
nately, the development of rechargeable Zn-ion batteries is developed to improve the compatibility of Zn metal anodes
confronted with numerous rigorous challenges, including with aqueous electrolytes. However, these artificial interfacial

severe electrolyte corrosion and uncontrollable dendrite
growth during the repeated Zn plating/stripping processes.*°
These issues greatly deteriorate the cycling stability and
reversibility of the Zn metal anodes. To date, considerable
efforts have been dedicated to addressing these challenges.

layers often suffer from uncontrollable evolution of composi-
tion and structure during battery cycling,’>*" which potentially
leads to the loss of their protective effect. Therefore, it is
challenging to construct a full-featured artificial protection

Optimizing electrolyte compositions by additives or salts is interphase that simultaneously possesses prominent electro-
. .- . 2+ ..

coFr)lsiderecig a feasible stratli.gy for fo)r,ming a stable solid (ciher(;n.c al Stabﬂ;ty azd hllgh Zn l.conilllflctlwty o suppress Zn
electrolyte interphase (SEI) to stabilize Zn metal anodes.”” "’ endrite growth and prolong cycling lifespans.

However, the continuous consumption of additives and salts
during cycling compromises sustained interfacial stability and Received:  September 12, 2025
dendrite growth suppression. Employing hydrogel polymer Revised: ~ November 13, 2025
electrolytes (HPEs) is demonstrated to be another effective Accepted:  November 24, 2025
strategy to promote uniform Zn deposition and reduce side Published: November 27, 2025
reactions.'' ~'® Nevertheless, the ionic conductivity and

mechanical strength of HPEs still need to be further improved.
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Figure 1. Compositional characterizations and protection mechanism of the o-carborane protection layer on Zn electrodes. (a) Schematic
illustration of Zn plating/stripping processes on o-carborane/Zn and bare Zn electrodes. (b) Top-view SEM image and optical image (the

inset) of the o-carborane/Zn electrode. (c) Cross-section SEM image of

the o-carborane/Zn electrode. (d) Contact angles of 2.0 M ZnSO,

aqueous solution on o-carborane/Zn and bare Zn electrodes. (e, f) High-resolution XPS spectra at (e) B 1s and (f) C s regions of o-
carborane/Zn and bare Zn electrodes. (g) Raman spectra of the o-carborane/Zn electrode and pristine o-carborane powder.

Herein, we report the spontaneous construction of an
adsorption-induced o-carborane artificial interphase on a Zn
metal surface via the strong electrostatic attraction between
cage-structured o-carborane clusters and Zn metal. The
structural stability and chemical inertness of cage-like o-
carborane clusters can endow Zn metal electrodes with high
electrochemical durability to suppress Zn corrosion and the
hydrogen evolution reaction (HER). The self-absorbed o-
carborane clusters are demonstrated to be involved in the
formation of a modified SEI. The as-formed SEI exhibits
superior electrochemical stability and high Zn*" conductivity,
enabling improved Zn deposition morphology and exceptional
long-term cycling stability of Zn metal anodes. Benefiting from
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the uniform anchoring of o-carborane clusters, the constructed
artificial protection layer can effectively homogenize the
surface electric field distribution and eliminate the tip effect
during the initial Zn plating process, thereby inhibiting the
growth of Zn dendrites. As a result, the ZnllZn symmetric
batteries assembled with o-carborane-modified Zn electrodes
achieved a highly stable Zn plating/stripping process for over
500 h at a high current density of 10.0 mA cm™ The superior
long-term cycling stability and reversibility for over 2000 cycles
were also demonstrated by the ZnlICu half-battery operated at
10.0 mA cm™ When paired with V,05 cathodes, the o-
carborane-modified Zn anodes can enable ZnllV,04 batteries
to work stably for over 3000 cycles at 10.0 A g™', with a

https://doi.org/10.1021/acsenergylett.5c02939
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Figure 2. Electrochemical performances of ZnllZn symmetric batteries assembled with o-carborane/Zn or bare Zn electrodes. (a) EIS
measurements of ZnllZn symmetric batteries. (b) Tafel plots of ZnllZn symmetric batteries for calculating exchange current densities. (c)
Rate performances of ZnllZn symmetric batteries measured at different current densities from 1.0 to 20.0 mA cm™> with a fixed capacity of
1.0 mAh cm ™. (d, e) Galvanostatic cycling performances of ZnllZn symmetric batteries (d) measured at 5.0 mA cm™> with a capacity of 1.0
mAh cm™ and (e) measured at 10.0 mA cm™> with a capacity of 1.0 mAh cm™ (f, g) Operando optical microscopy observation of Zn
electroplating morphology on (f) o-carborane/Zn and (g) bare Zn electrodes at a current density of 5.0 mA cm™> for 200 cycles.

considerable remaining capacity of 145.2 mAh g~'. This work
provides a new perspective for constructing advanced artificial
interfacial layers based on closo-type atomic clusters to propel
the exploration of high-performance aqueous rechargeable
multivalent-ion batteries.

The molecular structure of o-carborane was confirmed by
Fourier transform infrared (FTIR) spectroscopic analysis
(Figure S1). In this work, we employed a convenient solution
immersion method to prepare the o-carborane cluster modified
Zn metal (o-carborane/Zn) electrodes (Figure 1a). Briefly, by
immersing the polished Zn foils into a tetrahydrofuran solution
of o-carborane molecules (1.5 M), o-carborane clusters tended
to spontaneously adsorb onto the Zn metal surface owing to
electrostatic interactions, forming a uniform interfacial
protective layer. To deeply understand the self-adsorbed
behavior of o-carborane molecules on the Zn electrode surface,
relevant theoretical calculations were performed (Figure S2).
Based on molecular electrostatic potential (ESP) calculation, it
could be found that the hydrogen atoms bonded to carbon
atoms in o-carborane molecules demonstrated a more
pronounced electropositive character. This illustrated the
presence of potential electrostatic interactions between these
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C—H bonds and the Zn metal surface. Furthermore, Mulliken
charge analysis quantitatively confirmed higher partial positive
charges on these specific hydrogen atoms, corroborating their
role as active binding sites for interaction with the Zn metal.
The theoretical calculation results indicated that this
spontaneous adsorption phenomenon originated from the
unique molecular structure of o-carborane. Due to the higher
electronegativity of carbon (2.55) compared to boron (2.04),
the hydrogen atoms bonded to carbon atoms in o-carborane
molecules exhibit a certain degree of Lewis acidity, which
drives the molecules to strongly anchor onto the Zn metal
surface, particularly at protrusions with more charge
accumulation. Consequently, the self-adsorbed o-carborane
molecules can effectively guide uniform Zn deposition, leading
to a stable, dendrite-free Zn plating process.

Furthermore, the chemical inertness of cage-like o-carborane
molecules was also investigated by theoretical calculations.
According to frontier molecular orbital theory, the electro-
chemical stability of an SEI component is governed by its
energy levels of lowest unoccupied molecular orbital (LUMO)
and highest occupied molecular orbital (HOMO).*>*
Generally, an ideal SEI component should possess a high

https://doi.org/10.1021/acsenergylett.5c02939
ACS Energy Lett. 2025, 10, 6489—6499
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LUMO energy and a low HOMO energy, corresponding to a
wide HOMO—-LUMO gap, to ensure its high electrochemical
stability. In view of this, we compared the LUMO and HOMO
energies of the o-carborane molecule with those of conven-
tional SEI components formed on the Zn metal electrodes
(Figure S3). The o-carborane molecule demonstrated a high
LUMO energy of —0.25 eV and a low HOMO energy of —8.58
eV. Compared with the conventional SEI components of ZnO,
Zn(OH),, ZnF,, and Zn,(OH),SO,, the o-carborane molecule
possessed the highest HOMO—LUMO gap, strongly demon-
strating the superior chemical stability of the o-carborane
molecule for serving as a desirable SEI component to stabilize
Zn metal. Based on the theoretical calculation results, the
constructed o-carborane protective layer is expected to
maintain high electrochemical stability throughout the
prolonged cycling due to the structural stability and chemical
inertness of cage-like o-carborane molecules, effectively
suppressing Zn dendrite growth and HER of Zn metal
electrodes. Notably, since o-carborane clusters are hydrophobic
and insoluble in water (Figure S4), the as-formed o-carborane
protective layer will not fail due to dissolution during battery
assembly and operation. Different from bare Zn electrodes
with metallic luster, the as-prepared o-carborane/Zn electrodes
displayed a distinct white surface (Figure 1b), suggesting the
full coverage of o-carborane protective layers. Scanning
electron microscopy (SEM) was used to further distinguish
the surface morphology of o-carborane/Zn and bare Zn
electrodes. Compared with the bare Zn electrodes (Figure SS),
o-carborane/Zn electrodes displayed a smoother and flatter
surface morphology (Figure 1b), indicating that o-carborane/
Zn electrodes were expected to achieve more uniform Zn
nucleation. Moreover, the elemental mappings of o-carborane/
Zn electrodes obtained through energy dispersive X-ray
spectroscopy (EDX) analysis also showed the uniform
distribution of Zn, B, and C elements (Figure S6). The
thickness of the interfacial protective layer, as a key indicator,
not only determines its physicochemical properties, but also
significantly affects its protective effect.’® In view of this, the
cross-sectional morphology of o-carborane/Zn electrodes was
further characterized via SEM investigation. As displayed in
Figure 1c, the uniform and dense structural features of the o-
carborane protective layer were detected from the side view,
and the thickness of the prepared o-carborane protective layer
was measured to be ~287 nm on average.

The contact angle measurements of the 2.0 M aqueous
ZnSO, electrolyte on the o-carborane/Zn and bare Zn
electrodes were carried out to reveal the hydrophobic property
of self-adsorbed o-carborane cluster protective layers (Figure
1d). Compared with the bare Zn electrode (78.5°), the contact
angle of the aqueous ZnSO, electrolyte on the o-carborane/Zn
electrode was increased to 100.2°, indicating the potential of o-
carborane protective layers in blocking H,O penetration and
thereby suppressing the Zn corrosion and HER. The surface
chemical compositions of the o-carborane/Zn electrode were
probed by X-ray photoelectron spectroscopy (XPS). The B 1s
XPS spectrum of the o-carborane/Zn electrode clearly
exhibited the characteristic peaks of B—C, B—B, and B—H
species (Figure le), and the characteristic peaks in the C 1s
XPS spectrum were assigned to C—C, C—H, and C—B species
(Figure 1f), verifying the successful modification of o-
carborane molecules on the Zn metal surface. For the Zn 2p
XPS spectra (Figure S7), no distinct peak displacement was
detected before and after coating the o-carborane protective
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layer, illustrating that the construction of the o-carborane
protective layer was based on electrostatic adsorption rather
than chemical reaction. The Raman spectrum of the o-
carborane/Zn electrode was also measured to further confirm
its surface chemical compositions. As displayed in Figure 1g,
three typical characteristic peaks, corresponding to the C—H
stretching, cage deformation, and B—H stretching of o-
carborane molecules, were detected on the surface of o-
carborane/Zn electrodes, indicating the spontaneous forma-
tion of the self-adsorbed o-carborane protection layer.

To demonstrate the improved electrochemical kinetics and
cycling stability of the o-carborane/Zn electrodes, the ZnllZn
symmetric batteries were assembled with o-carborane/Zn or
bare Zn electrodes. Electrochemical impedance spectroscopy
(EIS) measurements showed a markedly decreased interfacial
impedance of the o-carborane/Zn electrode than that of a bare
Zn electrode (Figure 2a), illustrating that the constructed o-
carborane protective layer could efficiently enhance interfacial
charge transfer kinetics.”> The EIS measurements of ZnllZn
symmetric batteries after various cycles were also conducted
(Figure S10). The ZnllZn symmetric batteries with o-
carborane/Zn electrodes consistently maintained lower inter-
facial impedances than those with bare Zn electrodes after
different cycles. This fully confirms that the o-carborane
protective layer can efficiently accelerate the Zn>* transport
kinetics and provide long-term protection for the Zn metal
electrodes. This conclusion was further verified by the
exchange current densities (iy) calculated based on the Tafel
plots of ZnllZn symmetric batteries. As shown in Figure 2b, the
iy value of the o-carborane/Zn electrode was measured to be
19.66 mA cm™2, much higher than that of the bare Zn
electrode (7.36 mA cm™?), indicating faster Zn>" transport at
the interface between the o-carborane/Zn electrode and the
electrolyte.”® Furthermore, apparent activation energies (E,)
for Zn** diffusion through the different SEIs were calculated by
linearly fitting In(T/Rgg;) versus 1/T (Figure S11). For the o-
carborane/Zn electrodes, the E, value was 20.74 kJ mol™
(Figure S12), whereas it was up to 25.03 kJ mol™' when using
the bare Zn electrodes, confirming the favorable mass-transfer
kinetics of the constructed o-carborane protective layer. The
rate capabilities of ZnllZn symmetric batteries were inves-
tigated at various current densities from 1.0 to 20.0 mA cm ™
(Figure 2c). The ZnllZn symmetric batteries based on o-
carborane/Zn electrodes exhibited flat and regular voltage
platforms, even at high current densities. The overpotentials
were around 235, 65, 88, 106, and 123 mV at current densities
of 1.0, 5.0, 10.0, 15.0, and 20.0 mA cm™?, respectively. In
contrast, For the ZnllZn symmetric batteries based on bare Zn
electrodes, the voltage hysteresis sharply increased from 33 to
276 mV with the increase of current densities from 1.0 to 20.0
mA cm ™2, indicating that it was difficult for bare Zn electrodes
to achieve high-efficient Zn>" transfer at such high current
densities.

The long-term cycling performances of ZnllZn symmetric
batteries assembled with different electrodes were tested to
further evaluate the reliability of the o-carborane protective
layer. At a low current density of 1.0 mA cm™ with a capacity
of 1.0 mAh cm ™ (Figure S13), the ZnllZn symmetric batteries
with o-carborane/Zn electrodes achieved a stable Zn plating/
stripping process for over 590 h, while the ZnllZn symmetric
batteries with bare Zn electrodes exhibited a clear increase in
voltage polarization and were close to failure after 200 h. When
cycled at 5.0 mA cm™ with a capacity of 1.0 mAh cm™

https://doi.org/10.1021/acsenergylett.5c02939
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(Figure 2d), the ZnllZn symmetric batteries based on o-
carborane/Zn electrodes displayed outstanding cycling stability
for over 700 h with an ultralow overpotential of ~48 mV,
demonstrating boosted interfacial stability and accelerated
reaction kinetics. In sharp contrast, the ZnllZn symmetric
batteries based on bare Zn electrodes could only cycle stably
for less than 86 h and then showed remarkable fluctuations of
voltage curves, illustrating that the bare Zn electrodes suffered
from severe electrolyte corrosion and uncontrollable Zn
dendrite growth. At a higher current density of 10.0 mA
cm™?, the ZnllZn symmetric batteries based on o-carborane/Zn
electrodes showed steady Zn plating/stripping behaviors for
over 500 h with limited voltage polarization, fully confirming
the crucial role of the o-carborane protective layer in stabilizing
Zn metal electrodes. By comparison, the ZnllZn symmetric
batteries based on bare Zn electrodes encountered a sharp
decrease in voltage hysteresis after cycling for only 14 h
(Figure 2e), indicating the fragile native SEI could not provide
long-term protection for bare Zn electrodes at high current
densities. To further demonstrate the improvement effect of
the o-carborane protective layer on Zn plating/stripping
kinetics, the detailed voltage curves of o-carborane/Zn and
bare Zn electrodes were compared (Figure S14). At the
current densities of 5.0 mA cm™ and 10.0 mA cm™>, the Znll
Zn symmetric batteries based on o-carborane/Zn electrodes
exhibited smaller voltage polarization, demonstrating the better
reaction kinetics of the o-carborane/Zn electrodes. The
galvanostatic intermittent titration technique (GITT) curves
of the o-carborane/Zn and bare Zn electrodes were also
measured. As shown in Figure S15, the concentration
polarization decreased from 9.2 to 4.3 mV after the
modification of the o-carborane protective layer on bare Zn
electrodes. Besides, the ohmic-interfacial polarization of o-
carborane/Zn electrodes also decreased to 40.7 mV compared
with bare Zn electrodes (67.9 mV), indicating improved
desolvation kinetics and faster Zn>" migration in the SEI of o-
carborane/Zn electrodes. The electrochemical performances of
ZnllZn symmetric batteries assembled with o-carborane/Zn
electrodes were compared with those of previously reported
Zn electrodes stabilized by different artificial SEI layers (Table
S1),>%*"~* further highlighting the superiority of the as-built
o-carborane protective layer in stabilizing Zn metal electrodes.

To intuitively reveal the differences of o-carborane/Zn and
bare Zn electrodes in Zn electroplating morphology evolution,
in situ optical microscopy observations were conducted to
monitor the Zn plating/stripping process in real time. For the
o-carborane/Zn electrodes, stable Zn plating/stripping behav-
iors were well maintained throughout the cycling process
(Figure 2f). The surface of the o-carborane/Zn electrodes
displayed a smooth and dense morphology without any visible
Zn dendrites and H, bubbles after 200 cycles, confirming that
the constructed o-carborane protective layer could effectively
enhance interfacial stability, suppress undesirable Zn corrosion
and HER, and facilitate uniform Zn electrodeposition. In sharp
contrast, for the bare Zn electrodes, a rough electrode surface
covered by mossy-like Zn dendrites was observed after only 50
cycles (Figure 2g). As the Zn plating/stripping process
continued, the uneven Zn deposition was further aggravated,
and H, bubbles originating from the HER were also observed
on the bare Zn surface. Finally, the surface of bare Zn
electrodes was fully covered by numerous Zn dendrites.

To highlight the superior chemical stability of the o-
carborane protective layer, the o-carborane/Zn and bare Zn
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electrodes were directly immersed in a 2.0 M aqueous ZnSO,
electrolyte for 1 week to observe the changes on the electrode
surfaces. As shown in Figure 3a, the o-carborane/Zn electrode
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Figure 3. Surface compositions and morphology characterizations
of the cycled o-carborane/Zn and bare Zn electrodes. (a) Optical
images of o-carborane/Zn and bare Zn electrodes at the initial
state and after immersing in a 2.0 M aqueous ZnSO, electrolyte for
1 week. (b) XRD patterns of o-carborane/Zn and bare Zn
electrodes before and after 300 cycles. (¢, d) High-resolution XPS
spectra at (c) S 2p and (d) B 1s regions of o-carborane/Zn and
bare Zn electrodes retrieved from ZnllZn symmetric batteries after
300 cycles. (e—h) Top-view SEM images of (e, f) o-carborane/Zn
and (g, h) bare Zn electrodes retrieved from ZnllZn symmetric
batteries after 300 cycles.

exhibited a well-maintained original morphology, demonstrat-
ing its impressive chemical stability in the aqueous electrolyte.
In contrast, the bare Zn electrode visibly rusted and lost its
metallic luster due to the serious corrosion reaction of Zn
metal in an aqueous ZnSO, electrolyte. Moreover, the ZnllZn
symmetric batteries based on o-carborane/Zn electrodes after
immersing in a 2.0 M aqueous ZnSO, electrolyte for 1 week
also demonstrated a markedly prolonged cycling lifespan
(Figure S16), verifying the effectiveness of the o-carborane
protective layer in boosting the interfacial stability of Zn metal
electrodes. Systematical spectroscopic characterizations further
confirmed the protective effect of the o-carborane protective
layer. The X-ray diffraction (XRD) patterns of the o-
carborane/Zn electrode (Figure 3b) showed no obvious signal
peaks of Zn,(OH)(SO,-SH,0 or other byproducts after 300
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cycles, confirming the critical role of the o-carborane protective
layer in protecting Zn metal from electrolyte attack. It is worth
noting that the characteristic peaks corresponding to o-
carborane could be detected identically before and after 300
cycles (Figure S8), illustrating that the constructed o-carborane
protective layer could be tightly anchored to the Zn metal
surface to provide long-term protection for the Zn metal
electrodes. By comparison, the XRD patterns of the bare Zn
electrode exhibited several strong characteristic peaks assigned
to Zn,(OH)SO,-SH,0 byproducts after 300 cycles, indicating
that the bare Zn surface suffered from severe electrolyte
corrosion.**” To clarify the structural differences of the SEIs
formed on the o-carborane/Zn and bare Zn electrodes,
transmission electron microscopy (TEM) characterizations
were employed. For the o-carborane/Zn electrodes (Figure
S17a), the as-formed SEI exhibited a uniform thickness of
approximately 19.8 nm and was almost entirely composed of
short-range-ordered microcrystals. Combined with the XRD
results, it could be inferred that this SEI consisted of numerous
microcrystals formed by o-carborane molecules. The uniform
and compact structure of this SEI effectively prevented the
corrosion of Zn metal by electrolytes, thereby suppressing the
formation of byproducts such as Zn,(OH)SO, ZnO, and
Zn(OH),. In contrast, the SEI on the bare Zn electrodes
exhibits a highly nonuniform thickness and a typical mosaic-
like structure (Figure S17b). The magnified TEM image
revealed that the SEI on the bare Zn electrodes primarily
consisted of Zn,(OH)¢SO,, ZnO, and Zn(OH), species along
with some amorphous phases. This type of SEI failed to
protect the active zinc metal from electrolyte corrosion,
consequently triggering zinc dendrite growth and severe HER.

The differences in surface chemical compositions of the
cycled o-carborane/Zn and bare Zn electrodes were further
investigated by XPS analysis. In the S 2p spectra (Figure 3c), a
distinct signal response was detected on the bare Zn surface,
indicating that the decomposition of the ZnSO, electrolyte
resulted in the generation of sulfur-containing species on the
bare Zn surface. In the B 1s spectra (Figure 3d), the
characteristic peak assigned to o-carborane was still detected
on the o-carborane/Zn surface after 300 cycles, further
verifying its impressive interfacial stability. To verify the
effectiveness of the as-formed o-carborane protective layer in
inhibiting Zn dendrite growth, the surface morphologies of o-
carborane/Zn and bare Zn electrodes after 300 cycles were
systematically investigated by the SEM technique. The o-
carborane/Zn electrode showed a homogeneous and dense
surface morphology without visible Zn dendrites (Figure 3e,f).
It is evident that the constructed o-carborane protective layer
could efficiently improve the uniformity of Zn deposition and
provide long-term protection for Zn metal electrodes to avoid
electrolyte attack. In contrast, the cycled bare Zn electrode
presented a rugged and uneven surface (Figure 3g). The
further magnified SEM image clearly showed that the bare Zn
electrode was completely covered with Zn dendrites with sharp
tips (Figure 3h).

To demonstrate the superiority of the o-carborane protective
layer in enhancing Zn plating/stripping reversibility, the
electrochemical performances of ZnllCu half-batteries based
on o-carborane-modified Cu (o-carborane/Cu) or bare Cu
electrodes were measured (Figure S9). Cyclic voltammetry
(CV) measurements of ZnllCu half-batteries were first
performed within the voltage range of —0.3 to 0.8 V.
Compared with the ZnllCu half-batteries with bare Cu
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electrodes, the current responses of the ZnllCu half-batteries
based on o-carborane/Cu electrodes increased markedly
during the initial Zn plating/stripping process (Figure 4a),
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Figure 4. Electrochemical performances of ZnllCu half-batteries
assembled with o-carborane/Cu or bare Cu electrodes. (a) CV
curves of ZnlICu half-batteries at a scan rate of 5.0 mV s! from
—0.3 to 0.8 V. (b) Comparison of initial Zn plating profiles for Zull
Cu half-batteries with o-carborane/Cu or bare Cu electrodes
measured at 10.0 mA cm™? with a capacity of 1.0 mAh cm™2 (c)
CE tests of ZnlICu half-batteries at 10.0 mA cm™> with a capacity
of 1.0 mAh cm™. (d, e) Galvanostatic voltage profiles at different
cycles of (d) Znllo-carborane/Cu and (e) ZnllCu half-batteries
measured at 10.0 mA cm™” with a capacity of 1.0 mAh cm™2.

corresponding to rapid Zn** transport and reversible reaction
kinetics.*® The difference in the initial Zn deposition
overpotential was investigated by monitoring the initial Zn
plating profiles of ZnllCu half-batteries (Figure 4b). When
using the o-carborane/Cu electrodes, the mass-transfer and
nucleation overpotentials of batteries were 72.0 and 38.2 mV,
respectively, at 10.0 mA cm™ (Figure S19), both of which
were lower than those of ZnllCu half-batteries based on bare
Cu electrodes (82.8 and 71.3 mV), revealing that the o-
carborane protective layer could efficiently accelerate Zn>*
transfer and reduce the energy barrier of Zn nucleation. The
same conclusion could also be drawn by analyzing the initial
Zn plating profiles at current densities of 1.0 mA cm™ and 5.0
mA cm™* (Figure S18). The Znllo-carborane/Cu batteries
consistently maintained overpotentials for both mass-transfer
and nucleation processes lower than those of Znllbare Cu
batteries (Figure S19). This confirmed that the o-carborane
protective layer could effectively improve mass-transfer kinetics
and reduce the energy barrier of the initial Zn nucleation.
The long-term Zn plating/stripping tests of ZnllCu half-
batteries were conducted to check the cycling reversibility of
the o-carborane/Cu electrodes (Figure 4c). At 10.0 mA cm ™2,
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the ZnllCu half-batteries based on o-carborane/Cu electrodes
displayed superior Zn plating/stripping stability for 2000
cycles, delivering an average Coulombic efficiency (CE) of
above 99.5%. In contrast, a marked CE fluctuation was
observed for the batteries based on bare Cu electrodes after
less than 200 cycles, indicating a rapid battery failure. The
significant differences of o-carborane/Cu and bare Cu
electrodes in Zn plating/stripping reversibility could be
partially ascribed to the key role of the o-carborane protective
layer in facilitating Zn* transport, which was also verified by
the voltage polarization presented by galvanostatic voltage
profiles at different cycles. Compared with the bare Cu
electrode, the o-carborane/Cu electrode displayed ultrahigh Zn
utilization and nearly overlapped voltage curves with lower
overpotentials even after 2000 cycles (Figure 4d). By further
comparing the voltage polarization at the 200th cycle (Figure
4e), the o-carborane/Cu electrode exhibited a lower over-
potential of 81.3 mV than that of the bare Cu electrode (120.3
mV), indicating that the o-carborane protective layer played a
key role in boosting the electrochemical kinetic performance.*®
Moreover, the morphology differences of Zn electroplating
behaviors on o-carborane/Cu and bare Cu electrodes were also
investigated by SEM. As shown in Figure S20, the deposited
Zn metal on the o-carborane/Cu electrode exhibited a uniform
and relatively flat surface morphology without remarkable Zn
particle aggregation (Figure S20a—c). The cross-section SEM
images of as-deposited Zn metal on the o-carborane/Cu
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electrode also demonstrated dense and dendrite-free Zn
deposition behaviors, and the thickness of the Zn plating
layer was homogeneous (Figure $20d—f). By comparison, the
deposited Zn metal on a bare Cu electrode displayed serious
Zn particle aggregation due to nonuniform Zn deposition
(Figure S20g—i), and the rough and loose morphology of Zn
deposition was observed clearly from the side view (Figure
$20j—1).

To further verify the practicality of o-carborane/Zn
protective layers, ZnllV,0; batteries assembled with o-
carborane/Zn and bare Zn anodes were systematically tested.
Prior to battery assembly, the V,0; cathode material was
subjected to a Zn>* preintercalation pretreatment to enhance
its Zn>* intercalation/deintercalation capability. The morphol-
ogy and structure of the Zn>*-intercalated V,05 cathode were
characterized by SEM and XRD analyses (Figures S21 and
S22). The CV curves of ZnllV,0q batteries at different cycles
were measured at 0.5 mV s™' within the voltage range of 0.1—
1.9 V. As shown in Figure S23, the ZnllV,05 batteries
assembled with both o-carborane/Zn or bare Zn anodes
exhibited two pairs of redox peaks, corresponding to the redox
pairs of V3*/V* and V*/V?*, respectively. Compared with the
bare ZnllV,0; batteries, the CV curves of o-carborane/Znll
V,0; batteries were nearly overlapped and exhibited higher
redox current responses, indicating better reaction kinetics."’
Moreover, it was revealed by further comparing the CV curves
of the fifth cycle that the o-carborane/ZnllV,05 batteries
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achieved smaller voltage difference for the redox pairs of vt/
V* (0217 V) and V*/V3 (0.192 V) (Figure Sa), indicating
the improved redox kinetics.”’ The rate performances of Znll
V,0; batteries assembled with o-carborane/Zn or bare Zn
anodes were measured at different current densities from 1.0 to
20.0 A ¢! (Figure 5b). The ZnlIV,Oj batteries assembled with
o-carborane/Zn anodes exhibited an improved rate capability,
delivering reversible discharge capacities of 280.7, 249.0, 215.9,
183.9, and 154.4 mAh g_l at 1.0, 5.0, 10.0, 15.0, and 20.0 A
g~!, respectively. In contrast, for the ZnllV,O; batteries
assembled with bare Zn anodes, the specific discharge
capacities decreased markedly with the increase in current
densities, indicating the sluggish reaction kinetics of bare Zn
anodes. Notably, the ZnllV,O; batteries with bare Zn anodes
exhibited more pronounced fluctuations at 20 A g~' in both
discharge capacity and CE compared with the batteries with o-
carborane-modified Zn anodes. This indicated that the bare Zn
anodes underwent uncontrollable dendrite growth, intensified
hydrogen evolution, and severe interfacial passivation under
such a high current density. In contrast, the construction of o-
carborane protective layers was conducive to mitigating such
electrode/electrolyte interfacial instability, verifying the
effectiveness of o-carborane modification. The superior rate
performance of o-carborane/Zn anodes was attributed to the
lower voltage polarization and better reaction kinetics, which
were further confirmed by smaller potential differences
between charge/discharge plateaus at various current densities
of o-carborane/Zn anodes (Figure S24).

The long-term cycling performances of ZnllV,0; batteries
based on o-carborane/Zn or bare Zn anodes were evaluated at
different current densities. When using the o-carborane/Zn
anodes, the ZnllV,0O; batteries demonstrated the markedly
enhanced cycling stability at 1.0 A g~', delivering a
considerable remaining capacity of 207.5 mAh g~" after 1000
cycles, corresponding to a capacity retention of 71.5%. In
contrast, the ZnllV,O4 batteries based on bare Zn anodes
exhibited significant capacity degradation (Figure Sc). After
1000 cycles, the specific discharge capacity of bare ZnllV,O;
batteries was only 21.4 mAh g~'. When the current density was
increased to 10.0 A g~' (Figure 5d), the ZnllV,0; batteries
assembled with o-carborane/Zn anodes exhibited significantly
improved cycling stability, delivering a high remaining capacity
of 145.2 mAh g~ even after 3000 cycles. In comparison, the
ZnllV,0y batteries based on bare Zn anodes suffered from
severe capacity decay and remarkable CE fluctuation, and the
specific discharge capacity of batteries rapidly decayed to 7.7
mAh g™' after 1600 cycles. Impressively, the exceptional
cycling stability of o-carborane/ZnllV,0; batteries is highly
competitive compared to previously reported ZnllV,0O;
batteries assembled with interface-modified Zn metal anodes
(Table $2).°%°7°'7%% To further examine the practical
reliability of o-carborane/Zn anodes, the o-carborane/Znll
V,0; batteries assembled with high-loading V,0; cathodes
(4.83, 5.67, and 7.41 mg cm™?) were tested (Figure S25). The
o-carborane/ZnllV,O; batteries with a high mass loading of
active materials could work stably for long-term cycles,
highlighting the crucial role of the o-carborane protective
layer in improving interfacial stability.

In summary, we report a promising strategy to sponta-
neously construct an o-carborane cluster-based artificial
interfacial layer on the Zn metal surface. The self-absorbed
o-carborane clusters were able to optimize the chemical
compositions of SEI on the Zn metal surface. The as-formed o-
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carborane-rich SEI could effectively protect fresh Zn metal
from aqueous electrolyte attack and markedly accelerate Zn?*
transfer, thus achieving a highly stable and reversible Zn
plating/stripping process. Benefiting from their superior
structural stability and chemical inertness, the self-anchored
o-carborane clusters efliciently enhanced electrochemical
durability of Zn metal anodes, thereby inhibiting undesirable
Zn corrosion and the HER. Systematic electrochemical
analyses and measurements demonstrated that the as-
constructed o-carborane protective layer could effectively
redistribute Zn** flux and promote uniform Zn electro-
deposition, thus inhibiting the proliferation of Zn dendrites.
Consequently, the assembled ZnllZn symmetric batteries and
ZnllCu half-batteries demonstrated markedly prolonged
cycling lifespans and improved Zn plating/stripping reversi-
bility at a high current density of 10.0 mA cm™ When paired
with V,O; cathodes, the o-carborane/Zn anodes also exhibited
exceptional cycling performance, enabling ZnllV,O5 batteries
to achieve low voltage polarization, outstanding rate perform-
ance, and considerable capacity retention. This work provides
new insights into the design of advanced artificial protective
layers based on closo-type atomic clusters for stabilizing
transition metal anodes, presenting a promising route to
develop aqueous multivalent-ion batteries aimed at high-safety
and low-cost energy storage applications.
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