#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

Innovative synergistic control of electric fields and
Zn** dynamics for revolutionizing zinc metal
battery stabilityt

Shenggiang Zhang,® Chengxin Liu,® Yangyang Wang,® Ao Xu,® Chunxia Chen®
and Xiaojie Liu® *®

i ") Check for updates ‘

Cite this: Chem. Sci., 2025, 16, 5651

8 All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Aqueous zinc-ion batteries (ZIBs) are emerging as promising next-generation energy storage systems due
to their inherent safety, environmental sustainability, and cost-effectiveness. However, their widespread
application is hindered by challenges such as dendritic Zn growth, hydrogen evolution, and corrosion-
induced passivation, which compromise performance and scalability. To overcome these obstacles, we
developed a novel dual-interface modified zinc anode by integrating a zinc fluoride (ZnF,)-silicon (Si)
interface using fluorine-doped silicon nanoparticles encapsulated within hollow mesoporous carbon
nanospheres (F-Si@QHMCS). The in situ formation of a ZnF, layer provides high electrochemical stability,
effectively suppressing dendrite formation, mitigating zinc corrosion, and reducing side reactions with
the electrolyte. The silica layer further facilitates uniform Zn electrodeposition by forming Si-O-Zn

bonds, which regulate electric field distribution and lower nucleation energy barriers. Additionally, the
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Accepted 24th February 2025 hollow mesoporous carbon structure facilitates efficient ion transport and acts as a buffer against

volume changes during cycling. Consequently, the F-Si@RHMCS@Zn electrode exhibits a long lifespan of
DOI: 10.1039/d45c08518c over 2500 h at 5 mA cm~2 with a capacity of 0.5 mA h cm™2 in a symmetrical cell test. When coupled

rsc.li/chemical-science with a-MnQO; cathodes, the resulting ZIBs exhibit outstanding stable cycle life over 2000 cycles at 2 A g%
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Introduction

Aqueous batteries are emerging as a safer, more cost-effective,
and environmentally friendly alternative to nonaqueous
batteries, which face safety risks and the challenges of toxic
organic electrolytes. Aqueous electrolytes offer several benefits,
including enhanced safety, reduced cost, environmental
sustainability, and high ionic conductivity. Unlike nonaqueous
batteries, aqueous batteries are more adaptable and easier to
handle under manufacturing conditions, positioning them as
promising candidates for energy storage solutions.® Notably,
rechargeable aqueous zinc-ion batteries (AZIBs) are regarded as
one of the most promising candidates for next-generation
energy storage systems (EESs) due to their inherent safety,
affordability, and high theoretical capacity (820 mA h g~" or
5854 mA h cm™?).>* However, large-scale application of AZIBs
faces several critical challenges. Firstly, the thermodynamic
instability between zinc and water leads to significant
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interfacial side reactions during the zinc stripping/plating
process, such as the hydrogen evolution reaction (HER)>* and
zinc corrosion reaction (ZCR).” Additionally, the uneven surface
resulting from the “tip effect” accelerates the growth of zinc
dendrites. The continued growth of these dendrites can punc-
ture the separator, ultimately causing a short circuit in the
battery.®® Furthermore, the excessive accumulation of zinc
dendrites forms dead zinc particles, reducing the utilization of
the Zn anode, significantly lowering coulombic efficiency, and
accelerating battery failure.’ To overcome these challenges,
researchers have focused on modifying the zinc anode through
various strategies aimed at suppressing dendrite formation,
improving electrochemical stability, and enhancing overall
performance.” Among these approaches, interface engi-
neering has proven to be an effective strategy. By introducing
interfacial protective layers of the Zn anode, it is possible to
regulate the electrochemical behavior, reduce side reactions,
and improve the uniformity of zinc deposition.*®"

An ideal interfacial protective layer should possess high ionic
conductivity and electronic insulation to isolate the Zn anode
from direct contact with the electrolyte.'® According to previous
reports, carbon materials such as CNTs, graphene, MXene and
hollow carbon nanospheres have garnered significant attention
due to their ability to provide uniform electric field distribution
on the Zn surface and promote fast Zn>" diffusion kinetics.!*?*
Especially, the hollow mesoporous carbon nanospheres (HMCS)
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possess several advantageous properties, including low density,
porous shells, accessible interior space, high surface area, and
large pore volume, compared to microporous or nonporous
materials.>® The high surface area and porous structure
enhance the electronic conductivity of the Zn anode, thereby
improving battery efficiency, particularly during high-rate
cycling. However, carbonaceous materials remain suboptimal
as hosts for Zn due to their insufficient interaction with Zn and
high catalytic activity toward the HER.* Therefore, integrating
zincophilic sites into carbonaceous materials is essential to
inhibit the formation of Zn dendrites effectively. Recently,
various studies have focused on regulating the electrochemical
reduction of Zn>" by integrating zincophilic sites (e.g., Si, Sn,
Cu, In, and Sb) into conductive hosts.?*** This approach helps
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to homogenize the electric field distribution and provide more
nucleation sites, thereby improving the uniformity of zinc
deposition. However, it cannot fully eliminate interfacial side
reactions due to the direct contact between the post-deposited
Zn and the electrolyte. Besides, inorganic zincophilic sites,
including CaCO;, ZnO, and ZnF,, have also been explored. In
particular, ZnF, has been widely used as the interface protec-
tion layer due to its high Zn>* conductivity and mechanical
strength, which enhances the Zn>* ion flux and effectively
inhibits the growth of dendrites.*** For instance, Yang et al.
designed a 3D interconnected ZnF, matrix on Zn foil
(Zn@ZnF,), serving as a multifunctional protective layer that
redistributes Zn>" ion flux and reduces desolvation activation
energy.* Nevertheless, these ZnF, protective layers are typically
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(a) The synthesis process of F-Si@HMCS and schematic illustrations of Zn metal plating behaviors on bare Zn and F-Si@HMCS@Zn

electrodes. (b and c) SEM images; (d) TEM image; (e) HRTEM image; (f) the corresponding energy-dispersive X-ray mapping of F-Si@HMCS. (g)
XRD pattern; (h) Raman spectrum of F-Si@HMCS. XPS spectrum of F-Si@HMCS: (i) C 1s. (j) FTIR spectrum of F-Si@HMCS.
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constructed ex situ, making them susceptible to cracking and
detachment from the Zn surface during volume changes in
cycling.®* In addition, ex situ ZnF, layers tend to allow zinc to
deposit on their surface, failing to provide continuous protec-
tion against side reactions with the electrolyte.*” In contrast, the
in situ construction of ZnF,-based interfacial protective layers
presents a more practical strategy to address these issues.
However, achieving significant improvement in AZIB perfor-
mance via single interface regulation of ZnF, remains chal-
lenging. To overcome this limitation, double interface
regulation is emerging as a more effective strategy. Silicon-
based materials have gained attention in solar cells, lithium-
ion batteries, and semiconductors due to their high bandgap
energy and specific surface area, but there has been little
research on AZIBs.?*® Moreover, silicon-based materials exhibit
hydrophobic properties, which can inhibit the redox reactions
of H,0 at 0-2 V, thereby enhancing CE and cycle stability.?”
Therefore, the development of innovative strategies for the
seamless integration of ZnF, and Si-based dual-interface layers
on the zinc anode is imperative to mitigate interfacial side
reactions and suppress zinc dendrite growth.

Based on the above considerations, we proposed and
designed fluorine (F)-doped silicon nanoparticles encapsulated
within hollow mesoporous carbon nanospheres (F-Si@HMCS)
as double interface layers to enable uniform nucleation and
dendrite-free zinc metal anodes (ZMAs). The in situ formation of
a ZnF, layer provides excellent electrochemical stability and
suppresses dendrite growth, while the silica layer further facil-
itates uniform zinc electrodeposition by forming Si-O-Zn
bonds that regulate the electric field distribution. The hollow
mesoporous carbon structure not only aids in ion transport but
also provides mechanical buffering, reducing the stress caused
by volume expansion during cycling (Fig. 1a). The combined
effects of these modifications significantly improve the cycling
stability and performance of the zinc anode, endowing ZIBs
with superior cycle life, enhanced rate capability, and high
capacity retention. The modified zinc anode demonstrates
a remarkable lifespan of over 2500 hours with stable perfor-
mance in symmetrical cell tests, and when paired with «-MnO,
cathodes, the ZIBs exhibit outstanding cycle stability over 2000
cycles at high current densities. Our work presents a promising
approach for enhancing the performance of aqueous ZIBs,
paving the way for their practical application in energy storage
systems, electric vehicles, and other large-scale applications.

Results and discussion

The F-Si@HMCS composite was synthesized using a conven-
tional method (Fig. 1a), as detailed in the experimental section.
Silicon powder was partially oxidized to form Si@SiO, (Fig. S17).
Resorcinol (R) and formaldehyde (F) were then used for RF
polycondensation, coating the Si@SiO, surface to create a shell.
This intermediate, Si@SiO,@RF, was carbonized in an argon
atmosphere to produce Si@SiO,@C. Afterwards, the RF resin
was carbonized and SiO, was completely etched by HF to ob-
tained Si@HMCS. Finally, fluorination was performed via NH,F
pyrolysis, where NH,F decomposes at 300 °C, releasing fluorine

© 2025 The Author(s). Published by the Royal Society of Chemistry
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atoms to form F-Si@HMCS, enabling efficient fluorine incor-
poration and enhancing the material's properties. The structure
and morphology of F-Si@HMCS were characterized by SEM and
TEM. SEM images (Fig. 1b and c) reveal a core-shell structure
with silicon nanoparticles as the core and carbon as the shell,
confirmed by TEM (Fig. 1d). HRTEM (Fig. 1e) shows a lattice
spacing of 0.31 nm, corresponding to the (111) plane of silicon.
EDS mapping indicates a uniform distribution of C, F, O, and Si,
while comparative TEM and EDS images (Fig. S21) show that
fluorine doping does not alter morphology. XRD confirmed the
crystalline structure, with peaks at 28.3°, 47.3°, and 56.2°,
matching the (111), (220), and (311) planes of silicon (JCPDS
No0.27-1402) (Fig. 12).*® Raman spectra (Fig. 1h) showed two
peaks at 506 and 920.5 cm™ " related to silicon and Si-O-Si,
respectively,® and an Ip/lg ratio of 0.95 for F-Si@HMCS
compared to 0.79 for SiI@HMCS (Fig. S37), indicating higher
defect density in F-Si@HMCS. XPS analysis revealed bonding
states in F-Si@HMCS. The C 1s spectrum (Fig. 1i) showed peaks
for C-C, C-O, and C-F bonds. The Si 2p spectrum displays
peaks at 100.5 and 101.6 eV, attributed to Si’ and Si*", respec-
tively.® The Si*" signal, associated with SiO,, results from
surface oxidation by atmospheric oxygen and water in the air,
further verified by Fourier-transform infrared (FTIR) spectros-
copy. FTIR spectra (Fig. 1j) exhibit characteristic peaks at 1068.6
and 980.6 cm ', corresponding to Si-O-Si and Si-OH bonds,
respectively. The SiO, generated by the oxidation of the silicon
surface contributes to the formation of a uniform network of
Zn" transport channels. Additionally, the SiO, provides extra
mechanical strength, which helps resist the growth of Zn
dendrites, ultimately preventing the puncture of the separator.*
Nitrogen adsorption-desorption isotherms analyzed by the BJH
method showed specific surface areas of 173 and 164 m> g~ for
F-Si@HMCS and Si@HMCS, respectively (Fig. S4a and b¥). Both
materials exhibited mesoporous structures (Fig. S4c and df),
enabling efficient electrolyte ion transport.

Electrochemical characteristics

The electrochemical performance of the Zn anode is signifi-
cantly enhanced by the F-Si@HMCS protective layer, which
inhibits Zn directional growth, reduces side reactions, and
accelerates ion transport. Coulombic efficiency (CE), a critical
indicator of zinc-ion battery (AZIB) performance, reflects energy
utilization and stability during charge-discharge cycles. To
investigate Zn>" behavior during deposition/stripping, asym-
metric cells (bare Zn//Cu, Si@HMCS@Zn//Cu, and F-
Si@HMCS@Zn//Cu) were tested. As shown in Fig. 2a, F-
Si@HMCS®@Zn//Cu achieved an ultra-high average CE of
=99.9% over 800 cycles at 2 mA cm ™2, outperforming bare Zn//
Cu and Si@HMCS®@Zn//Cu, demonstrating that fluorine ions
effectively stabilize the deposition/stripping process by
reducing interfacial side reactions. Further analysis of plating/
stripping voltage curves (Fig. 2b-d) revealed that the polariza-
tion potential of F-Si@HMCS@Zn//Cu stabilized at 16 mV after
250 cycles, compared to 26 mV for bare Zn//Cu and 20 mV for
Si@HMCS®@Zn//Cu. Obviously, the observed phenomenon is
that the polarization voltage of the bare Zn//Cu battery is
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(a) Coulombic efficiency of the bare Zn electrode, Si@HMCS@Zn electrode, and F-Si@RHMCS@Zn electrode for stripping/deposition on

copper foil at a current density of 2 mA cm~2. Charge—discharge curves of (b) bare Zn//Cu; (c) Si@HMCS@Zn//Cu asymmetric cell; (d) F-
Si@HMCS@Zn//Cu asymmetric cells under constant current cycling at different cycle numbers. Stripping/deposition curves of (e) bare Zn, (f)
Si@HMCS@Zn, and (g) F-Si@HMCS@Zn symmetric cells. (h) Rate performance of bare Zn, Si@HMCS@Zn, and F-Si@HMCS@Zn symmetric cells

within the current range of 0.5to 5 mA cm ™2

at a current density of 5 mA cm™2.

smaller than that of the SI@HMCS@Zn//Cu battery in the first
50 cycles. Unfortunately, the voltage of the bare Zn//Cu battery
fluctuates sharply after only 150 cycles, probably owing to irre-
versible by-product formation and causing the short-circuit of
the battery. This phenomenon is consistent with the results
reported in previous literature***® This demonstrates the ability
of the F-Si@HMCS layer to suppress Zn directional growth,
minimize side reactions, and enhance ion transport. Addition-
ally, nucleation overpotential measurements at 5 mA cm >
(Fig. 2e-g) showed that F-SI@HMCS@Zn exhibited a lower
nucleation overpotential compared to bare Zn and
Si@HMCS@2Zn, indicating enhanced Zn>* desolvation and
nucleation. The hollow mesoporous structure of the F-
Si@HMCS layer further prevents direct contact between the
electrolyte and electrode, promoting uniform Zn>" deposition.
The rate performance (Fig. 2h) demonstrated that the F-
Si@HMCS®@Zn symmetric cell maintained a lower hysteresis
and stable voltage plateau across current densities ranging from
1 to 5 mA cm 2. When the current density increased to 5 mA
cm 2, the polarization of bare Zn rose to 287 mV due to sluggish
ion transfer, while F-Si@HMCS@Zn exhibited only 124 mV.
Long-term plating/stripping cycling at 5 mA cm ™2 with a fixed

5654 | Chem. Sci,, 2025, 16, 5651-5661

. (i) Long-term cycling performance of bare Zn, Si@iHMCS@Zn, and F-Si@HMCS@Zn symmetric cells

—2

capacity of 0.5 mA h cm * (Fig. 2i) further confirmed the
superior stability of F-SiI@HMCS@Zn, which showed minimal
voltage fluctuations, unlike bare Zn and Si@HMCS®@Zn, which
lost voltage characteristics after 83.8 and 126.5 hours, respec-
tively. These improvements are attributed to the interaction
between Si nanoparticles with hydroxyl groups and Zn>" ions,
forming a Si-O-Zn cross-linked structure that regulates inter-
facial charge distribution and reduces the nucleation barrier of
Zn deposition. However, the weaker driving force of the
Si@HMCS layer limits Zn>" ion diffusion. F doping enables the
in situ formation of ZnF,, which enhances interfacial bonding
and Zn** ion flux, effectively inhibiting zinc dendrite growth
and promoting electrochemical performance.

The transference number of Zn>" (¢z,>-) was measured using
electrochemical impedance spectroscopy (EIS) and calculated
via the Bruce-Vincent method to evaluate Zn>" diffusion under
the F-Si@HMCS protective layer. The calculation formula is:*”
I,(V — IhRy)
Io(V — IRy)
initial current, charge transfer resistance before polarization,
steady-state current, charge transfer resistance after polariza-
tion, and the applied potential (15 mV), respectively. As shown

b2 = , where Iy, Ry, I, Rs, and V represent the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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in Fig. 3a-c, tz,» for the F-SiI@HMCS@Zn symmetric cell
reached 0.84, significantly higher than the 0.63 for
Si@HMCS@Zn and 0.48 for bare Zn, demonstrating that the F-
Si@HMCS layer greatly enhances Zn”" transport and facilitates
uniform Zn plating/stripping. EIS curves before and after
polarization (Fig. 3d-f) indicate increased impedance for all
cells due to side reactions and surface accumulation under
applied potential, resulting in higher internal resistance.
Further analysis using the Distribution of Relaxation Times
(DRT) method provided detailed insights into charge transfer
impedance (R.), as shown in Fig. 3g-i. The DRT method
employs regularization to process EIS data, calculating the
distribution function g (t) for characteristic times (r) and
subsequently, based on g(t) analysis, revealing the internal
dynamics of the battery. After polarization, the R, of the F-
Si@HMCS@Zn symmetric cell was 142.9 Q, compared to 228 Q
for SI@HMCS@Zn and 937 Q for bare Zn. These results
confirm that the F-Si@HMCS modification layer significantly
mitigates side reactions between the Zn anode and electrolyte,
accelerates Zn** transport, and ensures stable electrochemical
performance.
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The corrosion behavior of zinc anodes was investigated by
immersing bare Zn and F-Si@HMCS®@Zn electrodes in 2 M
ZnSO, solution for 10 days. As shown in Fig. 4a and b, the
surface of bare Zn became rough after immersion, indicating
severe interfacial side reactions with ZnSO,. In contrast, the F-
Si@HMCS®@Zn electrode retained its morphology, demon-
strating excellent resistance to interfacial reactions. XRD anal-
ysis (Fig. 4c and d) further supports these observations: the bare
Zn electrode exhibited characteristic peaks at 8.3° and 16.3°,
corresponding to Zn,SO,(OH)s-5H,0 (JCPDS No. 39-0688),*
a typical corrosion byproduct. However, no such peaks were
observed for the F-Si@HMCS@Zn electrode, confirming its
superior corrosion resistance. To quantify the anti-corrosion
performance, linear polarization measurements were conduct-
ed (Fig. 4e). The F-Si@HMCS@Zn electrode exhibited the lowest
corrosion current density (I.orr, 1.71 MA cm™>) compared to
Si@HMCS@Zn (1.91 mA cm %) and bare Zn (2.21 mA cm ™ ?),
highlighting the enhanced corrosion resistance provided by the
F-Si@HMCS layer. Additionally, linear sweep voltammetry (LSV)
in 1 M Na,SO, solution (Fig. 4f) revealed that the F-
Si@HMCS®@Zn electrode had the highest overpotential,

17.0 60 _— —
165 (a) -F-Si@Voi - - (b) —Si@HMCS@7Zn 181 (c) = Bare Zn
—_ ) —~ ~161
| < <
§ 16.0 é 3
= 1551 £ £ 14+
£ 15.01 £ £ 121
£ 15.0 5 512
&) 1,,2¢=0.84 o -
14.51 ' L N 104
14.01 3
0 500 1000 1500 0 500 1000 1500 0 500 1000 1500
Time (Second) Time (Second) T'ime (Second)
120
@ Before| o Before o Before
100 (@ s oane | 1201(e) vttt oo | M1 00 S . ¢ Afler
100 .° 250 °* e
g¥ e E80 - - £200 e
S ° ) 9 - o b
£ : So0f - o, S0l -
Tl ettt rea, Taof ST S T 00 5
oot e ? %, Si@HMCS@Zn %
20 20 3 50 3
0 0 - K‘% . . 0 Bare Zn
0 4080 120 0 100 7'/2::0 300 0 200 400 600 800
400 Z'/ohm — 250 210 l:r Z'/th r
— Before — Before d /- — A flET
(g) — After (h) w— A fter 1000 (l) = Before
300+ 200
800 4
150
200+ g 600;
= = =
) 100 . B
50 200
0 - Si@HMCS@Zn Bare Zn
0 o Bz
6 4 2 0 2 6 -4 B 0 % 4 3 0

Log (v)

Fig. 3

Log (1)

(a—c) Current-time plot of assembled symmetric cells of bare Zn, Si@HMCS@Zn, and F-Si@HMCSC@Zn after constant potential polar-

ization at 15 mV. (d—i) EIS curves and DRT analysis before and after polarization for (d and g) F-Si@HMCS@Zn, (e and h) SicRHMCS@Zn, and (f and i)

bare Zn.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Chem. Sci., 2025, 16, 5651-5661 | 5655


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc08518c

Open Access Article. Published on 03 March 2025. Downloaded on 6/19/2026 3:44:18 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

:

s

Soaked 10 days

View Article Online

Edge Article

-~ (i é 0
S0 LYY y v ) W) | = 0
5 Soaked F-Si@IIMCS@Zn & P z
= v Zn * Zn SO0 SIL0| 3 32 - 7
£ E ER :
AR * l 1 L g §4_ VEHMCSEZa &0
= o 1 = 5 -4 —Si@ I MCS@sn k! Qs
= [Souked Zn N I =s|Eat v e
10 20 30 40 50 60 70 80 20 40 60 80 06 4 42 A0 08 66 04 22 20 18 604 42 -0
2T 2 Theta (dcgrcc) Potential vs.SCE(V) Potential vs.SCE(V)
3 [ % ZaSOL0N), - 5,0 ¥ Zn 10 Cycles -
Bare Zn
* ok
F-Si@HMCS@ Zn
. ™ . =
T T 1 1] 1 1
= 25 Cyeles| = ||
= l ]
A ™ S P i e
= fy —
o p— o
) @ ‘
= =
3 l 2 [ 'y _.;g .
= L} L} Ll 1 1 1 Ll =
= 50 Cycles = -
I 1 i L .
1. I 3 A .
T L ] T T T T T
2 Theta (degree) 2 Theta (degree)
kYo s Before cycling ) o Before cycling (m) Before cycling|
F s 7 ; oy
-~
5 S =
e e i
SE SEEESE o :
.é' After cycling| 2 = Alter cycling
s o 5 . Si-Si
g E E i A %o
- . Si-O0-Zn = S
“ < "'-“-_; % - 7«(- &
- 70 = i ——

532 530 528
Binding Energy (eV)

526

694 692 690 688 686 684 682 680 106 104 102 100 98
Binding Energy (eV)

Binding Energy (eV)

Fig.4 SEM images of (a) bare Zn and (b) F-Si@HMCS@Zn electrodes after immersion in 2 M ZnSO,4 electrolyte for 10 days. (c and d) XRD patterns
of different electrodes after immersion. (e) Corrosion; (f) HER curves of different electrodes. SEM images of (g) bare Zn and (h) F-Si@HMCS@Zn

electrodes in 2 M ZnSO4 + 0.1 M MnSO, electrolyte after different cycles at 1 mA cm™2 with a capacity of 1 mA h cm

~2_(iand ) The corresponding

XRD analysis of the bare Zn and F-Si@HMCS@Zn anodes after different cycles. (k) High-resolution O 1s XPS spectra. () High-resolution O 1s XPS

spectra. (m) High-resolution Zn 2p XPS spectra.

indicating the hydrophobic effect of fluorine in the protective
layer. This hydrophobicity inhibits water molecule decomposi-
tion on the electrode surface, preventing the formation of basic
zinc sulfate caused by local pH changes, and thereby extending
battery lifespan. These results demonstrate that the F-
Si@HMCS layer effectively mitigates corrosion and hydrogen
evolution, ensuring prolonged stability of the zinc anode.
Controlling Zn electrodeposition morphology is crucial for

5656 | Chem. Sci., 2025, 16, 5651-5661

mitigating dendrite growth and corrosion during repeated
cycling. The morphologies of bare Zn and F-Si@HMCS@Zn
electrodes were analyzed using ex situ SEM after 10, 25, and 50
electroplating/stripping cycles at a current density of 1 mA cm >
and a cutoff capacity of 1 mA h ecm ™2, After just 10 cycles, bare
Zn showed significant moss-like deposits and the formation of
“dead zinc” products (Fig. 4g), resulting from uncontrolled
dendrite growth and severe electrolyte corrosion. These issues

© 2025 The Author(s). Published by the Royal Society of Chemistry
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arise from high localized current densities, uneven Zn>" diffu-
sion, and subsequent exacerbation of dendrite growth. In
contrast, the F-Si@HMCS@Zn electrode maintained a dense,
dendrite-free surface with no significant structural changes
even after 50 cycles (Fig. 4h). The uniform Zn** transport
channel enabled by the F-Si@HMCS layer ensures orderly
deposition. Additionally, XRD patterns (Fig. 4i and j) of cycled F-
Si@HMCS@Zn show no detectable Zn,SO4(OH)s-5H,0 peaks,
confirming the excellent anti-passivation performance of the
protective layer. XPS further revealed the role of the F-Si@HMCS
layer in stabilizing Zn deposition. After 50 cycles, the O 1s
spectrum (Fig. 4k) showed a peak at 529.1 eV, indicating the
formation of Si-O-Zn bonds.* The F 1s spectrum (Fig. 4f) dis-
played a ZnF, peak, demonstrating in situ formation of ZnF,
during cycling. The Si 2p spectrum (Fig. 4m) further confirmed
the presence of Si-O-Zn cross-linked structures, formed via
interactions between S-OH groups and Zn>* ions during
plating. These results were further supported by XRD and FTIR
measurements. As shown in Fig. S5a,7 a new diffraction peak
located at 28.6° was detected in the F-Si@HMCS@?Zn electrode,
corresponding to the (111) planes of tetragonal ZnF, (JCPDS No.
21-1480). This confirms the successful formation of the ZnF,
composite. Additionally, FTIR spectra of the F-Si@HMCS@Zn
electrode were collected to verify the existence of Si-O-Zn bonds
during the deposition process. In Fig. S5b,f the F-
Si@HMCS@Zn electrode exhibits a characteristic peak at
963.8 cm ™, representing the Si-O-Zn bond.* These findings
highlight the critical role of the F-Si@HMCS layer in ensuring
stable, efficient, and dendrite-free zinc deposition, significantly
enhancing the electrochemical performance of Zn anodes.

To visually monitor the dynamic deposition behavior of Zn,
in situ optical microscopy was employed. For the bare Zn elec-
trode, non-uniform granular Zn deposits appeared within 10
minutes of deposition (Fig. 5a). With continued electrodeposi-
tion, a significant accumulation of granular zinc dendrites was
observed, leading to an increasingly rough surface. This
phenomenon is attributed to Zn>" desolvation in the electrolyte,
where active water molecules near the electrode undergo
hydrogen evolution, raising the local pH. This results in surface
corrosion and the formation of basic zinc sulfate, which
passivates the anode and promotes uneven Zn deposition and
dendrite growth. Over time, these dendrites risk puncturing the
separator, potentially causing short circuits. In contrast, the F-
Si@HMCS@Zn electrode exhibited uniform and smooth Zn
deposition throughout the process, with no dendrite formation
(Fig. 5b). Numerical simulations of the electric field intensity
further revealed significant differences between the electrodes.
The bare Zn anode displayed an uneven electric field distribu-
tion, leading to irregular protrusions and intensified electric
fields at the tips, which promote bulky dendrite growth (Fig. 5¢).
Conversely, the F-SI@HMCS@Zn electrode, with its electronic
shielding effect, redistributed and homogenized interface
charges and Zn”" flux, effectively suppressing irregular deposi-
tion and ensuring smooth, dendrite-free Zn plating (Fig. 5d).”*
The R of F-SiI@HMCS@Zn symmetric batteries was also eval-
uated at various temperatures (30-70 °C) using EIS (Fig. 5e1).
DRT analysis of EIS curves (Fig. 5e2 and e3) and in situ EIS

© 2025 The Author(s). Published by the Royal Society of Chemistry
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spectra (Fig. 5f and g) provided further insights into interfacial
dynamics.”> The superior deposition kinetics of F-
SI@HMCS®@Zn are primarily attributed to its hollow meso-
porous structure, which enhances ion transport and ensures
stable, uniform Zn deposition, as verified by the electrode
overpotential. In the symmetrical cell (Fig. S6at), HMCS@Zn
exhibits a lower nucleation overpotential (41.1 mV) compared to
bare Zn (95.2 mV). The lower nucleation overpotential reflects
a reduced nucleation energy barrier for Zn deposition, indi-
cating that the HMCS coating facilitates rapid Zn plating. The
symmetrical battery test results indicate that 2 h oxidation time
of silicon to silica is optimal (Fig. S6b¥).

To evaluate the performance of Zn-ion full batteries, F-
Si@HMCS@Zn was used as the anode and «-MnO, as the
cathode. Cyclic voltammetry (CV) curves (Fig. 6a) revealed two
pairs of well-defined redox peaks in all three cells, corre-
sponding to the co-embedding of Zn** and H" in the cathode.
The similar CV shapes across bare Zn//MnO,, Si@HMCS@Zn//
MnO,, and F-Si@HMCS@Zn//MnO, suggest that surface
modifications of the Zn anode do not significantly alter the
electrochemical reactions. However, F-Si@HMCS@Zn//MnO,
exhibited higher reduction and lower oxidation voltages, indi-
cating improved reaction kinetics due to the F-Si@HMCS layer.
The charge-discharge curves at 2 A g~ (Fig. 6b) demonstrate
that F-Si@HMCS®@Zn//MnO, achieves the highest reversible
capacity among the cells. Additional charge-discharge studies
(Fig. 6c and S71) at 1 A g~ " revealed consistent charge-discharge
platforms aligned with the CV peaks. Rate performance testing
(Fig. 6d and S8t) further highlighted the superior performance
of F-Si@HMCS@Zn//MnO,, achieving specific capacities of
230.9 to 74.3 mA h g~ " as current densities increased from 0.1 to
5.0 A g ', far exceeding bare Zn//MnO,, which retained only
6.3 mAhg 'at5.0Ag . These results underscore the role of F
in reducing the Zn>* nucleation overpotential and enhancing
interfacial ion transfer kinetics. Long-term cycling tests (Fig. 6e
and f) further demonstrated the exceptional stability of F-
Si@HMCS@Zn//MnO,. At 1 A g, the reversible capacity
remained at 182.4 mA h g™ after 800 cycles, compared to 36.8
and 139.6 mA h g~ ! for bare Zn//MnO, and Si@HMCS@Zn//
MnO,, respectively. At 2 A g, F-Si@HMCS®@Zn//MnO, main-
tained 77.4 mA h g " with a coulombic efficiency of 99.85% after
2000 cycles, while the capacities of bare Zn//MnO, and
Si@HMCS®@Zn//MnO, rapidly declined to 35.3 and
54.9 mA h g, respectively. This highlights the F-Si@HMCS
layer's ability to promote stable Zn deposition kinetics and
enhance battery performance. The exceptional performance of
F-Si@HMCS®@Zn is attributed to the in situ formation of ZnF
during charging. The strong Zn-F bond enriches active sites,
accelerates Zn*>* diffusion, and reduces desolvation energy
barriers.* Furthermore, the mesoporous structure of Si@HMCS
facilitates Zn>" transport and ensures uniform deposition.*
Silicon nanoparticles in the core-shell structure also provide
zincophilic sites, enhancing Zn>" interaction and ionic
dynamics.>® Together, these features suppress hydrogen evolu-
tion, prevent basic zinc sulfate passivation, and maintain low
polarization, ensuring prolonged battery stability and high
performance.
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Fig. 5 In situ optical observation of different materials at 5 mA cm™2 current density: (a) bare Zn; (b) F-Si@HMCS@Zn electrode. Simulations
electric field distributions. (c) on bare Zn and (d) on F-Si@HMCS@Zn electrode. The EIS curves of F-Si@HMCS@Zn symmetrical cells: (el) at
different temperatures and (e2 and e3) a corresponding analysis of the distribution of DRT upon galvanostatic; (f1) discharge process and (f2 and
f3) a corresponding analysis of the distribution of DRT upon galvanostatic; (g1) charge process and (g2 and g3) a corresponding analysis of the

distribution of DRT upon galvanostatic.

The effect of interfacial modification on Zn** diffusion
kinetics was further investigated using cyclic voltammetry (CV).
The peak current (7,) is described by the equation:*” 7, = 2.69 x
10°n*?AD"?cv'?, where i, F, A, D, ¢, v, R,and T are peak current
(4), Faraday's constant (96485 C mol '), working electrode, the
diffusion coefficient, potential scanning rate, concentration,
ideal gas constant, and absolute temperature, respectively. The

5658 | Chem. Sci., 2025, 16, 5651-5661

formula shows that 7, is proportional to D2 thus the diffusion
coefficient of Zn®" can be compared by comparing the peak
current 7,. As shown in Fig. 6g, peak currents increase with
higher sweep rates for all cells. Among the three batteries
(Fig. S9t), F-Si@HMCS@Zn//MnO, demonstrated the highest
peak current, while bare Zn//MnO, had the lowest, indicating
that the F-Si@HMCS@2Zn significantly enhances Zn** diffusion

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) CV curves of bare Zn//MnO,, SicRHMCS@Zn//MnO,, and F-Si@HMCS@Zn//MnO; at a scan rate of 0.1 mV st (b) Charge—discharge
curves of bare Zn//MnO,, Si@HMCS@Zn//MnO,, and F-Si@HMCS@Zn//MnO,. (c) Charge—discharge curves of F-SiaHMCS@Zn//MnO,, after 10,
50, and 100 cycles at 2 A g~ (d) Rate performance; cycling performance of bare Zn//MnQO,, Si@HMCS@Zn//MnO,, and F-Si@HMCS@Zn//MnO,
cells at current densities of (€) 1A g~ and (f) 2 A g™, (g) CV curve of the F-Si@RHMCS@Zn//MnO, battery at different scan rates. (h) Fit plot of log(i)
vs. log(v) in peaks 1, 2, 3 and 4. (j) The EIS curves of Bare Zn//MnO, and F-Si@HMCS@Zn//MnO, batteries before cycling and after 21 cycles. (i)
Pseudocapacitive contribution plots at different scan rates for F-SiaHMCS@Zn//MnO,.

rates. Additionally, the redox peak shapes remained consistent
across scan rates, demonstrating stable electrochemical
behavior. However, the oxidation peak of the coin cell with Zn//
MnO, and SI@HMCS@Zn//MnO, under the scan rate of 1 mV
s~ ' is at 1.66 V, and is shifted by nearly 0.2 V compared to the
case of 0.1 mV s . This behavior can be attributed to the
coating of the zinc anode with the F-Si@HMCS improving the
overall electrochemical kinetics by enhancing the conductivity
and providing a more stable reaction site. This phenomenon is
consistent with the literature.”® The relationship between peak
current (i) and scan rate (v) follows i = ab’, where a and b are
constants; when the b value is 0.5, the electrochemical reaction
process is mainly affected by the diffusion mechanism, and
when the b value is 1, the electrochemical reaction process is
mainly controlled by the surface chemical reaction.> As shown
in Fig. 6h, the b-values for F-Si@HMCS@Zn (0.51, 0.64, 0.73,
0.48) are higher than those for SI@HMCS@Zn (Fig. S10a) and
bare Zn (Fig. S10bf) batteries, emphasizing the role of F-
Si@HMCS in facilitating surface-controlled processes. As
shown in Fig. 6h, the b values of peaks 1, 2, 3, and 4 are 0.51,
0.64, 0.73 and 0.48, which are larger than those of
Si@HMCS®@Zn//MnO, and bare Zn//MnO, batteries, suggesting
the F-SiI@HMCS@Zn facilitates the surface-controlled process.
The contribution ratio of diffusion control and surface

© 2025 The Author(s). Published by the Royal Society of Chemistry

pseudocapacitance was further evaluated using: iV = k"> +
k,v. The pseudocapacitance contributions for F-Si@HMCS@Zn
increased with scan rate, reaching 89% at higher rates (Fig. 6i),
significantly surpassing those of SI@HMCS@Zn (Fig. S1lat)
and bare Zn (Fig. S11b¥) batteries. This highlights the ability of
the F-Si@HMCS layer to enhance Zn** diffusion and promote
pseudocapacitive behavior. EIS spectra (Fig. 6j) revealed that the
interfacial charge transfer impedance of F-Si@HMCS@Zn is
consistently lower than that of bare Zn//MnO, in both fresh and
cycled states, confirming superior kinetic performance and
interfacial dynamics for F-Si@HMCS@Zn.

Conclusion

This study introduces an innovative F-Si@HMCS coating for the
Zn anode, effectively isolating the zinc surface from the elec-
trolyte to mitigate corrosion and suppress hydrogen evolution.
The strong zincophilic interaction between fluorine and Zn
significantly lowers the diffusion barrier for Zn*' ions,
enhancing ion transfer numbers and promoting robust Zn-F
bonding. By redistributing ionic flux at the interface and
directing uniform Zn>" deposition, this interaction improves
both the efficiency and stability of the deposition process. As
a result, the F-SI@HMCS@Zn asymmetric cell achieves an
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exceptional coulombic efficiency of 99.9% and maintains a low
voltage gap of 16 mV over 800 cycles. Furthermore, the F-
Si@HMCS®@Zn//MnO,, full battery demonstrates remarkable
durability, retaining a reversible specific capacity of
77.4 mA h g~ ' after 2000 cycles at a current density of 2 A g~ .
This work offers valuable insights into advanced coating strat-
egies for enhancing Zn** deposition and extending the lifespan
of Zn anodes in AZIBs.
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