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ABSTRACT: Aqueous zinc-ion batteries (AZIBs) are plagued by
water-rich and unstable electrolyte/electrode interface, which
results in poor reversibility and short lifespan. Herein, trace
sodium perfluorononyloxybenzenesulfonate (OBS) and bismuth
potassium citrate (BPC) additives collaboratively construct a
zincophilic and water-shielding interface. Both OBS and BPC

[ ° Adsorption layer

molecules preferentially adsorb on the Zn anode, forming a H,0- ~ ByProduess ) 8 .
blocking layer to suppress water-induced side reactions. l De"kd,me 0 Tof¥ ¢
Concurrently, upon cycling, OBS decomposes and forms ZnF,  _sas /| | Corrosion ::‘:z&t::.é"u:ocﬁ ,::i“:::
with high ionic conductivity, while Bi* derived from BPC is Zn (ZSO) Zn (ZBF)
electrochemically reduced to metallic Bi°, serving as zincophilic 1 H,0 : Zn? 180, : Perfluorinated chain : Bt
nucleation sites. This in-situ formed ZnF,/Bi-modified interface @ :Bi®  :Zncovered with ZnF,

synergistically regulates Zn* flux and homogenizes the interfacial electric field. Consequently, the Zn||Zn symmetric cell
achieves exceptional cycling stability over 6600 h at 1 mA-cm™ and 1 mAh-cm™, and a lifespan over 1000 h at high current
density and areal capacity (3 mA-cm? and 3 mAh-cm™). The full cell paired with NH,V,0,, cathode delivers a capacity
retention of 95.54% after 500 cycles at 1 A-g™', substantially outperforming the baseline electrolyte. This streamlined
strategy in-situ constructs a multifunctional hybrid interphase, paving a new way for durable and high-performance AZIBs.
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1 Introduction

The growing global dependence on fossil fuels has led to energy
insecurity due to resource depletion and geopolitical instability, as
well as environmental pollution primarily from greenhouse gas
emissions. Although renewable energy sources offer clean and
sustainable alternatives, their intermittency and geographical
limitations pose challenges for large-scale industrial implementation
[1]. Consequently, the development of efficient and reliable
electrochemical energy storage systems is critical for enabling the
grid-scale deployment of renewable energy sources. Aqueous zinc-
ion batteries (AZIBs) have emerged as a promising candidate for
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grid-scale energy storage applications owing to high theoretical
capacity (820 mAh-g" and 5885 mAh-cm”), low redox potential
(-0.76 V vs. standard hydrogen electrode (SHE)), and the inherent
electrochemical stability of zinc metal in ambient conditions [2].
However, the Zn anode suffers from rampant dendrite growth
and side reactions during electrochemical cycling, which degrades
the cycling stability of AZIBs and impedes their practical
application [3]. Specifically, (i) the heterogeneous electric field
distributions across the Zn anode, combined with two-dimensional
(2D) diffusion of Zn*, intensify the tip effect and thereby accelerate
the dendrite growth. These dendrites may penetrate the separator,
causing internal short circuits [4]. (ii) Hydroxide ions (OH")
generated from water-splitting reactions (e.g., hydrogen evolution
reaction (HER)) during cycling trigger irreversible corrosion,
forming insulating zinc hydroxysulfate hydrate (ZHS,
Zn,SO,(OH)yxH,0) passivation layers. This process consumes
active material, increases interfacial impedance, and degrades both
the capacity and Coulombic efficiency (CE) [5]. ZHS accumulation
progressively  reduces the electroactive sites for Zn*
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electrodeposition, which in turn promotes further dendrite growth,
establishing a detrimental feedback loop. Additionally, HER
constrains the thermodynamic electrochemical stability window of
aqueous electrolytes (~ 123 V), fundamentally limiting the
achievable energy density of AZIBs [6]. Therefore, stabilizing
electrode/electrolyte interface is essential for enhancing the cycling
stability and energy density of AZIBs.

To overcome these aforementioned challenges, researchers have
pursued Zn anode modification and electrolyte engineering,
including anode surface alloying [7], protective coating fabrication
[8], three-dimensional (3D) structure design [9], novel electrolyte
formulations [10], electrolyte additive incorporation [11], and high
concentration electrolyte optimization [12]. A critical objective
common to these approaches is the regulation of the
electrode/electrolyte interface, whose properties are critically
dependent on the electrolyte composition. As the continuous
medium for jon transport and the direct participant in interfacial
reactions, the electrolyte’s chemical composition and concentration
fundamentally determine the Zn* solvation structure, transport
kinetics, and deposition behavior [13]. Therefore, electrolyte
optimization, particularly via functional additives, represents a
promising and efficient strategy to enhance the electrochemical
performance of AZIBs.

Generally, the functional additives employed in the electrolyte
are primarily divided into organic additives and metal ion additives
according to their chemical characteristics. Organic additives, such
as tetra-n-butylammonium sulfate (TBA,SO,), sodium dodecyl
sulfate (SDS), and sodium dodecyl benzene sulfonate (SDBS), play
multiple roles toward stabilizing the cycling performance of AZIBs,
including stabilizing the electrode/electrolyte interface, modulating
Zn* solvation structures, enhancing ionic conductivity, and
improving electrolyte thermal stability [14-16]. For the metal ion
additives, metal cations (e.g., Ce*, Y*, La*, and Na*) regulate Zn*
flux at the anode surface via the electrostatic shielding mechanism,
thereby inducing homogeneous Zn nucleation [17-20]. In addition,
metal ion additives can form protective interfacial layers on the
anode surface, effectively mitigating side reactions, such as HER
and corrosion. Despite enhancing the cycling stability and
performance of AZIBs, the electrolyte additive strategy exhibits
inherent limitations that need to be addressed. Firstly, organic
additives may induce environmental pollution risks. These additives
may decompose or fail under elevated temperatures, which
potentially compromise battery safety and cycling stability [21].
Moreover, metal ion additives may trigger side reactions with other
components of the electrolyte, resulting in the destabilization of the
electrolyte, which in turn leads to ionic conductivity imbalances at
elevated concentrations [22]. Beyond the above limitations, the
efficacy of additives is fundamentally dominated by their intrinsic
physicochemical characteristics. Specifically, high solubility and a
zincophilic nature are critical for additives to effectively regulate the
Zn* flux and suppress the side reactions at the electrode/electrolyte
interface. 'Therefore, systematic multi-criteria screening of
electrolyte additives with respect to cost-effectiveness, long-term
electrochemical stability, and safety characteristics, integrated with
in-depth mechanistic elucidation of their functional behavior, is
imperative for enhancing the cycling stability of AZIBs.

Compared with conventional electrolytes, fluorinated electrolytes
exhibit several distinct advantages. Firstly, leveraging the high
electronegativity of fluorine, fluorinated compounds facilitate the
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formation of robust fluoride interphase layers (e.g., ZnF,) on Zn
anodes. This imparts exceptional chemical/electrochemical stability,
which effectively suppresses dendritic growth, blocks the access of
H,0 molecules to the anode, and mitigates HER as well as
corrosion side reactions [23]. Secondly, fluorinate anions (e.g.,
C,ESO;, BE,, and bis(trifluoromethanesulfonyl)imide (TFSI))
reconfigure Zn* solvation structures via preferential coordination,
thereby lowering the desolvation energy barriers to optimize
deposition kinetics and promote uniform nucleation [24-26].
Thirdly, fluorinated components suppress cathode dissolution and
electrolyte decomposition by reducing water activity and expanding
the operational electrochemical stability window [27]. Additionally,
fluorinated components enhance electrolyte wettability on Zn
electrodes and accelerate Zn* transport [28]. Collectively, these
mechanisms enable synergistic optimization of electrode/electrolyte
interface stability, ion transport kinetics, and bulk chemical stability
through in-situ interfacial construction and solvation sheath
reorganization, establishing a new design direction for high-
performance zinc-based energy storage systems. For example, Zhao
et al. [29] introduced perfluorooctanoic acid (PFOA) to ZnSO,
(ZSO) electrolyte, which resulted in the formation of an adsorbed
layer of perfluorinated n-octyl chains on Zn anode. The strongly
negatively charged perfluoroalkyl chains in this layer redistributed
Zn* flux near the electrode/electrolyte interface through
electrostatic repulsion, eliminating uneven charge distribution
caused by the “tip effect”. Simultaneously, SO, migration toward
the Zn anode was suppressed, significantly enhancing corrosion
resistance. These synergistic effects collectively enabled Zn||Zn
symmetric cells to achieve a 2200 h cycle life at 1 mA-cm™ Xu et al.
[23] demonstrated that the composite electrolyte of Zn(CF;SO,),
with methanol transformed the Zn* solvation structures from
[Zn(H,0),]* to [Zn(H,0),(CH,OH),]*, delivering methanol-
dominated species to the electrode/electrolyte interface to minimize
water contact with the Zn anode. Concurrently, Zn(CF,SO,),
induced the formation of a fluoride-rich interface (ZnF,) on the Zn
anode that promoted the preferential growth of Zn (002) planes
during electrodeposition. The combined effect of methanol-
dominated interfaces and crystallographic control afforded an ultra-
long cycle life exceeding 1000 h at 40 mA-cm™ to Zn||Zn symmetric
cells. Guo et al. [30] designed an electrolyte system with high F/O
atom ratio by employing hexafluoro isopropanol (HFIP) as a
fluorinated cosolvent, effectively minimizing interfacial side
reactions. Simultaneously, HFIP facilitated the construction of a
ZnF,-rich solid electrolyte interphase (SEI), inducing homogeneous
deposition of Zn on the anode. Benefiting from this dual
modification, Zn||Zn symmetric cells exhibited 3200 h of cycling
stability at 1 mA.cm™ Chen et al [31] constructed a low
coordination number solvation structure ([Zn(H,O),(EG),(otf),])
using ethylene glycol (EG) and zinc trifluoro sulfonate (Znotf,
where otf denotes trifluoromethanesulfonate) to reduce the free
water content. Such a low-coordination solvation structure afforded
stable cycling of 4500 h for Zn||Zn symmetric cells at 1 mA-cm™
The design principle of multi-mechanistic synergy extends to the
application of metal cation additives for optimizing AZIBs
performance. These additives operate through several key
mechanisms. Firstly, facilitating uniform Zn* electrodeposition via
the electrostatic shielding effect. Moreover, modifying Zn*
solvation structures to reduce active water molecules content within
the inner solvation sphere, which is beneficial in suppressing HER.
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Furthermore, constructing protective SEI with high ionic
conductivity on the anode to restrain the electrolyte-induced
corrosion.

Notably, bismuth (Bi)-ion additives and their corresponding
reduction product, metallic Bi, constitute an exemplary system that
achieves the synergistic optimization by virtue of their unique
electrochemical properties. Specifically, the Bi*(aq)/Bi(s) redox
couple exhibits a higher reduction potential (+0.32 V vs. SHE) than
Zn**(aq)/Zn(s) (—0.76 V vs. SHE), which drives the preferential
electrodeposition of Bi onto the Zn anode. The resultant deposited
Bi layer plays a triple role in enhancing the electrochemical
properties of AZIBs. At first, it modulates the Helmholtz-layer
diffusion field via electrostatic shielding, enabling spatially uniform
Zn* concentration gradients near the anode surface and facilitating
homogeneous Zn* flux transport from bulk electrolyte. Secondly,
intrinsic zincophilicity of Bi atoms can provide numerous
nucleation sites across the anode surface for uniform deposition of
Zn (32, 33]. Furthermore, Bi exhibits sluggish HER kinetics
compared to that of Zn in the acidic condition, which effectively
suppresses HER on the anode during Zn* electroplating process
[34]. It should be noted that Bi is environmentally benign and
possesses a significantly lower production cost than metals, such as
Cu, Nj, Sn, and Ag [35]. Therefore, Bi-based additives demonstrate
significant advantages in stabilizing Zn anode interface. For
example, Guo et al. [36] constructed an artificial Bi-based protective
layer on Zn anode via a displacement reaction using Bi(CF,SO); in
1,2-dimethoxyethane, which extended cycle life of Zn|Zn
symmetric cells by a factor of 3.5. Zhao et al. [33] developed a
Bi@Zn interface with a porous 2D interconnected nanosheet
structure. This architecture homogenized Zn* flux distribution and
enhanced Zn* migration kinetics, thereby facilitating rapid and
uniform nucleation of Zn hexagonal crystals. The Zn||Zn
symmetric cells thus achieve a cycle life of 2000 h at 10 mA-cm™
Wang et al. [37] fabricated an in-situ Bi-based activation layer on
the Zn anode by a displacement reaction, which enhanced the
corrosion resistance of anode and afforded abundant nucleation
sites for uniform Zn** electrodeposition. Ye et al. [38] designed a Bi-
Bi,0;-loaded carbon nanofiber (Bi-Bi,O,@CNF) interlayer on the
Zn anode. The electrostatic shielding effect from Bi-Bi,O, promoted
uniform Zn deposition, suppressed dendrite growth and side
reactions, and alleviated the electrode polarization, thus allowing
Zn||Zn symmetric cells to maintain stable cycling for over 200 h at
20 mA-cm™.

To integrate these merits into a single system, we propose a novel
dual-additive electrolyte strategy. This is realized by introducing
trace amounts of  environmentally benign  sodium
perfluorononyloxybenzenesulfonate (OBS, 600 ppm) and bismuth
potassium citrate (BPC, 7 ppm) into a baseline 2 M ZnSO,
electrolyte, forming a multifunctional electrolyte denoted as ZBF.
We demonstrate that OBS and BPC operate through synergistic yet
distinct mechanisms to construct a multifunction hybrid interphase
on the Zn anode. First, their co-adsorption forms a dense, H,O-
blocking layer that significantly mitigates corrosion. During cycling,
this interface evolves in-situ: OBS facilitates the formation of ZnF,,
which enhances interfacial ion transport, while Bi* from BPC is
electrochemically reduced to metallic Bi’, providing zincophilic
nucleation sites to guide deposition. Coupled with improved
electrolyte wettability and a reduced Zn* desolvation barrier, this
multifunctional interphase synergistically regulates ion flux and
homogenizes the electric field, effectively suppressing dendrite
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growth and HER. As a result, Zn||Zn symmetric cells with the ZBF
electrolyte achieve an ultralong cycling lifespan over 6600 h at
1 mA-cm? and 1 mAh-cm? and Zn|[NH,V,0,, full cells retain
95.54% capacity after 500 cycles at 1 A-g". This work provides a
rational and effective electrolyte design paradigm, highlighting the
great potential of synergistic interfacial engineering for developing
practical, high-performance AZIBs.

2 Result and discussion

2.1 Constructing a hybrid functional adsorption Layer

Trace OBS and BPC are used as functional additives to stabilize the
Zn anode, and corresponding mechanism of action is investigated.
The change in electrolyte/electrode interface is investigated by the
interface electric double layer (EDL). As shown in Fig. 1(a) and Fig.
S1 in the Electronic Supplementary Material (ESM), EDL
capacitance value significantly decreases with the addition of OBS
and BPC. This reduction proves that additives preferentially adsorb
onto the Zn surface, effectively reducing the contact between free
H,0 molecules and the Zn electrode, thereby suppressing corrosion
and associated side reactions. The surface chemical bonding states
of Zn foils were investigated using Fourier transform infrared
(FTIR) reflectance spectroscopy after 7 days of immersion in the
electrolyte. As shown in Fig. 1(b), the FTIR spectrum of the Zn foil
immersed in ZBF electrolyte exhibited characteristic peaks at about
1239 and 1296 cm™, corresponding to the asymmetric stretching
vibrations of —CF,— and —CF;- groups [39], respectively, suggesting
the adsorption of perfluorinated chain segments from OBS
molecules onto the Zn surface. Moreover, absorption peaks were
observed at around 1493 and 1592 cm™, which can be assigned to
the asymmetric stretching vibration of -COO- [40], indicating the
carboxyl groups (-COOH) of BPC molecules interact with and
adsorb onto the Zn foil surface. These results demonstrate that OBS
and BPC molecules in ZBF electrolyte selectively adsorb onto the
Zn surface, thereby promoting the formation of an organic
adsorption layer at the electrode/electrolyte interface. To further
validate the adsorption feasibility of OBS/BPC on the Zn anode, the
molecular energy levels were investigated by density functional
theory (DFT) simulations. The highest occupied molecular orbital
(HOMO) energy levels of OBS and BPC are higher (less negative)
than those of H,O (Fig. S2 in the ESM), indicating a stronger
tendency to donate electrons. Combined with their narrower
HOMO-lowest unoccupied molecular orbital (LUMO) gaps (6.04
and 4.94 eV for OBS and BPC, respectively, vs. 9.97 eV for H,0),
this suggests enhanced reactivity and favorable adsorption onto the
Zn anode.

To further elucidate the composition and chemical states of this
interfacial layer, X-ray photoelectron spectroscopy (XPS)
measurement was conducted on Zn electrodes after 7 days of
immersion in ZBF electrolyte (Fig. 1(c) and Fig. S3 in the ESM).
The survey spectrum reveals characteristic Bi 4f, C 1s, and F 1s
peaks. Deconvolution of the Bi 4f spectrum shows doublet peaks at
160.38 eV (Bi 4f,,) and 163.72 eV (Bi 4f;,) with a spin-orbit
splitting of 3.34 eV, which is consistent with metallic bismuth (Bi’)
[36]. These results consist of the X-ray diffraction (XRD) results.
Deconvolution of the C 1s spectrum reveals three components at
293.38 eV (-CF;), 286.57 €V (C-0), and 284.73 eV (C-C), all of
which are consistent with OBS adsorption [39]. The high-resolution
F 1s spectrum exhibits two distinct peaks. The one at 688.88 eV,
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Figure1 (a) EDL capacitance of Zn||Zn symmetric cells in ZSO and ZBF electrolytes. (b) FTIR spectra of the Zn foil after 7 days of immersion in ZSO and ZBF
electrolytes. (c) XPS spectra of Zn electrodes after 7 days of immersion in ZBF electrolyte. ((d) and (e)) Corresponding surface morphologies of Zn electrodes after 7 days
immersion in ZSO and ZBF electrolytes. (f) EDS patterns of Zn electrodes after 7 days of immersion in ZBF electrolyte. (g) XRD pattern of Zn electrodes after 1200 h of
cycling in ZBF electrolyte. (h) The adsorption energies of H,O, OBS, and BPC molecules on different crystal planes of Zn.

attributed to the —~CF, group of the OBS molecule, and the other at
685.20 eV, corresponding to ZnF,. The formation of ZnF, signifies
the in-situ generation of a protective passivation layer on the Zn
electrode surface [23]. Notably, XPS measurements of the cycled Zn
anode yield consistent results, demonstrating the stability of these
species during operation (Fig. S4 in the ESM).

The impact of this hybrid adsorption layer was reflected in the
electrode morphology. As shown in Figs. 1(d) and 1(e), the ZSO-
immersed sample displayed a rough and uneven surface covered
with numerous bulky corrosion products (~ 10 pm in diameter),
whereas the ZBF-immersed sample exhibited a much smoother
surface. The corresponding energy-dispersive X-ray spectroscopy
(EDS) analysis further reveals that the relative sulfur element
content derived from corrosion products (ZHS) on the ZBF-
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immersed sample (4.64 wt.%) was only 49.62% of that on the ZSO-
immersed sample (Figs. S5 and S6 in the ESM), suggesting
substantially less self-corrosion of the Zn electrode in the ZBF
electrolyte than that in the ZSO electrolyte. Furthermore, a
homogeneous distribution of Bi and F elements was observed
across the surface of the ZBF-immersed sample (Fig. 1(f)),
suggesting the uniform coverage achieved by the synergistic
adsorption of OBS and BPC.

Beyond chemical adsorption, the additives undergo
electrochemical transformations during cycling. As shown in
Fig. 1(g), distinct diffraction peaks corresponding to metallic Bi
(PDF#97-067-1289) emerged in the XRD pattern of Zn electrode
after cycling in a Zn||Zn symmetric cell with ZBF electrolyte,
indicating the electrochemical reduction of Bi** from BPC additive
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to Bi’ in the cycling process. The in-situ generated Bi° is proposed to
serve as preferential nucleation sites for Zn deposition and can
enhance the corrosion resistance of Zn electrode [33]. In addition,
diffraction peaks assigned to ZnF, (PDF#97-018-4219) were also
detected, suggesting the concurrent formation of ZnF, on the
electrode surface [41]. Significantly, the formation of ZnF, on Zn
electrode can improve interfacial Zn* conductivity [42, 43]. The
reaction equation for the formation of Bi and ZnF, can be described
as follows (Egs. (1) and (2))

2Bi*" 4 3Zn — 2Bi+3Zn*" (1)

(C:H,F,;SO,)” +Zn*" +2¢” — ZnF,+R—R’ 2)

where R and R’ represent unspecified organic groups formed as
decomposition products of the fluorinated sulfonate additive.

DFT simulations are performed to further explore the chemical
adsorption of OBS and BPC molecules on Zn anode. As depicted in
Fig. 1(h), it was found that both OBS and BPC molecules exhibit
more negative adsorption energies on the Zn surface compared to
H,O molecules. Specifically, the adsorption energies of OBS
molecules on the Zn (002), Zn (100), and Zn (101) planes are —0.25,
-1.00, and —3.85 eV, respectively, whereas those of BPC molecules
are —1.21, -3.04, and —4.20 eV, respectively. These results confirm
that the adsorption of OBS and BPC molecules on the Zn electrode
surface is thermodynamically more favorable than that of H,O
molecules in the ZBF electrolyte, leading to the formation of an
adsorption layer enriched with Bi and F elements. This layer
effectively shields the Zn anode from direct contact with free H,O
molecules, thereby inhibiting Zn dendrite growth and side reactions
[39]. Additionally, the -CF- rich cross-linked network,
constructed by adsorbed OBS molecules on the Zn electrode
surface, not only homogenizes the interfacial electric field
distribution but also guides the 3D diffusion of Zn* [23, 39]. It is
noteworthy that both OBS and BPC molecules exhibit similar
adsorption trends on Zn, with the strongest binding on the (101)
plane and the weakest on the (002) plane. Thus, these molecules
preferentially accumulate on the (101) and (100) planes, forming a
dense adsorption layer that directs subsequent Zn deposition. In the
initial deposition stage, positively charged Bi** preferentially adsorb
on the electrode protrusions, creating an electrostatic shielding
effect that induces uniform Zn* nucleation [37]. Subsequently,
these Bi* are reduced in-situ to form a metallic Bi layer. This
zincophilic layer further guides the Zn* deposition on the Zn (002)
plane and suppresses irreversible side reactions. Additionally, a
ZnF,rich interface modulates the nucleation behavior of Zn*,
promoting thermodynamically favorable Zn (002) plane deposition
and thereby suppressing dendrite formation. This functional
mechanism of ZnF, is considered beneficial for enhancing the
cycling stability of Zn anodes, analogous to the role of the LiF/Li
interface layer on lithium metal anodes [44, 45]. Therefore, the
synergistic effect of interface modulation, including selective
adsorption, electrostatic shielding, and induced nucleation,
significantly promotes the preferential growth of the Zn (002) plane
during electrodeposition, ultimately resulting in a dense and
uniform Zn deposition layer.

The solvation structures of the ZBF and ZSO electrolytes were
characterized by IR and Raman spectroscopy. No significant
changes were observed in the responding characteristic peaks,
indicating that the influence of OBS and BPC on the solvation
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structure of Zn*" can be ignored in this study (Figs. S7 and S8 in
the ESM).

In conclusion, the synergistic adsorption of OBS and BPC
constructs a multifunctional interfacial layer on the Zn electrode.
The adsorbed organic molecules form a hydrophobic barrier
against water-induced side reactions, while the concurrently
generated metallic Bi and ZnF, composite regulates Zn deposition
and facilitates ion conduction. This multifunctional interface thus
ensures highly reversible and stable Zn plating/stripping in aqueous
electrolyte.

22 Modulation of Zn deposition kinetics via the
adsorption layer and facilitated desolvation

Considering the structural and composition characteristics, this as-
formed protective layer is expected to contribute to suppressing
water-induced side reactions and guiding the uniform deposition of
Zn. Potentiodynamic polarization measurements were conducted
to evaluate the corrosion behavior of Zn electrode in different
electrolytes, and the corresponding corrosion current density (i)
values were derived from Tafel extrapolation of the polarization
curves shown in Fig. 2(a). The Zn electrode exhibited comparable
corrosion potential (E,,) in ZSO (-1.02 V vs. saturated calomel
electrode (SCE)) and ZBF electrolytes (—1.01 V vs. SCE), while the
iy in the ZBF electrolyte (4.53 mA-cm™) was 56.4% lower than that
in the ZSO electrolyte (10.38 mA-cm™). After 7 days of immersion
in ZSO and ZBF electrolytes, the Zn electrodes were subjected to
the potentiodynamic polarization tests in the corresponding
electrolytes. The sample immersed in the ZBF electrolyte sample
showed a more positive E,,, (—0.98 V vs. SCE) and a lower i,
(4.85 mA-cm™) compared to the ZSO-immersed sample (Fig. S9 in
the ESM). These results indicate that the co-addition of OBS and
BPC additives can significantly suppress the corrosion of the Zn
electrode in the electrolyte. This improved corrosion resistance was
further corroborated by characterizing the corrosion products on
the samples after 7 days of immersion via XRD measurement. The
XRD patterns of both samples exhibited diffraction peaks
corresponding to the corrosion product Zn,SO,(OH),-5H,0
(PDF#00-039-0688) (Fig. 2(b)). However, the ZHS peak intensities
for the ZBF-immersed sample were significantly lower than those
for the ZSO-immersed sample, indicating that composite additive
could effectively inhibit self-corrosion. These results consistently
demonstrate that the hybrid adsorption layer significantly
suppresses Zn corrosion.

Beyond corrosion inhibition, the additives synergistically
enhance the interfacial wettability, which is crucial for
homogeneous ion flux. Contact angle measurements (Fig. 2(c))
show that the contact angles for the ZSO and ZBF electrolytes on
the Zn electrodes were measured to be 92.5° and 34.7°, respectively.
Notably, the individual introduction of OBS or BPC also improved
wettability, with corresponding contact angles of 52.7° and 43.8°
(Fig. S10 in the ESM). The intermediate wetting behavior
underscores the synergistic enhancement of electrolyte wettability
by OBS and BPC. This synergy stems from the following dual
mechanisms. Firstly, as a nonionic surfactant, OBS contains
hydrophilic sulfonate groups and hydrophobic perfluorinated
chains. Upon dissolution, its sulfonate groups form hydrogen
bonds with bulk water molecules, weakening the cohesive attraction
within  the electrolyte. ~Simultaneously, the hydrophobic
perfluorinated chains migrate to and align at the electrolyte/air
interface, thereby weakening the interactions between surface water
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Figure2 (a) Dynamic potential polarization curves of Zn electrodes in ZSO and ZBF electrolytes. (b) XRD patterns of Zn electrodes after 7 days immersion in ZSO and
ZBF electrolytes. (c) Contact angles of ZSO and ZBF electrolytes on Zn electrodes. (d) Arrhenius curves and corresponding activation energies of Zn anodes in ZSO and
ZBF electrolytes. (e) EIS spectra of SS||SS symmetric cells with ZSO and ZBF electrolytes. (f) Chronoamperograms of Zn||Zn symmetric cells with ZSO and ZBF
electrolytes. (g) CV curves of Zn||SS asymmetric cells containing ZSO and ZBF electrolytes with a scanning rate of 1 mV-s™. (h) Voltage profile of the first plating process

of the Zn||Cu asymmetric cell at 1 mA-cm™

molecules. Secondly, citrate anions from BPC establish hydrogen
bonds with water molecules in the bulk electrolyte, which reduces
the attraction of these water molecules toward the surface.
Consequently, the co-addition of OBS and BPC significantly lowers
the surface tension of the electrolyte and enhances its wettability on
the Zn electrode. Generally, the enhanced electrolyte wettability on
the Zn electrode reduces electrode/electrolyte interfacial impedance,
accelerating Zn* transport and improving charge transfer kinetics
during Zn plating/stripping [46]. The improved wettability also
homogenizes the interfacial current density distribution, thereby
suppressing dendrite growth and side reactions [47].

The activation energy (E,) for Zn** desolvation was determined
by fitting the temperature dependence of the charge transfer
resistance (R,) to the Arrhenius equation (Eq. (3)) [48]. The R,
values were obtained from EIS measurements on Zn||Zn symmetric
cells at temperatures of 25, 35, 45, and 55 °C (Fig. S11 in the ESM)

L, E, 3)
— — Aexp | —
R, PATRT
where A is the prefactor, T is the thermodynamic temperature, and
R is the gas constant. The calculated E, for the Zn||Zn symmetrical
cell in the ZBF electrolyte was 31.09 kJ-mol”, lower than that in

ZS0 electrolyte (39.99 kJ:mol™) (Fig. 2(d)). This reduced
desolvation energy barrier indicates that the co-addition of OBS
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and BPC additives effectively facilitates the desolvation process by
weakening the electrostatic interaction between Zn* and H,0O
molecules. The ionic conductivity of the electrolytes was further
evaluated through electrochemical impedance spectroscopy (EIS)
measurements with stainless steel (SS)||SS symmetric cells. As
shown in Fig. 2(e), the ZBF electrolyte exhibited an ijonic
conductivity of 24.60 mS-cm™, higher than that of the ZSO
electrolyte (11.06 mS-cm™). This enhanced conductivity suggests
improved Zn* mobility and more facile access to the electrode
surface for electrochemical reactions. This finding further confirms
that the hybrid adsorption layer facilitates the desolvation process,
promoting the dissociation of Zn* from the solvation sheath
formed by H,O molecules.

The EIS measurements were conducted on Zn||Zn symmetric
cells using Zn electrodes immersed in ZSO and ZBF electrolytes for
three days (Fig. S12 in the ESM). The cell with ZBF-treated
electrodes exhibited an ionic conductivity of 9.62 mS-cm™ for Zn*,
notably higher than that of the cell with ZSO-treated electrodes
(8.27 mS-cm™). It is demonstrated that the ZnF, and Bi-based SEI
form on the electrodes by the ZBF electrolyte, which enhances ionic
conductivity, which facilitates rapid Zn* transport, reduces
interfacial energy, and promotes uniform Zn* deposition.

To investigate the effect of additives on the Zn* diffusion kinetics
during electrodeposition, chronoamperometry (CA) was employed
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to measure transient current density in Zn||Zn symmetric cells
using different electrolytes. As depicted in Fig. 2(f), the current
density of the Zn anode persistently increased beyond 1000 s in
ZSO electrolyte, indicating a non-uniform 2D diffusion process.
During the planar diffusion process, the Zn* migration is driven by
lateral concentration gradients and accumulates at local
protrusions, promoting island nucleation and exacerbating the tip
effect, which ultimately leads to the dendrite growth [49]. In
contrast, in the ZBF electrolyte, the current density rapidly reached
a quasi-steady-state plateau within ~ 100 s, reflecting that the mass
transport process was dominated by stable 3D diffusion. Under this
condition, the Zn* diffusion along the anode surface was
constrained by the hybrid adsorption layer, and a time-invariant
Zn* concentration gradient was maintained across the diffusion
layer, thereby sustaining a steady Zn** diffusion flux from the bulk
electrolyte toward the electrode surface [16]. This synergistic effect
facilitated uniform Zn deposition and suppressed dendrite growth,
ultimately yielding a smooth and dense Zn deposition layer.

The nucleation overpotential of Zn during plating process in the
ZS0 and ZBF electrolytes is tested by cyclic voltammetry (CV) tests
in Zn||SS asymmetric cells. As shown in Fig. 2(g), the nucleation
overpotential for Zn deposition in the ZBF electrolyte increased by
approximately 50 mV relative to that in the ZSO electrolyte.
Similarly, the voltage profiles of Zn||SS asymmetric cells displayed
that the nucleation overpotential of Zn increased to 143.0 mV in
the presence of OBS and BPC additives (Fig. 2(h)). According to
the classical nucleation theory, the relationship between the size of
electrodeposited Zn particles and the nucleation overpotential can
be described by Eq. (4) [29]

YV

rcri( = 2
Fln

(4)

where 1., represents the critical radius of electrodeposited Zn
particles, y stands for the surface energy of electrode/electrolyte
interface, V,, describes the molar volume of Zn, F is Faraday’s
constant, and # denotes the nucleation overpotential of Zn in the
planting process. This relationship also suggests that a larger
nucleation overpotential is beneficial for obtaining finer Zn particles
during planting process. To the ZBF system, the increased
overpotential can be attributed to the additional resistance
introduced by the formation of adsorption layer and SEI, which
reduces the nucleation rate via steric hindrance, resulting in the
formation of a finer and denser Zn deposition layer [50].

The addition of OBS and BPC to the electrolyte enables their
co-adsorption onto the Zn electrode surface, forming a H,O-
blocking functional adsorption layer that suppresses corrosion side
reactions. Meanwhile, the additives improve the wettability of the
electrolyte toward the Zn electrode, optimize Zn** transport
kinetics, promote the desolvation process and uniform diffusion of
Zn*, and collectively elevate the nucleation overpotential for Zn
deposition, thereby guiding uniform Zn plating. The combined
effects outlined above establish a stable electrode/electrolyte
interface, providing a critical interfacial condition for AZIBs with
long cycling lifespans.

2.3 Towards preferential (002) crystallographic orientation
and dense Zn morphology

To reveal the effects of hybrid adsorption layer in promoting
uniform Zn deposition, in-situ optical microscopy was employed to
comparatively study the Zn plating behavior on the electrode in the
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baseline (ZSO) and modified (ZBF) electrolytes (Fig. 3(a)). In the
ZSO electrolyte, uneven nucleation sites and protuberances
emerged within 15 min of plating, which triggered a “tip effect” and
grew continuously into dendrites during subsequent deposition.
After 30 min, the Zn electrode was covered with many mossy Zn
dendrites and protuberances. In contrast, the electrode in the ZBF
electrolyte maintained a flat and homogeneous surface throughout
the plating process. Even after 30 min, neither dendrites nor
bubbles were observed, demonstrating that the ZBF electrolyte
effectively inhibited Zn dendrite growth. The influence of the
hybrid adsorption layer on the Zn deposition uniformity was
further quantified by 3D optical profilometry (Fig. 3(b)). After
10 min of deposition at 1 mA-cm™, the ZSO electrolyte produced
irregular deposition with distinct dendrites, which could penetrate
the separator and subsequently lead to a cell short circuit.
Conversely, the ZBF electrolyte yielded a smooth and flat surface on
the Zn electrode.

The influence of hybrid adsorption layer on the Zn deposition
behavior was further investigated by XRD measurement, and the
corresponding XRD patterns are shown in Fig. 3(c). After 20 h of
cycling in the ZBF electrolyte, the diffraction peak intensity of Zn
(002) plane was significantly lower than that of the Zn (101) plane.
However, the peak intensity of Zn (002) plane increased
progressively with prolonged cycling, indicating a strongly preferred
(002) growth orientation. In contrast, the peak intensity of Zn (100)
remained consistently low throughout the entire cycling process. To
quantify the evolution of preferred orientation during Zn
deposition, the intensity ratios of diffraction peaks (i.e., R, = I /Iy
and R, = I/l where R, and R, are the intensity ratios of the
(002)/(100) and (002)/(101) diffraction peaks, respectively, and Iy,
Ty and I, denote the diffraction peak intensities corresponding
to the (002), (100), and (101) crystallographic planes, respectively)
were taken as a reference index and the calculated values are
presented in Fig. 3(e). Notably, in the ZBF electrolyte, R, and R,
gradually increased from 0.47 and 0.12 (cycling for 20 h) to 2.22
and 0.54 after 600 h of cycling. The continuous increase in R, and
R, confirms that Zn* preferentially deposited on the planar Zn
(002) plane, leading to its dominant growth, which demonstrates
the efficacy of the hybrid adsorption layer in templating (002)-
oriented growth. Additionally, the diffraction peak intensity at 7.66°
corresponding to ZHS by-products was obviously lower in the ZBF
electrolyte than in the ZSO electrolyte after cycling, suggesting that
by-product formation was substantially suppressed in the ZBF
electrolyte.

The morphology of the Zn deposition layer in Zn||Zn symmetric
cells was characterized by scanning electron microscopy (SEM). In
the ZSO electrolyte, coarse dendrites grew on the anode after 50 h
of cycling, ascribing to the uneven deposition of Zn and side
reactions at the electrolyte/electrode interface (Fig. S13 in the ESM).
However, as shown in Fig. 3(d), in the ZBF electrolyte, the anode
surface exhibited a dense and flat appearance after 20 h of cycling.
As cycling proceeded, a uniform deposited layer composed of
closely packed hexagonal grains was formed on the anode surface,
originating from the compact stacking of Zn (002) planes normal to
the electrode surface [51]. The formation of this well-oriented
texture can be attributed to synergistic functions within the
adsorption layer. Firstly, the molecular adsorption component
(from OBS/BPC) modulates the interfacial Zn* flux and
desolvation kinetics, promoting uniform ion distribution at the
electrode/electrolyte interface. Secondly, in the electrodeposition
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surface after 7 days of immersion in ZBF electrolyte. (f) Schematic representation of the Zn deposition process in ZSO and ZBF electrolyte.

process, the reduced metallic Bi on the electrode surface provides
abundant zincophilic nucleation sites, while the ZnF, facilitates
interfacial ion transport and stabilizes the electrode surface. More
critically, the preferential growth of these Zn (002) planes effectively
suppresses the formation and growth of dendrites, while also
mitigating the side reactions and thereby reducing the generation of
by-products [52].

The spatial homogeneity and durability of this hybrid protective
layer were evaluated by electron probe X-ray micro analyzer
(EPMA). As shown in Fig. 3(e) and Fig. S14 in the ESM, uniformly
distributed F and Bi signals were maintained on both the immersed
and cycled Zn electrodes. More importantly, the cycled electrode
exhibited a denser Zn deposition layer with more pronounced
preferred growth along (002) crystal plane compared to the
immersed electrode. This denser and highly oriented morphology
originated from a more uniform electrodeposition process under
the applied electric field, enabled by the homogeneous Bi/ZnF,-
modified interface. The near-identical characteristic X-ray
intensities (Fig. S15 in the ESM) demonstrate that the atomic
surface content of F and Bi is almost unchanged after cycling
compared to the initial immersion state. These findings confirm
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that the initially formed interphases (metallic Bi and ZnF,) not only
possess chemical stability but also maintain their spatial
homogeneity throughout long-term electrochemical cycling. This
retention ensures the persistent regulatory functions of the hybrid
adsorption layer throughout cycling, which is fundamental to
achieving long-term stability of AZIBs.

Based on the results, the evolution of Zn deposition is decisively
regulated by the hybrid adsorption layer. This layer integrates the
functions of molecular adsorption and a stable inorganic/organic
interfacial phase to coordinate nucleation, homogenize ion
transport, and induce preferential crystallographic growth. But
more importantly, it can induce Zn to grow preferentially along the
(002) crystal plane. Collectively, these effects suppress dendritic
formation and mitigate side reactions, resulting in a compact and
homogeneous Zn deposition layer. The contrasting deposition
behaviors with and without this regulatory layer are schematically
illustrated in Fig. 3(f).

24 Highly reversible Zn plating/stripping

To evaluate the impact of electrolytes on the cycling stability of
Zn||Zn symmetric cells, the galvanostatic cycling tests were
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conducted at different current densities and areal capacities. The
cell with ZSO electrolyte exhibited significant voltage fluctuations
after cycling for 150 h in the condition of 1 mA.cm™ and
1 mAh-cm? which can be attributed to the short internal soft
circuit induced by Zn dendrite growth (Fig. 4(a)). To the ZBF
electrolyte system, the cell maintains stable cycling for over 6600 h
(> 9 months), representing a 44-fold longer cycling lifespan
compared to the ZSO-based cell. Although the individual addition
of OBS or BPC to the ZSO electrolyte moderately improved the
cycling lifespan of Zn||Zn symmetric cells (Fig. S16 in the ESM),
both systems exhibited markedly inferior performance relative to
that of the ZBF electrolyte system, delivering less than half of the
cycle life of the ZBF-based cell. Even when the current density and
areal capacity increased to 3 mA-cm™ and 3 mAh-cm? the Zn||Zn
symmetric cell with ZBF electrolyte still works stably over 1000 h
(Fig. 4(b)). On the other hand, the Zn||Zn symmetric cell with ZSO
electrolyte rapidly failed after only 70 h and underperformed
relative to that of Zn||Zn batteries with electrolytes modified with
individual OBS or BPC additives (Fig. S17 in the ESM). The
significant improvement in battery cycle performance is attributed
to the fact that OBS facilitates the formation of a ZnF, interface that
suppresses side reactions and homogenizes Zn* flux, while Bi acts
as a nucleation site to guide preferential (002) deposition.

The rate performance of Zn||Zn symmetric cells was evaluated
over a current density range of 0.5-7 mA-cm™ to assess the Zn
plating/stripping efficiency. As shown in Fig. 4(c), an internal short
circuit occurred in the cell with the ZSO electrolyte when the
current density increased to 5 mA-cm™ However, to the ZBF
electrolyte system, the cell exhibited reversible Zn plating/stripping
even up to 7 mA-cm” and still maintained stable operation when
the current density was restored to 0.5 mA-cm™. Additionally, the
reversibility of Zn plating/stripping in different electrolyte systems
was further assessed via CE measurements performed on Zn||Cu
asymmetric cells. As shown in Fig. 4(d) and Fig. S18 in the ESM,
the cell in the ZSO electrolyte experienced rapid failure due to
irreversible side reactions as well as dendritic growth, ceasing
operation after only 170 cycles at 1 mA-cm™ and 1 mAh-cm™ In
comparison, the incorporation of both OBS and BPC into the
electrolyte significantly extended the cycling lifespan of the Zn||Cu
asymmetric cells. Notably, the cell sustained up to 1000 cycles with
a CE reaching 99.8%. Even at the current density of 3 mA-cm™ (Fig.
S19 in the ESM), the cell with ZBF electrolyte delivered an average
CE of 99.71% over 450 cycles, whereas the cell with ZSO electrolyte
failed after 100 cycles, despite showing an average CE of 99.90%.
These results highlight the substantial improvement in rate
performance afforded by incorporating both OBS and BPC into the
electrolyte, which exceeds the performance limits of the
conventional ZSO electrolyte.

To understand the underlying mechanism, morphology analysis
was performed on Zn electrodes from Zn||Cu asymmetric cells after
50 cycles at 1 mA-cm™ and 1 mAh-cm™ in different electrolytes (Fig.
S20 in the ESM). In the ZSO system, both electrodes showed
porous and loosely packed Zn deposition. In contrast, the Zn
electrode in the ZBF system exhibited a dense and uniform
deposition layer oriented along the Zn (002) planes. Moreover, the
deposition layer on the Cu electrode featured a closely packed
submicron-sized Zn grain. These morphological characteristics
demonstrate that the synergistic effect of OBS and BPC additives in
the electrolyte directs the preferential lateral growth of the Zn
deposition layer along the electrode surface, ultimately leading to a
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compact and uniform structure. This optimization -effectively
suppresses the Zn dendrite growth and reduces the irreversible
electrolyte consumption during plating/stripping cycles, thus
contributing to the superior rate performance of the ZBF electrolyte
system.

To assess the interfacial cycling stability, Zn||Zn symmetric cells
with different electrolytes were examined by ex-situ EIS (Figs. S21
and S22 in the ESM), using the equivalent circuit model shown in
the inset of Fig. S19 in the ESM for data fitting. The initial R, of the
ZBF-based cell was 4965 (), which was higher than that of the ZSO-
based cell (2318 Q). This elevated R, resulted from the strong steric
hindrance effect caused by OBS and BPC as adsorbed species on
the Zn electrode [50]. However, the R, of the ZBF-based cell
decreased during the initial stages of cycling and then stabilized
around 329.5 Q) after 200 h of operation.

To gain mechanistic insights into the evolution of Zn
electrodeposition, distribution of relaxation times (DRT) analyses
were conducted on the EIS data for ZSO and ZBF electrolyte
systems. This method effectively decouples the interfacial kinetics
influenced by substrate chemistry [53]. The DRT curves (Fig. S23 in
the ESM) yielded five relaxation time constants (7, in seconds): 7, =
233 x 10” s (associated with the electrode/electrolyte interface
impedance (Rg)), 7, = 1.86 x 10~ s (fast Zn** adsorption forming
the electric double layer (R,)), 7; = 1.46 x 10”s (Zn** migration at
the electrode surface (R,)), 7, = 0.11 s (charge- transfer impedance
(Ry), and 7; = 0.96 s (Zn* diftusion in the electrolyte (Ryg,)) [54].
As shown in Fig. $24 in the ESM, upon extending the deposition
time from 0 to 400 s at 10 mA-cm? the R, in both systems exhibits
an initial gradual decline followed by stabilization. Specifically, the
R, of the ZBF electrolyte system stabilizes more rapidly. As shown in
Figs. 4(f) and 4(g), the peaks exhibit a progressive decrease in both
impedance magnitude and relaxation time during Zn plating,
indicating accelerated interfacial kinetics. Notably, the ZBF
electrolyte system exhibits faster charge transfer kinetics, more
rapid Zn* migration across the electrode surface, and enhanced
Zn* diffusion within the electrolyte.

Building upon these demonstrated improvements in cycling
lifespan, rate capability, and controlled deposition morphology, the
overall performance was benchmarked against recent high-
performing systems. As summarized in Fig. 4(e) and Table S1 in
the ESM, the ZBF-based cell exhibits highly competitive
performance in terms of current density, areal capacity, and cycling
lifespan when compared with several recently reported systems
[55—63]. These results collectively highlight that co-addition of OBS
and BPC is a promising strategy for enhancing AZIBs.

25 Electrochemical performance of Znl|Mg*-modified
NH,V,0,, (denoted as MNVO) full cells

To evaluate the efficacy of ZBF electrolyte in augmenting the overall
performance of batteries, MNVO was employed as the cathode
material to assemble full cells. The XRD pattern (Fig. S25 in the
ESM) closely matched International Center for Diffraction Data
(ICDD) PDF card (PDF#01-089-2485) for NH,V,0,, indicating the
successful synthesis of the MNVO material. Additionally, the SEM
image (Fig. S26 in the ESM) reveals a flower-shaped morphology
and uniform elemental distribution of the synthesized MNVO,
which are consistent with the previous report [64].

Figure 5(a) schematically illustrates the working mechanism of
Zn||[MNVO full cells. The CV curves, obtained at a scan rate of
1 mV:s™, reveal the same multiple pairs of oxidation and reduction
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Figure4 (a) Cycling performance of Zn||Zn symmetric cell at 1 mA-cm™ and 1 mAh-em™ (b) Cycling performance of Zn||Zn symmetric cell at 3 mA-cm™ and
3 mAh-cm™. (c) Rate performance of Zn||Zn symmetric cell. (d) Coulombic efficiency of Zn||Cu asymmetric cell at 1 mA-cm™ and 1 mAh-cm™ (e) Long-term cycling

performance of Zn||Zn symmetric cell with ZBF electrolyte against previously reported systems. The DRT contour plots during the Zn deposition process on (f) ZSO and
(g) ZBF at a current density of 10 mA-cm™.

peaks for cells employing both electrolytes, indicating the Zn* the redox reactions of MNVO in the charging/discharging process.
insertion and extraction processes in the MNVO lattice (Fig. 5(b)). However, the CV curve of the Zn||MNVO full cells in the ZBF
Moreover, there is no significant difference in the shape of the two electrolyte exhibits a smaller difference between the oxidation and
curves of the Zn||[MNVO full cells with/without co-additives of reduction peaks compared to the ZSO electrolyte, suggesting
OBS and BPC, that is, the negligible influence of these additives on reduced voltage polarization. This improvement is attributed to the
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Figure5 (a) Schematic diagram of the Zn||MNVO full cells. (b) CV curves of Zn||[MNVO full cells at a scan rate of 1 mV-s™. (c) Rate performance of the Zn||MNVO full
cells at different current densities. (d) Cycling performance of Zn||MNVO full cells at a current density of 1 A-g". Charge-discharge curves of the Zn||[MNVO full cells
with ZBF (e) and ZSO (f) electrolytes. (g) Capacity retention of the Zn|[MNVO full cell with ZBF electrolyte. (h) EIS spectra of the Zn||MNVO full cells with ZSO and

ZBF electrolytes before and after activation.

accelerated charge transfer and Zn* storage kinetics resulting from
the co-addition of OBS and BPC additives. The rate performance of
Zn|[MNVO full cells with different electrolytes was shown in
Fig. 5(c). The specific capacity of cells with ZBF electrolyte was
229.32,192.04, 133.67, 96.27, and 35.12 mAh-g", respectively, under
the current density of 0.5-5 A-g". At each current density, the
specific capacity of the cell with ZBF electrolyte was higher than
that of the cell with ZSO electrolyte [27].

The advantages of ZBF electrolyte toward the Zn||[MNVO full
cells are further validated by the superior capacity retention during
prolonged cycling at 1 A-g™ (Fig. 5(d)). The cell with ZBF electrolyte
delivered a higher discharge capacity of 190.8 mAh-g" with a
capacity retention of 95.5% after 500 cycles, and its maximum
achieved capacity was 199.7 mAh-g™. In contrast, the cell with ZSO
electrolyte retained only 54.5% of its capacity under the same
conditions. The corresponding charge-discharge profiles (Figs. 5(e)
and 5(f)) reveal that the ZBF-based cell experienced a minimal
increase in polarization during cycling, whereas the ZSO-based cell
suffered a substantial increase, highlighting the superior
compatibility between the ZBF electrolyte and the MNVO cathode.
Furthermore, the Zn|[MNVO full cell with the ZBF electrolyte
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exhibits desirable electrochemical performance, even at high
current density (3 A-g™) (Fig. S27 in the ESM). Additionally, the self-
discharge performance in various electrolytes was evaluated to
assess the durability of full cells. As shown in Fig. 5(g), the full cell
utilizing ZBF electrolyte retained an impressive 91% of its initial
discharge capacity. This performance surpasses the cell employing
ZSO electrolyte, which remained only 86% under the same
conditions (Fig. S28 in the ESM). To gain further insight into the
underlying mechanisms, the cycled Zn anodes were examined by
XRD and SEM measurements. The XRD patterns of the Zn anode
cycled in ZSO electrolyte (Fig. S29 in the ESM) show distinct
diffraction peaks of ZHS by-products, indicating severe side
reactions. Furthermore, SEM images (Fig. S30 in the ESM) reveal
disordered deposits and large lumpy protrusions on the Zn anode
cycled in ZSO electrolyte, whereas the anode cycled in ZBF
electrolyte remains flat and dendrite-free. The interfacial stability of
the full cells was further evaluated by EIS measurements (Fig. 5(h)).
The R, of the full cell with the ZSO electrolyte remained as high as
1544 Q after activation, approximately one order of magnitude
larger than that of the ZBF-based system. By contrast, the R, of the
full cell with the ZBF electrolyte decreased significantly from an
initial value of 6413 to 89.4 Q) after activation. This notable
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reduction indicates an optimized Zn anode/electrolyte interface,
where side reactions are effectively suppressed, leading to a lower
interfacial resistance. In summary, these results indicate that the
ZBF electrolyte enhances charge transfer and facilitates Zn*
desolvation, promotes oriented Zn (002) deposition, and suppresses
by-product  formation, thereby improving the overall
electrochemical performance of the full cell

3 Conclusions

In summary, this study proposes a rational electrolyte design
strategy for AZIBs by introducing trace amounts of OBS and BPC
additives. This approach enables the in-situ construction of a
multifunctional hybrid interphase on the Zn anode, which
fundamentally stabilizes the electrode/electrolyte interface. This
mechanically stable interface is composed of organic adsorption
layer and inorganic components (metallic Bi and ZnF,). The former
protects Zn anode from infringement of water molecules, while the
latter assists in homogenizing zinc ion flux and guiding the planar
growth of zinc along the basal Zn (002) plane. Consequently, the
Zn||Zn symmetric cell achieves an exceptional cycling lifespan over
6600 h at 1 mA-cm™ and 1 mAh-cm™, and the Zn||[MNVO full cell
retains 95.54% of discharge capacity after 500 cycles at 1 A-g™. This
work underscores the efficacy of constructing the multifunctional
hybrid interphase through synergistic dual-additive strategy,
offering a promising and scalable pathway toward durable and high-
performance AZIBs.

Electronic Supplementary Material: Supplementary material
(details of experimental section; Figs. S1-S30: EDL test curves,
calculated energy levels, XPS spectrum, SEM images, EDS
spectrum, XRD patterns, contact angle, alternating current (AC)
impedance test curves, the activation energy test curves, ionic
conductivities, DRT plots, charge and then discharge curves of the
full cells, FTIR spectra, Raman spectra, long-term cycling
performance; and Table S1) is available in the online version of this
article at https://doi.org/10.26599/NR.2026.94908690.
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