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ABSTRACT
The Zn metal anodes suffer from severe side reactions and uncontrolled dendrite growth, limiting their practical application.
To stabilize the Zn anode, a novel dynamic self-adaptive dual-ion stabilization mechanism is developed via in-situ self-
assembly of multifunctional Oktakis (tetramethylammonium)-T8-silsesquioxane (TMA-POSS) topological molecular additives.
In the electrolyte, TMA-POSS dissociates into tetramethyl quaternary ammonium (TMA+) cations and polyhedral oligomeric
silsesquioxane [T8(Si-O)88−] anions. TMA+ preferentially adsorbs on the Zn surface, forming an inner self-healing electrostatic
shielding layer that ensures uniform Zn nucleation and deposition. Concurrently, T8(Si-O)88− self-organizes into a hydrophobic
nanoconfined buffer layer, which synergistically regulates Zn2+/SO4

2−migration, promotes [Zn(H2O)6]2+ desolvation, and restricts
H2O penetration, thereby suppressing space charge layer-introduced dendrite growth and side reactions. More notably, this
self-assembled dual-ion layer dynamically adapts to interfacial changes without degradation, exhibiting high stability and non-
sacrificial nature. Consequently, the Zn anode delivers exceptional reversibility 4700 h, and 99.6% Coulombic efficiency over 2110
cycles. Zn//MnO2 and Zn//V2O5 full cells deliver outstanding capacity retentions of 81.2% (1700 cycles at 1 A g−1) and 80.1% (2500
cycles at 10 A g−1), respectively. This work pioneers a novel multifunctional dual-ion interface based on topological molecular
engineering, providing a feasible strategy to advance the practical application of aqueous zinc-ion batteries.
1 Introduction

Aqueous zinc-ion batteries (AZIBs), employing metallic Zn
anodes with high natural abundance, high theoretical volumet-
ric/gravimetric capacities (5855 mAh cm−3, 820 mAh g−1), and
a favorable redox potential (−0.76 V vs SHE), have attracted
© 2026 Wiley-VCH GmbH
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considerable attention as promising candidates for grid-scale
energy storage owing to their intrinsic safety, cost-effectiveness
(25 USD kWh−1), and eco-sustainability [1–4]. Nevertheless, the
practical application of AZIBs is impeded by two persistent chal-
lenges: thermodynamically driven side reactions and kinetically
uncontrolled Zn dendrite growth.
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FIGURE 1 Schematic diagram of the Zn2+ deposition at the anode/electrolyte interface. a) ZS electrolyte and b) ZS/TMA-POSS electrolyte. c) The
common problems existing in the typical ZS electrolyte and d) solution of tuning kinetics behavior based on the space-charge model. e) Schematic of
nanoconfinement of T8(Si-O)88− anions.
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The inherent thermodynamic instability of metallic Zn in near-
neutral (weakly acidic) aqueous electrolytes induces preferential
H+ reduction over Zn2+ upon exposure to H2O, triggering spon-
taneous hydrogen evolution reaction (HER) and corrosion [5, 6].
This process causes gas evolution and interfacial OH− accumu-
lation, which subsequently drives OH−/SO4

2− co-precipitation to
form Zn4SO4(OH)6⋅xH2O (ZSH) passivation layers (Figure 1a).
These coupling side reactions consume active Zn, increase
interfacial impedance, and disrupt Zn2+ flux, leading to rapid
capacity decay and reduced Coulombic efficiency (CE) [7].
Additionally, Zn(H2O)62+ desolvation release reactive H2O at the
Zn anode/electrolyte interface, which not only exacerbates side
reactions but also impedes the desolvation kinetics [8]. Thus,
designing a hydrophobic interface to minimize H2O-Zn contact
constitutes a critical pathway for suppressing side reactions and
improving electrochemical kinetics [9, 10].
2 of 15
]Dendritic growth stems from the self-amplifying interplay
between the “tip effect” and space charge layer-intensified het-
erogeneous Zn deposition, a kinetically controlled process [5,
11, 12]. Fragile dendrites generate “dead Zn,” disrupt Zn2+ flux
and interfacial electric field, and expand the active surface for
side reactions, severely impairing Zn anode reversibility [13].
After Zn(H2O)62+ desolvation, Zn2+ preferentially reduces at
surface protrusions with high local electric fields. This spatially
selective deposition amplifies local current density and triggers
inhomogeneous Zn nucleation, leading to subsequent Zn depo-
sition that preferentially occurs on pre-existing nuclei, thereby
exacerbating interfacial field distortion and driving autocatalytic
dendritic growth [7]. More critically, according to Chazalviel’s
model [14, 15], the kinetic imbalance between Zn2+ provision and
consumption during electrodeposition causes severe interfacial
concentration polarization. Concomitant anion depletion creates
Advanced Functional Materials, 2026
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a space charge layer near the Zn anode and a quasi-neutral region
in the bulk electrolyte [16]. The localized electric field within this
space charge layer amplifies interfacial electric field distortion
and the “tip effect,” significantly accelerating dendrite growth
(Figure 1c) [17–19]. Therefore, controlling Zn nucleation and
suppressing space charge layer formation are crucial to inhibit
dendrite growth.

Anchoring anions or enhancing cation transport to match Zn2+
replenishment with fast Zn deposition kinetics represents effec-
tive strategies for suppressing space charge layer formation
[11]. For instance, Zhi et al. employed β-cyclodextrin as an
anion capturer to diminish SO4

2− depletion, thereby suppressing
space charge layer-introduced dendrite formation [20]. Pan et al.
utilized the steric hindrance effect of reduced glutathione to
align Zn2+ reduction kinetics with Zn2+ migration, achieving
dendrite-free Zn deposition [5]. These approaches have substan-
tially enhanced AZIBs performance. However, simultaneously
optimizing interfacial ion migration, regulating Zn nucleation
and deposition, and maintaining long-term suppression of side
reactions remains amajor challenge in practical implementation.

To date, strategies including Zn anode surface design [21–23],
electrolyte engineering [10, 24–26], and artificial interface layer
[16, 27, 28] have been adopted to stabilize the Zn anode. Among
these, electrolyte additives are particularly promising due to their
high efficiency and operational simplicity [29]. However, during
long-term cycling, the interfacial microenvironment of the Zn
anode and its volume/surface morphology undergo continuous
evolution, causing delamination and failure of the additive-
derived interfacial layer [10, 31]. Repeated interfacial layer
reconstruction and gradual electrochemical degradation of the
additives inevitably reduce their effective concentration, leading
to additive failure. Beyond these limitations, many additives are
costly or environmentally incompatible [30]. Therefore, devel-
oping electrochemically stable, non-sacrificial, and economically
feasible multifunctional additives that are capable of enabling
adaptive, dynamic protection for the Zn anode is essential to
realize sustainable and long-term stable AZIBs [31].

Polyhedral oligomeric silsesquioxane (POSS) represents the
smallest class of molecularly precise silica nanoparticles (1–3 nm
in diameter), featuring well-defined topologies and distinctive
organic-inorganic hybrid characteristics. Its nanocage-like inor-
ganic core, composed of a hydrophobic siloxane-bridged Si−O−Si
framework, is typically surface-functionalized with eight reactive
organic groups. This unique molecular architecture combined
with tunable surface chemistry enables the widespread appli-
cation of POSS in fabricating advanced materials with tailored
structures and properties [32]. Furthermore, the intrinsic self-
assembly capability of POSS enables the spontaneous formation
of ordered nanostructures [33], making it as a key nano-building
block for constructing structurally precise materials [34].

In our previous work, we leveraged the hydrophobic nature of
POSS to create a gel protective layer via microphase separation
[35]. However, the continuously evolving Zn anode interface
during cycling impacts the stability of this pre-formed layer. In
contrast, the electrolyte additive strategy offers simpler process-
ing and better compatibility. Herein, we report a non-sacrificial,
low-cost, and multifunctional Oktakis (tetramethylammonium)-
Advanced Functional Materials, 2026
8-silsesquioxane (TMA-POSS) additive that undergoes in situ
self-assembly to form a topologically ordered dual-ion structure
at the Zn anode/electrolyte interface (Figure 1b). Enabled by a
novel dynamic self-adaptive dual-ion stabilization mechanism,
this innovative additive achieves long-term Zn anode stability.

Conventional POSS materials are typically highly hydrophobic,
however, TMA-POSS is functionalized with eight tetramethyl
quaternary ammonium (TMA+) cations on its nanocage-like Si–
O−Si framework, enabling it to undergo self-ionization in aque-
ous solution and release positively charged TMA+ cations along
with negatively charged polyhedral oligomeric silsesquioxane
[T8(Si-O)88−] anion (Figure S1). These charged species engage in
strong ion-dipole interactions with polar H2O, thereby imparting
aqueous solubility to the hydrophobic Si–O–Si nanocage. Our
investigations reveal a self-adaptive dual-ion stabilization mech-
anism: The TMA+ cations form an inner self-healing electrostatic
shielding layer [36] that homogenizes Zn nucleation and guides
dense Zn deposition; Meanwhile, the T8(Si-O)88− anions self-
assemble into a hydrophobic nanoconfined ionic buffer layer
above the TMA+ layer, dynamically optimizing interfacial dis-
tribution of Zn2+ and SO4

2– while inhibiting space charge layer-
introduced Zn dendrite growth and suppressing H2O-introduced
side reactions (Figure 1d,e). Unlike conventional additives that
form sacrificial interfacial layers via decomposition, neither
TMA+ nor T8(Si-O)88− participates in interfacial electrochemical
reactions, demonstrating an intrinsic non-sacrificial nature.More
impressively, this dynamic dual-ion structure exhibits superior
interfacial adaptability compared to conventional static SEI or
interfacial protective layers. The Zn anode achieves exceptional
cycling stability exceeding 4700 h at 1 mA cm−2, 0.5 mAh cm−2.
Even under harsh conditions of 10 mA cm−2, 5 mAh cm−2 and
a high depth of discharge (DOD) of 51.35%, it still demonstrates
extended durability of 850 h and 500 h, respectively. The Zn//Cu
asymmetric cell retains a highCoulombic efficiency (CE) of 99.6%
over 2110 cycles at 1 mA cm−2, 0.5 mAh cm−2. Furthermore,
Zn//MnO2 and Zn//V2O5 full cells deliver outstanding capacity
retentions of 81.2% (after 1700 cycles, 1 A g−1) and 80.1% (after
2500 cycles, 10 A g−1), respectively. This work establishes a novel
dynamic interfacial regulation mechanism through an efficient,
cost-effective strategy, providing valuable insights for interfacial
engineering design for other metal anode systems.

2 Results and Discussion

2.1 Impact of TMA-POSS on Zn2+ Solvation
Behavior

As depicted in Figure 1e, the T8(Si-O)88− anion features a
well-defined topological molecular structure characterized by a
nanocage-like Si−O−Si framework with a precisely defined pore
diameter of 4.5 Å [35]. These pores are large than Zn2+ (1.5 Å)
but smaller than both [Zn(H2O)6]2+ (8.6 Å) and SO4

2– (5.9 Å)
[37] (Figure 1e), enabling steric hindrance against the migra-
tion of [Zn(H2O)6]2+ and SO4

2– while promoting [Zn(H2O)6]2+
desolvation, thus endowing the T8(Si-O)88− with a distinctive
nanoconfinement effect. Simultaneously, the high electronega-
tivity of the T8(Si-O)88− anion enables the T8(Si-O)88− layer to
strongly constrain SO4

2− migration while enhance Zn2+ transport
via electrostatic interaction, thereby mitigating space charge
3 of 15
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FIGURE 2 Evolution of the Zn2+ solvation structure. a) 2HNMR spectra of different solutions. b) FTIR spectra. c) Raman spectra of O–H stretching
band. MD simulation snapshots of d) ZS and e) ZS/TMA-POSS electrolytes. RDFs and CNs of Zn2+‒O in f) ZS and g) ZS/TMA-POSS electrolytes.
h) Ionic conductivity of different electrolytes.
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layer formation andmodulating Zn deposition behavior. Further-
more, the inherent hydrophobicity of the Si−O−Si framework
prevents interfacial H2O accumulation, effectively suppressing
H2O-induced side reactions.

2H nuclear magnetic resonance (2H NMR) measurements were
first conducted to investigate the effect of TMA-POSS on
[Zn(H2O)6]2+ desolvation. As shown in Figure 2a, pure D2O
exhibits a 2H chemical shift at 4.70 ppm. The individual addition
of either ZnSO4 or TMA-POSS shifts the 2H signal to higher
fields, suggesting decreased electron density around 2H due to
coordination interactions. Notably, TMA-POSS induces a more
pronounced chemical shift than ZnSO4, indicating stronger
TMA+-D2O coordination than Zn2+-D2O, thereby reducing the
content of free H2O in the bulk electrolyte. Concurrent addition
of ZnSO4 and TMA-POSS results in a broadened peak shifted
to a lower field, indicating the incorporation of TMA-POSS
4 of 15
into the primary Zn2+ solvation shell and partial release of
previously coordinated H2O molecules [18]. With increasing
TMA-POSS concentration, the O−H bending vibration at 1621
cm−1 in the Fourier transform infrared (FTIR) spectra shows
a redshift (Figure 2b), implying weakened hydrogen-bonding
interactions among H2O molecules. Complementary Raman
spectra (Figure 2c) exhibit a blue-shifted O−H stretching band in
the 3200–3600 cm−1 region, indicating reduced H2O activity [38].
Additionally, the SO4

2− peak in the FTIR spectra exhibits a blue
shift (Figure 2b), and the symmetric stretching vibration of SO4

2−

at 980 cm−1 in the Raman spectra also displays a pronounced blue
shift (Figure S2). These spectroscopic signatures are attributed to
the electrostatic interaction between SO4

2− and the T8(Si-O)88−
[39], which effectively immobilizes SO4

2– in the electrolyte.

Molecular dynamics (MD) simulations were further employed
to investigate the impact of TMA-POSS on the Zn2+ solvation
Advanced Functional Materials, 2026
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structure. In the blank 2 m ZnSO4 (ZS) electrolyte, Zn2+ exists
in a coordination state with H2O and SO4

2–, forming a typical
solvation structure (Figure 2d) [40–42]. MD snapshots and Radial
distribution functions (RDFs) confirm that TMA-POSS induces
rearrangement of the Zn2+ solvation shell (Figure 2e). The coor-
dination numbers (CNs) for Zn2+−O (H2O) and Zn2+−O (SO4

2−)
in ZS electrolyte are 5.3 and 0.7, respectively (Figure 2f). However,
in the ZS/TMA-POSS electrolyte, the CNs for Zn2+−O (H2O),
Zn2+−O (SO4

2−) and Zn2+−O [T8(Si-O)88−] shift to 4.5, 1.0 and 0.5,
respectively (Figure 2g). This structural rearrangement indicates
that the T8(Si-O)88− is incorporated into the Zn2+ solvation shell
by partially displacing H2O, thereby facilitating the desolvation
of hydrated Zn2+ and suppressing interfacial H2O-induced side
reactions.

The unique topological structure of T8(Si-O)88− imparts a distinc-
tive nanoconfinement effect, and the pronounced electronegativ-
ity of the T8(Si-O)88− anion enables effective suppression of SO4

2–

migration and enhanced Zn2+ transport through electrostatic
interactions. Consequently, the self-assembled dynamic T8(Si-
O)88− layer significantly inhibits space charge layer formation
by restricting SO4

2– migration while ensuring sufficient Zn2+
provision. As a result of these effects, the addition of TMA-
POSS leads to a slight reduction in ionic conductivity (Figure 2h).
Nevertheless, Mean square displacement (MSD) calculations
(Figure S3) demonstrate an increased Zn2+ diffusion coefficient
(from 0.01066 to 0.01264 Å2 ps−1), confirming that TMA-POSS
promotes Zn2+ transport while simultaneously suppressing SO4

2–

migration.

2.2 Adsorption Behavior of TMA-POSS and Its
Impact on Zn Anode Interface

The electrostatic potential (ESP) distributions in Figure 3a and
Figure S4 reveal that the entire T8(Si-O)88− anion exhibits pro-
nounced electronegativity, with the electrostatic potential at its
eight oxygen negative centers (−2.29 eV) substantially lower
than that of oxygen in H2O (−1.86 eV). This indicates strong
electrostatic repulsion between SO4

2− and T8(Si-O)88−, as well as
preferential coordination of Zn2+ with T8(Si-O)88− over Zn2+ with
H2O [43]. Density functional theory (DFT) calculations quantita-
tively validate this trend: as shown in Figure 3b, the adsorption
energy (Ead) between T8(Si-O)88− and Zn2+ reaches −3.34 eV,
significantly more negative than that of H2O−Zn2+ (−0.23 eV),
confirming the T8(Si-O)88− anion’s superior coordination affinity
for Zn2+ and its ability to replace H2O from the Zn2+ solvation
sheath. Notably, TheEad of TMA+with Zn (−0.98 eV) exceeds that
of H2Owith Zn (−0.31 eV), demonstrating preferential adsorption
of TMA+ on the Zn surface to forman electrostatic shielding layer.
Consistent with this interfacial TMA+ adsorption, the electric
double layer capacitance (EDLC) decreases markedly (Figure S5),
verifying that adsorbed TMA+ passivates high-activity tip sites
(induced by the “tip effect”) and redirects Zn deposition toward
homogeneous regions via an electrostatic shielding effect, thereby
promoting uniform Zn nucleation and suppressing dendrite
growth [44].

Figure 3c and Figures S6 and S7 reveal that the Ead of TMA+

on the Zn (002), (100), and (101) crystal planes are −1.35, −1.62,
and −0.98 eV, respectively. These values are significantly more
Advanced Functional Materials, 2026
negative than those of H2O on the corresponding Zn crystal
planes (−0.25, −0.62, and −0.31 eV), further indicating the strong
thermodynamic preference of TMA+ cations for adsorption on
the Zn surface. This preferential adsorption displaces H2O from
the Zn anode surface, thereby suppressing side reactions. In
contrast, the Ead values of T8(Si-O)88− on the Zn (002), (100),
and (101) crystal planes are only −0.21, −0.15, and −0.17 eV,
respectively (Figure S8), which are lower than those of H2O
(−0.25, −0.62, and −0.31 eV) (Figure 3c and Figure S6), Zn2+
(−0.22, −0.58, and −0.37 eV) (Figure S9), and TMA+ (−1.35,
−1.62, and −0.98 eV) (Figure 3c and Figure S7) on the same
crystal planes, demonstrating that T8(Si-O)88− does not favor
direct adsorption onto the Zn anode surface. Remarkably, upon
pre-adsorption of TMA+, the Ead between T8(Si-O)88− and Zn
(002), (100), and (101) crystal planes increases sharply to −4.83,
−4.67, and −5.17 eV, respectively (Figure 3e), indicating sponta-
neous dual-ion self-assembly of T8(Si-O)88− atop the TMA+ layer.
This self-organized interfacial architecture is also confirmed by
MD simulations, which reveal a well-ordered TMA+/T8(Si-O)88−
adsorption configuration on theZn anode surface in 3D snapshots
(Figure 2e). Additionally, TMA-POSS reduces the contact angle
from 95◦ to 79◦ (Figure 3d), further confirming its enhanced
zincophilicity and strong interfacial adsorption capability [45].

COMSOL Multiphysics simulations were employed to deeply
investigate the effect of TMA-POSS on the dynamic interfacial
electric field and Zn2+ concentration field distributions. In the ZS
electrolyte, the electric field at the tip region becomes increasingly
distorted and intensified as Zn deposition proceeds, promoting
preferential Zn2+ nucleation at these active tips and leading
to irregular Zn protrusions and non-uniform Zn2+ distribution
(Figure 3f,h) [46]. In sharp contrast, the introduction of TMA-
POSS achieves uniform electric field and Zn2+ distribution
(Figure 3g,i) through dual-ion interfacial modulation: (1) The
dynamically formed TMA+ layer exerts an electrostatic shielding
effect that redirects Zn2+ flux deviate spatially from protrusion
tips, guiding Zn deposition toward adjacent flat regions rather
than the tip with the minimized surface energy. This suppresses
tip-enhanced Zn deposition and homogenizing both the electric
field and Zn2+ concentration distribution [47, 48]; (2) The T8(Si-
O)88− layer not only significantly homogenizes Zn2+ flux and
buffers Zn2+ transport but also restricts SO4

2− migration via a
combination of nanoconfinement effects and electrostatic inter-
actions, thereby effectively suppressing interfacial concentration
polarization and enabling dendrite-free Zn deposition.

X-ray photoelectron spectroscopy (XPS) characterizes the adsorp-
tion of TMA-POSS on the Zn anode surface. After immersion of
Zn foil in ZS/TMA-POSS electrolyte, the XPS spectrum (Figure 4a
andFigure S10) reveals a distinctN 1s peak at 400.8 eV, confirming
the adsorption of TMA+. Simultaneously, the detection of Si
in the survey spectrum coupled with the Si−O−Si signal at
102.4 eV in the high-resolution Si 2p spectrum (Figure 4b) verifies
the adsorption of T8(Si-O)88−. Furthermore, the high-resolution
Zn 2p spectrum (Figure S11a) exhibits a noticeable shift in
binding energy compared to that obtained from the ZS electrolyte,
demonstrating significant changes in the surface coordination
environment of Zn [49]. Additional evidence includes a binding
energy shift of O 1s and a notable reduction of C−O signal
at 286.2 eV (Figure S11b–d), further confirming the successful
adsorption of TMA-POSS on the Zn foil surface.
5 of 15
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FIGURE 3 a) ESPmapping of the T8(Si-O)88− anion and TMA+ molecule. b) Adsorption energy between Znwith TMA+ andH2Omolecules, Zn2+

ion with T8(Si-O)88− and H2O molecules. c) Adsorption energies of TMA+ and H2O on the Zn (002), (101) and (100) crystal planes. d) Contact angles
of Zn foil with ZS and ZS/TMA-POSS electrolyte. e) T8(Si-O)88− adsorption energy on different Zn crystal planes after TMA+ adsorption. The dynamic
electric field distribution in f) ZS and g) ZS/TMA-POSS electrolyte. Simulated Zn2+ concentration field distribution in h) ZS and i) ZS/TMA-POSS
electrolyte.
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FIGURE 4 High-resolution a) N 1s and b) Si 2p XPS spectra of the Zn anode after soaking in ZS/TMA-POSS electrolyte for a week. c) XRD patterns
of Zn electrodes after 50 cycles at 1 mA cm‒2. d) LSV curves profiles acquired in a three-electrode system with a scan rate of 1 mV s‒1. e) Tafel curves. f)
CA curves of Zn//Zn symmetric cell at a constant overpotential of ‒150 mV. g) Activation energy of Zn2+ desolvation. h) Transference number of Zn2+.
i) Exchange current density at various current densities. j) Rate performance of Zn//Zn symmetric cell. k) CV curves of Zn//Cu asymmetric cell.
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2.3 Impact on Zn Anode Stability and
Electrochemical Performance

To investigate the suppression of side reactions, Zn foil was
immersed in different electrolytes for 7 days and characterized
for surface morphology and composition. Compared to the ZS
electrolyte, the Zn foil treated with ZS/TMA-POSS retains its
pristine bright metallic luster without macroscopic morpholog-
Advanced Functional Materials, 2026
ical changes (Figure S12a). The scanning electron microscopy
(SEM) image shows a smooth and impurity-free surface (Figure
S12d). Energy dispersive X-ray spectroscopy (EDS) demonstrates
a uniform distribution of C, N, O, Si, and Zn (Figure S13). Cru-
cially, X-ray diffraction (XRD) pattern reveals no detectable peaks
of Zn4SO4(OH)6⋅xH2O (ZHS, PDF#44-0675) by-products (Figure
S12b) [50]. These results collectively demonstrate that TMA-
POSS adsorbs uniformly on the Zn foil, effectively inhibiting
7 of 15
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side reactions. Further XRD analysis after cycling (Figure 4c)
also confirms the absence of ZHS, highlighting enhanced inter-
facial stability and effective suppression of side reactions. The
protection mechanism arises from the spontaneous formation
of a bilayer structure by T8(Si-O)88− and TMA+ on the Zn
surface, inwhich the zincophilic andhydrophobic Si−O−Si nano-
cage effectively blocks H2O penetration and thus suppresses
H2O-induced side reactions. Meanwhile, TMA-POSS-mediated
Zn deposition exhibits a pronounced preferential orientation
of the (101) crystal plane. This deposition behavior effectively
suppresses dendrite growth and facilitates uniform Zn deposition
[51, 52, 36], highlighting the multifunctionality of TMA-POSS.

The Zn deposition process is inherently coupled with the com-
peting hydrogen evolution reaction (HER), resulting in gas
evolution, electrolyte consumption, and an increase in interfacial
pH. ZHS formation occurs when the interfacial pH exceeds 5.47
[53], generating insulating deposits that impede ion and electron
transport [54]. Given the strong correlation between HER and
Zn corrosion kinetics in acidic media, suppression of HER can
enhance the corrosion resistance of the Zn anode [8]. The
hydrophobic T8(Si-O)88− nanocage functions as a physical barrier,
effectively blocking H2O access to the Zn surface and thereby
significantly inhibiting HER as well as associated corrosion and
passivation side reactions. Linear sweep voltammetry (LSV) con-
firms these effects through a significant increase in the hydrogen
evolution overpotential from −1.783 to −1.854 V (Figure 4d).
The Tafel curve (Figure 4e) further shows improved corrosion
resistance through a reduction in corrosion current density (Icorr)
from 0.983 to 0.631 mA cm−2 and a more favorable corrosion
potential (−1 V vs Hg2/Hg2Cl2) upon TMA-POSS addition. These
results collectively validate the remarkable inhibitory effect of
TMA-POSS on side reactions.

The nucleation and growth behaviors of Zn were investigated via
chronoamperometry (CA). At an overpotential of −150 mV, the
ZS electrolyte exhibits a continuous increase in current density
over time (Figure 4f), revealing laterally dominant Zn2+ diffusion
across the electrode surface, which is consistent with a 2D
diffusion-controlled nucleation process [55]. This process causes
heterogeneous Zn nucleation and dendrite formation. In sharp
contrast, the ZS/TMA-POSS electrolyte undergoes a significantly
shortened 2D diffusion duration before transitioning to a more
stable 3D diffusion, suggesting the formation of finer, more
uniform Zn seeds during the initial nucleation stage [56], which
facilitate uniform and dense Zn deposition. In the electrolyte,
Zn2+ predominantly exists as [Zn(H2O)6]2+, and its desolvation
represents the primary kinetic barrier for Zn2+ transport and
Zn deposition [55]. The desolvation capability of [Zn(H2O)6]2+ is
commonly evaluated through Arrhenius activation energy (Ea)
derived from the Arrhenius equation [57]. As shown in Figure 4g,
the ZS/TMA-POSS electrolyte exhibits a substantially lower Ea
(27.96 kJ mol−1) compared to the ZS electrolyte (42.45 kJ mol−1),
demonstrating that T8(Si-O)88− facilitates [Zn(H2O)6]2+ desol-
vation via nanoconfinement effects and reconfigured solvation
structures. This enhanced desolvation kinetics accelerates both
Zn2+ transport and Zn deposition. Electrochemical impedance
spectroscopy (EIS) reveals significantly reduced charge transfer
resistance (Rct) across different temperatures, aligningwith theEa
trend and further confirming improved interfacial Zn2+ transport
(Figure S14).
8 of 15
Asmentioned before, T8(Si-O)88− features an Si−O−Si framework
with a precisely defined pore size larger than Zn2+ (1.48 Å)
but smaller than SO4

2− (5.9 Å) and [Zn (H2O)6]2+ (8.6 Å). This
architecture facilitates [Zn (H2O)6]2+ desolvation, enhances Zn2+
transport, and blocks SO4

2− migration through nanoconfine-
ment effect. Meanwhile, the Si−O−Si nanocage also restricts
SO4

2− diffusion through electrostatic interactions and limits H2O
penetration due to its inherent hydrophobicity. These syner-
gistic effects significantly inhibit space charge layer formation,
modulate Zn deposition, and eliminate interfacial reactive H2O,
thereby suppressing side reactions and promoting dense Zn
deposition. As shown in Figure 4h and Figure S15, a high Zn2+
transference number (tZn2+) of up to 0.77 is observed for the
ZS/TMA-POSS electrolyte, significantly higher than that of the
ZS electrolyte (0.35), demonstrating enhanced Zn2+ transport and
effective suppression of SO4

2− migration [58]. The sluggish Zn2+
diffusion kinetics and limited interfacial Zn2+ replenishment in
ZS electrolyte fundamentally constrain the rate performance of
Zn//Zn symmetric cells [59], leading to cell failure when current
densities exceed 10 mA cm−2. In contrast, Zn//Zn cells using
ZS/TMA-POSS electrolyte demonstrate smaller voltage hysteresis
and admirable cycling stability across a wide range of current
densities (1–30 mA cm−2), exhibiting superior rate performance.
Notably, the polarization voltage returns to its initial level upon
reducing the current density to 1 mA cm−2, confirming high
electrochemical reversibility (Figure 4j). The dynamic protective
behavior of TMA-POSS is evidenced by the evolution of the
exchange current density (j0). j0 has been utilized to evaluate the
dynamic evolution of interfacial Zn0/Zn2+ redox reaction during
battery cycling [31, 60, 61]. Symmetrical cells were subjected to
repeated rate performance tests, and themeasured overpotentials
were used to calculate the j0 for each rate cycle via the Butler-
olmer equation (Equation S11). As illustrated in Figure 4i, the
ZS/TMA-POSS electrolyte exhibits a higher j0 than that of the ZS
electrolyte, indicating the capacity of TMA-POSS to dynamically
stabilize Zn plating/stripping processes [59].

The effects of TMA-POSS on Zn plating/stripping behavior
were systematically investigated using Zn//Cu asymmetric cells.
Cyclic voltammetry (CV) (Figure 4k) demonstrates that the
nucleation overpotential of the ZS/TMA-POSS electrolyte is
higher than that of the ZS electrolyte (|AA′| = 13 mV). An
elevated nucleation overpotential tends to promote the formation
of finer Zn seeds [62], indicating that TMA-POSS induces the
formation of numerous fine nuclei during the initial nucleation
stage. This optimized nucleation behavior facilitates subsequent
uniform crystal growth, thereby enabling dense Zn deposition.
Additionally, the initial Zn plating voltage profiles obtained from
the Zn//Cu cell (Figure S16) also show an increased nucleation
overpotential, consistent with the CV results. The optimized
nucleation behavior arises from the electrostatic shielding effect
imparted by the TMA+ layer and the uniform interfacial electric
field/Zn2+ flux enabled by the T8(Si-O)88− layer, which to a
certain extent retards the kinetics of initial Zn2+ deposition, but
significantly accelerates the subsequent electrodeposition growth
process [63–65]. This kinetic modulation drives the thermo-
dynamically favorable homogeneous nucleation and growth of
small Zn nuclei [5].

Zn//Zn symmetric cells enable quantitative evaluation of Zn
anode reversibility through galvanostatic plating/stripping. The
Advanced Functional Materials, 2026
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influence of TMA-POSS concentration on Zn anode stability
was systematically investigated under fixed condition of 7 mA
cm−2, 3.5 mAh cm−2. Low concentrations provide insufficient
T8(Si-O)88−/TMA+ coverage, failing to sufficiently mitigate side
reactions and suppress dendrite growth. Conversely, excessive
TMA-POSS compromise Zn2+ transport and deposition kinet-
ics due to interfacial overaccumulation of TMA+, leading to
degraded cell performance. As shown in Figure S17, both insuf-
ficient and excessive TMA-POSS concentration fails to achieve
satisfactory cycling stability. At the optimized concentration
(10 mm), the Zn//Zn cell exhibits exceptional cycling stability
over 4700 h at 1 mA cm−2, 0.5 mAh cm−2, far exceeding the
ZS electrolyte, which short-circuited after only 55 h (Figure 5a).
Under harsh condition (10 mA cm−2, 5 mAh cm−2), the cell
with ZS/TMA-POSS electrolyte maintains stable cycling for
825 h (Figure 5b). These performances outperform those of
most reported additives (Figure S18), demonstrating remarkable
reversibility. Notably, deep discharge tests at 20 mA cm−2,
10 mAh cm−2 (DOD = 17%) and at 1 mA cm−2, 30 mAh
cm−2 (DOD = 51.3%) reveal stable Zn plating/stripping cycles
exceeding 270 and 500 h, respectively, outperforming most
reported additives featuring electrostatic shielding capabilities.
Furthermore, cost analysis further reveals that TMA-POSS offers
a significant economic advantage over conventional electro-
static shielding additives, highlighting its practical potential
(Figures S19–S21).

Coulombic efficiency (CE) is a crucial indicator for evaluating the
stability and reversibility of Zn anode. As shown in Figure 5c,
the Zn//Cu asymmetric cell using the ZS/TMA-POSS electrolyte
achieves long-term cycling stability over 2110 cycles (1 mA
cm−2, 0.5 mAh cm−2), with an impressive CE of 99.2%. The
corresponding capacity-voltage profile shows highly reversible
plating/stripping behavior (Figure 5e). In sharp contrast, due to
dendrite formation and harmful side reactions, the cell using the
ZS electrolyte undergoes abrupt short-circuiting after merely 75
cycles (Figure 5d), further confirming the significantly enhanced
reversibility of the Zn anode. Notably, the cyclic evolution of
Zn nucleation overpotentials in Zn//Cu cells was systematically
investigated using CV. As shown in Figure 5f, the ZS/TMA-POSS
electrolyte enables rapid stabilization of nucleation overpotential
(17–20 mV) after the second cycle, whereas the ZS electrolyte
exhibits lower but highly fluctuating overpotentials throughout
cycling. This distinct behavior indicates that TMA-POSS stabi-
lizes Zn nucleation and promotes the formation of finer and
more uniform Zn seeds, also suggesting a more homogeneous
ion concentration and electric field distributions at the Zn anode
surface. Additionally, no additional redox current responses are
observed in all CV curves of the ZS/TMA-POSS cell (Figure S22),
and the 1H NMR spectra of the ZS/TMA-POSS electrolyte before
and after cycling (Figure S23) show nearly identical chemical
shifts, peak shapes, and relative integral intensities, with no
discernible degradation peaks or loss of characteristic signals [66,
67]. This result directly confirms the electrochemical inertness
of TMA-POSS and its non-sacrificial nature during Zn plat-
ing/stripping processes. To further validate the dynamic repair
functionality of TMA-POSS, a Zn//Cu battery was assembled
using an electrolytic cell and carried out CV measurements.
In the ZS electrolyte, the nucleation overpotential progressively
decreaseswith cycling, whereas the introduction of TMA-POSS at
the sixth cycle immediately elevates and stabilizes the nucleation
Advanced Functional Materials, 2026
overpotential, directly confirming the dynamic repair capability
of TMA-POSS (Figure S24).

The influence of TMA-POSS on Zn deposition morphology was
further investigated. Scanning electronmicroscope (SEM) images
of Zn anodes after 50 cycles at 1, 5, and 10 mA cm−2 (with corre-
sponding deposition capacities of 0.5, 2.5, and 5 mAh cm−2) show
that Zn deposits as randomly oriented hexagonal nanoflakes
in ZS electrolyte, exhibiting a loosely packed morphology and
substantial accumulation of by-products (Figure 6a). Poor inter-
facial adhesion promotes detachment of these nanoflakes and
the formation of “dead Zn,” while by-products impede interfacial
mass transfer and accelerate anode surface roughening, severely
compromising anode stability [68]. In contrast, the ZS/TMA-
POSS electrolyte yields a smooth, dendrite-free surface with no
detectable by-products. Even under the extreme condition of
10 mA cm−2, 5 mAh cm−2, the Zn anode retains a flat and
densely compacted morphology (Figure 6b). These observations
demonstrates that TMA-POSS effectively regulates interfacial
Zn2+/SO4

2− transport and excludes free H2O from the interface,
thereby suppressing side reactions and enabling dendrite-free
deposition. In-situ optical microscopy (Figure S25) reveals that
the electrode in the ZS electrolyte begins releasing gas within 10
min, accompanied by uneven Zn plating. As plating continues,
dendrite growth and gas evolution become increasingly pro-
nounced (Figure 6c). In contrast, the ZS/TMA-POSS electrolyte
maintains stable, bubble-free plating with dense Zn deposition
throughout the plating process (Figure 6e). 3D Laser confocal
scanning microscopy (3D LCSM) (Figure 6d and Figure S26a,b)
reveals severe surface roughening of the Zn anode cycled in the
ZS electrolyte, characterized by numerous protrusions and pits
(maximum altitude: 62.9 µm). In contrast, the Zn anode cycled in
the ZS/TMA-POSS electrolyte maintains a smooth surface, with
themaximumaltitude significantly reduced to 17.6 µm, indicating
superior deposition behavior (Figure 6f and Figure S26c,d). These
results validate that the T8(Si-O)88−/TMA+ interface effectively
suppresses space charge layer-induced dendrite growth through
regulation of interfacial Zn2+/SO4

2− transport [11] and guides
dense Zn deposition. Furthermore, the scratch healing behavior
on the Zn anode surface was monitored by optical microscopy.
As shown in Figure 6g, scratches exhibit substantial recovery
after only 1 h of cycling in the ZS/TMA-POSS electrolyte and are
nearly fully healed after 7 h. In contrast, the scratches remain
clearly visible after 17 h of cycling in the ZS electrolyte (Figure
S27), clearly demonstrating the dynamic self-healing capability of
TMA-POSS.

2.4 Full-Cell Performance Characterization

To evaluate the practical applicability of TMA-POSS additive,
Zn//MnO2 full cells were assembled using 2 m ZnSO4 + 0.1 m
MnSO4 or 2 m ZnSO4 + 0.1 m MnSO4 + 10 mm TMA-POSS as
electrolytes [69]. The MnO2 and V2O5 cathodes were synthesized
according to previously reported methods [69, 70], and their
successful preparationwas verified byXRD (Figures S28 and S29).
CV curves (Figure 7a) display similar redox peaks, indicating that
TMA-POSS does not participate in the electrochemical reactions
of the full cell and thus acts in a non-sacrificialmanner.Moreover,
TMA-POSS enlarges the current response area and reduces the
redox peak potential separation, suggesting improved Zn storage
9 of 15
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FIGURE 5 Cycling performance of Zn//Zn cells at a) 1mAcm−2, 0.5mAhcm−2 and b) 10mAcm−2, 5mAh cm−2. c) TheCoulombic efficiency of the
Zn//Cu cell at 1 mA cm−2, 0.5 mAh cm−2. d) Capacity–voltage curves of ZS electrolyte with different cycles. e) Capacity–voltage curves of ZS/TMA-POSS
electrolyte with different cycles. f) Nucleation overpotential evolution of Zn//Cu cell at different cycle numbers.
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capacity and accelerated electrochemical reaction kinetics [71].
Figure 7b shows that the cell with ZS/TMA-POSS electrolyte
delivers higher specific capacities across various current den-
sities, demonstrating superior rate performance. Notably, upon
returning the current density to 0.5 A g−1, the corresponding
charge/discharge plateaus exhibit reduced voltage hysteresis
(Figure 7c), indicating that TMA-POSS effectively mitigates
battery polarization [72]. The improved reaction kinetics and
energy storage efficiency are primarily attributed to reduced
10 of 15
charge-transfer resistance and optimized Zn2+ transport. This is
corroborated by electrochemical impedance spectroscopy (EIS)
results (Figure S30), which show that TMA-POSS remarkably
reduces the impedance of the Zn//MnO2 cell from 360.7 to
123.6 Ω [38]. Collectively, the above results demonstrate that
TMA-POSS effectively suppresses side reactions and stabilizes
the Zn anode/electrolyte interface, thereby reducing passivation
and enhancing electrochemical kinetics. Through synergistic
interfacial stabilization and regulation of Zn2+/SO4

2− migration,
Advanced Functional Materials, 2026
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FIGURE 6 SEM images of Zn depositionmorphology in a) ZS and b) ZS/TMA-POSS electrolytes with various area capacities of 0.5, 2.5, and 5mAh
cm−2, respectively. In situ optical microscopy images of Zn deposition morphology at 10 mA cm−2 in c) ZS and e) ZS/TMA-POSS electrolytes. 3D CLSM
images of Zn deposition morphology in d) ZS and f) ZS/TMA-POSS electrolytes. g) The self-healing process of scratches on the Zn anode by TMA-POSS.

Advanced Functional Materials, 2026 11 of 15
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FIGURE 7 Electrochemical performance of Zn//MnO2 full cells: a) CV curves at 0.5 mV s−1, b) rate performance at different current densities,
(c) the corresponding charge/discharge curves, d) cycling performance at 1 A g−1, self-discharge curves with e) ZS and g) ZS/TMA-POSS electrolytes.
f) Cycling performance of Zn//V2O5 full cells at 10 A g−1. h) Cycling performance of Zn//V2O5 pouch cell at 10 A g−1 with ZS/TMA-POSS electrolyte.
i) Digital photograph of a Zn//V2O5 pouch cell powering a toy car.
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TMA-POSS enables exceptional long-term cycling stability for
the Zn//MnO2 full cell: after 1700 cycles at 1 A g−1, the cell
with ZS/TMA-POSS electrolyte retains 81.2% of its initial capacity
(from 198.1 to 160.9 mAh g−1), far exceeding the 36.7% retention
for the ZS electrolyte (Figure 7d). Additionally, self-discharge
is a crucial indicator for rechargeable aqueous batteries [72].
The cell with ZS/TMA-POSS electrolyte delivers 96.4% capacity
retention after 24 h of rest, significantly higher than the 89.7%
retention observed for the ZS-based cell (Figure 7e,g), further
confirming the effectiveness of TMA-POSS in suppressing side

reactions.

12 of 15

r

The superior electrochemical performance of the Zn//V2O5 full
cell highlights the broad applicability of TMA-POSS in cathode
materials. Likewise, as illustrated in Figure S31, the impedance
of the Zn//V2O5 full cell decreases significantly from 350.8 to
103.2 Ω upon introducing TMA-POSS. The cell employing the
ZS/TMA-POSS electrolyte delivers higher specific capacities over
a current density range of 0.5 to 10 A g−1 and retains a capacity
of 197.6 mAh g−1 when the current density switches back to 5 A
g−1, demonstrating superior rate performance (Figures S32 and
S33). These improvements in reaction kinetics and energy storage
efficiency confirm that TMA-POSS effectively suppresses side
Advanced Functional Materials, 2026
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reactions and stabilizes the Zn anode interface. Figure 7f shows
the exceptional cycling stability of the Zn//V2O5 full cell with the
ZS/TMA-POSS electrolyte, delivering a high capacity retention
of 80.1% after 2500 cycles at 10 A g−1. In sharp contrast, the cell
with the ZS electrolyte exhibits rapid capacity decay, retaining
merely 49.5% of its initial capacity after cycling. Furthermore,
TMA-POSS demonstrates a notable inhibitory effect on the self-
discharge performance of the Zn//V2O5 full cell (Figure S34).
Ultimately, the practical application of the TMA-POSS additive
was further evaluated using Zn//V2O5 pouch cell comprising a
V2O5-coated graphene cathode (electrode size: 3 cm × 3 cm; V2O5
loading: 4.5 mg cm−2), a Zn metal anode, and the ZS/TMA-POSS
electrolyte, which delivers stable power output and excellent
cycling stability over 800 cycles (Figure 7h). Moreover, the pouch
cell can successfully power a toy car, highlighting the practical
potential of TMA-POSS (Figure 7i and Video S1).

3 Conclusion

In summary, we have developed a novel self-adaptive dual-
ion interface using multifunctional, non-sacrificial TMA-POSS
additive. DFT, MD and multiphysics simulations combined with
experimental results confirm that TMA-POSS spontaneously self-
assembles into awell-definedT8(Si-O)88−/TMA+ bilayer structure
on the Zn surface. The inner TMA+ layer promotes homogeneous
Zn nucleation and dense Zn deposition through electrostatic
shielding effect. The outer T8(Si-O)88− layer, featuring a precisely
ordered topological architecture, regulates the transport of Zn2+
and SO4

2− via nanoconfinement effects and electrostatic inter-
actions while simultaneously blocking H2O penetration, thereby
effectively suppressing space charge layer formation and side
reactions. Besides, the resulting self-assembled dual-ion interface
exhibits high structural stability and dynamic adaptability under
prolonged cycling conditions. As a result, this novel dynamic self-
adaptive dual-ion stabilization mechanism endows the Zn anode
with outstanding reversibility. Zn//Zn symmetric cells achieve
long cycling life exceeding 4700 h (1 mA cm−2, 0.5 mAh cm−2)
and 850 h (10 mA cm−2, 5 mAh cm−2). Even under a high DOD
of 51.35%, it still maintains stable operation for 500 h. Zn//Cu
asymmetric cell retains a high coulombic efficiency of 99.6% over
2110 cycles at 1 mA cm−2, 0.5 mAh cm−2. For practical appli-
cation, Zn//MnO2 and Zn//V2O5 full cells deliver outstanding
capacity retentions of 81.2% (after 1700 cycles, 1 A g−1) and 80.1%
(after 2500 cycles, 10 A g−1). This cost-effective, non-sacrificial
additive strategy provides a practical approach for designing
advanced functional additives, and opens new avenues toward
the commercialization of high-stability and reliable AZIBs.
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