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Developing dendrite-free zinc metal anodes with high durability poses a great challenge for aqueous zinc-ion bat-
teries. Herein, we propose an in situ constructed 3D restrained host frameworks with multi-component gradients
that induces a controllable and rapid stack-type zinc plating/stripping behavior, enabling a unique “first-in/last-
out” mode. Typically, hydrophobic amino-functionalized polysilane passivation layer and zincophilic Ag nanopar-
ticles are successively self-assembled on carbon paper scaffold to form opposite concentration gradients, namely
g’-Ag/g-PSiO,~-NH,/CP. The g-PSiO,-NH, inhibits side-reactions and promotes Zn>* desolvation, meanwhile the
g’-Ag guides preferential Zn?* deposition. Consequently, the zinc-deposited g’-Ag/g-PSiO,-NH,/CP electrodes
exhibit high Coulombic efficiency and long cyclability, surpassing 5000 hours at 10 mA cm~2/10 mAh cm 2 in
symmetric cells. The as-assembled Zn||MnO, full batteries deliver a specific capacity of 200.1 mAh 9" with 82.2%
retention after 800 cycles. Large-size pouch-type battery with zinc-deposited g"-Ag/g-PSiOy-NH,/CP anode and
high-loading MnO, cathode (~15 mg cm™2) also exhibit good rate capability and cyclability. This scalable strategy

offers a feasible solution to develop high-durability rechargeable metal-based batteries.

INTRODUCTION
Aqueous zinc-ion batteries (AZIBs) present a compelling option for
large-scale energy storage due to their excellent safety and cost-
effectiveness. However, as an essential component in AZIBs, the zinc
metal anode suffers from disordered dendrite growth, interfacial
passivation, and a series of corrosion side reactions, resulting in low
Coulombic efficiency (CE) and poor cycle stability (1-3). Therefore,
ensuring homogeneous electro-deposition/stripping of zinc metal has
emerged as a bottleneck for the development of practical AZIBs.
Recently, numerous strategies have been proposed to enhance the
durability of Zn anodes, such as the construction of artificial solid
electrolyte interphase (SEI) (4-7), the introduction of electrolyte ad-
ditives (8-11), and the optimization of the electrode structure (12-
16). Among these approaches, constructing 3D zinc host matrices
with high porosity offers a promising solution to achieve guided zinc
deposition and extended cycle life. In principle, the high specific sur-
face area lowers the local current density and provides abundant sur-
face sites for Zn nucleation, which helps homogenize Zn** ion flux
and suppress dendrites. Additionally, the porous structure alleviates
the Zn*" concentration gradient and accommodates volume changes
during cycling, particularly at high current densities or areal capaci-
ties (17-22). Nevertheless, conventional uniform 3D hosts often suf-
fer from a scarcity of accessible nucleation sites within their interior,
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leading to preferential Zn deposition on the upper surface (referred
to as “top growth”). This uneven nucleation fosters dendrite forma-
tion and diminishes space utilization. Moreover, the weak binding
effect between the conventional uniform 3D host and deposited Zn
metal might cause the shedding and accumulation of dead Zn. Gra-
dient designs in 3D Zn anodes address these fundamental limitations
by creating a directional driving force for Zn** transport, guiding pref-
erential Zn nucleation and deposition from the bottom toward the top
of the host. This fundamental difference enables full utilization of the
3D framework, facilitating charge transport and electrode reaction at
the bottom to deliver superior performance metrics unattainable with
conventional or uniform 3D anodes (23-28). However, it is still chal-
lenging to develop 3D host frameworks that simultaneously possess
multiple functional gradients (such as porosity, zincophilicity, hydro-
phobicity, and conductivity) for achieving highly durable zinc metal
anodes with controllable zinc plating/stripping behavior.

Herein, we propose the in situ construction of 3D confined host
frameworks with multi-component gradients that induce a stack-type
zinc plating/stripping behavior, enabling a unique “first-in/last-out”
mode. Through an in situ self-assembly approach, the 3D porous scaf-
fold of carbon paper (CP) was successively modified by hydropho-
bic amino-functionalized polysilane passivation layer (g-PSiOx-NH>)
and conductive zincophilic Ag nanoparticles (g’-Ag) to form opposite
concentration gradients, denoted as g~ Ag/g-PSiOx-NH,/CP. The con-
centration gradient distribution of hydrophobic g-PSiOx-NH, with —
NH, terminal groups on CP effectively inhibits anodic corrosion,
hydrogen evolution, and promotes the desolvation of Zn** ions, sup-
pressing the “top-growth” mode of zinc dendrites. Simultaneously, the
inverse concentration gradient distribution of conductive and zinco-
philic g-Ag nanoparticles can guide Zn** ions to preferentially nu-
cleate at the bottom, and a 3D carbon skeleton mitigates volume
expansion during long-term plating/stripping. This collaborative de-
sign effectively optimizes the electric field distribution, Zn** ion flux,
and Zn deposition pathway, significantly improving ion/electron
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transport kinetics and enhancing rate capability. Consequently, the
zinc-deposited g’-Ag/g-PSiOx-NH,/CP host electrode (denoted as
Zn/g-Ag/g-PSiOy-NH,/CP) achieved a high CE and exceptionally long
cycling stability, which can be stably cycled for 5000 hours at 10 mA
cm~%/10 mAh em ™2, far exceeding the non-gradient (Bare CP) and
single-gradient (g-PSiOx-NH,/CP and g™-Ag/CP) counterparts. Fur-
thermore, full batteries assembled with MnO, cathode exhibited a
considerable specific capacity of 200.1 mAh g™ with an impressive
capacity retention rate of 82% after 800 cycles. To further confirm its
practicability, large-size (6 X 7 cm®) pouch-type Zn||MnO, batteries
based on Zn/g’-Ag/g-PSiOx-NH,/CP anode and high-loading MnO,
cathode (~15 mg cm ™) were fabricated and delivered a specific capac-
ity of 98.9mAh g ™' at 1.0 A g™ " after 350 cycles. The multi-component
gradients 3D host design achieves spatially partitioned synergy and
mechanistic integration, enabling dendrite-free and highly durable

zinc anodes and presenting a viable, scalable approach for grid-scale
aqueous energy storage.

RESULTS

Design, preparation, and characterizations of
g’-Ag/g-PSiOx-NH,/CP host

The preparation process and 3D nanostructures of g-Ag/g-PSiOy-NH,/
CP host are illustrated in Fig. 1A. Initially, the bare CP served as the
matrix, consisting of interconnected carbon fibers with a diameter of
6-10 pm (fig. S1), which provided a robust scaffold and sufficient po-
rosity to accommodate Zn deposition. First, the g-PSiOy-NH,/CP was
fabricated by an in situ self-assembly step via the preferential impregna-
tion of (3-aminopropyl)triethoxysilane (APTES) solution, as shown in
fig. S2. The PSiOx-NH, with a concentration gradient was wrapped on
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Fig. 1. Construction and characterizations of g’-Ag/g-PSiO,-NH,/CP host. (A) Schematic diagram for the fabrication of g-Ag/g-PSiO,-NH,/CP host via a two-step self-
assembly approach. (B) Schematic illustration of the stack-type zinc plating/stripping behavior with a “first-in/last-out” mode enabled by the g-Ag/g-PSiOx-NH,/CP host.
(Cto E) High-resolution XPS spectra at Si 2p, N 15, and Ag 3d levels of g-Ag/g-PSiOx-NH,/CP host. (F to K) Cross-sectional SEM and corresponding EDS elemental mappings

of g-Ag/g-PSiOx-NH,/CP host.
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the carbon fibers and distributed along the concentration gradient in
the cross-section direction of CP. Thereafter, the g’-Ag/g-PSiOx-NH,/
CP was obtained by another in situ self-assembly step to decorate con-
ductive and zincophilic Ag nanoparticles with an inverse concentration
gradient through thermal evaporation of Ag metal (fig. S3). This multi-
component gradients in 3D host frameworks can induce a controllable
stack-type zinc plating/stripping behavior, as shown in Fig. 1B, dis-
playing the characteristics of a unique “first-in/last-out” zinc plating/
stripping mode with significantly improved homogeneity. Moreover,
such a deliberate transition structure optimizes the Zn** ion diffusion
pathway in the 3D framework, enabling stable and rapid transmission
even under high current densities.

In the XRD pattern of g~Ag/g-PSiOy-NH,/CP (fig. S4), a peak
around 26.2° was attributed to the (002) crystal plane of CP, while an-
other peak at approximately 38.2° signified the (111) crystal plane
of Ag nanoparticles. Conversely, PSiOx-NH, appeared amorphous. In
the FT-IR spectra (fig. S5), the peaks at 3445 cm ™" (stretching vibra-
tion of N-H and O-H), 1632 cm™! (bending vibration of N-H), and
1065 cm™ (stretching vibration of O-Si-O) demonstrated the presence
of PSiOx-NH, (29). The surface compositions of g’-Ag/g-PSiOx-NH,/
CP were further elucidated by x-ray photoelectron spectroscopy (XPS)
(Fig. 1, C to E). The Si 2p spectrum exhibited a robust and broad Si-O
peak, which can be deconvoluted into two peaks, Si-O-Si (103.8 eV)
and Si-O-C (102.6 V) in siloxane (30). The N 1 s spectrum presented
the existence of -NH, (399.8 eV), which can improve the hydropho-
bicity of the 3D host (31). In the O 1 s spectrum (fig. S6), the presence
of Si-O-Si (533.3 eV) and ~OH (532.2 eV) was demonstrated. In Ag
3D spectrum (Fig. 1E), the two prominent peaks observed at 368.3 eV
and 374.2 eV correspond to Ag 3ds/; and Ag 3d3/,, respectively (32).
Scanning electron microscopy (SEM) and corresponding energy
dispersive spectroscopy (EDS) elemental mappings (Fig. 1, F to K) of
as-prepared g™-Ag/g-PSiOx-NH,/CP host revealed distinct spatial dis-
tributions of various elements: Si and O elements were concentrated in
the top layer region, while Ag nanoparticles presented an increasing
distribution from top to bottom. This multi-component gradient de-
sign establishes a functional gradient field within the electrode through
continuous variation in composition and structure, enabling active and
precise regulation of key physicochemical processes such as ion flux,
electric field distribution, and interfacial reactions. Consequently, it
guides the uniform Zn deposition, enhances charge transfer kinetics,
and significantly extends cycling lifespan. This architecture spatially
coordinates previously incompatible functions, thereby enabling sys-
tematic optimization of electrode performance.

Side reaction inhibition and dendrite-free Zn deposition

Corrosion and hydrogen evolution are common occurrences on con-
ventional Zn anodes in aqueous electrolytes, which are closely related
to active water and the hydrophilicity of the electrode. In Fig. 2A, 2.0 M
ZnSO4 aqueous electrolyte was applied to different hosts for a contact
angle test. The g~Ag/g-PSiOx-NH,/CP host exhibited the largest con-
tact angle (128.3°) among all samples, demonstrating its strong hydro-
phobicity. This high hydrophobicity is primarily attributed to the rough
and porous surface morphology created by the g-PSiO,-NHj, layer uni-
formly coating the carbon fibers (fig. S2). Such a rough surface pro-
vides physical shielding that hinders the accumulation of active water
molecules within the 3D host. In addition, the intrinsic hydrophobicity
of the ~O-Si-O- network within the g-PSiOy-NHj further contributes
to the high contact angle (29). The g-Ag layer also makes a minor ad-
ditional contribution by further increasing the surface roughness, as
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evidenced by the contact angle increase from 125.2° (without Ag) to
128.3° (with Ag). Together, these factors endow the host with excellent
surface hydrophobicity. The Tafel tests further evaluated the corrosion
resistances of these hosts, as shown in Fig. 2B. The corrosion potential
of g’-Ag/g-PSiO,-NH,/CP (=0.021 V vs. Zn/Zn>") is more positive
than that of bare CP (—0.0863 V vs. Zn/Zn*>"), indicating a lower ten-
dency for hydrogen and oxygen reduction reactions. Moreover, the
corrosion current density serves as a more direct indicator for as-
sessing self-corrosion rates. The corrosion current densities of both g-
PSiO4-NH,/CP and g-Ag/g-PSiO,-NH,/CP were significantly reduced
compared to those of bare CP and g’~Ag/CP. This reduction highlight-
ed the good anti-corrosion capability of the g-PSiOx-NH, coating layer.

The nucleation overpotentials of bare CP, g-PSiO,-NH,/CP, g-Ag/
CP and g-Ag/g-PSiOx-NH,/CP electrodes were measured (Fig. 2C).
The g’-Ag/g-PSiOy-NH,/CP exhibited the lowest nucleation over-
potential of 12.8 mV, a considerable reduction compared to bare
CP (36.4 mV), g-PSiOy-NH,/CP (41.3 mV) and g-Ag/CP (17.1 mV),
which effectively diminished the nucleation barrier and highlighted
the strong zincophilic properties of Ag nanoparticles. Furthermore,
to evaluate the evolution behavior of Zn deposition, Zn electro-plating
processes on bare Zn foil and various 3D hosts were observed by
in situ optical microscopy (Fig. 2, D to E and fig. S7). The poor resis-
tance to side reactions and the tip effect of bare Zn foil resulted in the
rapid formation of thick Zn dendrites (Fig. 2D). Although bare CP
possessed a 3D skeleton, the absence of zincophilic nucleation sites led
to uneven deposition on the surface, forming mossy zinc dendrites
(Fig. 2E). Notably, no uneven protrusions were observed on the g
Ag/g-PSiOy-NH,/CP host, and its hierarchical pores were gradually
filled with continuously deposited Zn, eventually forming a uniform
and dense composite Zn electrode (Fig. 2F). This controllable Zn de-
position behavior effectively can reduce the short-circuit risk caused
by dendrite penetration against the separator, thereby promoting the
cycling durability at high current densities/large capacities.

Reversible stack-type Zn plating/stripping behavior

To further evaluate the Zn deposition behaviors, the morphology evo-
lutions of the four hosts were observed by ex situ SEM and EDS. In the
case of bare CP, the plating/stripping behaviors of Zn are depicted
in Fig. 3A. The non-gradient bare CP host framework, possessing spa-
tially uniform conductivity and zincophilic affinity, promotes rapid
Zn nucleation and Zn** ion aggregation at the top surface, where ions
traverse the shortest pathway. Consequently, a preferred top Zn depo-
sition process occurred, potentially resulting in an internal short cir-
cuit during extended cycling. Figure 3B revealed that the top surface
of bare CP framework accumulated substantial Zn and became clut-
tered after Zn deposition (i.e., Zn/CP), leading to the emergence of
slender zinc dendrites with increasing deposition amounts. Addition-
ally, the Zn metal cannot be fully stripped and partially remained on
the framework, resulting in low CE. The cross-section SEM images
and corresponding overlapped EDS elemental mappings of Zn/CP
electrode with different plating/stripping capacities (Fig. 3C) provid-
ed a clearer and more intuitive view of Zn deposition, indicating Zn
accumulation predominantly on the top surface, leaving virtually no
Zn deposition at the bottom. Moreover, the physical appearance of Zn/
CP electrode after plating 20 mAh cm™ of Zn metal was displayed in
fig. S8, revealing large chunks of unevenly distributed Zn on the top
surface. Undoubtedly, such outcomes would result in reduced space
utilization within the host framework and inevitably an internal short
circuit after long-term cycling.
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Fig. 2. Interfacial properties and zinc deposition observations. (A) Contact angles of 2.0 M ZnSO,4 aqueous electrolyte on the surface of different 3D hosts. (B) Tafel
curves of different 3D hosts. (C) Overpotential profiles of these different hosts at 5 mA cm™2 (D to F) In situ optical microscopy observations of Zn deposition morpholo-

gies on (D) bare Zn, (E) bare CP, and (F) g-Ag/g-PSiOx-NH,/CP hosts.

In contrast, the nucleation and plating/stripping behaviors of the
g-Ag/g-PSiO«-NH,/CP host were illustrated in Fig. 3D, where Zn pref-
erentially nucleated uniformly on the bottom until filling the entire
space by stack-type plating. As the deposition amount increased, the
deposition morphology of Zn/g’-Ag/g-PSiOx-NH,/CP sharply con-
trasted with that of the bare CP. As shown in Fig. 3, E and E, there were
no large chunks of Zn metal on the top surface even with a deposition
of 20 mAh cm ™%, but more and more Zn on the bottom. As zincophilic
seeds, the Ag nanoparticles offered ample nucleation sites, effectively
lowering the nucleation potential barrier and guiding Zn to achieve
uniform nucleation rapidly on each surface of carbon fiber. Subse-
quently, the growth morphology of deposited Zn evolved from initial
Zn grains to flat Zn, completely wrapped around each carbon fiber.
The inserts in Fig. 3F highlighted the morphology of uniform nucle-
ation and plating of Zn metal during different deposition stages. After
Zn stripping, the surface was devoid of any Zn residue and appeared
remarkably clean, confirming significantly enhanced CE performance.
As evident in Fig. 3G, the Zn element distribution was notably higher
at the bottom than at the top during plating. Conversely, Zn at the top
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surface was preferentially reduced during stripping. This stack-type
behavior (“first-in/last-out” or “last-in/first-out”) indicates a highly re-
versible Zn plating/stripping process, which significantly enhances
space utilization and cycling stability.

To further confirm the superiority of the multi-component gra-
dient design, we compared the deposition behaviors of Zn metal on
single-gradient hosts (g-PSiOy-NH,/CP and g’-Ag/CP). Figure S9
illustrated the morphology of Zn deposition on the g-PSiOy-NH,/
CP. Notably, deposited Zn formed smaller lumps compared to bare
CP and aggregated predominantly below the g-PSiO4-NH, passiv-
ation layer. This phenomenon was attributed to the g-PSiOx-NH,
layer hampering the sufficient contact of Zn** ions with the surface
of CP, as well as increasing the local interfacial impedance of CP.
Consequently, Zn** ions tend to diffuse and deposit on the exposed
CP surface not fully shielded by the g-PSiOx-NH, layer. In stark con-
trast to bare CP and g-PSiO4-NH,/CP, the g’-Ag/CP after Zn deposi-
tion shows a remarkably flat morphology in fig. S10, accompanied
by a uniform distribution of deposited Zn throughout the framework.
Overall, the g’-Ag/g-PSiO4-NH,/CP exhibits the best regulation
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Fig. 3. Zn deposition behavior investigations. (A) Schematic of Zn plating/stripping behavior on bare CP host. (B) Top surface morphologies of bare CP: (a) at pristine
state, (b) plated 10 mAh cm~2of Zn, (c) plated 20 mAh cm™2 of Zn, and (d) after completely stripping. (C) Cross-section EDS elemental mappings of bare CP with different
plating/stripping capacities: (a) plated 5 mAh cm™ of Zn, (b) plated 10 mAh cm™ of Zn, (c) plated 20 mAh cm™ of Zn, (d) after completely stripping. (D) Schematic of Zn
plating/stripping behavior on g-Ag/g-PSiOx-NH,/CP host. (E and F) Top and bottom surface morphologies of g*-Ag/g-PSiOy-NH,/CP: (a) at pristine state, (b) plated 10 mAh
cm™2 of Zn, (c) plated 20 mAh cm™2 of Zn, and (d) after completely stripping. (G) Cross-section EDS elemental mappings of g’~Ag/g-PSiOx-NH,/CP with different plating/
stripping capacities: (a) plated 5 mAh cm™ of Zn, (b) plated 10 mAh cm™ of Zn, (c) plated 20 mAh cm™ of Zn, (d) stripped 15 mAh cm™ of Zn, and (e) after completely

stripping.

capability over Zn nucleation/growth compared to the bare CP, g-
PSiOx-NH,/CP and g™-Ag/CP counterparts, achieving dendrite-free,
uniform, and dense deposition of Zn metal at high capacity.

Theoretical calculation

To clarify the distinct zinc deposition behavior on different hosts, mech-
anistic insights were obtained through theoretical calculations. Density
functional theory (DFT) calculations were employed to investigate the

Sunetal, Sci. Adv. 12, eaeh4699 (2026) 5 August 2026

influence of different interlayers on the desolvation process of zinc ions
(fig. S11) and the corresponding energy barriers. As shown in Fig. 4A,
the g-PSiOx-NHj passivation layer can effectively reduce the desolva-
tion energy barrier. This is attributed to the ability of its amino groups to
form hydrogen bonds with free water molecules, which accelerates the
dissociation of coordinated zinc ions, enhances the reaction kinetics,
and ultimately leads to a significant reduction in the desolvation en-
ergy barrier for zinc ions. In addition, Figure 4B indicates that Zn atoms
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Fig. 4. Studies on Zn2* desolvation and deposition pathways of multi-component gradient hosts. (A) DFT-calculated desolvation energy profile Zn** dehydration
on the surfaces of bare CP, g-PSiO«-NH,/CP, and g-Ag/CP. (B) Optimized binding models for Zn on different hosts and the corresponding adsorption energies from DFT
calculations. (C to K) COMSOL simulations of [(C) to (E)] current density, [(F) to (H)] Zn**ion flux, and [(I) to (K)] deposition location distribution of bare CP, g-PSiOx-NH,/CP,

and g*-Ag/g-PSiOy-NH,/CP.

exhibit stronger binding to the Ag surface (—0.44 eV) compared to bare
CP (—0.23 eV) and g-PSiOx-NH,/CP (—0.12 eV), confirming the en-
hanced Zn** affinity and preferred nucleation on Ag nanoparticles.
Moreover, the charge density difference revealed that Ag nanoparti-
cles possess a superior electron localization ability, which is conducive
to uniform Zn deposition.

To evaluate the rationality of the multi-component gradient de-
signs, simplified equivalent models were established by COMSOL
Multiphysics to investigate the effect of gradient properties on the

Sunetal, Sci. Adv. 12, eaeh4699 (2026) 5 August 2026

Zn deposition behavior. The current density (Fig. 4, C to E), Zn**
ion flux (Fig. 4, F to H) and deposition location distribution (Fig. 4,
I to K) of bare CP, g-PSiO,-NH,/CP, ¢-Ag/CP (fig. S12), and g¢’-
Ag/g-PSiOx-NH,/CP hosts were simulated, respectively. On the
gradient-free bare CP, owing to its good conductivity and the shorter
diffusion path of Zn** ions on top surface, a higher concentration of
current density and Zn** ion flow in the upper surface area. Conse-
quently, zinc tended to deposit directly onto the surface (Fig. 41), result-
ing in dendrite growth and side reactions. Moreover, this deposition
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mode may lead to rapid blockage of ion channels, reducing space
utilization. In the case of the single-gradient g-PSiOx-NH,/CP, the
high current density and high Zn** ions flux were mainly concen-
trated in the middle region. This is because the shielding effect and
increased interfacial impedance caused by g-PSiOy-NH,; coating
layer hampered the deposition of Zn metal on the top surface of g-
PSiOx-NH,/CP. In other words, the g-PSiOy-NH, passivation layer
acted as a shield against the high electric field strength of the surface
layer, and thereby Zn metal was preferentially deposited on the low-
er exposed CP surface not completely shielded by the g-PSiO4-NH,
layer. However, Zn”* cannot be selectively deposited on the bottom due
to the absence of zincophilic nucleation sites. Therefore, Zn metal was
randomly deposited on the middle region beneath the g-PSiOx-NH,
passivation layer (Fig. 4]). Figure 4, E, H, and K presented the simu-
lation results of the g’-Ag/g-PSiOx-NH,/CP. With the incorporation
of conductive and zincophilic Ag nanoparticles, the Zn** ions flux
was efficiently guided towards the bottom, promoting preferential
deposition in this region. This optimization of the deposition path-
way enhances reaction kinetics at the bottom of the electrode and
prevents the top-deposition mode. Moreover, the simulation results
are consistent with the morphology observation by SEM and EDS.
This targeted “bottom preferential” stack-type deposition behavior
not only achieves uniform, dense, and dendrite-free Zn deposition
under high-capacity conditions, but also maximizes space utiliza-
tion while significantly enhancing cycle stability.

Electrochemical performances of g’-Ag/g-PSiOy-NH,/CP

Given the superior Zn deposition characteristics of g-Ag/g-PSiOx-NH,/
CP as revealed above, the cycling performance was evaluated and com-
pared with bare CP, g-PSiO4-NH,/CP and g™-Ag/CP electrodes by as-
sembling half cells with Zn foil as the counter electrode. As presented
in Fig. 5A, the g-Ag/g-PSiOx-NH,/CP electrode exhibited much better
cyclic reversibility at different current densities than the other three elec-
trodes, especially at high current densities. Figure 5B showed the voltage-
capacity curves of the four electrodes at the 100th cycle, where the
g-Ag/g-PSiO-NH,/CP electrode delivered almost identical charge and
discharge capacities, according well with its high CE of above 99.2%. To
further evaluate the reversibility under demanding conditions, the CE
was also measured at a high areal capacity of 20 mAh cm ™2, as shown in
fig. S13. The g™~ Ag/g-PSiOx-NH,/CP host framework delivers a high CE
exceeding 98.5% over 300 cycles at 10 mA cm™2/20 mAh cm™2. In con-
trast, the g-PSiOx-NH,/CP and g-Ag/CP electrodes exhibited obvious
fluctuations and rapid decay after 180 cycles, while the bare CP electrode
showed even more severe degradation after only 75 cycles. Furthermore,
even at a higher current density of 20 mA cm ™, the g-Ag/g-PSiOx-NH,/
CP maintained stable cycling for over 200 cycles, demonstrating superi-
or deposition/stripping reversibility compared to the other control sam-
ples. Remarkably, the CE of g’-Ag/g-PSiO,-NH,/CP is also superior to
most of the recently reported 3D gradient hosts under similar testing
conditions (table S1) (20, 33-41). To investigate the interfacial charge-
transfer kinetics, electrochemical impedance spectroscopy (EIS) was per-
formed on symmetric cells assembled by preloading a certain amount of
Zn on these hosts (fig. S14). The Zn/g’-Ag/g-PSiOy-NH,/CP symmetric
cell consistently exhibited the lowest charge-transfer resistance before
and after cycling, indicating favorable interfacial compatibility and effi-
cient charge transfer enabled by the multi-component gradient archi-
tecture. The voltage hysteresis and galvanostatic cycling stability of
these symmetric cells were also investigated, as shown in Fig. 5, C and
D, and figs. S15 to S18. The Zn/g’-Ag/g-PSiOy-NH,/CP symmetric
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cell could exhibit an ultralong stable c;lcling over 6000 hours with a
smaller voltage hysteresis at 1 mA cm™*/1 mAh cm™ In contrast, the
other three types symmetrical cells showed larger voltage hysteresis and
fluctuations after 1000 hours (Fig. 5C). It is worth noting that the advan-
tage of Zn/g’-Ag/g-PSiOx-NH,/CP was more obvious at a high cur-
rent density, with an ultra-long cycle life of 5000 hours at 10 mA
cm™?, far exceeding the non-gradient and single-gradient electrodes
(Fig. 5D and fig. S17). The high-areal-capacity performance was fur-
ther evaluated at 20 mAh cm ™ (fig. S18). At 10 mA cm ™, the Zn/g-
Ag/g-PSiOy-NH,/CP symmetric cell achieved stable cycling for more
than 3000 hours with relatively low and consistent voltage hysteresis. In
sharp contrast, other control cells (Zn/g-Ag/CP, Zn/g-PSiOx-NH,/
CP, and Zn/CP) failed much earlier at approximately 2000 hours,
1800 hours, and 1000 hours, respectively, all exhibiting progressive
polarization buildup during cycling. Even at 20 mA cm ™, the Zn/g-
Ag/g-PSiO4-NH,/CP maintained stable operation over 2500 hours,
demonstrating its robustness under extreme conditions. Rate perfor-
mance tests (Fig. 5E) revealed that the Zn/g-Ag/g-PSiOy-NH,/CP elec-
trode could maintain stable cycling as the current density increases
sequentially, and significantly lower voltage hysteresis compared to oth-
er electrodes. Impressively, the electrochemical performances of Zn/g*-
Ag/g-PSiO-NH,/CP, including current density, voltage hysteresis, and
cycling lifespan, are very competitive compared to other 3D gradient
hosts reported in previous literature (Fig. 5F and table S2) (33-45).

To more directly evaluate the Zn deposition/stripping revers-
ibility and the interfacial stability of different electrodes during
cycling, the surface morphologies of symmetric cells using Zn/CP,
Zn/g-PSiOy-NH,/CP, Zn/g-Ag/CP, and Zn/g’-Ag/g-PSiOy-NH,/
CP electrodes were characterized by SEM after 100, 200, and 300
cycles, respectively, as shown in fig. S19. The Zn/CP electrode ex-
hibited progressive reversibility degradation with increasing cycle
number. After 200 cycles, Zn dendrites began to appear on the surface,
while by 300 cycles, the surface was densely covered with abundant
flaky Zn deposits and pronounced dendrites, indicating a rapid de-
cline in reversibility. In contrast, the Zn/g-PSiO-NH,/CP electrode
maintained a clean surface across all cycling stages, with no ob-
servable dendrites or residual Zn, confirming that the PSiO,-NH,/
CP passivation layer suppressed irregular Zn deposition and den-
drite formation on the top surface. The Zn/g-Ag/CP electrode
showed an overall tidy morphology with only sporadic Zn parti-
cles remaining on the carbon fibers, suggesting that Ag nanoparti-
cles improved the uniformity of Zn plating and stripping. Notably, the
Zn/g™-Ag/g-PSiOx-NH,/CP electrode displayed no visible dendrites or
Zn accumulation throughout all examined cycles. These results further
demonstrate the pronounced advantage of the multi-component gra-
dient design in stabilizing the Zn anode interface, inhibiting dendrite
growth, and enhancing cycling reversibility.

To further evaluate the practicability of the Zn/g-Ag/g-PSiOy-NH,/
CP anode, full batteries were assembled with MnO, loaded on CP
(MnO,/CP) as cathode (Fig. 6A, figs. S20 and S21). The cyclic
voltammetry (CV) curves of different full batteries (Fig. 6B) exhibited
two distinct redox peaks at 1.22/1.38 V and 1.52/1.58 V, corresponding
to the insertion and extraction of Zn*' in the MnO, cathode. Com-
pared to other three samples, the Zn/g-Ag/g-PSiO4-NH,/CP an-
ode displayed sharper redox peaks, lower polarization voltage and
higher response current, indicating enhanced reaction reversibility
and faster ion/electron transport kinetics. Consequently, the Zn/g-
Ag/g-PSiO-NH,/CP||MnO,/CP battery delivered a higher revers-
ible capacity of 300.1 mAh g™' at 0.2 A g™', which is considerably
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Fig. 5. Electrochemical performances of different Zn host electrodes. (A) CEs of the bare CP, g-PSiO,-NH,/CP, g-Ag/CP and g’-Ag/g-PSiO4-NH,/CP host electrodes at
different current densities. (B) Voltage-capacity curves of different Zn host electrodes at the 100th cycle. (C and D) Galvanostatic cycling performance of the symmetric
cells with different host electrodes at 1 mA cm™%/1 mAh cm™ and 10 mA cm™2/10 mAh cm™2. (E) Rate performance of the symmetric cells with different Zn host elec-
trodes. (F) Comparison of the current density, voltage hysteresis and cycling lifespan of the g-Ag/g-PSiOx-NH,/CP host electrode with other 3D gradient hosts reported in
previous literature (33-45).
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Fig. 6. Electrochemical performances of full batteries and large-size pouch-type batteries. (A) Schematic configuration of the Zn/g’-Ag/g-PSiOx-NH,/CP||MnO, full
battery system. (B) CV curves of different full batteries during the second cycle. (C) Charge-discharge curves of different full batteries at 0.2 A g~'. (D) Rate performance
and (E) Long-term cycling stability of different full batteries at 2 A g~". (F) Photographs of large-size pouch-type Zn/g-Ag/g-PSiOy-NH,/CP||MnO,/CF batteries for (left)
open circuit voltage test and (right) lighting up an LED panel. (G) Cycling stability of large-size pouch-type Zn/g"-Ag/g-PSiOx-NH,/CP||MnO,/CF batteries at 1 A g™".

superior to those of the Zn/CP||MnO,/CP (273.3 mAh g™'), Zn/g-
PSiO,-NH,/CP||MnO,/CP (283.2 mAh g™), and Zn/g-Ag/CP||MnO,/
CP (288.4 mAh g_l) batteries (Fig. 6C). Figure 6D demonstrated that
the specific capacity of the Zn/g™-Ag/g-PSiOy-NH,/CP||MnO,/CP bat-
tery was higher than those of other three prototypes under different
rates. It still provided a specific capacity of ~127.3 mAh g~' even at
10 A g7', outperforming the Zn/CP||[MnO,/CP (~70.6 mAh g™"),
Zn/g-PSiOx-NH,/CP||MnO,/CP (~98.4 mAh g™'), and Zn/g-Ag/
CP|[MnO,/CP (~106.3 mAh g™") batteries. Furthermore, as shown in
fig. S22, the Zn||MnO, full cell with the Zn/g*- Ag/g-PSiOx-NH,/CP an-
ode exhibited the smallest voltage polarization among all tested anodes
across various current densities (1, 2,4, 8,and 10 A g_l). In contrast, the
Zn/g-PSiOx-NH,/CP, Zn/g-Ag/CP and Zn/CP anodes show progres-
sively larger voltage gaps between charge and discharge platforms, es-
pecially at higher rates. These results confirm that multi-component
gradients design effectively mitigates polarization and maintains good
rate capability even under high current densities. Figure 6E further
tested the long cycle life of four different full batteries at a high cur-
rent density of 2 A g~'. Impressively, the specific capacity of Zn/g’-
Ag/g-PSiO,-NH,/CP||MnO,/CP battery was initially 243.5 mAh g™,
and maintained at 200.1 mAh g~ after 800 cycles, with a high capacity-
retention rate of 82.2%, markedly exceeding the values of the Zn/
CP||MnO,/CP (~61.9 mAh g™"), Zn/g-PSiO-NH,/CP||[MnO,/CP
(~120.6 mAh g™"), and Zn/g-Ag/CP||MnO,/CP (~163.7 mAh g"),
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further confirming the superior electrochemical stability of the integrat-
ed Zn/g’-Ag/g-PSiOx-NH,/CP anode.

Encouraged by these results, pouch-type batteries with a large-
size of 6 x 7 cm” were further assembled by Zn/g*- Ag/g-PSiO,-NH,/
CP anode with pre-deposited Zn of 12 mAh cm™% MnO, loaded car-
bon felt (MnO,/CF) cathode with a MnO, loading of 15 mg cm~?,
low negative/positive capacity ratio (N/P = 2.6), and lean electrolyte
(700 pl). The pouch-type Zn/g-Ag/g-PSiOx-NH,/CP|[MnO,/CF
batteries exhibited a high open circuit voltage of 1.52 V, and a LED
panel could be lit by only two series-connected batteries (Fig. 6F).
Furthermore, the electrochemical performances of the pouch-type
batteries were tested under practical conditions. The pouch-type
Zn/g’-Ag/g-PSiOx-NH,/CP||MnO,/CF batteries showed an initial
specific capacity of 251.6 mAh g~', and still maintained at 98.9 mAh
g~ ! after 350 cycles at 1 A g”' (Fig. 6G). These results confirm the
promising potential of g-Ag/g-PSiOx-NH,/CP host electrode for prac-
tical application in large-size pouch-type AZIBs.

DISCUSSION

In summary, we propose a feasible strategy for the in situ construc-
tion of 3D multi-component gradient hosts that enables a stack-type
zinc plating/stripping behavior with a controllable and rapid “first-
in/last-out” mode. As revealed by experimental characterizations
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and theoretical calculations, the g-PSiO4-NH, passivation layer accel-
erates the de-solvation of hydrated Zn>*, promoting rapid ion diffu-
sion kinetics and suppressing side reactions. Furthermore, the g-Ag
nanoparticles regulate Zn** ion flux for preferential nucleation at the
bottom region, while the 3D porous CP framework accommodates
volume variation. This synergy collectively enables uniform Zn deposi-
tion/plating and stable cycling of g™-Ag/g-PSiOx-NH,/CP host. Conse-
quently, the g™-Ag/g-PSiOx-NH,/CP electrode exhibited desirable Zn
deposition behavior and superior electrochemical performances, in-
cluding a lower overpotential (12.8 mV), a higher Coulombic efficien-
¢y (~99.2%), and a longer cycling stability (6000 hours), far exceeding
other 3D gradient hosts reported in previous studies. Moreover, by
employing this multi-component gradient design strategy on Zn an-
odes, the Zn||MnO; full batteries and scaled-up pouch-type batteries
demonstrated good rate capability, considerable capacity retention and
significantly prolonged cycling lifespan. Given its high adaptability,
this multi-component gradient-induced stack-type deposition mode is
expected to be widely applicable in various secondary battery systems
plagued by dendrite growth. This study pioneers a universal design
principle for next-generation energy storage systems—spanning from
scalable AZIBs to cross-domain applications in other metal batteries—
promising to redefine the boundaries of electrochemical energy storage
and promote the transition toward sustainable energy architectures.

MATERIALS AND METHODS

Chemicals and materials

(3-aminopropyl)triethoxysilane (APTES), polyvinylidene difluoride
(PVDF), N-methyl-2-pyrrolidone (NMP) and ZnSO47H,0 were
purchased from Shanghai Aladdin Biochemical Technology Co., Ltd.
Carbon paper (CP), carbon felt (CF) and ketjen black (KB, ECP600JD)
were purchased from Suzhou Sinero Technology Co., Ltd. Whatman
separator (Catalog No. 1820-047) and zinc foil with a thickness of
0.1 mm were purchased from Nanjing WANQING Chemical Glass
Ware & Instrument Co. Ltd. All materials were directly used without
further purification.

Preparation of 3D multi-component gradient hosts
Prior to the modification of amino-functionalized polysilane (g-
PSiO4-NH,;) self-assembly layer with a concentration gradient on
a piece of CP, the bottom of CP was covered with tape to protect it
from the reactions. Then, the CP was immersed in an anhydrous eth-
anol solution of 1.0 vol.% APTES at 60°C for 30 min, and dried under
vacuum at 60°C for 2 hours, to yield the g-PSiOx-NH,/CP host. After
that, the covering tape was peeled off, and the g-PSiOx-NH,/CP host
with the bottom facing upwards was placed in a thermal evaporation
vacuum chamber. Subsequently, g’-Ag nanoparticles with an inverse
concentration gradient were evaporated on the bottom of CP with an
evaporation rate of 1 A/s until reaching an average thickness of 20 nm,
to yield a multi-component gradient host, i.e. g"-Ag/g-PSiOx-NH,/CP.
As two control samples, g-PSiOx-NH,/CP and g-Ag/CP hosts were
also prepared. These were synthesized by omitting the g-Ag modifica-
tion and the g-PSiOx-NH,/CP modification steps, respectively.

Preparation of multi-component gradient host

confined Zn anodes

An electrodeposition method was used to fabricate composite Zn an-
ode confined in the multi-component gradient hosts. Briefly, a beaker
battery was assembled using a specific 3D host framework (such as
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bare CP, g-PSiOy-NH,/CP, g-Ag/CP, and g’-Ag/g-PSiOx-NH,/CP) as
the working electrode, a piece of zinc foil as the counter electrode, and
2.0 M ZnSOy as the aqueous electrolyte. Through galvanostatic dis-
charging at 5 mA cm™ for 2 hours or 4 hours, a multi-component
gradient confined Zn anode could be obtained, corresponding to an
areal capacity of 10 or 20 mAh cm ™, respectively. The Zn-deposited
electrodes were denoted as Zn/CP, Zn/g-PSiOx-NH,/CP, Zn/g-Ag/
CP, and Zn/g- Ag/g-PSiOx-NH,/CP, accordingly.

Preparation of MnO,/CP and MnO,/CF cathodes

The MnO,/CP cathode was prepared by the hydrothermal deposi-
tion of MnO, active material on CP current collector. Briefly, 67 mg
of KMnQO, and 0.5 ml of 6 M HCI solution were dissolved in 60 ml
of deionized water to form a uniform solution in a 100 ml Teflon-
lined stainless-steel hydrothermal autoclave. Subsequently, a piece of
CP was immersed into the solution. The hydrothermal autoclave was
sealed and maintained at 85°C for 20 mins to yield a MnO,/CP cath-
ode with an areal MnO, loading of ~1.2 mg cm ™,

For the preparation of high-loading MnO,/CF cathode, MnO, ac-
tive material was firstly prepared separately. Briefly, 0.658 g of KMnO4
and 2.4 ml of 6 M HCl solution were added into 76 ml of deionized
water and magnetic stirred for 10 min. The mixture was transferred into
a 100 ml hydrothermal autoclave. The hydrothermal autoclave was
sealed and maintained at 140°C for 10 hours. The mixture was centri-
fuged and cleaned after cooling, the brown solid powder was collected
and vacuum dried at 60°C for 12 hours to obtain MnO, active material.
Then, MnO, active material, KB and PVDF were mixed with NMP sol-
vent at a weight ratio of 8:1:1. The slurry was coated on a piece of
6 x 7 cm” CF and dried in a vacuum oven at 60°C for 6 hours to obtain
a high-loading (~15 mg cm™2) MnO,/CF cathode.

Material characterizations

The morphological and structural characterizations were performed by
SEM (FEI Nano-450, with an accessory EDX spectrometer). XRD data
was collected on Shimadzu 6000 x-ray diffractometer with a Cu Ko ra-
diation source (A = 1.54178 A). X-ray photoelectron spectra (XPS)
were acquired on a PHI-5000 VersaProbe with an Al Ka x-ray radiation
source. Fourier transform infra-red (FT-IR) spectra were recorded on a
Bruker Tensor 27 spectrometer by 32 scans from 4000 to 500 cm™,
Contact angle results were obtained from a DataPhysics OCA30 instru-
ment. An optical microscope equipped with CCD and a monochroma-
tor was used for the in situ optical observations.

Density functional theory (DFT) calculations

The optimized structures and the binding energies were calculated
at the DFT level as implemented in the Vienna Ab initio Simula-
tion Package (VASP), using a planewave basis set with an energy
cutoff of 500 eV, the projector augmented wave (PAW) potentials,
and the generalized gradient approximation (GGA) parametrized
by Perdew-Burke-Ernzerhof (PBE) for the exchange and correction
interactions. The Brillouin zone was sampled by 2 x 0.04 A™" k-
points using the Monkhorst-Pack scheme for 4 X 4 X 2 supercells.
The convergence criterions of energy and force calculations were
setto 1 X 107> eV and 0.01 eV A7, respectively. A vacuum region
of 20 A was applied to avoid interactions between the neighboring
configurations. Binding energy (AEy) was calculated as follows: AE}, =
Etot — Esub — Ezn, Where Eyo is the total energy of Zn-binding mod-
els, Eqyp is the energy of each substrate, and Ez, is the energy per
Zn atom in the bulk Zn metal.
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Finite element analysis (FEA) simulations

The COMSOL Multiphysics software was used to simulate the local
current density, Zn>" ion flux and deposition sites of various 3D hosts
during plating process. Before the simulation, a half-cell electrodepo-
sition system of 40 X 45 pm was constructed and the geometric mod-
els of bare CP, g-PSiOx-NH,/CP, g’-Ag/CP, and g-Ag/g-PSiOx-NH,/
CP were designed. Here, a single carbon fiber in the CP was repre-
sented by a rectangle of 0.5 X 30 pm. The ionic conductivity of 2.0 M
ZnSO, aqueous electrolyte was set to be about 5.0 S m~!, and the cur-
rent density was set to 1.0 mA cm™>. The relation between the diffu-
sion coefficient and electric mobility follows the Nernst-Einstein
relation. The Zn** transfers by the concentration diffusion in model
follow the Fick’s law. The local current density is calculated according
to the Butler-Volmer Eq. 1

. . o, Fn —o Fn
Hoe = Ho | &XP| o | =X\~ (1)

where i, represents the current density of the electrode, iy is the ex-
change current density, o, is the charge transfer coefficient in the anode
direction, F represents the Faraday constant, n represents the activation
overpotential, R represents the ideal gas constant, T represents the tem-
perature in Kelvin, and o, represents the charge transfer coefficient in
the cathode direction. The ion migration behavior is studied according
to the diffusion and electric field migration Eq. 2

Ngn ==Dz,Vezn = ZznpmzaFezn V&, (2)

where Ny, is the Zn*" diffusion flux, Dy, is the Zn>" diffusion coef-
ficient, Vcz, is the Zn®>" concentration gradient, |y, 7,, represents mo-
bility of Zn**, Zz, represents the Zn>* band charge, and ¢, represents
the electric potential in solution.

Fabrication of the batteries and

electrochemical measurements

For the assembly of asymmetric Zn||Zn batteries, these 3D hosts (such
as CP, g-PSiO-NH,/CP, g-Ag/CP, and g™-Ag/g-PSiO-NH,/CP) were
used as the working electrodes, a piece of zinc foil was used as the coun-
ter electrode, glass fiber membrane as the separator and 2.0 M ZnSOy4 as
the electrolyte. CR2032-type coin cells were assembled to evaluate the
reversibility and coulombic efficiency (CE) during the long-term Zn
plating/stripping process. For the assembly of symmetrical Zn||Zn bat-
teries, a certain amount of Zn was pre-deposited on these 3D hosts as
working and counter electrodes (such as Zn/CP, Zn/g-PSiOy-NH,/CP,
Zn/g-Ag/CP, and Zn/g-Ag/g-PSiOy-NH,/CP). Using the same electro-
lyte as above, CR2032-type coin cells were assembled to assess the long-
cycling stability and rate performance at different current densities and
capacities.

To evaluate their practical applicability, Zn||MnO, full batteries were
assembled with a multi-component gradient confined Zn anode (such as
Zn/CP, Zn/g-PSiOx-NH,/CP, Zn/g-Ag/CP, and Zn/g- Ag/g-PSiO-NH,/
CP), a MnO,/CP cathode (MnO; loading: ~1.2 mg cm™), a glass fiber
separator and 70 pl (2.0 M ZnSO4 + 0.2 M MnSO4) aqueous electrolyte.
Furthermore, large-size pouch-type batteries (6 x 7 cm?) were fabri-
cated to demonstrate scalability, using Zn/g™-Ag/g-PSiOx-NH,/CP an-
odes with pre-deposited Zn of 12 mAh cm™2, and high-loading MnO,/
CF cathodes with a MnO; loading of 15 mg cm ™2, low negative/positive
capacity ratio (N/P = 2.6), and lean electrolyte (700 pl).

Additionally, the Tafel plots of Zn||Zn symmetric batteries were
tested at a scan rate of 5.0 mV s~ from —0.2 t0 0.2 V. Electrochemical
impedance spectroscopy (EIS) was performed using a CHI760e
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electrochemical workstation, with measurements taken across a fre-
quency range from 100 kHz to 0.01 Hz at an alternating voltage ampli-
tude of 10 mV. Cyclic voltammetry (CV) of Zn||MnO, full batteries was
carried out at a scan rate of 0.5 mV s~ between 0.8-1.8 V (vs. Zn/Zn*").
All potentials are given versus Zn/Zn"" and all electrochemical mea-
surements were performed at 25°C. Moreover, the capacity retention
(%) was calculated according to the following Eq. 3

Capacity,

Capacity retention (%) = X 100% (3)

Capacity,

Where Capacity, and Capacity, represent the specific capacity of
a full battery at the xth cycle (e.g., the 1000th cycle) and the 2nd
cycle, respectively.

Supplementary Materials
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