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Zn-ion ultrafluidity is constructed by designing a gradient organic-inorganic layer at interface to achieve highly reversible Zn-
metal anode chemistry.
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ABSTRACT: The commercialization of aqueous zinc-ion batteries (AZIBs) is hindered by the poor reversibility of Zn-metal
anodes, which suffer from dendrite growth, hydrogen evolution reaction (HER), and corrosion. This work designs a gradient
organic-inorganic (GOI4) protective layer on the Zn anode, which is composed of a Zn-rich inorganic montmorillonite (Zn-MMT)
sub-layer and an organic hydroxypropyl guar gum (HGG) top-layer. The -OH of HHG acts as valve for gating Zn?* ‘on’ and anions
‘off states to block water and SO.?, while close-fitting Zn-rich MMT at interface can provide rapid interfacial Zn2* replenishment
to homogenize ion flux and its feasible mechanical strength promises suppression of dentrites formation. Through theoretical
calculation, the lower transfer energy barrier of Zn?* in GOI4 layer provides unique benefits to accelerating fast Zn migration,
decreasing the concentration polarization. Consequently, the GOl4@Zn symmetric cell achieves exceptional cycling stability over
2700 hours at 0.25 mA cm2/0.25 mA cm? and operates reliably even at ultrahigh current density (5 mA cm?2, 1 mAh cm2 for
4000 h). When paired with 1. @PAC cathode, the full cell also demonstrates long-term cycling (e.g., 20,000 cycles with 87.5%

capacity retention). This work provides a feasible strategy for developing highly reversible Zn anodes for practical AZIBs.

KEYWORDS: Zn-metal battery, anion blocking, ion sieve, Zn replenishment, organic-inorganic layer

1 Instruction
Rechargeable batteries coupling with aqueous based
electrolyte has motivated intensive researches since the
plentiful electric vehicle and energy storage power station
powered by non-aqueous Li-ion batteries suffer from the
unexpected combustion and explosion [1-4]. Aqueous zinc-
ion batteries (AZIBs) offer the most promising alternative
for large-scale energy storage systems with the advantages
of low cost, volumetric energy density and environmental
friendliness [5]. However, the commercialization of AZMBs
faces challenges in achieving highly stable and reversible
zinc (Zn) anode, particularly at high depths of discharge
(DOD) and high current condition, which is attributed to the
side reactions of hydrogen evolution reaction (HER), metal
corrosion, and irregular dendrite = growth [6].
Inhomogeneous Zn electrodeposition presents more reactive
sites in the aqueous electrolytes, exacerbating these adverse
side reactions, and finally leading to the failure of AZMBs.
Realizing a reversible, well-oriented and dense zinc
electrodeposition during the repeated plating/stripping
process needs to minimize the active surface exposed to
electrolyte and suppress the dentrite growth [7]. Highly
concentrated electrolytes can achieve high reversibility but
the low-cost and high ionic conductivity merits of aqueous

electrolyte are significantly compromised [8]. Engineering
solid electrolyte interface (SEI) at anode surface provides
promising advantages to solve these problems through
separating H.0 from the anode and allowing for ion transfer.
For example, Lu constructed an organic/inorganic dual-
phase SEI through electrolytes design, and realized ordered
zinc electrodeposition process under SEI [9]. However, less
of these works achieve long-cycling life over 2000 h at an
ultrahigh capacity (>20 mAh cm) [10]. The unsatisfactory
performances can be attributed to ignored facts: 1)
inadequate replenishment of Zn?* due to their inability to
balance lower charge transfer resistance at fast Zn?*
diffusion rate [11]; 2) visible dissolution of ZnF:-riched
composite in aqueous electrolyte [12]; 3) weak stress
tolerance under nano-meter level thickness of SEI [13].
Therefore, feasible strategies that can improve anode
stability while maintaining the high safety merits are
urgently needed.

Due to the versatility of different components in the
composite artificial interface layer (AIL), great efforts on
multifunctional AlLs have recently been devoted to Zn anode
protection for designing durable and stable AZIBs. For
example, Sun [14] reported a unique multi-filtration-
concentration gradient interlayer integrating a three-
dimensional (3D) structure to suppress Zn dendrite growth
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and parasitic reactions. But the top layer of gradient
structure with hydrophobic property may lead to larger
deposition potential. Deng [15] synthesized a double-layer
gradient coating consisting of zincophilic organic outlayer

(OSA/PAM) and inside metal Sn, which can facilitate the de-
solvation process of [Zn(H:0)s]** and decrease the
deposition barrier. However, there exists some question
associated with metal layer. The Zn2+ is deposited on the
surface of metal layer, which will lead to the separation
between metal and organic layer during the repeated
plating/stripping process. The substitution of metal layer
using ion-conductivity ZnO accompanying external PVA is
alternative solution [16]. But, to the requirement of high
current densities, it is insufficient since it can’t supply
sufficient Zn?* during plating process. Therefore, these
structures present challenges for stable cycling of Zn anode,
especially at high capacities.

Herein, we construct a gradient layer (GOI4@Zn) with Zn%*-
rich replenishment through a spin coating method, where
Zn-based montmorillonite (Zn-MMT) inorganic is below the
organic hydroxypropyl guar gum (HGG) layer. Unlike the
conventional artificial SEI layer, the abundant Zn?* in the
inorganic layer provides rapid interfacial ion replenishment,
eliminating the concentration gradient and reducing the
nucleation barrier. The strong negative surface of outside
organic as ion-sieving captures more Zn?* to facilitate the
uniform zinc ions flow and exclude formation of basic zinc
sulfate (ZHS) at electrolyte-anode interface. The lower
desolvation energy during Zn penetrating to the layer
significantly enhances the Zn?* transport Kinetics. In
addition, the organic/inorganic composite provides strong
mechanical strength to accommodate the volumetric
changes during the depositing/stripping process. As a result,
the assembled GOI4@Zn cell delivers an excellent cycling
performance and a high average CE of 99.8%. Even at a
current density of 50 mA c¢m?/50 mAh cm? GOI4@Zn
symmetrical battery operates for 3000 h. Additionally, the
GOI4@Zn||I.@PAC cell demonstrates stable cycling
performance with a capacity retention rate of 87.5% after
20000 cycles at 2 A g. This work offers an economical and
user-friendly approach to designing GOI4@Zn anode,
enhancing the feasibility of widespread practical
applications for AZIBs.

2 Results and discussion

2.1 Design of the organic-inorganic layer GOI4.

The GOI4@Zn electrode was synthesized by spinning the
solution containing Zn-based MMT and hydroxypropyl guar
gum (HGG) on the surface of Zn foil. The thin gradient GOI4
layer is composed of inorganic interlayer and organic
outlayer, where MMT is mainly located below the HGG layer.
The HGG with strong negative charge acts as filter to realize
the Zn?* sieving and anions blocking, and meanwhile
prevents reactive H20 to reach the zinc electrode surface to
suppress the hydrogen evolution reaction (HER). The Zn-
based MMT at interface is Zn container to avoid the
formation of charge space especially at high current density
(Fig. 1(a)). The Fig. 1(b) reveals that surface of GOI4@Zn is
uniform and smooth, and a thickness of ~10 um is observed
from the cross-sectional SEM image. The EDS mapping

images (Fig. 1(c)) display the distribution of elements Zn, C,
0, Si, Mg, further confirming the specific configuration. The
Zn content of Zn-based MMT is about 5% (Fig. S1 and Table
S1). Based on electron localized function (ELF), there are
four sites for Zn existence with similar value of -10.7 eV /fu
(Fig. 1(d) and S2), which provides possible actives for
potential fast Zn supplement. Fig. 1(e) shows that Al
spectrum of GOI4 shifts to lower binding position, indicative
of Al-O-C formation responsible for the mechanical integrity
during the volumetric change. Infrared (IR) spectroscopy
results (Fig. 1(f)) manifest absorption peaks at 848 cm
corresponding to Al-O stretching vibrations from the MMT
[17]. The peak intensity becomes weaker can be attributed
to the Al-O-C between MMT and HGG. These oxygen-
containing structures in Zn-MMT and HGG exhibit
strengthened surface negative charge density enabling
priority of the interfacial Zn ion distribution (Fig. 1(g) and
1(h)) and act as nanofluidic concentrators for the efficient
trapping and release of collected ions [18], which promotes
homogeneous deposition. This can be further demonstrated
by lower contact angle (Fig. S3). The GOI4 presents strong
mechanical strength to accommodate volumetric change for
prohibiting short circuit since it has sufficient young’s
modulus (Fig. 1(i) and 1(j)) [19]. The optimized GOI layer is
chose to be GOI4 since its excellent electrochemical stability
(Fig. S4).

2.2 The Regulation of stability of Zn plating/stripping
process.

The morphologies and structures are investigated since the
deposition behaviors of Zn?* give an important influence on
the cycling reliability of Zn batteries. We analyzed the Zn
anode surface morphology evolution under the artificial SEI
layer using ex-situ scanning electron microscopy (SEM). At
the depositing capacity of 1 mAh cm?, irregular and smaller
Zn particles are observed on the surface of pure Zn anode,
which is expected to pierce the glass fibers because of its
large “hill” shape after the capacity is increased to 3 mAh cm-
2 (Fig. 2(a)). This inhomogeneous growth of Zn dentrites
poses serious risks of short circuiting and potential safety
concerns during battery operation. In contrast, for GOI4@Zn
(Fig. 2(b)), planar and large stacks with obvious grain
boundary are observed on the surface at 1 mAh cm, which
gradually covered whole surface through connecting with
stacks at 3 mAh cm?, indicating that GOI4 layer with rich Zn
supplement can arrange the Zn?* to deposit uniformly with
oriented morphologies. The deposition process from
particles to oriented stacks benefits to achieve uniform
deposition enabling long life span. After cycling 400 h, the
pure Zn delivers abundant stacks appearing inside the glass
fibers (Fig. S5). Through 3D confocal laser scanning
microscope measurements (3D CLSM), it further shows that
bare Zn anode is more irregular compared to deposited Zn
under GOI4 (Fig. 2(c)). This structure sparks numerous
parasitic reaction sites and defects, which promotes
nucleation and growth of more Zn grains as well [20]. For
GOI4@Zn, it is still maintained by uniform surface with
compact polycrystalline, indicating that the interface layer
produces favorable advantages rendering Zn anode with the
uniform plating behaviors (Fig. 2(d)). The section-cross SEM
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image of Zn anode shows that the surface of pure Zn anode is
consisted by separated and porous Zn islands clamping
massive glass fibers, while GOI4@Zn presents textured
oriented stacks (Fig. S6).
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optical microscopy was carried out to visually survey the
growing morphologies at a current density of 5 mA cm. At
initial 10 min in Fig. S7, the surface of GOI4@Zn is obviously
covered by a planar Zn layer, and as an increase of time, the
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Figure 1 Design of the organic-inorganic layer GOI4. a) Schematic process of Zn?* ion-sieving and transport through GOI4 layer. b) The SEM image
of GOI4@Zn and corresponding EDS (c). d) The stable existing sites of Zn?* in Zn-MMT. e) Fitted XPS spectrum of Alis and FTIR (f) of Zn-MMT, HGG
and GOIs layers. g, h) The electron localized function of Zn-MMT and HGG, respectively. i, j) Young’s modulus of GOI4@Zn and HGG@Zn,

The nucleation, growth and development of Zn anode
during the plating process were further understood by
chronoamperometry (CA) measurements at potential of 0.15
V. In Fig. 2(e), the current of pure Zn anode continuously
increases even at 200 s, suggestive of 2D growth to form
irregular dentrites responsible for enlarged surface. On the
contrary, the current-time curve reveals that GOI4@Zn
electrode shows the immediate current rise, indicative of fast
nucleation after Zn?* contact electron at the interface. The
current then maintains constant value implying 3D growth
model where abundant nucleation sites connect to construct
density morphologies along the surface [21, 22]. The in-situ

deposited Zn grows along the surface without significant
dendritic protrusions. As a comparison, the surface of pure
Zn is rapidly occupied by isolated protrusions, which
gradually develops into large zinc dendrites over time. The
uncontrollable growth, especially at high capacities, poses a
risk of short circuiting. The ratio of Zneo2 to Znioo is an
important index reflecting the texture properties of
deposited Zn, which indirectly illustrates the reversibility of
electrochemical behaviors. In Fig. S8, the XRD shows that an
enormous rise of the ratio is observed for GOI4@Zn at
different operational capacities, while it is decreased for
pure Zn (Table S2), implying the controllable and
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homogeneous plating process enabled by Zn-rich GOI4 layer.
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Figure 2 The effect of GOI4 on the reversibility of deposition behaviors. a) The deposition morphologies of bare Zn and (b) Zn anode after peeling
off the GOI4 layer. c) The 3D CLSM images of bare Zn and (d) Zn under GOI4 layer. e) The CA curves of bare Zn and GOI4@Zn. f) In-situ DEMS of
GOI4@Zn and bare Zn symmetrical cells. g, h) The HER measurement and LSV test for bare Zn and GOI4@Zn, respectively. i, j) The corrosion
morphologies of Zn anode under GOI4 layer and bare Zn anode after soaking in electrolyte for 7 days, respectively.

The suppression of hydrogen evolution reaction (HER) is
crucial since metal corrosion at interface will affect transfer
process of Zn?* and final morphologies as well as
reversibility of plating/stripping process [23, 24].
Differential electrochemical mass spectrometry (DEMS) was
exploded to determine HER of Zn symmetric cells during the
Zn stripping/plating at a current density/capacity of 2 mA
cm? for 0.5 h. As shown in Fig. 2(f), compared to the pure Zn
cell, GOI4@Zn symmetrical cell generates little Hz peak,
while an improved H: evolution flux is captured for pure Zn
symmetrical cell as an increase of cycling time. The HER
potential is tested in Na2SOa electrolyte (Fig. 2(g)). Notably,
the onset potential of HER of GOI4@Ti shows a significant
shift to -0.15 V from -0.1 V, which confirms the ability of
GOI4 layer to suppress the decomposition of Hz0. The linear
scanning voltammetry (LSV) tests were performed to
evaluate the inhibition property of metal corrosion (Fig.
2(h)). Compared to high corrosion current (16.2 pA cm?) of
pure Zn, the GOI4@Zn is 0.1 pA cm?, meaning that the
protective layer successfully inhibits occurrence of HER. In
addition, the corrosion potential of bare Zn is measured to be
-6.8 mV and then shifts to -1.1 mV after coating GOI4, further
implying the organic-inorganic SEI is able to strip solvation
H20 and preclude penetration of free H20. The self-stability
during rest time is of significance for long lifespan, which can
be reflected by corrosion of metal anode. The XRD patterns

days soaking in electrolyte, while there is no appearance of
additional peak features for GOI4@Zn, indicating the
chemical stability at interface [25]. From SEM image of
soaked anode, the surface of Zn anode under GOI4 layer
preserves its initial smooth morphologies (Fig. 2(i)), while
abundant micro sheets are observed for Zn anode without
protective layer (Fig. 2(j)). These results again confirm the
effective restriction of by-products generation through GOI4
protective layer, contributing to less propensity of
uncontrollable growth, demonstrate by higher the columbic
efficiency based on the Aurbach CE value (Fig. S10).

2.3 Fast Zn?* migration mechanism

The deposition process of Zn?* is involved with the
desolation  behaviors, penetration from SEI and
electrochemical reduction, which are intimately related to
the interfacial properties. The desolvation process is
characterized by desolvation energy calculated by Arrhenius
equation based on the temperature-dependent EIS
measurements (Fig. S11). The values of GOI4@Zn and pure
Zn are 20.4 and 30.3 KJ mol?, respectively, demonstrating
that GOI4 layer promotes fast detaching of solvated water,
leading to quick ion transfer (Fig. 3(a)) [26, 27]. Based on the
ion transfer number measurement (Fig. S12 and S13), the
GOI4@Zn and pure Zn electrode exhibit 0.36 and 0.09,
respectively, further confirming that the organic-inorganic
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Figure 3 The Zn?** migration mechanism of GOI4@Zn and bare Zn. a) The desolvation energy. b) The critical current density. ¢) The ion
conductivity. d) EIS curves of GOI4@Zn|| GOI4@Zn at different cycles. e, f) The GITT curves and ohimic+interfacial polarization potential. g) The
concentration polarization potential. h, i) The concentration gradient at anode interface. j) The distribution of relaxation times (DRT)
measurements of GOI4@Zn and Zn symmetrical cells (k) at different temperatures.

layer can improve ion transfer performance. The
acceleration effect enables the anode with favorable merit
for high current tolerance. The critical current/capacity test
shows critical current density of GOI4@Zn is higher that of
pure Zn anode (Fig. 3(b)), which is related to the higher ion
conductivity (Fig. 3(c) and Fig. S14). The excellent transport
performance can be demonstrated by impedance spectrum
characterization at different cycles (Fig. 3(d)), where
GOI4@Zn has lower resistances than those of pure Zn (Fig.
S$15), suggesting that GOI4 can enable fast ion transfer owing
to the supplement of Zn?* at interface and intrinsic electron-
rich structure. Galvanostatic intermittent titration technique
(GITT) was used to titrate an uncycled battery. Compared to
bare Zn, GOI4@Zn displays lower potential caused by ohmic
and electrochemical polarization (Fig. 3(e) and 3f). In
addition, its lower concentration polarization also
contributes to lower potential response (Fig. 3(g)),
demonstrating that GOI4@Zn effectively captures Zn?* and
accelerates their transport.

To understand the nucleation and growing mechanism of
density Zn, simulation was adapted wusing COMSOL
Multiphysics based on an established electrodeposition
model. In Fig. 3(h), significant concentration gradient is
observed over the whole surface of bare Zn, granting
inclination to produce the disordered dentrites, especially
under high current density. In contrast, the thin GOI4 layer
exhibits uniform ion flux with higher values owing to its

electronegative properties and rich adsorption sites (Fig.
3(i)). This intrinsic electric drive force can accelerate the Zn
transfer and homogenize Zn?* distribution avoiding the
charge space. As deposition time increases to 50 s, there is
no significant dentrite morphologies on the GOI4@Zn anode,
ensuring Zn homogenous deposition throughout the
electrode compared to the pure Zn (Fig. S16). To avoid the
erroneous pre-modeling of the equivalent circuit model
method that leads to possible misunderstandings, the
distribution of relaxation time (DRT) analysis that directly
distinguishes the relaxation time (t) constants of the
principal electrochemical processes was used [28]. The
deconvoluted charge transfer resistance (Rct) of the
GOI4@Zn symmetrical cell is far lower than those of Zn
symmetrical cell at all temperatures (Fig. 3(j) and 3k),
denoting much faster interfacial kinetics enabled by GOI4
layer.

2.4 The work mechanism of Zn-ion ultrafluidity

In-situ FTIR spectra (Fig. 4(a)) were recorded in one cycle
to investigate the mechanism of Zn?* plating/stripping
behaviors on GOI4@Zn. During the discharge process, the
relative band intensity of -OH vibration of HGG at ~3400 cm"
1 is gradually weakened [29, 30], indicating that Zn?* is
adsorbed on the sites of HGG side chain. Then, the -OH peak
intensity recovers its pristine state during the charge
process, suggesting that Zn?* is quickly detached from these
sites. The density function theory (DFT) was carried out to
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Figure 4 The work mechanism of Zn-ion ultrafluidity. a) The in-situ FTIR of GOI4@Zn for one cycle. b) The possible binding models of HGG with
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analyze the adsorption and deposition behaviors. The
binding models of HGG with Zn?* and SO4* is shown in Fig.
4(b). The calculated adsorption energy of HGG on Zn?* and
S04% are -6 eV and 17.5 eV (Fig. 4(c)), respectively, implying
the HGG selectively adsorbs Zn?* and enforces SO4> blocking
[31]. Therefore, ZHS formation can be suppressed. The ion
transfer path can be illustrated in Fig. 4(d), where Zn?*
initially uniformly adsorbs near -OH sites of HGG
accompanying the repulsion of SO4%, and then fast transfers
between chains of HGG.

The Zn?* transport is tested using in-situ electrochemical
digital holography (EDH) in Fig. 4(e) during plating for 45s.
The evolution process of Zn?* concentration during plating at

interface (Fig. 4(f)) is tracked by measuring optical path
length distribution [32]. Compared to the bare Zn, the
interfacial color near GOI4@Zn is less changed at initial time
(0-5s), indicating that GOI4 effectively absorbs Zn ions. In
the subsequent deposition process (15-45s), the interfaces
of bare Zn and GOI4@Zn become blue, indicating that Zn?* is
constantly consumed. However, the blue color of GOI4@Zn is
lower and more uniform, indicating that the nanofluid layer
keeps the high concentration state and homogenizes the ion
flux on the interface. The 3D area charts derived from EDH
show the intensity corresponding to concentrations at
different times. During the whole migration, the
concentration of GOI4@Zn is 4 times higher than that of bare
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Zn. At time range of 1-10 s, GOI4@Zn presents slower
concentration fading, and then maintains a high
concentration nearly a constant during 15-25 s (Fig. 4(g)),
whereas bare Zn exhibits a noticeable decrease during
continuous electroreduction (Fig. 4(h)). The high
concentration distribution further demonstrates that GOI4
layer can create nanofluid to regulating Zn?* flux.

(a)

Therefore, the work mechanism of GOI4 for long
reversible cycles can be attributed to three aspects. Firstly,
the outlayer organic removes the solvated H20 preventing
accumulation of corrosion products and rearranges the ion
distribution at the interface. Secondly, the inside inorganic
with rich Zn can replenish Zn?* to avoid the formation space
charge responsible for uncontrollable deposition. Thirdly,
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Figure 5 The electrochemical performances of symmetric and asymmetric batteries for bare Zn and GOI4@Zn. a) Cycle performances of
symmetric batteries at 0.25 mAcm™/0.25 mAh cm™ and corresponding charge/discharge curves. b) The SEM image of Zn under protection of
GOI4 after 2500 h. ¢, d) Cycle performances of symmetric batteries at 5 mA cm=2/1 mAh cm™2 and 50 mA cm™2/50 mAh cm™?, respectively. e) The
high DOD of 85.4%. f) The comparison of previous work and this work. g) The cycling performances of Cu||Zn asymmetrical cell. h) The

plating/stripping curves of GOI4@Cu||Zn.

When Zn?* penetrates interfacial layer (Fig. 4(i), 4k and
4m), transfer barrier of ZHS is 0.83 eV (Fig. 3j), which is
higher than that (0.05 eV in Fig. 4(1)) of HGG and (0.21 eV in
Fig. 4(n)) of Zn-MMT, further demonstrating fast
electrochemical kinetics of GOI4 layer. These can be
attributed to the sufficient Zn supplement and nanofluid as
an electrokinetically driven dynamic concentration system
fascinating the quick ion transport. In addition, since low
crystallinity mismatch promotes the Zn?* to deposit along
customed-designed surface of substrate (Fig. S17). The
calculated low lattice mismatch & is 2%, indicating its
coherent interface with Znoo; texture [33-35].

gradient soft-coupled organic-inorganic layer with superior
mechanical strength can accommodate the volumetric
change during the repeated depositing/stripping process.

2.5 Electrochemical Performance of symmetrical cells
and asymmetrical cell

The uniform morphology coupling with suppression of
HER during the electrochemical process, is expected to
achieve excellent electrochemical performance of Zn anodes.
The galvanostatic cyclic performances of symmetric cells
were measured at multiple current densities and areal
capacities. In Fig. 5(a), the GOI4@Zn||GOI4@Zn symmetric
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Figure 6 The electrochemical performance of full batteries and pouch cells. a) Cycling performances of Zn||ZVO and GOI4@Zn||ZVO at 1 A g*. b)
The CV curve of GOI4@Zn||I;@PAC and bare Zn||[,@PAC at 1 mV s™.. ¢) The rate performances of GOI4@Zn||I;@PAC and Zn||I.@PAC full cell. d, e)
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and 2 A g, respectively. f) Voltage profile of Zn||l.@PAC and

GOI4@Zn||l:@PAC at 1 A g. g) Cycling performances of Zn||[.@PAC and GOI4@Zn||[.@PAC at 0.1 A g based on low N:P and high loading. h)

Cycling performances of pouch cell.

cell exhibits ultrastable cycling for 2700 h with smooth
potential curves, while Zn||Zn symmetrical cell generates a
sudden and irreversible voltage increase only after cycling
for 80 h at a current density/capacity of 0.25 mA ¢cm2/0.25
mAh cm. The SEM image of GOI4@Zn anode still exhibits
relative smooth surface after 2700 h (Fig. 5(b)), proving the
reversibility of oriented crystalline stacks during ultra-long
stripping/plating process. When improving the current
density (5 mA cm?/1 mAh cm?), GOI4@Zn can still deliver
excellent reversible cycling behaviors (4000 h), as shown in
Fig. 5(c). The superior results are attributed to fast ion
conductivity given by protective layer enabling anode with
remarkable kinetics, further demonstrated by rate
performances (Fig. S18). Even at 50 mAh cm2/50 mAh cm?,
the longer cycling life with 3000 h is observed for GOI4@Zn,
symmetrical cell compared to the pure Zn symmetrical cell
(Fig 5(d)). If only using the HGG and MMT coating on the
surface of Zn anode, the symmetrical batteries are failed at
short time with large potential drift (Fig S19). In addition, to
demonstrate the advantages of this structure, the

electrochemical performances of composite coatings with
different inorganic/organic ratios are measured at 5 mA cm’
2/1 mAh cm? are presented in (Fig S20). Obviously, the Zn
anode with composite coatings delivers inferior
electrochemical performance. These results can be
attributed to the fact that coating method is hardly binding
the MMT and HGG, which suffers from weak tensile strength.
In our work, the inner layer is MMT-dominated, but the less
remained HHG in inner layer can act as binder to closely
connect with MMT, contributing to strong flexible strength to
accommodate the repeat volumetric change. The high energy
density of batteries is associated with full use of metal anode,
therefore, the reversibility test at high depth of discharge
(DOD) of 85.4 % with 20 mAh cm™ was performed. As shown
in Fig. 5(e), the GOI4@Zn anode stably cycles for over 400 h
while pure Zn only operates for less 100 h, demonstrating its
high feasibility for practical application. This achieved
performance outperforms among state of state-of-art Zn-
based batteries reported in previous works in Fig. 5(f) [36-
43].
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To illustrate the plating/stripping reversibility of Zn under
SEI protection, columbic efficiency (CE) measurements were
performed by Zn||Cu asymmetric cells at a current
density/capacity of 5 mA cm2/1 mAh cm™. As shown in Fig.
5(g), the GOI4@Cu||Zn cell shows stable operation of 1375
cycles with an average CE of 99.3%, confirming its favorable
durability and superior reversibility. However, the Zn||Cu cell
only runs for 500 cycles with huge fluctuation of CE,
indicating serious side reactions and dendrite growth. Since
the inferior zincophilicity of Cu substrate, the total voltage
hysteresis of GOI4@Cu is from 116 to 139 mV (Fig. 5(h)),
which is much lower than those of bare Cu (from 400 to 800
mV) and maintains high reversibility (Fig S21). Hence, the
conclusion can be that the gradient organic-inorganic layer
with Zn replenishment greatly regulates Zn deposition
behavior, inhibits corrosion and accelerates Zn?* transports
responding to high-rate and stable GOI4@Zn anode.

2.6 Electrochemical Performances of Full Cells
To explore the practical application of GOI4@Zn anode, the
full cells are assembled by coupling with ZVO and [.@PAC
cathode. The SEM image and corresponding XRD patterns
are shown in Fig S22. The GOI4@Zn||ZVO full cell presents
stable 1000 cycles with 110 mAh g1, while the Zn||ZVO
presents lower capacity (80 mAh g!) (Fig. 6(a)). This trend
is similar to the Zn||MnO2 full cell (23). To further evaluate
the availability of GOI4@Zn, the full cell Zn||l.@PAC was
tested. From the CV curves at 1 mV s-1, it can be seen that
the GOI4@Zn||I2@PAC cell exhibits higher current than that
of @PAC||Zn full cell, indicative of enhanced interfacial
reaction kinetic (Fig. 6(b)). The rate performances analysis
was carried out from 0.2 A g! to 5 A g?! (Fig. 6(c)). The
specific SEI layer enables the full cell with 150 mAh g at 0.2
A g! and 110 mAh g! at 5 A g, whose superior results
elucidate the fast ion transfer behaviors. When tested at 1 A
g, GOI4@Zn||I.@PAC delivers a lifespan of 10000 cycles
with a capacity of 123 mAh g, while Zn||[2@PAC cell fails
quickly after 200 cycles, demonstrating that the GOI4 is
responsible for the excellent cycling performance through
suppressing the evolution of hydrogen and guiding the Zn%
transfer process (Fig. 6(d)). The charge/discharge curves
nearly are overlapped, indicative of the more excellent
cycling performances compared to the fast fading of
Zn||I.@PAC (Fig. 6(f) and S24). To illustrate the feasibility of
SEI advantages, the electrochemical performance of
GOI4@Zn||I2@PAC full battery was further evaluated at a
higher current (Fig. 6(e)). The battery with GOI4@Zn as
anode delivering an ultra-long life of 20000 cycles is realized
for GOI4@Zn||I.@PAC and its capacity still maintains 120
mAh g1 with 87.5% capacity retention. The same trend is
observed at 3 A g, confirming the favorable merits
promoting the stable Zn plating/stripping process (Fig. S25).
To further demonstrate practical application, we select
[2@PAC as cathode with low N:P ratio and poor electrolyte,
and then test the cycling stability of pouch cell. In 20 pL
mAh? electrolyte (Fig. 6(g)), GOI4@Zn||[.@PAC battery at
low N:P (2.4:1) exhibits a long lifespan of 100 cycles with a
high-capacity retention of 77.8%, while Zn||[.@PAC suffers
from lower capacity, demonstrating positive effect of
protective layer on stability of anode. The pouch cell with a

capacity of ~0.5 Ah is measured at low current density of
0.15 A g! and still maintains a capacity of 0.43 Ah after 245
cycles with small capacity fading (Fig. 6(h)), which can light
a LED (Fig. S26). Therefore, such thin SEI layer with gradient
organic-inorganic to induce dense oriented crystalline Zn
deposition bears practical potential and should be
considered for the large-scale deployment of metal batteries.

3 Conclusion

In summary, a gradient layer with Zn?*-rich replenishment
was covered on the surface of Zn anode, where Zn-based
MMT inorganic is mainly anchored below the organic HGG
layer. This special configure can provide robust flexibility
enabled by HGG and stiff strength gifted by MMT to improve
volumetric change tolerance. The abundant Zn in GOI4 layer
acts as nanofluidic concentrators for the efficient trapping
and release of collected ions to inhibit concentration
polarization, and its intrinsic -OH graft delivers rapid
dynamic and adsorption sites. This design synergistically
modulates the distribution of Zn?* and sufficient ion
supplement to ensure the uniformity of Zn?*/Zn conversion.
Leveraging these advantages, the GOI4@Zn||GOI4@Zn
symmetric cell delivers an excellent cycling performance
(3000 h) at an ultrahigh current density and capacity (50
mAh ¢cm?/50 mA cm?). Additionally, the GOI4@Zn||l2@PAC
cell demonstrates stable cycling performance with a capacity
retention rate of 87.5% after 20000 cycles at 2 A g. The
widespread production of GOI@Zn not only provides a
convenient and cost-effective fabrication method but also
ensures the stable deployment of the Zn anode.

Electronic Supplementary Material: Supplementary
material (please provide the brief detail of the ESM) is available
in the online version of  this article  at
https://doi.org/10.26599/NR.2026.94909106.
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Experiments:

Materials:

Zn(0Tf)2 (98%), hydroxymethyl guar gum (HGG, 98%), Glutaraldehyde (25%), CMC and PVDF (98%), purchased from Aladdin
Ltd. V205 (99%) and iodide (I2, >99.8%) were purchased from Shanghai Macklin Biochemical Technology Co., Ltd. The carbon
papers were purchased from Nanjing XFNANO. Glass fibers were purchased from Whatman. Zn foil was purchased from
Sinopharm Chemical Reagent Co, Ltd. Ketjen black, Ti foil (99.9%) were purchased from Canrud. Zn-based
montmorillonitewere (98%) was purchased from Bidepharm Ltd. Porous activated carbon (PAC) was purchased from
Sinopharm Chemical Reagent Co,. Ltd.

The preparation of GOIs@Zn, HGG@Zn and MMT@Zn.

The GOIs@Zn electrode was synthesized by spinning the solution containing Zn-based MMT (Zn-MMT) and HGG on the surface
of Zn foil and then dried at 60 °C for overnight. According to the weight ratio of HGG to MMT, the products are assigned as
GOI2@Zn, GOI4@Zn and GOI6@Zn at 2:1, 4:1 and 6:1, respectively. The HGG@Zn and MMT@Zn are prepared using the same
method.

The preparation of CCs@Zn.

The CCs@Zn electrode was synthesized by spinning the solution containing Zn-based MMT (Zn-MMT) and HGG on the surface
of Zn foil through stepwise method, where Zn-based MMT is first spined and then dried at 60 °C for overnight, and then HGG is
spined and dried. According to the weight ratio of HGG to MMT, the products are assigned as CC2@Zn, CC4@Zn and CC6@Zn at
2:1,4:1 and 6:1, respectively.

The preparation of .@PAC

The loading of Iz was conducted by the melt-diffusion method. First, I> was mixed with porous activated carbon (PAC) in a mass
ratio of 2:1. After fully grinding, the mixture was transferred into the tube furnace and heated for 10 h at 115 °C in Ar
atmosphere. Finally, the I2@PAC was obtained. I cathode contents is 67.2 wt%.

Materials characterization:

The surface morphologies of materials were observed by field emission scanning electron microscope (FESEM) with energy
dispersive spectrometer (EDS). The crystal pattern was analyzed by X-ray diffraction (XRD). The chemical states and chemical
compositions were characterized by X-ray photoelectron spectroscopy (XPS), Fourier Transform Infrared Spectrometer (FTIR).
The mechanical properties and surface potential could be accurately analyzed using atom force microscopy (AFM) with Kelvin
probe force microscopy model and Force modulation model. The HER activity of zinc anode is investigated by differential
electrochemical mass spectrometry (DEMS). The wettability of materials is obtained by the contact angles measurements.

Electrochemical characterization:

The symmetric and asymmetric batteries were assembled by using Zn foil, glass fiber separator, and Ti foil to test the stability
and morphologies using Land Battery Test System. The cathode was prepared by mixing active materials with Ketjen black and
CMC in a fixed ratio of 70:20:10 coated on the carbon paper. The Zng25V20s (ZVO) was prepared according to the previous
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paper. Layered MnO; nanodots was prepared according to the previous paper?. The active mass loadings of [,@PAC and ZVO in
button cell are 2-3 mg cm?, and electrolytes added to the cells is 60 pL. For the pouch cell with 2 cm*3 cm, we selected thin Zn
foil as anode, [@PAC cathode with 7.5 mAh was placed on either side with a fixed N/P ratio of 2.4 with 60 pL the electrolytes,
and the pouch cell was tested by galvanostatic charge/discharge method at 0.1 A g'. The corrosion potential and current were
analyzed by conducting a linear polarization method from 0.2 V to -0.2 V with a scan rate of 1 mV s in symmetric Zn||Zn
batteries. The EIS data were carried out at a frequency range from 100 kHz to 0.1 Hz. The active energy was obtained by fitting
the interfacial impedances tested at different temperatures ranged from 10 °C to 60 °C. The voltage ranges are 0.3-1.5 V in
Zn||ZVO batteries, and 0.5-1.6 V in Zn||[.@PAC batteries.

The accurate Aurbach CE test was performed in Zn||Cu cells, which can avoid the influence of the Cu substrate on the result.
Specifically, 2 mA h cm2 Zn was deposited onto the Cu foil at 0.5 mA cm?, and then fully stripped to 0.5 V. Subsequently, 2 mA h
cm? (Qr) of Zn was plated onto the substrate, followed by repeated Zn stripping/plating cycles at a constant capacity of 0.5 mA
h cm (Qc) and current density of 0.5 mA cm2 for 20 cycles (n). Finally, the cells were charged to 0.5 V (Qs). The Aurbach CE
value can be calculated using eq 1.

nQc+Qs

Average CE =
nQc+Qr

eql

In-situ electrochemical digital holography (EDH)

EDH was tested by using quartz colorimetric dishes to build symmetrical batteries, and the cells were charged at 10 mA cm™.
The side where electrodeposition occurs was observed. The holographic monitoring system was employed to observe Zn
deposition in a symmetric cell using a 2M ZnSO4 electrolyte. The counter electrode was a bare Zn electrode, while the working
electrode was different Zn plates. The digital holography method utilized a Mach-Zehnder interferometer optical setup and was
explained in a previous publication. A charge coupled device (CCD) camera was utilized to document the dynamic processes.
The zinc/solution interface holograms for various plating times were analyzed using numerical methods. when Zn is
electrodeposited, the change of the ion concentration on the liquid side of the electrode/electrolyte interface results in changes
in the refractive index of the electrolyte (An), and interference fringes will appear on the hologram when the following
condition is satisfied:

An= (2i+1)A/2d eq?2

where i is an integer representing the order of the fringe, A is the wavelength of the laser light, and d is the thickness of the
solution layer in which the concentration changes in the direction of the optical axis. After the numerical reconstruction, the
interference fringes are connected to the phase maps, which can visually and dynamically present the relevant ion
concentration evolution of the diffusion layer during the deposition process. Chemical reactions may alter the concentration of
certain species in the solution during deposition, deposit formation, and surface passivation film on the electrode surface. Such
phase changes result in phase changes that can be numerically described. At this very moment, the relationships among the
concentration change of the electrolyte (AC), the refractive index variation (An) and the phase difference (A®) at the
electrode/electrolyte interface are as follows:

AC= kAn=k(A/2nd) AD eq3

The theoretical calculation:
To investigate transition states and minimum-energy path-ways of atom transfer, we used the climbing-image nudged elastic
band (CI-NEB) method. In particular, we used 7 images (including initial and final states) to model Zn atom transfer through
PVA, Zn-MMT and OIS-SEI The convergence parameters for the electronic and ionic relaxation during the CI-NEB calculation
were 10-5 eV and -0.02 eV/A, respectively. During a CI-NEB trajectory, we keep the volume and shape of the supercell fixed to
that of the initial state (only atomic coordinates relaxed). The vacuum slab models are used to calculate the adsorption of
different species on Zn (002), (101), and (100) planes. These Zn slabs comprise four layers Zn atoms in 3x3 super cell, and the
top two-layer atoms are releasable during the geometry optimization. The adsorption energy (Eabs) is calculated using the
following equation:

Eabs = Etotal - (Esurface + Eadsorbate)
where Etotal, Esurface, and Eadsorbate represent the total energy of the Zn facets combined with different species, Zn facet,
and electrolyte species, respectively.

The simulation of electrochemical behaviors:

Utilizing the COMSOL Multiphysics 6.3 software, the finite element analysis was conducted to scrutinize the ion flux, electrical
field distribution and electrochemical behavior of Zn?*. In the two-dimensional geometric simulations model for Zn%
deposition, to simulate the growth of dendrite, we use phase-field approach through solved the following equations based on
general PDE and a time dependent solver.

==Ly + [5(51) —kv2E1] —Ln « K D) » {exp [ | ~ Srexp [S57]} (1)
22 —— Ly * [g (2) — kV2E2] — max { — h'(E1) » '(82) * {exp [ ] - Swexp [“2} b+ 2 (2)
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E _ off DffenFy _ E
at v [D Ve+ RT ] s e 3)
V[c*Ve] = nch% 4)

The system size is chosen to be 6*6 um?. The mesh size is applied manually, and the maximum element size is set to be 0.05 pm.
Dirichlet boundary conditions are applied to solve the Zn?* concentration (C_Zn?*) and electric potential (¢), while zero flux
boundary conditions are applied for order parameters &1 and & 2. The value of @ is set to be -0.2 V at the anode (left boundary)
and 0 V at the right boundary of the half-cell, whereas the value of C_Zn?* is set to be 2 mol L' at the right boundary
(Supplementary Fig.1). The initial value of the Zn?* concentration in the electrolyte solution is assumed to be 2 mol L. The
temperature is 298 K.
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Fig. S1 The full XPS curve of Zn-MMT.
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Fig. S3 The contact angles of OIS-SEI@Zn and bare Zn electrode.
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Fig. S4 The cycling performances of GOI2@Zn, GOI4@Zn, GOI6@Zn at 5 mA cm?/1 mAh cm™.
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Fig. S5 The SEM images of bare Zn (a) and GOI4@Zn (b) after 400 h.

@

Fig. S6 The SEM images of bare Zn and Zn anode (a) after exploiting GOI4 layer (b) after 400 h.
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Fig. S7 The in-situ optical microscopy of GOI4@ Zn and bare Zn at 5 mA cm-2.
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Fig. S8 The XRD patterns of bare Zn (a) and GOI4@Zn (b) at different deposition capacities.
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Fig. S9 The XRD patterns GOI4@Zn and Zn soaking in 2M Zn(OTf)2 electrolyte at different days.
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Fig. S10 Columbic efficiency of GOI4@Zn||Cu and Zn||Cu cells tested using the Aurbach method.
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Fig. S11 The EIS curves at different temperatures for GOI4@Zn||GOI4@Zn (a) and Zn||Zn (b).
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Fig. S12 The EIS curves of GOI4@Zn||GOI4@Zn (a) and Zn||Zn (c) after initial state and after polarization. The CA curves of
GOI4@Zn||GOI4@Zn (b) and Zn||Zn (d) at 10 mV.

Note: The measured metal anode is soaked in electrolyte for several days.
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Fig. S13 The transfer numbers of GOI4@Zn||GOI4@Zn and Zn||Zn.

20

—@— GOH@Zn
—0—Pure Zn

2 4 6 8 10
Z' (Ohm)

Fig. S14 The EIS curves of GOI4@Zn||stainless steel and Zn||stainless steel.
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Fig. S15 The EIS curves of symmetrical cell Zn|| Zn at different cycles.
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Fig. $18 The rate performances of symmetrical cell of GOI4@Zn and bare Zn.
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Fig. S19 The cycling performances of symmetrical cell HGG@Zn and MMT@Zn at 1 mA cm?/1mAh cm™.
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Fig. 20 The cycling performances of CC2@Zn, CC4@Zn, CC6@Zn at 5 mA ¢cm?/1 mAh cm?.
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Fig. S21 The cycling performances of asymmetrical cell bare Zn||Cu at 5 mA cm?/1 mAh cm™.
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Fig. $23 The cycling performances of Bare Zn|[MnO; and GOI4@Zn|MnO; at 1 A g’

200]
150 1 ¢ -

o
s
£
> ¢ _
= > GOI4@Zn||MnO,
g 100+ ) Bare Zn||MnO,
a
(4]
S
&
‘S 50-
@
o
w
0 T T T
0 400 800 1200

Cycle number (n)

25/28



Nano Research | Vol. XX, No. XX

Firstauthor et al.

1.64
\
i K =
— 100"
% 124 200"
T 3 —300"
=]
= 400
> 1.0 by —500“'
600"
0.8 -
06 Bare Zn|L,@PAC
0 Slﬂ lllll] 150 260
Specific Capacity (mAh g™)

Fig. S24 The charge/discharge curves of GOI4@Zn||l.@PAC full cellat 1 A g%.
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Fig. $25 The cycling performances of GOI4@Zn||l;@PAC and bare Zn||I;@PAC full cellat 3 A g*.

Fig. $26 The pouch cell can light a LED.

Table S1 The elemental content ratio of GOI4.
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Elemental content

Zn 0 Si Al

GOI4 5 57 16 21

Table S2 The ratio of Znoo2 to Zn100 at different deposition capacities for GOI4@Zn and bare Zn.

Depositing capacity (mAh cm?)

0 3 5 10
GOI4@Zn 2.03 2.72 3.39 3.89
Zn 2.03 2.03 1.05 0.61
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