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Aqueous zinc-ion batteries persistently encounter interface issues stemming
from the water-rich electrical double layer and unstable solid-electrolyte

interphase, drastically compromising reversibility and cyclability. Here we

show that trace amounts of nonionic amphiphilic polysorbate additives pro-
mote the formation of water-shielding electric double layer and stabilize solid-
electrolyte interphase for practical zinc-ion batteries. We demonstrate that
polysorbate molecules can produce preferential chemisorption and direc-
tional arrangement on the Zn anode, spontaneously forming water-shielding
layer to suppress the water-related side reactions. Simultaneously, polysorbate
molecules can assist the construction of organic-inorganic hybrid interphase,
which effectively regulates the uniform distribution of electric field and guides
preferential orientation Zn deposition to achieve ordered plating/stripping
with high Zn utilization. Consequently, the polysorbate-containing electrolyte
enables a long cycle life of 8060 h at 1 mA cm™, 1 mAh cm™ for Zn||Zn cell, and
highly reversible Zn plating/stripping in Zn||Cu cell over 3900 cycles. The full
cells paired with V,0s/rGO and MnO, deliver the improved capacity and sus-

tained stability.

Rechargeable aqueous zinc-ion batteries (ZIBs) have been considered
as transformative candidates for broad-scale energy storage applica-
tions, primarily driven by the exceptional merits of metallic zinc (Zn)
anodes. These advantages encompass high theoretical capacities
(820mAhg? and 5855mAhcm™), competitive electrochemical
potential (-0.762 V vs the standard hydrogen electrode), satisfactory
natural abundance, and low cost'**. Moreover, the inherent chemical
stability and intrinsic safety profile of Zn metal further position it as an
ideal anode material for developing economical and energy-dense
aqueous battery systems. Nevertheless, the commercialization of ZIBs
is impeded by interfacial degradation cascades: rampant growth of Zn
dendrites, inevitable corrosion reactions, parasitic hydrogen evolution
reaction (HER), and inefficient Zn utilization, collectively depressing
Coulombic efficiency (CE) and cycle life below industrial thresholds>®.

Generally speaking, chemical corrosion and parasitic reactions of Zn
anode by water-rich electrical double layer (EDL) and water-
decomposition dominated solid-electrolyte interface (SEI) account
for the unstable and irreversible ZIBs, especially under harsh
conditions’. This interfacial instability mandates excessive anode
thickness to offset irreversible Zn consumption, directly compromis-
ing system-level energy density and cost-effectiveness®. Under such
circumstances, it is essential and indispensable to develop ZIBs with
highly reversible and stable Zn chemistry for practical applications.
Extensive research efforts have devoted to optimize the stability
and reversibility of Zn anodes from the point of view of structure
modification (Zn powder®'°, Zn alloy", Zn foil***, 3D architectures'),
separator modification (cellulose nanofiber films''¢, glass fiber films",
polytetrafluoroethylene membrane'®, polyethylene membrane®),
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protective coatings modification (ex situ construction®’, in situ
construction®), electrolytes optimization (functional additives?,
high-concentration electrolytes®, eutectic electrolytes®, hydrogel
electrolytes®), etc. Among these, electrolyte additives have proved to
be effective in modulating Zn?* solvation structures and suppressing
water reactivity, thereby enabling dendrite-free deposition. Moreover,
constructing a reliable and sustainable SEI on the Zn anode surface has
been identified as an effective strategy to prevent successive parasitic
reactions and regulate zinc deposition’*”. Notably, conventional
aqueous electrolytes in ZIBs inherently lack passivation agents,
necessitating high-concentration electrolytes to force anion/solvent
decomposition for SEI formation®®. Despite the boosted electro-
chemical performance, these systems suffer from the high-cost,
retarded interfacial reaction kinetics, and limited cyclability. Alter-
natively, a low dose of unstable additives was used to build in situ SEIs
via spontaneous chemical reaction®°, but the resulting SEI in these
works is often fragile and thin, unable to support long-term Zn strip-
ping/plating. Furthermore, the stringent energy density requirements
of the cell level need available zinc utilization (commonly referred to as
depth of discharge (DOD,,)) to be further increased to >50%, and the
irreversibility issue at high DODs is rarely addressed. Noteworthily,
recent insights reveal that EDL characteristics could manipulate the
interfacial water activity and Zn?* diffusion, and desolvation on the Zn
anode surface, as well as actuate the formation of the in situ SEls.
Therefore, shedding more light on the correlation between EDL
structure and SEI properties is important and could potentially enable
the formation of a stable SEI via water-shielding EDL.

Here, we propose to trace large-sized nonionic amphiphilic
polysorbate (denoted as PS) as a functional additive to engineer
water-shielding EDL and organic-inorganic hybrid SEI for practical
ZIBs. PS molecules leverage zincophilic oxygen-containing groups
and hydrophobic long carbon chain to selectively disrupt interfacial
hydrogen-bond networks, suppressing water activity while preser-
ving native Zn2* solvation structures (Supplementary Fig. 1). Both
theoretical calculations and experimental tests have demonstrated
that PS molecules could produce preferential chemisorption on the
Zn surface and form the directional arrangement at the Zn/electro-
lyte interface, which is able to spontaneously build water-shielding
EDL to suppress corrosion reactions and parasitic HER. Additionally,
PS can assist the Zn anode surface to form a stable organic-inorganic
hybrid SEI, facilitating the uniform distribution of the electric field
and the homogeneous nucleation of Zn, which can further guide the
preferential orientation of Zn (002) deposition and suppress side
reactions. Consequently, the assembled Zn||Zn cell achieves a high
rate from 1 to 40 mAcm™ and a cycling stability for 8060 h under
1mAcm™? 1mAhcm™ (450 h at 40 mAcm™, 40 mAhcm™). More-
over, the integrated Zn||Cu cell shows a high level of Coulombic
efficiency (CE) of 99.2% with cycling durability over 3900 cycles. Full
cells paired with V,0s5/rGO and MnO, cathodes demonstrate
improved zinc-ion storage capacity and sustained stability, demon-
strating broad applicability.

Results

Characterization and simulation of electrolytes

We employ the nonionic amphiphilic polysorbate (PS, structure in
Supplementary Fig. 2) as a functional additive to stabilize the Zn anode
and investigate its mechanism of action. In baseline 1M Zn(OTf),
electrolyte, a water-rich EDL exacerbates in the severe interface issues
of HER, chemical corrosion, and dendritic growth (Fig. 1a). Upon the
introduction of PS additive, PS molecules could produce preferential
chemisorption and directional arrangement on the Zn anode, spon-
taneously forming water-shielding EDL and assisting in situ construc-
tion of stable organic and inorganic hybrid SEI. The synergistic effects
of EDL and SEI significantly suppress water-related side reactions and
effectively homogenize the distribution of solvated Zn*, tailoring the

Zn?** diffusion flux, achieving ordered planar plating/stripping. Elec-
trostatic potential (ESP) analysis confirms oxygen atoms in PS serve as
nucleophilic sites for Zn?* coordination (Supplementary Fig. 3), while
electrolyte compatibility tests reveal stable formulations across all PS
concentrations (Supplementary Fig. 4). Critically, linear sweep vol-
tammetry (LSV) shows that PS additive affords reduced hydrogen
evolution reaction (HER) potential and increased oxygen evolution
reaction (OER) potential (Supplementary Fig. 5), indicating that the
PS additive possesses the positive effect on suppressing water
decomposition.

Nuclear magnetic resonance (NMR), Raman, and Fourier trans-
form infrared spectroscopy (FTIR) were measured to characterize
the electrolyte bulk phase. Unlike it commonly occurs in the pre-
sence of an electrolyte additive, there is no significant difference in
the ¢Zn (Fig. 1b) and O (Fig. 1c) resonances of 1M Zn(OTf), elec-
trolytes with various concentrations of PS, revealing that PS additive
is not likely to affect the solvation structure of hydrated Zn*.
Meanwhile, there is no obvious variation of FTIR peaks v(S=0),
v(C-F) (Fig. 1d and Supplementary Fig. 6a) and Raman peaks v(SO5),
v(CF3), v(Zn-0) (Fig. 1e and Supplementary Fig. 6b) of 1M Zn(OTf),
electrolytes with various concentrations of PS, which proves that Zn**
still maintains a primary solvated structure and PS molecule is diffi-
cult to manipulate Zn*" solvation sheath®. Noteworthily, the blue
shift of v(O-H) peaks indicates the increased interaction between PS
and H,0 molecules, thus reconstructing the hydrogen-bond inter-
action between H,0 and PS, and further suppressing the activity of
water molecules. Moreover, Zn||Cu cell optimization identifies 1 wt%
PS as optimal, achieving 99.2% CE over 3900 cycles (Supplementary
Fig. 7). Molecular dynamics (MD) simulations were performed to
further explore the solvation structure, and MD trajectories are
provided in Supplementary Data 1-4. In the 1 M Zn(OTf), electrolyte,
the strong distribution peak of Zn-H,0 appears at 1.92 A, while the
Zn-OTf" distribution peak with weak intensity is located at 1.88 A
(Supplementary Fig. 8), which suggests that the Zn*" cations prefer to
be solvated by water. As indicated by the coordination numbers
(CNs), Zn* inner solvation shell contains on average 5.5 H,O mole-
cules and 0.5 OTf" anions. In the electrolyte with 1 wt% PS, Zn*-H,0
and Zn-OTf" peaks share the same location, and a very weak peak of
Zn*"-PS distribution with a very low coordination number (0.008)
occurs at 1.96 A (Fig. 1f, g), indicating weak interaction between PS
and Zn?*". The almost unchanged H,0 and OTf number in the Zn*
inner solvation shell suggests the PS does not alter Zn*" inner sol-
vation structure®. Besides, the X-ray adsorption fine structure (XAFS)
(Fig. 1h) further verifies unchanged Zn?* electronic states and local
coordination®™**, The similar Fourier transformation of extended
X-ray absorption fine structure (EXAFS) spectra (Fig. 1i and Supple-
mentary Fig. 9) and wavelet transform of EXAFS spectra (Fig. 1j) show
weak interaction between PS and Zn?' rather than strong coordina-
tion. This collective evidence establishes that PS has little effect on
Zn** solvation due to steric bulk and trace concentration, instead
operating exclusively through interfacial H,O sequestration.

The Zeta potential value increases from -7.89 to —2.03 mV after
the addition of PS, indicating the stronger electrostatic adsorption on
Zn surface (Fig. 1k). Compared with the contact angle of 82.6° in 1M
Zn(OTf), electrolyte (I), the contact angle between Zn foil and PS-
containing electrolyte (II) is reduced to 68.6° (Fig. 1I), which is con-
ducive to improve the uniform distribution of Zn** flux. Intriguingly,
the contact angle between 1M Zn(OTf), electrolyte and pre-soaked Zn
foil (Ill) is much smaller than that on the bare Zn, which may be
attributed to the by-product generated on the Zn metal. In contrast,
the contact angle of Zn metal in the electrolyte with 1wt% PS (IV)
increased from 68.6° to 80.1°, revealing the partial hydrophobicity of
the pre-soaked Zn foil surface. The hydrophobic tendency may be
ascribed to the directional adsorption of the PS molecules on Zn
metal, where zincophilic oxygen-containing functional groups are

Nature Communications | (2025)16:4490


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-59830-y

a unstable Zn interface random de i Y
% posits
@ I’ 2+
Jéu [} water-rich EDL serious side reaction LA ° T/Qq' [Zn(HZO)S]
» @ 20¢ @
LT e e @ v &
» ¢ ¢ . H, cycling 4,.\‘_§‘ LIPS % cycling ¢ H,0
2D diffusion &, _ & 7 59 < T o Suppress LHER o 72
, © - = >N - b
h Y % 7 4 - . B -k B
o N s hY S ~HER 4 \Q’/K ¢ _lifnited.3D.diffusion @ ZzZnatom
) /& d B L 2NN e e
5 -:.,““iw')'(’ oSE 7 LA D A3 ‘
corrosion dendrite / L ] ¢ PS molecules
Zn anode Zn anode Zn anode
1 M Zn(OTf), electrolyte plated Zn
b 677 : C |"oinoTF , d $=0 stretching e 1 v-S0, on 34508
_ H 5 wt% PS _ 5 wt% PS ! C-F stretching A v-CF, vOR a4
0 : 0] : z : a | ' :
g g : AR AN . |
£ M..—.«A 1 wt% PS 5 M’Z&f&w £ W £ L\/\N A
z ' 0.5 wt% PS 2 : 0.5 wt% PS z [~ : = [ : :
< H c v a \ H ® H i i
2 N.zs wt% PS g : 0.25 wt’ PS ,§ m s : A
- ! _— c
/N_ 1Mzn(OT), N1 M zn(0TH), - m - _J\—’_A\ _/\_
" H ! | 3433.4
-0 -5 0 5 10 154 156 158 160 162 164 1000 1100 1200 1000 1100 1200 13002800 3200 3600 4000
Chemical shift (ppm) Chemical shift (ppm) Wavenumber (cm™) Raman shift (cm)  Raman shift (cm™)
f g 0 h n
—2Zn?-0 (H,0) 2 —— Zn foil
32{ —zn?-0(OTH) loas 2 ——Zn0
—2zn*0(PS) 8 < —— 1M Zn(0Tf),
£ s 1 wt% PS
241 ! lis2  § ‘
© 16 ! 7 s 9
/ / F12e 3
1 ’ 2 o3
o
s _. -7 e S 8
. _ - E
1H OC.OQSQFQZHO _A.__ah—f-—_-o ‘o- 9655 9660 9665
0.0 02 0.4 0.6 0.8 Y 9700 9750 9800
r (nm) Energy (eV)
i 0
! 1M Zn(OTH), k I B I
s 2.03mV i 82.6° 68.6°
~ £ I 1
= 1 wt% PS . =
% Fitting "t;— g Bare Zn Bare Zn
I
= &, g, e m U v
[ £
= , ] 77:12 80.1°
o ;_x_:n(OTf)z N 1M Zn(OTH), !
e 1 ek PS i s
- — 5
4 5 6 5 Soaked Zn Soaked Zn

0 10 15

5
R (A) K (&)
Fig. 1| Characterization and simulation of electrolytes. a Schematic illustration
of the effects of the PS molecule on electrolyte and interfacial chemistry for 1M
Zn(OTf), electrolyte and electrolyte with 1wt% PS. b “Zn NMR, ¢ VO NMR in OTf",
d FTIR spectra, and e Raman spectra of the 1M Zn(OTf), electrolytes with different
concentrations of PS. f3D snapshots of electrolyte with 1wt% PS obtained from MD
simulations, and the dashed profile is a partially enlarged snapshot for the solvation
structure of Zn*". g The radial distribution functions and coordination number of
Zn**-0 collected from MD simulations. h Zn K-edge XANES spectra, and the

intensity is normalized to the edge jump for quantitative comparison. i Fourier
transform EXAFS curves and j Wavelet transforms of Zn K-edge XANES of 1M
Zn(OTf), electrolyte and electrolyte with 1 wt% PS. k The Zeta potential of 1M
Zn(OTf), electrolyte and electrolyte with 1wt% PS. 1 Contact angles of 1M Zn(OTf),
on bare Zn foil (I) and the Zn foil pre-soaked in 1M Zn(OTf), for 7 days (llI), and
contact angles of electrolyte with 1wt% PS on bare Zn foil (II), and the Zn foil pre-
soaked in electrolyte with 1 wt% PS for 7 days (IV).

preferentially adsorbed on the Zn anode, and the hydrophobic carbon
chain points toward the electrolyte. The obvious C-O-C stretch
vibration confirms the preferential adsorption behavior of PS mole-
cules on the Zn anode surface (Supplementary Fig. 10a). X-ray dif-
fraction (XRD) patterns (Supplementary Fig. 10b) and scanning
electron microscopy (SEM) images (Supplementary Fig. 11) further
indicate that obvious triflate hydroxide hydrate by-products appear on
the Zn foil soaked in 1M Zn(OTf), electrolyte, while Zn foil soaked in
the electrolyte with 1wt% PS is clean without any protuberances. Fur-
thermore, the lower corrosion current density and enhanced corrosion
potential of the electrolyte with 1 wt% PS further affirm the alleviation
of Zn corrosion reactions (Supplementary Fig. 12)*. These results
collectively infer that the Zn metal surface-anchored PS molecules
spontaneously form water-shielding EDL, simultaneously blocking
H>O access, thus suppressing water-induced side reactions and
enhancing corrosion resistance.

Highly reversible Zn plating/stripping behavior

SEM and confocal laser scanning microscopy (CLSM) were used to
study the structure evolution of Cu and Zn electrodes in the electro-
lytes with and without PS after the 50th plating. From Cu electrodes,
1M Zn(OTf), electrolyte induces dendritic Zn protrusions (Fig. 2a and
Supplementary Fig. 13-15), while the electrolyte with 1wt% PS yields
compact, planar deposits. This morphological control correlates with
larger nucleation overpotential (NOP) of the electrolyte with 1wt% PS
(97 mV), increased by 54 mV compared to the 1 M Zn(OTf), electrolyte
(Supplementary Fig. 16)***’. Analogously, the Zn anode displays step-
ped morphology without aggregated by-products than those of the Zn
anode in the 1M Zn(OTf), electrolyte (Fig. 2b and Supplementary
Figs. 17-19), indicating that the PS additive enables uniform nucleation
and regulates homogeneous Zn*" deposition behavior. The surface
geometry and potential of cycled Zn anodes in the electrolytes with
and without PS were characterized by atomic force microscopy (AFM)
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Fig. 2 | Impact of PS on Zn plating/stripping behavior. SEM images of a Cu
electrodes and b Zn anodes in1 M Zn(OTf), electrolyte and electrolyte with 1 wt% PS
after 50 cycles at 2 mA cm™and 2 mAh cm™. AFM and KPFM images of Zn anodes in
(c) 1M Zn(OTf), electrolyte and (d) electrolyte with 1wt% PS after 50 cycles at
2mA cm™2and 2 mAh cm™. e The 2D GIWAXS results and (f) (002) pole figures of Zn

Time (s)

anodes in 1M Zn(OTf), electrolyte and electrolyte with 1 wt% PS after 50 cycles at
2mA cm™ and 2 mAh cm™ The change of feedback current by SECM area scan with
the feedback mode on cycled Zn anode surface in (g) 1M Zn(OTf), electrolyte and
(h) electrolyte with 1wt% PS. i Chronocoulometry and mass changes based on
EQCM in different electrolytes at a scan rate of 10 mVs™.

and Kelvin probe force microscopy (KPFM). The cycled Zn anode using
1M Zn(OTf), electrolyte exhibits a rough morphology with average
height of 270.2 nm and high surface potential of 131.5mV (Fig. 2¢). In
contrast, the Zn anode in the electrolyte with 1wt% PS showcases a
relatively flat surface morphology and even the distribution of electric
field (Fig. 2d). Therefore, the PS can not only relieve electrochemical
corrosion, but also organize Zn*" deposition to obtain dendrite-free
Zn anode.

Crystallographic evolution of cycled electrodes was probed via
X-ray diffraction (XRD) and wide-angle XRD (WAXRD) pole figure
analysis. The Cu electrode in 1M Zn(OTf), electrolyte appears to have
evident peaks of side products indexed to Zn,(OTf),x., H,O (Supple-
mentary Fig. 20a, b), which are not by-products in PS-containing
electrolyte. Obviously, the diffraction peaks of the CuZns phase are
detected for the Cu electrode in the electrolyte with 1wt% PS. As
previously reported, this CuZns phase is produced from the dissolu-
tion of Zn atoms into the Cu surface, which could regulate the Zn initial
nuclei formation, compact growth of Zn, and suppress the dendrite
growth®*°, From the Zn anode (Supplementary Fig. 20c), XRD pat-
terns clearly confirm the presence of by-product in 1M Zn(OTf),
electrolyte, while the electrolyte with 1wt% PS retains phase purity.
Moreover, the increase of peak intensity of the (002) plane for Zn
anode in PS-containing electrolyte demonstrates that PS molecules
can guide preferential orientation of Zn (002) deposition to achieve
ordered planar plating/stripping. Moreover, both the Cu electrode and

Zn anode in the electrolyte with 1wt% PS exhibit flat and smooth sur-
faces after 50 cycles at 10 mA cm™ and 10 mAh cm™ (Supplementary
Figs. 21 and 22). As shown in WAXRD pattern, three disordered Debye
rings of cycled Zn anode clearly emerge in 1M Zn(OTf), electrolyte,
representing (101), (100) and (002) planes (Fig. 2e). On the contrary,
the deposited Zn in in the electrolyte with 1 wt% PS exhibits the highest
diffraction intensity of (002) plane, indicating the preferred (002)
plane growth**2, Moreover, the higher pole intensity of the (002)
texture with concentrated distribution for Zn cycled in the electrolyte
with 1wt% PS validates the prominent (002) plane growth (Fig. 2f and
Supplementary Fig. 23). Previously reported results have demon-
strated that the Zn anode with more exposed (002) planes can guide
the Zn?* deposition, and restrain chemical corrosion and HER activity*.

Scanning electrochemical microscopy (SECM) quantified inter-
facial ion flux homogeneity using a four-electrode configuration
(Supplementary Fig. 24a). In 1M Zn(OTf), electrolyte, the cycled Zn
anode represents uneven electric field distribution and an obvious
response current peak owing to tip-induced charge accumulation
(Fig. 2g)***. However, the SECM image of the cycled Zn anode in the
electrolyte with 1wt% PS exhibits homogeneous electric field dis-
tribution and a minimal response current difference of 0.20 nA (Fig. 2h
and Supplementary Fig. 24b), revealing highly uniform distribution of
Zn?* after the introduction of the PS, which effectively restrain the
growth of Zn dendrites. Furthermore, in situ electrochemical quartz
crystal microbalance (EQCM) combined with cyclic voltammetry (CV)
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Fig. 3 | Stability and mechanism understanding of zinc anodes in Zn(OTf),
electrolyte with or without PS. a Absorption energy comparison of H,O and PS
molecules on different Zn crystal planes. b The charge density difference of H,O
and PS molecules on Zn (101) surface (yellow and blue semi-transparent clusters
represent the electron accumulation and depletion, respectively). ¢ Double layer
capacitance at Zn electrode surface, d Arrhenius curves and comparison of acti-
vation energies, and (e) Chronoamperometry test of Zn electrode in 1M Zn(OTf),
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electrolyte and electrolyte with 1wt% PS. Insets: schematics of the Zn*" diffusion
and deposition on the Zn anode. f Three-dimensional in situ Raman spectra of
v-0-H during Zn plating process, g, h In situ FTIR spectra of Zn plating/stripping
process, i In situ optical microscopy images of Zn plating process, and in situ EIS of
Zn||Zn symmetric cells during Zn plating process in (j) 1 M Zn(OTf), electrolyte and
(k) electrolyte with 1wt% PS under 5 mA cm™. I Real-time pH variation near the
surface of the Zn anode at 5mAcm™.

was used to further verify the dynamic nature of the PS molecules,
which accurately monitor the mass change of the working electrode
during the Zn plating/stripping processes. Distinctly, the Zn anode in
the electrolyte with 1wt% PS shows the less mass gain in plating pro-
cesses than 1M Zn(OTf), electrolyte, suggesting the improved rever-
sibility (Fig. 2i). In addition, due to the accumulation of by-products on
the Zn anode, the residual mass would increase with cycles in 1M
Zn(OTf), electrolyte. The ratio of the mass change in the stripping
process to the plating process in different electrolytes, denoted as the
mass efficiency, can be used to relate the side reactions. Obviously, the
mass efficiency of the electrolyte with 1wt% PS always remains above
99.8%, which is higher than that of the 1 M Zn(OTf), electrolyte. These
results confirm that PS molecules can effectively suppress side reac-
tions and improve reaction reversibility.

Mechanism understanding of the regulation of Zn
electrodeposition

Density functional theory (DFT) calculations were applied to explore
the adsorption mechanism and adsorption energies of PS/H,O mole-
cules on different Zn and Cu crystal planes. Coordinates for the opti-
mized structure of PS are provided in Supplementary Data 5.
Obviously, the adsorption energies of the PS molecule on Zn or Cu

crystal planes are all lower than those of H,O (Fig. 3a and Supple-
mentary Fig. 25, 26), confirming a stronger Zn affinity and the pre-
ferential adsorption of PS molecule on Zn anode is conducive to
reducing H,O adsorption and suppress the HER simultaneously*.
Compared with (002) Zn plane, PS molecule shows a higher adsorp-
tion energy (-2.83eV) than (101) plane (—4.01eV) and (100) plane
(-3.44 eV) and will preferentially adsorb on (101) plane, then on (100)
plane, while the (002) plane will be exposed. Zn metal with more
exposed (002) planes could not only restrain the formation of den-
drites kinetically, but also thermodynamically endow the most stable
state, suppressing the side reactions due to the lowest surface energy.
Similarly, the differential charge density distribution reveals the strong
chemical adsorption of PS towards Zn anode, which may indicate that
electrons are more inclined to transfer from PS to Zn during the con-
structed strong chemisorption process (Fig. 3b). PS restructures reg-
ulate the EDL structure and isolate water adsorption, reducing the
electrical double layer capacitance from 218.8 to 85.7 pF cm™ (Fig. 3c
and Supplementary Fig. 27), consistent with in situ EQCM showing
persistent PS adsorption (Supplementary Fig. 28)*"*%, Furthermore, the
electrolyte with 1wt% PS exhibits a lower Zn?* desolvation activation
energy of 22.3 k) mol™ (Fig. 3d and Supplementary Fig. 29) and a higher
Zn** transference number of 0.55 (Supplementary Fig. 30) compared
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to the 1M Zn(OTf), electrolyte, suggesting that the PS anchoring layer
apparently accelerates the desolvation process and further reduces
water-related side reactions®. The desolvation energy of Zn*" in the
electrolyte with 1wt% PS further demonstrates that the PS additive is
beneficial to the desolvation and rapid ion transport of Zn** (Supple-
mentary Fig. 31). Moreover, the Zn growth mechanism in different
electrolytes was studied by chronoamperometry (CA) (Fig. 3e). The
current density in 1M Zn(OTf), electrolyte continuously increases
within 400 s, indicating the rampant and uncontrolled 2D diffusion
process. As for the electrolyte with 1 wt% PS, a relatively constrained 2D
diffusion and a longstanding 3D current diffusion in the subsequent
process with a lower steady-state current response. This indicates that
the adsorption of amphiphilic PS molecules on the Zn anode hinders
the growth of the nucleus, facilitates uniform Zn deposition, and
avoids the tip effect.

The in situ Raman spectroscopy was further employed to inves-
tigate the water-shielding EDL layer and the evolution of Zn deposition
at the electrode/electrolyte interface. The peak width of O-H
stretching vibration of H,O molecules in 1M Zn(OTf), electrolyte
shows anirregular evolution during the plating process, suggesting the
nonuniformity of Zn** on the electrode/electrolyte interface (Fig. 3f
and Supplementary Fig. 32), leading to hydrogen evolution and the
formation of by-products®. The nearly constant peak intensity and
width in the electrolyte with 1wt% PS indicate the uniformity of the
Zn** distribution and stability of the desolvated interfacial H,O mole-
cules. The considerable Raman signal at 1030 cm™ deriving from OTf
could be utilized to analyze the concentration changes of Zn?*"*%, A
obvious decay of the spectrum intensity in 1M Zn(OTf), electrolyte is
determined during Zn plating, while the almost constant intensity of
the Raman signal in the electrolyte with 1wt% PS, which indicates that
the introduction of PS can improve the consistency and uniformity of
Zn* distribution (Supplementary Fig. 33a). Additionally, in 1M
Zn(OTf), electrolyte, the concentration of H,O and OTf" at the zinc
interface increases with electrode process due to the gradual deso-
Ivation of zinc ions. Furthermore, the regular and periodic intensity of
the v(Zn-0) peak in the electrolyte with 1wt% PS further verifies the
dynamic and stable adsorption/desorption behavior on the Zn anode
surface (Supplementary Fig. 33b). Simultaneously, in situ FTIR spectra
during plating and stripping processes were further studied for the
analysis of the coordination environment and interfacial chemistry
(Fig. 3g, h). During the plating and stripping process, the stretching
vibration peaks of v(S = 0), v(C-F), and v(C-O-C) in the central region
of 1M Zn(OTf), electrolyte experience unordered fluctuation, sug-
gesting significant side reactions of active H,O molecules and OTf"
anions at the Zn electrode/electrolyte interface®. Obviously, the uni-
form variation of the stretching vibration peaks definitively reveals the
suppression of detrimental (electro-) chemical side reactions in the
electrolyte with 1wt% PS. Moreover, the observed change in the uni-
formity of the stretching vibration peaks of C-O-C confirm that the PS
is able to move dynamically between the interfacial chemistry and
coordination environment during plating/stripping (Supplementary
Fig. 34). This spectroscopic validation further confirms that PS mole-
cule derived water-shielding EDL layer is beneficial to improve the
stability of interface chemistry and coordination environment.

The effect of PS on the Zn nucleation and deposition behavior is
minutely recorded using in situ optical microscopy (Fig. 3i). 1M
Zn(OTf), electrolyte fosters dendritic protrusions with vigorous HER,
while the electrolyte with 1wt% PS achieves planar deposition and
near-complete HER suppression. In situ EIS of symmetric cells was
further employed to investigate the interfacial electrochemical stabi-
lity and the evolution of the Zn?* transport kinetics (Fig. 3j, k). The
precarious Zn/electrolyte interface in the 1M Zn(OTf), electrolyte
exhibits a progressive decrease in interfacial impedance, originating
from the fast electrochemical reduction kinetics of Zn*, causing non-
uniform zinc deposition. In sharp contrast, the zinc anode in the

electrolyte with 1wt% PS undergoing continuous cycling sustains a
stable interfacial impedance, ascribing to the collaboration between
water-shielding EDL and stable SEI. Furthermore, in situ EIS after each
Zn plating/stripping cycle was also explored (Supplementary Fig. 35).
The impedance of the cell in 1 M Zn(OTf), electrolyte fluctuates greatly
during the Zn platting/stripping cycling process, which is attributable
to the generation of Zn dendrites, “dead Zn” and the passivation of by-
products, seriously hindering the stability and reversibility of the zinc
anode™. Unlike that, the impedance of the cell using the electrolyte
with 1wt% PS tends to stabilize after experiencing small changes,
ensuring steady Zn?* transport kinetics and significantly reversible Zn
plating/stripping process. In addition, the local pH variation near the
Zn electrode would be attenuated in the electrolyte with 1wt% PS
during the deposition process, which further proves the suppressed
HER on the Zn anode (Fig. 3).

Structure characterization and formation mechanism of

stable SEI

In-depth understanding of SEI chemistry and the correlation between
EDL and SEI were explored using X-ray photoelectron spectroscopy
(XPS), time-of-flight secondary ion mass spectrometry (TOF-SIMS),
and high-resolution transmission electron microscopy (HRTEM). The
XPS spectraindicate that SEI contains the C, F, S, and O elements. In the
C 1s region (Fig. 4a), organic components (CFs;, C-0O) with minor
inorganic CO5* species were also observed on the SEI surface. The
small amount of inorganic COs*" species might form from either of
incomplete reduction of Zn?*-anion and the dissolved CO, in electro-
lytes, which participates in the generation of ZnCO5>. The CF; species
originates from either of the incomplete reduction products of OTf"
anion or trace Zn(OTf), residue on Zn surface’®, along with the feature
in the F 1s region (Fig. 4b). Therefore, the topmost surface is mainly
composed of organic components. Reduction of the OTf™ anion is
confirmed by a peak at 684.6 eV assigned to ZnF,, along with sulfites
(169.1eV), ZnS (162.4 eV) observed in the S 2p spectra (Fig. 4¢), and
S03%/CO5* (532.1eV) and ZnO (530.8 eV) detected in the O 1s region
(Fig. 4d). Moreover, the element distribution across the SEI further
confirms that the complex SEI consist of an organic-rich top layer and
inorganic ZnCO3-ZnO-ZnF,-ZnS-rich inner layer (Supplementary
Fig. 36), which will enhance Zn anode reversibility and regulate the
uniform Zn deposition. The anion-derived and inorganic-rich SEI layer
was also investigated by ToF-SIMS (Fig. 4e, f and Supplementary
Fig. 37). According to the depth analysis curves, the contents of ZnF,,
ZnS, and ZnCO; on the Zn anode cycled in the electrolyte with 1wt% PS
are significantly higher than those in 1M Zn(OTf),. Correspondingly,
the 3D tomography of F, S7, and CO3" ion fragments mainly distributes
at the inner layer, suggesting a gradient of inorganic-rich SEI formed.
The HRTEM image highlight the organic-inorganic hybrid composi-
tions, where amorphous organic component as well as the lattice
fringes of 0.29, 0.28, 0.27, and 0.26 nm can assign to ZnS (101), ZnO
(100), ZnCO3 (104) and ZnF, (101), respectively (Fig. 4g). The structure
model and possible formation mechanism of SEI are built (Supple-
mentary Fig. 38). When a complete SEI layer is formed, solvated Zn*
diffuses from the electrolyte to the SEI surface and undergoes deso-
Ivation during plating. Subsequently, it penetrates into the SEI layer
and finally reaches the Zn anode to complete the deposition reaction.
The formation of a dense and stable organic-inorganic hybrid SEI may
guide the preferential orientation of Zn deposition and suppress the
detrimental reactions.

The energy levels of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) of PS
and H,0 were examined to in-depth understand the Zn/electrolyte
interface chemistry (Fig. 4h). Particularly, PS possesses a higher energy
level of HOMO (-7.180 eV) than H,0 (-8.414 eV), suggesting that PS is
easier to lose electrons and promote the electrons transfer from PS to
Zn”. Moreover, the lower LUMO energy levels of PS (0.310 eV) than
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detected by ToF-SIMS. g HRTEM images of the Zn anode after 50 plating/stripping
cycles in electrolyte with 1wt% PS. h LUMO, HOMO isosurfaces of H,O and PS
molecules. Simulated electric field distributions during the process of Zn deposi-
tion on the Zn electrode in (i) 1M Zn(OTf), and (j) electrolyte with 1we% PS.

H,0 (2.075 eV) suggest that PS tends to be preferentially reduced on
the Zn anode. To deeply delve into the effect of PS addition on the
dynamic electric field and surface morphology of the Zn anode during
the plating/stripping processes, COMSOL Multiphysics simulations
based on finite element modeling (FEM) were carried out in the sce-
nario with or without PS additive. As the plating time increases from 5
to 15 min, the electric field is chaotic and enhanced intensity on the top
of the crystal Zn seeds in 1M Zn(OTf), electrolyte, which results in the
irregular Zn* bulges and random concentration (Fig. 4i). In sharp
contrast, the introduction of PS gives rise to a homogeneous electric
field, consequently inducing uniform Zn deposition over the deposi-
tion time (Fig. 4j). In the stripping process, the dendritic and irregular
Zn stripping is observed in 1M Zn(OTf),, while Zn anode surface in the
electrolyte with 1wt% PS shows ordered and planar stripping (Sup-
plementary Fig. 39). These results illustrate that the PS adsorption
layer can regulate the uniform distribution of electric field, avoid the
tip effect and achieve ordered planar plating/stripping.

Long-term and highly utilized zinc metal anode

The Zn||Zn symmetric cells and Zn||Cu asymmetrical cells were
assembled to evaluate the reversibility and cycling stability of the Zn
anode in different electrolytes. As shown in Fig. 5a and Supplementary
Fig. 40a, introducing 1 wt% PS additive delivers stable cycling stability
and reversibility of Zn anodes. In addition, the Zn||Zn cell in the elec-
trolyte with 1wt% PS can perform a cycle lifespan of 8060 h (335 days)
under 1mA cm™ and 1 mAh cm™, which is nearly 27 times that of 1M
Zn(OTf), electrolyte (300 h). Even when cycled at high plating capacity

of 5 and 10 mAh cm™, the high stability of 4554 and 1930 h, respec-
tively. Moreover, the rate performance of the Znl||Zn cell shows a
steadier voltage profile at various current densities in the electrolyte
with 1wt% PS (Fig. 5b, ¢). When the DOD,, increased to 68.3% under
40 mAcm™? and 40 mAhcm™, the Zn anode in the electrolyte with
1 wt% PS achieved an extended cycle life of 450 h (Supplementary
Fig. 40b). The Zn||Cu cell quickly fails with a sharp decline of Cou-
lombic efficiency (CE) at high current density and high capacity
(5mA cm2and 5 mAh cm™) in the 1M Zn(OTf), electrolyte. In contrast,
the Zn||Cu cell in the electrolyte with 1wt% PS demonstrates a cycling
stability over 600 cycles with a high average CE value of 99.3% (Fig. 5d).
The corresponding capacity-voltage profiles with higher voltage
polarization and steady voltage hysteresis also prove a reversible and
stable Zn plating/stripping in the electrolyte with 1wt% PS (Fig. 5¢)*. In
addition, the rate stability of the Zn||Cu cell under different current
densities is also probed, where the cell in the electrolyte with 1 wt% PS
has significantly improved the CE in the initial cycle and maintains high
cycling stability from 0.5 to 10 mA cm™ at 1 mAh cm™ (Supplementary
Fig. 41). The initial increase of CE should be attributed to the con-
ditioning of the Cu foil surface and the formation of a stable SEIL
Moreover, even if the zinc salt is changed from Zn(OTf), to ZnSO,,
Zn(TFSI),, ZnClOy, ZnCl,, and Zn(BF,),, the electrolytes incorporating
PS molecules possess enhanced cycling stability and rate performance
(Fig. 5f and Supplementary Figs. 42 and 43), indicating that PS as an
additive is generally applicable to improve the reversibility and stabi-
lity of zinc anode. The introduction of PS additive shows competitive
electrochemical performance than most recent research (Fig. 5g, h and
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Fig. 5 | Long-term and highly utilized zinc metal anode. a The stripping/plating
performance of Zn||Zn cells with 1 M Zn(OTf), electrolyte and electrolyte with 1 wt%
PS under various current densities and area capacities. b, ¢ Rate performances of
Zn||Zn cells during Zn stripping/plating with 1M Zn(OTf), electrolyte and electro-
lyte with 1 wt% PS. d CE measurements of asymmetric Zn||Cu cells with 1M Zn(OTf),
electrolyte and electrolyte with 1wt% PS at 5mA cm™ and SmAh cm™, and (e)

corresponding voltage profiles at various cycles. f Galvanostatic cycling of Zn||Zn
cells in different electrolytes with PS additives at 0.5 mA cm™ and 0.5 mAhcm™.
g, h Comparison of cyclic reversibility in the recent reports, showing the current
density, lifespan, and depth of discharge (DODz,,). The source of the literature data
shown in these figures can be found in Supplementary Information, Tables 1 and 2.

Supplementary Tables 1-7). This performance demonstrates that the
electrolyte with 1wt% PS can effectively suppress side reactions and
dendrites under high Zn utilization.

Assembly and performance study of full cells

To further evaluate the electrochemical performance and practic-
ability of the PS additive, V,05/rGO (Supplementary Fig. 44) and MnO,
(Supplementary Fig. 45) were utilized as cathode materials to assemble
Zn||V,05/rGO and Zn||MnO, full cells, respectively. The galvanostatic
charge discharge (GCD) curves (Supplementary Fig. 46) at different
current densities show that Zn||V,0s/rGO full cell using the electrolyte
with 1wt% PS has higher reversible behavior and improved rate per-
formance. At a low specific current of 0.2A g™, the Zn||V,0s/rGO full
cell with the electrolyte with 1wt% PS exhibits a higher discharge
capacity of 363.6 mAh g™ compared to the capacity of 347.3 mAh g™ in
the 1M Zn(OTf), electrolyte (Fig. 6a). In particular, the cell with the
electrolyte with 1wt% PS delivers a fast capacitive-dominated charge
storage mechanism and ascendant discharge capacity of 159.4 mAh g™
at 10 A g . Moreover, the electrolyte with 1wt% PS elegantly boosts
the long-term durability and reversibility with an improved capacity
retention of 81.1% after 3000 cycles at 5 Ag™ (Fig. 6b). Overall, com-
pared with the previously reported ZIBs, the Zn||V,0s/rGO full cell

exhibited a large capacity and longer cyclic stability (Fig. 6¢c and Sup-
plementary Table 8), owing to the PS-induced reversible plating/
stripping electrochemistry. Additionally, the cycled Zn anode in 1M
Zn(OTf), electrolyte is covered by cluttered dendrites and pulveriza-
tion, while the Zn anode in the electrolyte with 1 wt% PS still maintains
the initial morphology and ensures smooth transport of Zn?
(Fig. 6d, e). Similarly, SEM images reveal that the cycled V,05/rGO
cathode in the electrolyte with 1wt% PS maintains the initial mor-
phology after 1000 cycles (Supplementary Fig. 47). However, obvious
sheet-like by-products were generated in 1M Zn(OTf), electrolyte,
which will impede ion transport, consume electrolyte, and reduce the
reversibility of the battery. Moreover, the galvanostatic intermittent
titration technique (GITT) further displays that the electrolyte with
1wt% PS shows higher ion diffusion coefficients during the charge/
discharge process (Fig. 6f and Supplementary Fig. 48), demonstrating
the enhanced Zn* diffusion kinetics®®. Notably, a significant
improvement in self-discharge behavior was observed upon the
introduction of PS. The full cell using the electrolyte with 1 wt% PS can
still hold 95.5% of its original capacity, surpassing that using 1M
Zn(OTf), electrolyte (79.6%) (Fig. 6g), which again indicates that the PS
effectively suppresses side reactions and V-based oxide dissolution.
More importantly, Zn||V,05/rGO pouch cells are assembled to clarify
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Fig. 6 | Electrochemical performance of full cell. a Rate performance of Zn||V,0s/
rGO full cells using different electrolytes from 0.2 to 10 A g™, the mass loadings of
V,0s5/rGO are about 1.5 mg cm b Long-term cycling performance of Zn||V,05/rGO
full cells at 5A g™. ¢ Comparison of the cycling performance of the battery in this
work with reported other ZIBs. The source of the literature data shown in this figure

can be found in Supplementary Table 8. d, e SEM images of Zn anodes dis-
assembled from Zn||V,05/rGO full cells using different electrolytes after 1000
cycles at 5 Ag™. f Zn** diffusion coefficients comparison in different electrolytes.
g The self-discharge behavior of batteries with different electrolytes. h Cycling
performance of Zn||V,05/rGO pouch cells with different electrolytes.

the application prospect. The pouch cell with the electrolyte with 1 wt%
PS delivers a high initial capacity of 216.3 mAh g at1 A g™ and capacity
retention of 78.4% after 200 cycles (Fig. 6h). Noteworthily, the pouch
cell with 1M Zn(OTf), electrolyte shows significant swelling and gas
evolution, while no signs of swelling were observed in the electrolyte
with 1we% PS (Supplementary Fig. 49), confirming that PS significantly
suppressed the side reactions. Furthermore, two serially connected
pouch cells successfully drive a motor fan, providing tangible evidence
of the great applicability potential of the designed ZIBs (Supplemen-
tary Fig. 50). Specifically, the electrolyte with 1wt% PS manifests the
positive influence of SEI It exhibits improved temperature adapt-
ability, and Zn plating/stripping behavior as well as long cycle stability
are significantly improved at both -10 °C and 50 °C (Supplementary
Figs. 51 and 52). Moreover, when replacing V,05/rGO with MnO,,
another typically unstable cathode, the Zn||[MnO, full cell in the elec-
trolyte with 1wt% PS also showed a higher reversible CE and enhanced
cycling life of 81.9% capacity retention after 2000 cycles (Supple-
mentary Fig. 53). The Ragone plots of Zn||V,05/rGO and Zn|IMnO, cells
using the electrolyte with 1 wt% PS are shown in Supplementary Fig. 54
(based on the total mass of the cathode and anode), in which specific
energy of 6.8 and 6.0 Wh kg™ are obtained for Zn||V,05/rGO and Zn||
MnO, cells.

Discussion

In summary, a large-sized nonionic amphiphilic PS is proposed to
construct water-shielding EDL and hybrid SEI for practical ZIBs. PS
molecules do not participate in the Zn?" solvation shell, but significantly
homogenize the distribution of solvated Zn*. Simulation calculations
and ex situ/in situ characterizations indicate that the PS molecules
could produce preferential chemisorption and directional arrangement
on the Zn anode, spontaneously forming water-shielding EDL and
in situ constructing stable hybrid SEI. Tuned electrolyte increased
anion decomposition on the anode, which further leads to an organic-
rich top layer and an inorganic ZnCO5-ZnO-ZnF,-ZnS-rich inner layer.
The synergistic effects between water-shielding EDL and hybrid SEI
significantly suppress HER and chemical corrosion, as well as elegantly
accelerate Zn* desolvation and guide dominant Zn (002) deposition to
achieve ordered plating/stripping. As a result, the electrolyte with 1 wt%
PS enables enhanced cycling life for 8060 h under 1mAcm™ and
1mAhcm? (450 h at 40 mAcm™, 40 mAhcm™) in Zn||Zn cell, and
highly reversible in Zn||Cu cell over 3900 cycles. More encouragingly,
the full cells paired with V,05/rGO and MnO, deliver the improved
capacity and sustained stability. We anticipate that this work inspires a
strategy for constructing stable interface chemistry to protect the
metal anode, promoting practical applications of aqueous batteries.
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Methods

Preparation of electrolytes and electrodes

The 1M zinc trifluoromethanesulfonate (Zn(OTf),) aqueous electro-
lyte was prepared using Zn(OTf), (98%, Sigma-Aldrich) and deionized
water. Different amounts of polysorbate 20 (PS) (reagent grade,
Aladdin Scientific Co., Ltd.) were added to 1M Zn(OTf), electrolyte,
maintaining weight ratios of PS to H,O at 0.25%, 0.5%, 1%, 2%, 5%, and
10% to prepare nonionic amphipathic polymer electrolytes and the
corresponding electrolytes are denoted as 0.25wt% PS, 0.5 wt% PS,
1wt% PS, 2wt% PS, Swt% PS, and 10 wt% PS, respectively. The elec-
trolytes using zinc sulfate (ZnSO,4) (99%, Sigma-Aldrich), zinc bis(tri-
fluoromethanesulfonyl)imide (Zn(TFSI),) (98%, Sigma-Aldrich), zinc
perchlorate hexahydrate (ZnClO4) (99.9%, Sigma-Aldrich), and zinc
chloride (ZnCly) (98%, Sigma-Aldrich), zinc ditetrafluoroborate
hydrate (Zn(BF,),) (chemical pure, Sigma-Aldrich) salts as based salts
were prepared with a similar method.

To prepare the V,0s/rGO cathode, 1.09g V,0s powder (99%,
Sigma-Aldrich) and 2.27 g C,H,04-2H,0 powder (99%, Sigma-Aldrich)
were added into 36 mL deionized water at 75 °C for 2 h to prepare the
VOC,04 solution. Then, the as-prepared VOC,0, solution was dropped
into 300 mL (I1mgmL™) graphene oxide dispersion (GO, Hangzhou
Gaoxi Technology Co. Ltd.) and stirred for 2 h. Subsequently, the col-
lected sample was freeze-dried and then annealed at 300 °C in flowing
argon for 2 h to synthesize V,05/rGO. To prepare the MnO, cathode, a
precursor solution was prepared by combining 0.9 g of KMnO, (99%,
Sigma-Aldrich) with 2 mL of concentrated HCI (37%, Sigma-Aldrich) in
80 mL deionized water. The mixture was continuously stirred mag-
netically for 30 min before undergoing hydrothermal reaction in a
100 mL Teflon-lined stainless-steel autoclave at 160 °C for 12 h. The
resulting precipitate was washed and dried to obtain the final product.
The cathode slurry was prepared via active materials, conductive car-
bon (Super P, Canrd Technology Co. Ltd.) and polyvinylidene fluoride
(PVDF, Canrd Technology Co. Ltd.) in 7: 2: 1 mass ratio in N-methyl-2-
pyrrolidone (NMP, 99.5%, Sigma-Aldrich) solution, then cast on a Ti foil
(20 pm, Canrd Technology Co. Ltd.). The electrodes were punched
into 10 mm disks after being dried at 60 °C overnight.

Assembly of cells

Electrolyte solutions were prepared a day before the cell assembly and
stored in the dry cabinet (25 °C). For symmetric and asymmetric cell
configurations (2032-type coin cells), which inherently include a
stainless steel spacer (1.0 mm thickness), a spring-loaded plunger
(stainless steel, 1.5kN constant force), the working electrodes, and a
glass fiber filter (Whatman GF/D) separator. For Zn||Zn symmetric cell,
two pieces of Zn foils (99.9%, Canrd Technology Co. Ltd.) with a
thickness of 100 pm were used as two electrodes. For Zn||Cu or Zn||Ti
asymmetric cell, a Cu foil (20 um thickness, Canrd Technology Co.
Ltd.) or Ti foil (20 um thickness, Canrd Technology Co. Ltd.) was used
to replace one side of the Zn foil. The volume of the electrolyte was
fixed to 80 pL. Zn||V,0s/rGO and Zn||IMnO, full batteries were assem-
bled by using V,05/rGO, MnO, as cathodes, zinc foil as anode, and a
glass fiber filter (Whatman GF/D) as the separator. The mass loadings
of MnO, are about 1.5 mg cm™ and 9.6 mg cm™. The mass loadings of
V,05@rGO in coin cells are about 1.5 mg cm™ and 8.3 mg cm™ For the
Zn||V,05/rGO pouch cells (6 cm x 6 cm), the Zn foil thickness is 20 pm,
and the mass loading of the cathode is 11.4 mgcm™. Two electrode
layers were sandwiched, and the battery was then assembled by ther-
mal sealing. The obtained pouch cell was rested for six hours before
the electrochemical test.

Materials characterization

The morphology and structure features of the samples were investi-
gated by a scanning electron microscope (JSM-6700F, JEOL), a 3D laser
confocal scanning microscope (Leica TCS SP), and a field emission
scanning electron microscope (JEOL JSM-7500F). Raman spectra were

recorded via a high-resolution Raman spectrometer (XploRA PLUS,
HORIBA Jobin Yvon SAS). Fourier transform infrared (FTIR) spectra
were recorded on a Nicolet Nexus 670. The Nuclear Magnetic Reso-
nance (NMR) experiments were performed by a 600 MHz Bruker
Avance Il spectrometer with a 5mm probe. Two-dimensional syn-
chrotron X-ray diffraction (2DGIXRD) and X-ray diffraction (XRD)
patterns were conducted by the Bruker diffractometer (Bruker DS8).
Pole image data was sourced from a Rigaku Smartlab 3 kW, and the
rotation axis was measured from O to 360°, and the tilt axis was
measured from O to 75°. The contact angles of different electrolytes on
the Zn electrode were measured by an optical contact angle system
(DSA100, KRUSS). The in situ optical images were obtained on a
polarizing microscope (BA300Pol-Motic). The Zeta potentials were
collected using Zetasizer NANOZS90. Atomic force microscopy (AFM)
and Kelvin probe force microscope (KPFM) experiments were carried
out using Bruker multimode 8. The elemental composition of the
samples was investigated by X-ray photoelectron spectroscopy
(ESCALAB 250) and Time-of-Flight secondary ion mass spectrometry
(PHI NanoTOFII). The X-ray absorption spectra (XAS) of the samples,
encompassing both the X-ray absorption near-edge structure (XANES)
and extended X-ray absorption fine structure (EXAFS), were measured
at the Singapore Synchrotron Light Source (SSLS) center. A mono-
chromator equipped with a pair of channel-cut Si (111) crystals was
utilized for this purpose. The storage ring of the synchrotron operated
at an energy of 2.5 GeV, with an average electron current maintained
below 200 mA. Specifically, the authors would like to thank Shiyanjia
Lab (www.shiyanjia.com) for the XAS analysis.

Electrochemical measurements

The linear sweep voltammetry (LSV), chronoamperometry (CA), elec-
trochemical impedance spectroscopy (EIS), and cyclic voltammetry
(CV) were tested using an electrochemical workstation (CHI760E,
Shanghai, China). The LSV measurement was carried out at a scan rate
of 1mVs™ in a two-electrode system where Ti foil was the working
electrode, Zn foil was the reference electrode, and the counter elec-
trode. Linear polarization measurements were carried out using a
three-electrode system with Zn foil as the working electrode, Pt wire as
the counter electrode, and Ag/AgCl as the reference electrode,
respectively. CA plots were measured in Zn||Zn symmetric cells at an
overpotential of =150 mV. The EIS was measured for Zn||Zn symmetric
cells with different cycles under the frequency ranging from 0.1 to
~100 kHz on AutoLab PGSTAT302N until reaching a total of 61 data
points. The EIS was measured for Zn||Zn symmetric cells with different
temperatures under the frequency ranging from 0.1 to ~100 kHz on
CHI760E until reaching a total of 73 data points. Zn foils with an area of
1cm? are used in both Zn||Zn cells and Zn||Cu cells. The performances
of Zn||Zn symmetric batteries and Zn||Cu asymmetric batteries, and full
batteries were collected by NEWARE battery test system (CT-4008 T-
5V50mA-164, Shenzhen, China) at 25 °C. The voltage window for Zn||
V,05/rGO and Zn||MnO, batteries is 0.2-1.6 V and 0.8-1.8V, respec-
tively. The GITT was implemented to investigate electrochemical
reaction kinetics and zinc-ion diffusion behavior at a specific current of
50 mA g™ and a charge/discharge time and interval of 30 min for each
step. The procedure was continued until the discharge voltage reached
0.2V. The procedure was repeatedly executed through consecutive
charge/discharge cycles. Data points are acquired at 4-s intervals
throughout the measurement period for diffusion coefficient calcula-
tion using the equation:

4 (mgVy,\? (AE\?
=T 1
e ( MgA ) AE, o
where 1 represents the duration of current pulses applied during

titration, mg denotes active material mass (g), Mg is the molecular
weight (gmol™) and Vj, is the molar volume (cm®mol™), A is the
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effective electrode/electrolyte interfacial area (cm™), AE; is open-
circuit potential variations between successive relaxation phases, AE;
is the potential variations between galvanostatic charge/discharge.
For in situ mass variation monitoring, a quartz crystal micro-
balance (EQCM 10M, Gamry) system combined with an electro-
chemical workstation (Interface 1010, Gamry) was configured in two-
electrode mode. The working electrode comprised a gold-coated
quartz resonator pre-deposited with zinc, while zinc foil served dual
functions as both counter and reference electrodes. Tests were per-
formed at a scan rate of 10 mVs™. The mass change at the EQCM
electrode surface was calculated based on the Sauerbrey equation:

Af = — CpxAm )

Where Afis the observed frequency change in Hz, Am is the change in
mass per unit area, Cy is the sensitivity factor (56.6 ng-cm™>Hz™
at 20 °C).

Molecular dynamics simulations

Molecular dynamics simulations were executed on the GROMACS
software package® with the electrolyte system comprising 130
Zn(OTF),, 3 PS, and 5717 H,0 molecules. The molecules were inserted
in a 6.4x6.4x6.4nm* simulation box randomly to build the initial
configuration. The electrostatic interactions were evaluated via PME
methods. During the simulation process, the steepest descent method
was employed to minimize the energies of the initial configurations,
thereby initializing each system. After this energy minimization step, a
200 picosecond (ps) MD simulation was performed within the NPT
ensemble to pre-equilibrate the system. The simulation utilized a time
step of 2 femtoseconds (fs). The temperature was incrementally
increased in a linear fashion from O to 298 Kelvin (K) over the course of
200 ps and subsequently maintained at 298 K until the conclusion of
this pre-equilibration phase. Subsequently, a production simulation
lasting 50 nanoseconds (ns) was executed. Throughout all simulations,
the v-rescale thermostat algorithm was used to maintain a constant
temperature of 298 K. Meanwhile, the Parrinello-Rahman algorithm
was applied to ensure that the pressure remained stable at 1
atmosphere (atm).

Density functional theory calculations

All DFT calculations were carried out using the Vienna Ab Initio Pack-
age (VASP). These calculations were based on the generalized gradient
approximation (GGA), specifically adopting the Perdew-Burke-
Ernzerhof (PBE) functional®*®®, The projected augmented wave
(PAW) method was selected to model the ionic cores and incorporate
valence electrons. The calculations utilized a plane-wave basis set with
a kinetic energy cutoff set at 450 electron volts (eV). To handle the
partial occupancies of the Kohn-Sham orbitals, the Gaussian smearing
technique was applied, with a smearing width of 0.05eV. The geo-
metry optimization conversions with forces on atoms and energy
differences were smaller than 0.02eV A™ and 107 eV, respectively. A
vacuum spacing of 18 A was established in the direction perpendicular
to the plane of the structure. All structural calculations were carried
out using a gamma-centered k-point grid of 1x1x 1. The weak inter-
action was described by the DFT + D3 method using the empirical
correction in Grimme’s scheme. The electrostatic potential (ESP) was
analyzed by the Multiwfn package and the VMD package. The
adsorption energy (E,qs) Was calculated using the following formula:

E ads = E total — E substrate — E adsorbate (3)

The Eiorat, Esubstrates aNd Eqgsorpace TEPresent the energy of adsorp-
tion structure, substrate, and adsorbate (PS/H,O molecule),
respectively.

The Gaussian 16, CO1 software package was employed to per-
form the desolvation energy calculations. The hybrid functional
PBEO functional was adopted for all calculations in combination
with the D3 version of Grimme’s dispersion with Becke-Johnson
damping (DFT-D3BJ)**%, For geometry optimization and frequency
calculations, the def2-SVP basis set was used with the integral-
equation-formalism polarizable continuum model (IEF-PCM) sol-
vation model for water®. The singlet point energy calculations were
performed with the def2-TZVP basis set, and the solvation model
density implicit solvation model, was used to account for the water
solvation effect.

COMSOL simulations

Finite Element Analysis (FEA) model was performed using COMSOL
Multiphysics with the “Tertiary Current Distribution” and “Phase Field”
modules to simulate the dynamic Zn deposition on electrodes in dif-
ferent electrolytes®’. The size of the entire two-dimensional model was
set to 2.0 xL.5um. A transient simulation of the deposition process
was conducted in a region filled with the electrolyte. The current
density was specified at 1mA cm™, and the plating/stripping process
was modeled through the application of the phase field method. The
diffusion of ion concentrations follows Fick’s first law, and the reaction
at the electrode surface follows the Butler-Volmer equation. The Zn?*
transfers by the concentration diffusion in the model follow Fick’s law
as shown in equations:

N;=J;= —D,VC; 4)
Oc.

aC‘ +V)i=R; tor ®
t

WhereJ; is the ion flux, D; is the diffusion coefficient of electrolytes, c; is

the ion concentration of electrolytes, Vc; is the concentration gradient.
The relation between the diffusion coefficient and electric mobi-

lity follows the Nernst-Einstein relation as shown in the equation:

Ni= = DVe; — zipty iFe; V@ + pc;=J; +uC; (6)
Where z; is the transfer number, u,,; is the electric mobility coefficient,

Fis the Faraday constant (96485 C mol™), ¢ is the electrolyte potential.
The reaction at the electrode surface follows the Butler-Volmer

equation:
. a,F —a,F
lioc = 1o <exp ( ;;T,I> - eXp< RL;- fl>> )

Where iy, is the local current density at the electrode/electrolyte
interface, iy is the exchange current density, o is the charge transfer
coefficient, and 7 is the activation overpotential.

Data availability

The data that support the findings of this study are available from the
corresponding author upon request. Source data are provided with
this paper.
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