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Zinc (Zn) metal is a highly promising anode material for rechargeable aqueous batteries but suffers from poor
reversibility due to dendrite formation and side reactions. Here, we demonstrate that adding trace amounts of N,
N-dimethyl-dithiocarbamylpropyl sulfonic acid sodium salt (DPS) into electrolyte can create a self-assembled
molecular interfacial layer to boost the reversibility of Zn anodes. Specifically, the hydrophobic —N—CHs
groups and the zincophilic —S groups anchor the DP™ anions onto Zn anode surface while exposing the hy-
drophilic —SO3 groups to electrolyte. The resulting self-assembled molecular layer not only effectively restricts
lateral Zn" ion diffusion but also facilitates homogeneous interfacial Zn?* ion flux, thereby promoting uniform
Zn deposition. Meanwhile, the molecular layer repels HoO molecules and SO7~ ions from direct contact with Zn
anodes, inhibiting the formation of insulating by-products. As a result, the addition of 0.2 mM DPS enables Zn||
Zn symmetric cells to achieve long lifespans of over 3200 h at 2 mA cm ™2 and 1 mAh cm ™2 and 785 h at 10 mA
cm~2 and 10 mAh cm ™2 Furthermore, a Zn||MnO, full cell using the DPS-modified electrolyte can deliver 194.6
mAh g~ after 600 cycles at 1.0 A g1, whereas the counterpart cell using pristine ZnSO4 electrolyte short-circuits
after 230 cycles. This work provides a facile, cost-effective, and efficient approach to tackling the grand chal-
lenges of Zn anodes through the use of trace additives. The proposed strategy is inherently versatile and holds

great potential for extension to other rechargeable metal batteries.

1. Introduction

With the rapid increase in the deployment of renewable energy
sources such as wind and photovoltaic power, the demand for large-
scale energy storage technology is becoming increasingly critical to
ensure grid stability [1-4]. Secondary battery energy storage has
garnered significant attention for this application due to its high energy
density, terrain-independent characteristics, and modular expansion
capabilities [5,6]. Compared to widely used lithium-ion batteries,
rechargeable aqueous zinc batteries (RAZBs) offer significant promise
for large-scale energy storage due to their inherent safety, low cost, and
environmental friendliness [7,8]. Moreover, zinc (Zn) metal anode dis-
plays a high theoretical volumetric capacity (5855 mAh cm™>) and low
electrochemical potential (—0.76 V vs. standard hydrogen electrode),
ensuring high energy density for practical use. However, Zn metal is
thermodynamically unstable in aqueous electrolytes and prone to form
dendrites during plating, posing significant challenges to the develop-
ment of RAZBs [9-11].

To date, numerous strategies have been developed to address the
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issues with Zn anodes, including electrolyte engineering [12-15],
separator modification [16,17], Zn anode structural optimization
[18,19] and surface modification [20-22]. Given that Zn stripping/
plating and associated side reactions predominantly occur at the Zn
anode-electrolyte interface, engineering a stable interface is crucial for
enhancing the reversibility of Zn anodes [23]. Coating an artificial layer
is one of the most straightforward strategies to regulate the interface.
For example, CaCOs3 [24], ZnF; [25,26] and ZnSnOj3 [27] artificial layers
have been reported to effectively prevent direct contact between the Zn
anode and the electrolyte while guiding the uniform Zn deposition.
However, ex-situ artificial layers usually suffer from poor adhesion to the
Zn anode, particularly under high areal capacities where significant
volume change can lead to protective layer detachment from anode
surface [28]. An alternative approach is to in-situ build a solid electrolyte
interphase (SEI) on Zn anode surface by introducing water-in-salt elec-
trolytes [29,30], co-solvent electrolytes [31,32], or eutectic liquids
[33,34]. The introduction of high-concentration salts or organic solvents
alters the solvation structure of Zn?* ions, which enables Zn?* coordi-
nated organic anions and solvent molecules to decompose preferentially
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before Zn deposition, thereby facilitating the in-situ formation of SEI on
the Zn surface [35]. The in-situ formed layer demonstrates good adhe-
sion to Zn anode and exhibits regenerative capability. Additionally, the
altered Zn?" solvation structure can reduce the water activity and widen
the electrochemical stability window of the electrolyte, consequently
suppressing hydrogen evolution reaction (HER) and improving Zn anode
reversibility [35,36]. Nevertheless, the in-situ strategy typically relies on
high-concentration organic solvents or salts, which increase electrolyte
viscosity, raise battery costs, and compromise the environmental bene-
fits of aqueous electrolytes.

Here, we propose to introduce a self-assembled molecular interface
to simultaneously address the issues of Zn anodes [37-42]. The organic
small-molecule additives spontaneously adsorb and enrich on the Zn
anode surface even at extremely low concentrations due to specific
adsorption affinity for the Zn metal, creating a dynamic adaptive mo-
lecular layer that regulates Zn deposition/stripping and mitigates side
reactions [43]. This dynamic adaptation of the molecular layer provides
sustained protection and regulation of Zn deposition/stripping, avoiding
the poor adhesion and mechanical instability observed under high-
capacity operation in artificial layers. Moreover, compared to high-
concentration electrolyte strategies that require large quantities of
salts or organic solvents, this method achieves efficient interface regu-
lation with minimal additive content, preserving the inherent advan-
tages of aqueous electrolytes, such as high safety, cost-effectiveness, and
environmental friendliness. As proof of concept, N,N-dimethyl-dithio-
carbamylpropyl sulfonic acid sodium salt (DPS, as shown in Fig. S1) was
selected as the functional additive to construct the self-assembled mo-
lecular layer at the Zn metal-electrolyte interface. As illustrated in Fig. 1,
when added into electrolytes, DPS molecules firmly anchor to Zn surface
due to the strong bonding between sulfur atoms in the thiocarbonyl
group and Zn metal and the hydrophobicity of —N—CHj groups, self-
forming a molecular layer [44]. Simultaneously, the hydrophilic sulfo-
nate group (—SO3) of DPS extends towards the bulk electrolyte. More-
over, the negatively charged —SO3 group exhibits strong affinity for
cations, thereby capable of regulating Zn?" ion transport at the interface
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[45,46]. The resulting molecular layer with unique orientation of
functional groups not only facilitates homogeneous Zn?* ion flux, thus
promoting uniform Zn deposition, but also electrostatically repels SO~
anions from participating in side reactions to form insulating
Zn4S04(OH)g-xH0 (ZSH). As a result, the addition of trace amounts of
DPS dramatically boosts the reversibility of Zn anodes, enabling a Zn||
Zn symmetric cell to achieve remarkable dendrite-free cycling stability
exceeding 3200 h at 2 mA cm™2 and 1 mAh cm™2. Furthermore, Zn||
MnO; full cells equipped with DPS-modulated electrolytes can maintain
a high discharge specific capacity of 194.6 mAh g~ after 600 cycles at a
current density of 1.0 A g 1.

2. Experimental section
2.1. Materials

Zinc sulfate heptahydrate (ZnSO4-7H20, 99.5 wt%), manganese
sulfate (MnSO4, 99.5 wt%), manganese acetate tetrahydrate (Mn
(CH3CO0)2-4H20, 99 wt%), and N,N-dimethyl-dithiocarbamylpropyl
sulfonic acid sodium salt (DPS, 99 wt%) were purchased from Bide. 1-
Methyl-2-pyrrolidinone (NMP, 99.9%) and sodium sulfate (NazSOa,
99.0%) were purchased from Aladdin. Zn foil (50 and 100 pm), Cu foil
(50 pm), Super P, and polyvinylidene difluoride (PVDF, HSV-900) were
purchased from Kejing Co. Ltd.

2.2. Electrolyte preparation

A 2 M (mol L™Y) ZnSO, aqueous electrolyte was prepared by dis-
solving 0.2 mol of ZnSO4-7H0 in deionized water to obtain 100 mL of 2
M ZnSO4 aqueous solution (denoted as ZSO) at room temperature. The
modified solution was obtained by diluting a concentrated solution. For
example, to prepare a ZSO aqueous solution with 0.2 mM DPS (denoted
as 0.2DPS/ZSO0), the following steps were taken: First, 5 mmol of DPS
and 0.2 mol of ZnSO4 were dissolved in deionized water and diluted to
100 mL to obtain a ZSO aqueous solution containing 50 mM DPS. Then,
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Fig. 1. Schematic illustration of Zn deposition behavior in ZnSO, electrolytes without (top) and with (bottom) DPS additive.
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0.4 mL of the resulting solution was pipetted and mixed with 99.6 mL of
the 2 M ZnSO4 aqueous solution to yield 100 mL of 0.2DPS/ZSO aqueous
solution. To determine the optimal DPS concentration, a series of ZSO
aqueous electrolytes containing 0.1, 0.5, 1, 3, 5, and 10 mM DPS in ZSO
were prepared and denoted as 0.1DPS/ZSO, 0.5DPS/ZSO, 1DPS/ZSO,
3DPS/ZSO, 5DPS/ZSO, and 10DPS/ZSO, respectively. All the as-
prepared electrolytes remained transparent and clear after standing
for 24 h at room temperature, with no visible color change or
precipitation.

2.3. Cathode material preparation and cell assembly

For synthesis of a-MnO2/CNT nanorods [47], a homogeneous
dispersion was prepared by adding 0.1000 g of commercial carboxyl-
functionalized multi-walled CNTs (diameter > 50 nm, length < 10
pm, purchased from Xianfeng Nano-materials Co., Ltd.) and 0.4865 g of
KMnO4 into 60 mL deionized water under magnetic stirring. In parallel,
1.1350 g of Mn(CH3COO0)2-4H,0 was dissolved in 10 mL of deionized
water to form a clear solution. The Mn(CH3COO), solution was then
introduced dropwise into the preformed dispersion under continuous
stirring. The resulting mixture was transferred into a Teflon-lined
autoclave and heated at 120 °C for 12 h. After naturally cooling to
room temperature, the products were collected by centrifugation,
thoroughly washed with deionized water, and dried at 80 °C for 12 h in
an electric thermostatic drying oven to obtain the a-MnO,/CNT
nanorods.

For the assembly of coin-type Zn||Zn symmetrical cells, two Zn foils
(12 mm diameter) were sandwiched with a GF/D separator (18 mm
diameter), with ~80 pL electrolyte added. For Zn||Cu cells, Zn foils (12
mm diameter) served as anodes while Cu foils (12 mm diameter) as
cathodes. The a-MnQO- cathodes were fabricated as follows: a-MnQOy/
CNT nanorods, carbon black, and PVDF with a mass ratio of 7:2:1 were
dry-mixed for 0.5 h, then blended with NMP to form a homogeneous
slurry. The slurry was uniformly coated onto a carbon paper using a
doctor blade, dried at 80 °C, and punched into 12-mm discs (~2 mg
cm™2 a-MnO, loading). Finally, coin-type Zn||MnO, full cells were
assembled using these cathodes and 12-mm-diameter Zn anodes. Addi-
tionally, commercial activated carbon (AC, Kuraray Co., Ltd.) was used
directly as the active material for hybrid supercapacitors without further
treatment. Cathodes with AC were prepared using the same mass ratio
(7:2:1 of AC/carbon black/PVDF), achieving an active material loading

of ~3 mg cm ™2,

2.4. Material characterizations and electrochemical measurements

The material surface morphology was observed using a field-
emission scanning electron microscope (FE-SEM, TESCAN VEGA3),
while in-situ optical observations were performed with a stereo micro-
scope (Olympus SZ61TR). Crystal structure analysis was conducted via
X-ray diffraction (XRD, Rigaku SmartLab) with Cu Ka radiation (A =
1.5406 A) at 45 kV. Fourier-transform infrared spectroscopy (FTIR,
Thermo Fisher Scientific iN10) was employed to examine the solvation
structure of Zn?* ions in aqueous electrolyte. The adsorption behavior of
DPS on Zn anode surface was investigated by X-Ray photoelectron
spectroscopy (XPS, Thermo Fisher Scientific Nexsa) equipped with Al Ka
X-ray source.

Electrochemical measurements, including potentiodynamic polari-
zation test, cyclic voltammetry (CV), electrochemical impedance spec-
troscopy (EIS), chronoamperometry (CA), linear sweep voltammetry
(LSV), and differential capacitance analysis, were performed using a
Biologic VSP-3e electrochemical workstation. Galvanostatic charge/
discharge cycling and rate capability tests were performed using a
Neware battery testing system. Tafel curves were acquired in the po-
tential range of —0.20 to +0.20 V (vs. open-circuit potential) at a scan
rate of 0.5 mV s~l. CV measurements employed Zn||Cu coin cells be-
tween —0.2 and + 0.6 V (vs. Zn/Zn2+) at 5 mV s~ L. EIS spectra were
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recorded from 1 MHz to 0.01 Hz with an AC amplitude of 10 mV. CA
tests were conducted on Zn||Zn symmetric cells under a constant po-
tential of —150 mV for 500 s. LSV measurements were performed at a
scan rate of 1.0 mV s™! using a three-electrode configuration, with Zn
foil as the working electrode, Pt mesh as the counter electrode, and Ag/
AgCl as the reference electrode. Differential capacitance was evaluated
using Zn||Cu asymmetric cells at an AC frequency of 1 kHz with an
amplitude of 5 mV.

2.5. Density functional theory (DFT) calculations

DFT calculations were implemented by employing the ABINIT code
[48]. The projector augmented wave (PAW) method was employed to
describe the core electrons. The Zn(002) surface was constructed using a
three-layer 6 x 6 supercell. The convergence criteria for energy and
force in geometry optimizations were set to 4 x 10~> Ha Bohr ! and 4 x
10~* Ha Bohr ™, respectively. The custom energy cutoff was 22 Ha. The
adsorption energy (Eaps) between the Zn metal and different molecules
(DP™ and water) was calculated by using the following formula:

Eabs = Etotal — Ezn — En2o/pp — (€9)

where Eiotal, Ezn, and Eyoo,pps are the energies of the whole system, the
Zn metal anode, and the H,O or DP™, respectively.

To optimize molecular structure, DFT calculations were performed
using the ORCA program (version 5.0). All calculated structures were
optimized using the ®B97XD/def2-TZVP level of theory and analyzed by
Multiwfn software. The implicit solvation model (water) was adopted.
By analyzing the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO), the electrochemical
properties of the different reactants were derived.

3. Results and discussion

To elucidate the effects of DPS additive on the performance of Zn
electrodes, a series of theoretical calculations, electrochemical mea-
surements, and material characterizations were conducted. First, DFT
calculations were performed to gain insights into the molecular inter-
action between Zn anode and DPS additive. As displayed in Fig. 2a, the
adsorption energy of DP™ on Zn surface is —4.01 eV, which is far more
negative than that of HoO (—0.27 eV), indicating that DP~ will be
preferentially adsorbed on Zn surface. The DP™ also exhibits remarkably
more negative adsorption energies compared to those of the Hy0, irre-
spective of the crystal plane orientation. It indicates the preferential
adsorption of DP™ onto the Zn surface, as shown in Fig.S2. Moreover, it
is found that there is an apparent overlapped electron density between
Zn and S atoms of DP™. This result suggests that the strong affinity be-
tween DP™ and Zn is mainly governed by the Zn—S interaction. Fig. 2b
presents the energy levels of the LUMO and HOMO of HoO and DP".
Compared to Hy0, DP™ has a lower energy of LUMO (—0.92 eV vs. 2.41
eV) and a higher energy of HOMO (—5.59 eV vs. —8.10 eV), indicating
stronger electron transfer propensity between DP~ and Zn metal, and
thus a higher tendency of DP~ adsorption onto Zn surface [14]. The
interaction between different species at the Zn anode-electrolyte inter-
face was also computed by DFT calculations. Results in Fig. 2c show that
Zn?*—DP~ exhibits a more negative binding energy (—66.57 kcal mol )
than that of Zn?*—H,0 (—26.20 kcal mol 1), indicating that Zn?" prefers
to coordinate with DP™ ion, which facilitates the transfer of Zn>" ions at
the interface. Furthermore, the binding energy of HoO—H0 (—5.50
kecal mol™) is lower compared to that of HoO—DP~ (—40.89 kcal
mol™1). Thus, the adsorbed DP~ ion can disrupt the hydrogen-bond
network of HyO at the Zn anode-electrolyte interface, which can
reduce the side reactions on the Zn anode surface [41]. In addition, the
minimum electrostatic potential (ESP) of water and DP~ ion was
calculated and presented in Fig. S3. It can be seen that DP™ ion exhibits a
lower ESP than water, with its negative charge primarily localized
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around the —SO3 group. Therefore, it can be inferred that the prefer-
ential adsorption of DP~ ions on Zn anode surface can form a strong
negatively charged shield layer, which effectively repels SO3~ ions,
thereby fundamentally suppressing the formation of ZSH byproducts
[49].

The preceding DFT results indicate that DP™ can adsorb onto the Zn
anode surface, forming a self-assembled layer that regulates Zn>" ion
transport and deposition. It can be envisioned that the concentration of
DP~ will impose a significant effect on the properties of the electrode-
electrolyte interface, thereby impacting the behavior of Zn plating and
stripping. To identify the optimal concentration of DPS additive, we
assembled various Zn||Zn symmetric cells with the as-prepared elec-
trolytes, including ZSO, 0.1DPS/ZS0, 0.2DPS/ZSO, 0.5DPS/ZS0O, 1DPS/
ZS0, 3DPS/ZS0O, 5DPS/ZSO, 10DPS/ZSO, and 50DPS/ZSO, and cycled
them at 10 mA cm ™2 with an areal capacity of 10 mAh cm™2. As shown
in Figs. 2d and S4, cells with pure ZSO electrolyte short-circuit within
48 h, whereas all DPS-added electrolytes significantly extend the cycle
life of Zn||Zn symmetric cells. Notably, 0.2DPS/ZSO electrolyte shows
the best performance, enabling the Zn||Zn symmetric cell to achieve a
lifespan of 785 h, which is over 16 times longer than that of the cells
with pristine electrolyte. Therefore, 0.2DPS/ZSO was chosen for

subsequent investigations.

FT-IR spectroscopy was then acquired to investigate the properties of
the bulk electrolyte. Results in Fig. 2e show that the peaks corresponding
to the O—H stretching vibration (3362 and 3230 cm’l), the O—H
bending vibration (1639 em™), and the SO‘Zf vibration (1091 cm™})
remain unchanged after adding 0.2 mM DPS, indicating that the intro-
duction of DPS additive does not alter the solvation structure of Zn?" in
the bulk electrolyte. The adsorption behavior of DPS on the surface of Zn
anode was examined using EIS tests at different potentials. As shown in
Fig. 2f, the addition of DPS reduces the capacitance within the scanned
potential range, suggesting its preferential adsorption on the surface of
Zn metal [50]. XPS depth profiling was further performed to investigate
the interaction between the additive and Zn anode. The peak located at
1021.2 eV in the Zn 2p spectra (Fig. 2g) confirms the formation of ¢ with
adsorbed Zn?* species [37]. A small shift in this peak is observed after
sputtering, possibly due to the removal of Zn?" ions adsorbed on the
outer layer and thereby exposing the Zn—S bond. The S 2p spectra
(Fig. 2h) show that the peaks of —-SOy species and Zn-thiol groups exhibit
opposite gradients with increasing sputtering depth, where the -SO3
groups are mainly enriched on the outer surface of the interface, while
the Zn-thiol groups are anchored on the inner surface [44]. Meanwhile,
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a new peak corresponding to the C=S bond at 163.6 eV appears after
sputtering [51], implying that the C—=S bond in the DPS is located at the
inner surface of the self-assembled interface layer. In the C 1s spectra
(Fig. S5), the slight peak at 285.7 eV corresponds to the C—N species
before sputtering [37]. This peak becomes more obvious after sputter-
ing, which indicates that the —N—CHj3 groups of DPS are located at the
bottom of the molecular interface layer. Based on the above analysis of
the XPS spectra at different sputtering depths, it can be determined that
a DPS monolayer is constructed on the surface of Zn anode through the
Zn—S bond formed between DPS and Zn anode. FT-IR was also
employed to probe the interaction between DPS and Zn anode. As shown
in Fig. S6, the pronounced peaks between 650 and 850 cm ! were
assigned to the Zn—S stretching [52,53], indicating that DPS and the Zn
anode can interact via Zn—S (thiol) bond. To further evaluate the sta-
bility of DPS during long-term cycling, the Zn anode surface after cycling
was analyzed by XPS (Figs. S7-S8). Notably, even after 200 cycles, DPS-
derived components remain detectable on the Zn surface, indicating that
DPS can persist at the Zn/electrolyte interface during long-term
operation.

The effects of the DPS on the electrochemical performance of Zn
anodes were then examined by different techniques. First, the nucleation
overpotentials of Zn anode in different electrolytes were probed by the
chronopotential method. As shown in Fig. 3a, the nucleation over-
potential of the Zn anode in the electrolyte with 0.2DPS/ZSO (48 mV) is
significantly lower than that in the ZSO electrolyte (72.8 mV), which
may be attributed to the more negative binding energy of DP~ adsorbed
on the Zn anode surface with Zn?*, thus accelerating Zn?" transfer. A
lower nucleation overpotential favors more homogeneous and dense
nuclei, which is beneficial for subsequent (002) facet growth [54]. To
elucidate the impact of DPS additive on the Zn nucleation and growth,
CA tests were performed by applying a constant potential of —150 mV to
the Zn||Zn symmetric cells. Notably, the current density-time profile in
CA provides a sensitive indicator of the change of the electrochemically
active surface area of the Zn anode during electrodeposition. As shown
in Fig. 3b, the current response in the ZSO electrolyte increases
continuously throughout the CA test, indicating a continuous increase in
the true surface area of Zn anode. This behavior is closely associated
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with non-uniform Zn deposition. During the nucleation stage on a bare
Zn surface, the adsorbed Zn?" ions tend to diffuse laterally across the
electrode surface and preferentially aggregate into initial nuclei to
minimize surface energy and exposed area. Subsequently, the locally
concentrated electric field around these nascent protuberances (the “tip
effect”) further attracts Zn?* ions and drives their continuous lateral
diffusion, thereby amplifying these initial nuclei into severe dendrites,
as illustrated in the lower inset of Fig. 3b [54]. This phenomenon con-
firms the non-uniform Zn deposition behavior in the ZSO electrolyte. In
contrast, the cell with 0.2DPS/ZSO electrolyte only exhibits a rapid in-
crease in current within the first 100 s, followed by a stable current
plateau. This result suggests that the Zn anode surface area remains
constant during plating in the presence of DPS additive. The dramatic
change in deposition behavior induced by the DPS additive can be un-
derstood as follows. The adsorption of DP™ at the Zn surface can form a
strong negatively charged shield layer and facilitate the transfer of Zn?*
ions at the interface, which provides more uniformly distributed
nucleation sites. Consequently, the arriving Zn?" ions are compelled to
deposit at these abundant sites in proximity to their initial adsorption
points, rather than undergoing lateral diffusion to the protrusions, as
shown in the upper inset of Fig. 3b. This process leads to significantly
increased nucleation density, thereby promoting uniform and planar
deposition [55].

To better understand how the DPS-induced self-assembled molecular
interface affects Zn electrodeposition, an in-situ optical microscopy
system was constructed to monitor real-time morphological evolution of
the Zn electrode during plating. As illustrated in Fig. 3c, significant
protrusions emerge on the Zn surface after plating for 30 min at 10 mA
cm~2 in ZSO electrolyte. These Zn protrusions result in locally concen-
trated electric field that triggers preferential Zn?* ion accumulation and
reduction, which is known as the “tip effect” and is responsible for
dendrite proliferation. In contrast, the Zn electrode surface remains flat
and dense after plating for 60 min at 10 mA cm ™2 in 0.2DPS/ZSO
electrolyte (Fig. 3d), demonstrating the effective regulation of Zn
migration and deposition by the DPS self-assembled molecular interface.
To further verify the effectiveness of the DPS additive in inhibiting
dendrite formation during cycling, we systematically examined the

0.2DPS/ZSO-

Fig. 3. (a) Initial Zn nucleation overpotential in Zn||Zn symmetric cells at 2 mA cm~2 with different electrolytes. (b) CA curves of Zn||Zn symmetric cells in two
electrolytes under an overpotential of —150 mV. In-situ optical microscopy observations of Zn deposition at a current density of 10 mA cm ™2 in (c¢) ZSO and (d)
0.2DPS/ZSO electrolytes. The optical images of Zn anodes after 20 cycles in (e) ZSO and (f) 0.2DPS/ZSO electrolytes at 10 mA cm 2 and 10 mAh ecm 2. SEM images
of cycled Zn anode surface after 20 cycles at 10 mA cm~2 and 10 mAh em 2 in Zn||Zn symmetric cells using (g, h) ZSO and (i, j) 0.2DPS/ZSO electrolytes.
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morphology of cycled Zn metal anodes at various current densities and
areal capacities by optical microscopy and SEM. Fig. 3e presents an
optical micrograph of a Zn anode cycled for 20 cycles in ZSO electrolyte
at 10 mA cm™2 and 10 mAh cm™2 The Zn electrodeposits exhibit sig-
nificant morphological non-uniformity, with certain regions showing
minimal or no deposition. In contrast, the Zn anode cycled in the
0.2DPS/ZSO electrolyte exhibits a uniform and dense surface (Fig. 3f).
SEM images (Figs. 3g, h and S9a, b) corresponding to the Zn anode in
Fig. 3e reveal numerous Zn dendritic protrusions formed during cycling,
which grow into the glass fiber separator and cause puncture damage.
Conversely, SEM images of the Zn anode cycled in the 0.2DPS/ZSO
electrolyte (Figs. 3i, j and S9¢, d) show a smooth surface without notable
protrusions and only a few deposits on the glass fibers. A similar phe-
nomenon was consistently observed at other current densities and areal
capacities (Fig. S10). These optical microscopy and SEM observations
demonstrate the critical role of the DPS molecular interface in promot-
ing uniform Zn deposition.

To examine the capability of DPS self-assembled molecular interface
in suppressing side reactions, we conducted a series of electrochemical
measurements. First, LSV tests in a three-electrode system were
deployed to evaluate the suppression of HER by DPS. To preclude
interference from Zn®* reduction, 1 M NayS0O,4 solution was used in
place of ZnSOy4 electrolyte. As shown in Fig. 4a, the current response in
the 0.2DPS/NaySOy4 electrolyte was markedly lower within the HER
potential window than that in pure NaySO4 electrolyte, confirming that
DPS effectively inhibits water decomposition. This is primarily attrib-
uted to the DPS layer at the interface that blocks direct contact between
water molecules and the electrode [44,56]. Tafel polarization mea-
surements were conducted to assess the corrosion resistance of the Zn
anode in the two electrolytes (Fig. 4b). Upon addition of DPS, the
corrosion current density decreased from 24.24 to 8.47 mA cm 2. The
markedly reduced corrosion rate demonstrates that DPS significantly
enhances the corrosion resistance of Zn electrodes. The corrosion
behavior of Zn anode was further investigated through EIS tests on Zn||
Zn symmetric cells after a 2-day rest. As shown in Fig. 4c, Nyquist plots
of both electrolytes show two capacitive semicircles, indicating the
formation of corrosion product film on Zn anodes. The high-frequency

Journal of Energy Storage 155 (2026) 121533

semicircle corresponds to charge transfer resistance (R.), while the
low-frequency one reflects film impedance (Rfm) [57]. The EIS were
fitted with ZSimpWin software using the equivalent circuit model R(QR)
(QR) inserted in Fig. 4c. Results show that the corrosion product film
resistance of Zn anode soaked in 0.2DPS/ZSO (596.5 Q) is considerably
lower than that soaked in ZSO (1595 Q), proving that DPS can effec-
tively suppress the formation of Zn corrosion product.

Morphologies of Zn foils after 10 days of immersion in the electro-
lytes were characterized by SEM. Compared to pristine Zn (Fig. S11a and
b), ZSH corrosion products form on the Zn foil surface in both electro-
lytes (Fig. 4d and e). Nevertheless, the entire surface of Zn foils
immersed in ZSO electrolyte is covered with flaky corrosion products,
with localized agglomerations observed in some regions (Figs. 4d and
S1lc), whereas the surface of Zn foil soaked in 0.2DPS/ZSO displays
only sparsely distributed, fine corrosion products (Figs. 4e and S11d).
XRD was then performed to characterize the composition of corrosion
products. As displayed in Fig. 4f, the addition of DPS significantly re-
duces the diffraction peak intensity of the ZSH byproduct, further vali-
dating its capability in mitigating Zn corrosion. To evaluate the
corrosion-inhibiting effect of the DPS additive during cycling, we per-
formed XRD measurements on Zn foils harvested from symmetric cells
after cycling at 2 mA cm ™2 and 1 mA h cm™2 in the ZSO electrolyte (100
cycles) and the 0.2DPS/ZSO electrolyte (200 cycles). The results are
shown in Fig. S9. The Zn anode cycled in ZSO exhibits distinct diffrac-
tion peaks attributable to corrosion by-products [58-60], whereas these
characteristic peaks are greatly weakened (nearly suppressed) for the Zn
anode cycled in 0.2DPS/ZSO, even after a longer cycling period. This
comparison demonstrates that DPS effectively enhances the corrosion
resistance of the Zn anode during prolonged cycling. Furthermore,
Raman mapping was employed to evaluate the spatial distribution of
corrosion by-products on the cycled Zn anode surfaces, and the results
are shown in Fig. S10. As presented in Fig. S10a, the Zn anode cycled in
the baseline electrolyte exhibits distinct Raman peaks at 1152, 1110,
1011, and 967 cm™', which can be assigned to ZnsSO4(OH)g-xH20,
indicating substantial accumulation of sulfate-based corrosion products.
In contrast, for the Zn anode cycled in the 0.2DPS/ZSO electrolyte, these
characteristic peaks are much less pronounced, and their overall
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intensity is significantly reduced, suggesting markedly suppressed by-
product formation. To further visualize the by-product distribution,
the dominant band at 967 cm™' was selected for Raman mapping.
Raman mapping over a 40 pm x 40 pm area (Fig. S10b and S10c) reveals
a much lower signal level for the Zn anode cycled in 0.2DPS/ZSO, with
count values ranging from 315 to 335. This intensity is approximately
one order of magnitude lower than that of the Zn anode cycled in the
7SO0 electrolyte (counts: 3265-3285), confirming that DPS effectively
reduces the amount of corrosion by-product accumulation on the Zn
surface [61,62].

Cycling stability of Zn||Zn symmetric cells is a key metric for
assessing the efficacy of electrolyte additives. To this end, symmetric
cells with different electrolytes were assembled and subject to long-term
cycling at various current densities and areal capacities. As shown in
Fig. 5a, the symmetric cell using ZSO electrolyte short-circuits after only
101 h at 2 mA em 2 and 1 mAh cm ™2, indicating its poor cycling sta-
bility. In stark contrast, the cell assembled with 0.2DPS/ZSO electrolyte
demonstrates an exceptional cycling lifespan of more than 3230 h (32
times longer than that of the control group) while maintaining a low
overpotential of approximately 34 mV throughout the test. This
remarkable improvement is ascribed to the efficient suppression of Zn
dendrite growth and side reactions by the DPS additive. Notably, the
beneficial effect of DPS on the anode performance was retained even
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under demanding conditions. As shown in Fig. S7, the addition of 0.2
mM DPS dramatically extends the cycle life of the symmetric cell from
67 to 910 h at 5 mA cm 2 and 5 mAh cm™2. Even under harsher con-
ditions with an ultra-high current density and areal capacity (20 mA
cm 2 and 20 mAh cm_z), the symmetric cell with 0.2DPS/ZSO elec-
trolyte can still operate for 212 h, whereas the control group cell fails
after only 37 h (Fig. 5b). Table S1 [14,63-66] compares the performance
of this work with recently reported. It can be seen that the DPS additive
outshines most of the reported additives under various operating con-
ditions, demonstrating the superiority of the proposed strategy in
addressing the challenges of Zn electrodes.

To further substantiate the practical applicability of trace DPS ad-
ditive, we assembled Zn||Zn symmetric cells using a thin Zn foil (50 pm
thick) for high depth-of-discharge (DOD) cycling tests. As presented in
Fig. S8, the cells using the designed electrolyte display cycle lifespans of
140, 102, and 92 h when cycled at 10 mA cm 2 with DODs of 60%, 70%,
and 80%, respectively. Additionally, the rate capability of Zn||Zn sym-
metric cells with two different electrolytes was assessed by fixing the
areal capacity of 1 mAh cm™2 and stepwise increasing the current
density from 1 to 40 mA cm 2, after which it was decreased back to 1
mA cm 2. As shown in Fig. 5c, the symmetric cells using both electro-
lytes operate normally during the initial rate cycling test stage. How-
ever, the symmetric cell with the ZSO electrolyte suffers from short
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circuits after several cycles when the current density returns to 1 mA
em™2 In contrast, the symmetric cell using 0.2DPS/ZSO electrolyte
continues to cycle stably for more than 4000 h without short-circuit and
maintains a low overpotential of ~23 mV. These results demonstrate
that the additive-induced self-assembled molecular layer can adapt to
various-rate operations, which continuously suppresses Zn dendrite
growth and side reactions. In contrast, conventional electrolyte fails to
suppress dendrite growth under high current density, leading to a pre-
mature short-circuit-induced failure during subsequent galvanostatic
cycling.

Zn||Cu asymmetric cells were further used to evaluate the revers-
ibility of Zn plating/stripping at 2 mA cm 2 and 1 mAh cm ™2, As shown
in Fig. 5d, the cell with DPS-added electrolyte achieves a long cycle life
surpassing 1230 h with an average Coulombic efficiency (CE) of up to
99.45%, whereas the additive-free control group fails rapidly only after
83 h and exhibits a lower average CE of 99.16% before failure.
Furthermore, the voltage-capacity curves (Fig. 5e) reveal smooth, highly
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overlapping plating/stripping curves for the cell with DPS-containing
electrolyte, corroborating its excellent reversibility. In contrast, due to
a short circuit at the 85th cycle, the asymmetric cell with ZSO electrolyte
required over 0.5 h to reach the cutoff potential during Zn stripping from
the Cu electrode (Fig. 5f). To further investigate the underlying reasons
for the extended life of Zn cells, Zn deposits on Cu substrates were
examined by SEM. Without the DPS additive, the electrodeposited Zn
was unevenly distributed and entangled with glass fiber separator
(Figs. S9a and b), which led to low CE and premature failure. In contrast,
as shown in Figs. S9c and d, the DPS-containing electrolyte produced
uniform, dense, fine-grained Zn deposition layers. These observations
confirm that the DPS additive is crucial for achieving homogeneous Zn
deposition.

To evaluate the versatile practicality of the proposed additive, we
assembled Zn||MnO; full cells and Zn||AC hybrid supercapacitors using
different electrolytes. For the Zn||MnO full cells, 0.1 M MnSOj4 solution
was added to both ZSO and 0.2DPS/ZSO electrolytes to mitigate the
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dissolution of MnO, cathode [67]. Long-term cycling tests were con-
ducted at a current density of 1.0 A g~! (~2 mA cm™2). As shown in
Fig. 6a and b, both cells deliver comparable initial discharge specific
capacities (412 mAh g~ for the cell using the ZSO electrolyte and 399
mAh g~! for the cell using the DPS-added electrolyte) and suffer from
significant capacity decay in the second cycle. Such early-cycle capacity
fading has been widely reported for MnOy-based aqueous Zn batteries
and is generally attributed to an irreversible structural transformation
during the initial Zn** intercalation into MnO, [67,68]. However, the
capacity of the full cell with ZSO electrolyte continues to drop rapidly
and suffers from short-circuit-induced failure after 230 cycles. The short
cycle life primarily results from continuous Zn dendrite growth in ZSO
electrolyte, which is consistent with the cycling behavior of Zn||Zn
symmetric cells. In contrast, the Zn||MnO full cell assembled with
0.2DPS/ZSO electrolyte exhibits a much slower capacity decay rate.
Even after 600 cycles, it retains a specific capacity of 194.6 mAh g™,
which again confirms the effectiveness of DPS additive in boosting the
reversibility of Zn electrodes. Table S2 [14,69,70] compares the per-
formance of this work with recently reported. It can be seen that the DPS
additive outshines most of the reported additives in terms of capacity
retention ratio, demonstrating the superiority of the proposed strategy
in addressing the challenges of Zn||MnO; cells. Moreover, rate capa-
bility was evaluated at various current densities (0.1, 0.2, 0.5, 1.0, and
2.0 Ag™1), and the results are displayed in Fig. 6¢ and d. It is found that
the cell using 0.2DPS/ZSO electrolyte delivers higher specific capacity
than that with pristine electrolyte under all tested currents (Fig. 6c¢).
More specifically, the full cell equipped with 0.2DPS/ZSO electrolyte
delivers average specific capacities of 455, 434, 391, 343, and 282 mAh
g’l, respectively, in comparison to 416, 393, 358, 311, and 245 mAh g71
for the cell with blank electrolyte. Furthermore, Fig. 6e shows that the
use of 0.2DPS/ZSO electrolyte enables the Zn-AC supercapacitor to
stably cycle over 60,000 cycles at 5 A g~! (corresponding to ~15 mA
em™2). Conversely, the supercapacitor with ZSO electrolyte fails after
28,000 cycles due to Zn dendrite-induced short circuits. These results
underscore the substantial potential of the 0.2DPS/ZSO electrolyte for
practical applications.

4. Conclusion

In summary, a trace amount of DPS additives was introduced into
RAZBs to construct a unique molecular interfacial layer to boost the
reversibility of Zn anodes. Theoretical calculations and experimental
characterizations reveal that the hydrophobic —N—CHjs groups and the
zincophilic —S groups render the preferential adsorption of DP™ anions,
forming an interface layer with negatively charged —SO3 groups
exposed to the electrolyte. The uniquely tailored interface effectively
regulates the uniform Zn deposition and suppresses side reactions. As a
result, the DPS-added electrolytes considerably extend the cycle life of
Zn anodes. Markedly, in the presence of 0.2 mM DPS, a Zn||Zn sym-
metric cell can cycle 785 h even under harsh conditions of 10 mA cm ™2
and 10 mAh cm 2. Furthermore, the DPS-added electrolyte enables a
Zn||MnO, full cell to retain a high specific capacity of 194.6 mAh g~}
after 600 cycles at 1.0 A g~ L. These encouraging results demonstrate that
trace-additive-induced self-assembled molecular interface offers a sim-
ple and effective strategy to improve the reversibility of Zn anodes,
thereby paving the way for the development of long-life RAZBs.
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