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ABSTRACT

The Zn anode/electrolyte interface faces critical challenges, including hydrogen evolution reaction, corrosion, and dendrite
growth that degrade battery performance. This study employs 1 mol% N-(2-hydroxyethyl) succinimide (NHS) as a
multifunctional electrolyte additive to address these issues. The carbonyl groups (C=0) in NHS can strongly coordinate
with Zn atoms and water molecules, selectively adhering to the Zn anode surface to displace H,O, thereby suppressing
parasitic reactions while simultaneously reducing water activity in the electrolyte. The NHS can regulate Zn* solvation by
replacing water molecules in the primary solvation sheath, thereby further facilitating Zn* desolvation by reducing the
number of bound water molecules. Additionally, the NHS on the anode surface enables a homogeneous Zn* flux,
resulting in uniform zinc deposition. As a result, the NHS enables a Zn||Zn symmetric cell to achieve 7,500 h cycling at
1 mA-cm™, and a Zn||Cu cell to maintain 99.8% Coulombic efficiency over 3200 cycles. The Zn||V,O;5 full cell retains
82.5% capacity after 7,000 cycles. These findings highlight the proficiency of the NHS in securing Zn anodes for

enhanced battery performance.
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1 Introduction

Aqueous zinc-ion batteries (AZIBs) have gained prominence as a
frontrunner for grid-level energy storage solutions, owing to their
inherent benefits, such as widespread availability and the
impressive theoretical energy capacity of Zn anodes [1-3].
However, Zn anodes face critical challenges, including hydrogen
evolution reaction (HER), dendrite growth, and corrosion at the
electrolyte interface, which severely compromise cycling stability
and lifespan [4-7].

Optimizing the solvation sheath of Zn* and the
anode/electrolyte interface is the key to improved AZIBs
performance. The solvent composition dictates zinc ion mobility,
conductance, and electrochemical reactivity [8, 9]. Zinc deposition
and dissolution benefit from modifying the solvation sheath,
boosting stability and reversibility. This minimizes dendrites and
improves battery performance [10-12]. The stability of the Zn
anode is notably affected by the anode/electrolyte interface
[13, 14]. Optimizing this interface can lead to higher Coulombic
efficiency and improved cycle life, making it a key factor in the
practical application of ZIBs [15-17]. Various techniques have
been developed to enhance the robustness of Zn anodes, including
surface modifications and structural designs [18-20]. Numerous
studies have focused on stabilizing the zinc surface through
strategies such as protective coatings (e.g., Sn-Ti;Cl, [21], SF [22],
CulnZIF-8 [23], Sn [24]) and three-dimensional frameworks to

control zinc deposition [25-27]. These designs may introduce
additional resistance and complexity to the electrode, potentially
increasing manufacturing costs [28,29]. Electrolyte engineering
serves as a viable strategy for stabilizing Zn anodes. Conventional
additives generally provide limited functionality, primarily acting
through either interfacial adsorption on the electrode surface or
alteration of Zn> solvation structures [30,31]. However, some
additives undergo gradual degradation during prolonged cycling
due to electrochemical consumption or decomposition, resulting
in diminished stabilizing effects over time [32-36].

Herein, we introduce N-(2-hydroxyethyl) succinimide (NHS)
as an electrolyte additive to address these challenges. Specifically,
the carbonyl groups (C=0O) of the NHS not only directly
participate in the formation of the Zn* solvation sheath but also
enable the adsorption of NHS molecules onto the anode surface.
These two processes are mutually reinforcing, as the regulated
solvation structure facilitates more favorable adsorption behavior,
while the adsorbed layer, in turn, influences the subsequent
desolvation and zinc deposition processes. Thus, the NHS exhibits
exceptional molecular  stability —against  electrochemical
decomposition ~ while  simultaneously  delivering triple
functionalities: optimizing the electrode/electrolyte interface,
restructuring Zn** solvation sheath, and suppressing the activity of
water molecules to stabilize the Zn anode. This study
comprehensively demonstrates the efficacy of the NHS as an
advanced electrolyte additive for zinc-based batteries. The NHS-
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enabled Zn||Zn symmetric cells achieved enhanced cycling
stability (7500 h), while Zn||Cu half-cells maintained an average
Coulombic efficiency of 99.8% over 3200 cycles. When integrated
with a V,O5 cathode, the full cell exhibited outstanding long-term
cyclability, retaining 82.5% capacity after 7000 cycles. These results
not only elucidate the fundamental mechanisms of NHS in
stabilizing Zn anodes but also establish its practical viability for
high-performance zinc-ion batteries applications.

2 Experimental

2.1 Materials

ZnSO,7H,0 (> 99.0%), vanadium (V) oxide (V,0s, >99%), and
oxalic acid dihydrate (C,H,0, >99.0%) were purchased from
Sigma Aldrich. NHS (97%, N858424) was purchased from
Macklin. Zn foil (50 um, >99.9%), Ti foil (30 pm, >99.9%), and Cu
foil were purchased from Tengfeng Metal. Glass fiber separators
(Whatman GF/A) and non-woven fabric membranes were
purchased from Shenzhen Kejing Star Technology. Deionized
water was used to prepare all the aqueous electrolytes. We
performed the immersion test under sealed conditions to avoid
the influence of air on the results. Our Zn foils are simply polished
and cleaned before being placed in an airtight container filled with
electrolyte. They are taken out after 10 days and characterized
accordingly.

2.2 Fabrication of Zn| |Zn symmetric cell

Two 50 pum-thick zinc foils served as the electrodes for a balanced
cell configuration. Two different electrolytes (2 M ZnSO, and 2 M
ZnSO, with NHS), each containing 70 pL, were added to the coin
cell, with a piece of glass fiber as the separator.

2.3 Fabrication of Zn-V,0; full cell

In the study, the V,05 was subjected to further thermal processing
[37]. A solution of 6 mM V,0s and 30 mM C,H,0, was prepared
by dissolving them in 30 mL of deionized water. This mixture was
then stirred at a temperature of 70 °C until the water had
completely evaporated. The resulting solid material was ground
and subjected to calcination at 400 °C for a duration of two hours.

2.4 Characterization

The morphologies of Zn foil anodes were observed by field
emission scanning electron microscopy (FESEM, ZEISS Gemini
300), operated at 2 kV and 10 mA. X-ray photoelectron
spectroscopy (XPS) measurements were carried out through a
Thermo Scientific K-Alpha using monochromatic Al Ka«
radiation. The crystal structure and material composition
information were gathered by X-ray diffraction (XRD, Rigaku,
MiniFlex600, Cu Ka), H nuclear magnetic resonance (NMR
spectroscopy (Bruker 600 MHz), and Fourier transform infrared
spectrometer (Thermo Scientific Nicolet iS20).

2.5 Electrochemical measurements

CR2032 coin cells facilitated aerial assembly of all batteries. Land
CT3002A was used to assess the behavior of Zn||Zn symmetric
cells and Zn|[V,0; full cells behavior. The aqueous electrolyte
consisted of 2 M zinc sulfate (ZnSO,), and all electrodes were
precision-cut into 12 mm discs. To evaluate Zn anode stability,
Zn||Zn symmetric cells were assembled with glass fiber separators.
Meanwhile, non-woven fibrous membranes were employed to
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assess cycling performance under high current density conditions.
Coulombic efficiency (CE) measurements along with zinc
deposition/stripping profiles were obtained using Zn||Cu half-cell
configurations. To characterize the battery capacity and
charge/discharge  performance, heat-processed V,05 was
combined with carbon black and PVDF at a 7:2:1 mass ratio using
NMP as a solvent. Subsequently, the slurry was applied uniformly
onto the titanium substrate and subjected to drying at 120 °C in a
vacuum environment for 12 hours, with a cathode composition of
approximately 1.0 mg-cm™ of V,O;. Electrochemical impedance
spectroscopy (EIS) was conducted with a Corrtest Electrochemical
Workstation (Wuhan, China) within the frequency range from
100 kHz to 0.1 Hz. The polarization behavior was analyzed using a
standard three-electrode setup, featuring a zinc working electrode,
platinum counter electrode, and Ag/AgCl reference electrode.
Electrochemical ~ characterization, including Tafel curve
measurement and potentiostatic polarization, were conducted on
the Corrtest workstation using a three-electrode system at the scan
rate of 1 mV-s™ (zinc foil as the working electrode, platinum plate
as the counter electrode, and Ag/AgCl as the reference electrode,
respectively). CV measurements of Zn||V,0O; cells were performed
across a 0.2-1.6 V potential window. Real-time observation of zinc
deposition morphology in various electrolytes (at 10 mA-cm™
current density) was achieved through in situ optical microscopy
using a Bresser 52-01005 digital microscope.

2.6 Ionic models and computational methodology

To fine-tune the molecular geometries of NHS solvent molecules,
we first performed quantum chemical calculations using Gaussian
16 [38] with the B3LYP/6-311+G(d,p) method. The atomic partial
charges for these ions were then determined via the ChelpG
scheme, sticking with the same B3LYP functional and 6-
311+G(d,p) basis set for consistency. Force field parameters for all
ionic and solvent species, formatted according to AMBER
conventions, were sourced from established literature [amber-ff]
[39]. For water simulations, the SPC/E model saw application.
Lorentz-Berthelot rules defined intermolecular cross-interactions.

Two distinct molecular models were developed, with their full
specifications outlined in the accompanying table. The atomic-
scale simulations were carried out using the GROMACS software
suite [40], employing cubic periodic boundary conditions
throughout. Atomic trajectories were calculated using the standard
Verlet leapfrog integration scheme with a 1.0 femtosecond
timestep.

Prior to production runs, each system underwent energy
minimization via steepest descent optimization, followed by a
gradual cooling protocol from 600 to 300 K over 10 nanoseconds.
The systems were then equilibrated under NPT conditions for 20
nanoseconds, with temperature regulated at 300 K by a Nosé-
Hoover thermostat (7 = 0.4 ps) and pressure maintained at 1
atmosphere via a Parrinello-Rahman barostat (r = 0.2 ps).
Subsequent 40-nanosecond NVT production runs generated
trajectories sampled every 100 femtoseconds for structural and
dynamic characterization.

Key solvation configurations were identified through
comprehensive atomistic simulations and subsequently used as
initial geometries for further DFT computations. These DFT
evaluations were executed on the Gaussian 16 platform [gaussian]
employing the B3LYP/6-311+G(d) method with Grimme's D3
dispersion correction (gd3bj) to determine binding energies.

Complementary first-principles calculations were conducted
using the Vienna ab initio Simulation Package (VASP) [vasp] [41],
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where electron-ion correlations were simulated using projector-
augmented wave (PAW) pseudopotentials [42]. The generalized-
gradient approximation (GGA) exchange-correlation functional,
specifically the Perdew-Burke-Ernzerhof (PBE) variant, was
applied. A plane-wave cutoff energy of 450 eV was enforced, and I'-
centered k-point meshes were utilized for Brillouin zone
integration. The exchange-correlation functional included a
Gaussian broadening of 0.05 eV, while electronic self-consistency
was achieved with a stringent convergence threshold of 1x10~ eV.

The Zn (002) electrode surfaces were modeled with four atomic
layers. To mimic the bulk material, the bottom two layers
remained fixed during simulations, whereas the top two layers
were allowed to relax freely, replicating surface behavior. A 15 A
vacuum layer was incorporated into each system to minimize any
unwanted interactions between periodic surfaces.

All configurations underwent full geometric relaxation until
reaching equilibrium, with forces converging below 0.01 eV-A™.
To determine the adsorption energetics, the interactions of both
NHS and H,0 molecules with the Zn(002) surface were
thoroughly optimized.

3 Results and discussion

To demonstrate the optimal NHS concentration, we prepared

electrolytes by adding different concentrations of NHS (0-40 mM)
in 2 M ZnSO,. Several batteries using these electrolytes were
assembled and tested electrochemically (see Fig.S1 in the
Electronic  Supplementary Material (ESM)). The Zn||Zn
symmetric cells and Zn||Cu half-cells with 20 mM NHS (1 mol%)
exhibit the best cycle performance, and this concentration of NHS
was selected for further investigation. The protective efficacy of the
NHS against corrosion was thoroughly assessed using immersion
experiments in ZnSO, solutions. After 10 days in pure ZnSO,
electrolyte, corrosion emerged substantially on the Zn anode
surface. It develops a coarse, ashen texture and uneven, flaky
corrosion products (Fig. S2 in the ESM). XRD patterns in Fig. 1(a)
reveal the formation of ZnO and by-products Zn,SO,(OH)s
5H,0. These deposits would substantially hinder ion and electron
transport across the interface. In striking contrast, zinc samples in
NHS-containing electrolyte maintained their metallic luster
without detectable corrosion products or ZnO formation,
demonstrating effective corrosion inhibition.

Electrochemical measurements further —quantified this
protective effect. Tafel analysis revealed that the NHS-modified
electrolyte reduced the corrosion current density from 7.47 to
6.05 mA-cm™, while shifting the corrosion potential from —0.973
to —0.961 V (Fig.1(b)). Taken together, these findings clearly
indicate that the NHS provides a two-pronged defense: it prevents
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Figure1 Adsorption characteristics and adsorption energy of NHS on Zn foil surfaces in ZnSO,-H,0 and in ZnSO,-H,0O-NHS (20 mM). (a) XRD patterns of zinc
plates following exposure to different electrolytes for 10 days. (b) Polarization curves (collected at 1 mV-s™) showing the electrochemical behavior of the Zn anode in
different electrolyte solutions. (c) FTIR spectra comparing the zinc plate after electrolyte immersion with pure NHS powder. High-resolution XPS spectra of (d) C Is,
(e) N 1s, and (f) O Is. (g) Calculated binding configurations and energies for Zn-H,0, Zn-NHS, and H,0O-NHS complexes. DFT-optimized adsorption geometries and
corresponding energy profiles for (h) H,O and (i) NHS molecules on Zn (002) surfaces.
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the formation of corrosive byproducts and
electrochemical corrosion at the interface.

The protective mechanism of NHS was investigated through a
comprehensive surface analysis of zinc foils immersed in NHS-
containing electrolyte. Energy-dispersive X-ray spectroscopy
(EDS) confirmed the presence of NHS on the zinc surface through
the detection of characteristic C, N, and O elements (Figs. S3 and
$4 in the ESM). Fourier transform infrared spectroscopy (FTIR)
further demonstrated that the adsorbed NHS retained its
molecular structure. The characteristic peaks in the 1200-
2000 cm™ range matched those of pristine NHS (Fig. 1(c)). X-ray
photoelectron spectroscopy analysis provided additional evidence
for NHS adsorption, with distinct C 1s, N 1s, and O 1s signals
observed in the high-resolution spectra (Figs. 1(d)-1(f)). These
findings collectively demonstrate that the NHS forms a stable
protective layer on the zinc surface through molecular adsorption,
which is crucial for its corrosion inhibition performance. The
observed redshift of the C=0O vibrational band in FTIR spectra
strongly suggests chemical adsorption of NHS onto the zinc
surface, likely through coordination between the carbonyl oxygen
and zinc atoms. This chemisorption mechanism was further
corroborated by XPS analysis, which revealed significant changes
in the electronic environment of NHS functional groups upon
surface adsorption. The high-resolution C 1s spectrum showed a
notable decrease in C=O peak intensity, accompanied by a
substantial chemical shift. This indicates electron density
redistribution due to carbonyl-Zn coordination (Fig. 1(d)).
Correspondingly, the O 1s spectrum showed a 0.07 eV positive
shift in the carbonyl oxygen peak (from 531.95 to 532.02 eV),
confirming oxygen's participation in surface bonding (Fig. 1(f)).
The N 1s spectrum maintained its characteristic binding energy at
399.98 eV, corresponding to the C-N bond environment
(Fig. 1(e)), which served as an internal reference confirming the
specificity of the carbonyl-zinc interaction. These spectroscopic
findings collectively ~demonstrate that NHS chemisorbs
preferentially through its carbonyl functionality, forming stable
coordinate covalent bonds with surface zinc atoms while
maintaining the structural integrity of its molecular backbone. The
combined FTIR and XPS results provide compelling evidence for
this specific adsorption mechanism, which underlies NHS's
effectiveness as a corrosion inhibitor [43, 44].

Quantum chemical calculations were carried out to investigate
the interaction properties among Zn, H,O, and NHS molecules.
Figure 1(g) presents a comparison of the binding energies for Zn-
H,0, Zn-NHS, and H,0-NHS. The results reveal that the binding
energy of Zn-NHS (-8.9047 eV) is considerably stronger than that
of Zn-H,0 (—4.3402 eV). This indicates that Zn has a greater
tendency to combine with NHS to form new solvated structures of
Zn jons compared to H,O. Additionally, it is worth mentioning
that there is an interaction between H,0O and NHS, as evidenced
by their binding energy of —1.53 eV. The interaction between H,0
and NHS occurs via hydrogen bonding between the O-H of H,0O
and the C=O of NHS. Additionally, the study examined the
adsorption of different solvent molecules on zinc metal surfaces.
Figure 1(h) shows that the interaction between Zn and H,O is
relatively weak across various sites, with the most stable bridge
structure having an adsorption energy of —1.22 eV. However, the
interaction between Zn and NHS is significantly stronger,
regardless of whether it's at the top, bridge, hollow, or parallel
position on the Zn surface. Notably, the adsorption energy of
NHS on Zn at the hollow site reaches up to —7.23 eV, as
demonstrated in Fig. 1(i) and Fig. S5 in the ESM.

suppresses
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Understanding the arrangement of solvated ions is crucial to
grasping their electrochemical behavior, which is precisely why we
investigated the impact of the NHS on such configurations. In a
solvation shell, the polar carbonyl group in NHS can disrupt the
Zn™ hydration shell by competing with and replacing the water
molecules currently attached. To verify this hypothesis, we
conducted nuclear magnetic resonance (NMR) and FTIR analyses.
In the NMR result, the 'H peak of pure H,0O in DMSO-d; initially
appeared at 3.33 ppm (Fig. S6 in the ESM). Upon adding ZnSO,,
the peak significantly shifts to a higher position at 3.70 ppm
(Fig. 2(a)), indicating a tight coordination of water molecules with
Zn*, which decreases the free water and diminishes proton
shielding. The carbonyl oxygen of NHS is expected to coordinate
with Zn* and solvated water to regulate its solvation sheath.
Moreover, the NHS can reduce the number of active water
molecules by forming hydrogen bonds with free H,0O, weakening
the proton shielding effect and inducing larger chemical shifts
compared to pure H,O. When the NHS is introduced into the
ZnSO, electrolyte (5-40 mM), the peak gradually shifts from
3.70 ppm to 3.66 ppm, suggesting an increase in electron density
on hydrogen. This shift could arise from either the NHS entering
the Zn* solvation sheath, which interacts with and releases the
solvated water, or interactions between free H,O molecules and
NHS. To distinguish between these possibilities, we examined the
H,O-NHS interaction in the absence of ZnSO, [45]. Opposite to
the trend observed in the ZnSO, system, the 'H peak shifts from
3.605 ppm to a lower position of 3.633 ppm following the
concentration change in NHS (5-40 mM) (Fig. 2(b)). This reflects
the reduction in electron density of the H atoms, which can be
attributed to the increasing content of NHS molecules, thereby
enhancing both the intermolecular interactions between water
molecules and between water molecules and NHS molecules.
These contrary findings in two solution systems rule out free NHS-
H,O interactions as the cause of the initial peak blueshift from
3.33 to 3.7 ppm and the subsequent redshift to 3.66 ppm, implying
that NHS releases the solvated water, thus regulating the Zn*
solvation sheath.

FTIR spectroscopy provided additional evidence. The
coordination of the NHS with Zn ions and free water molecules
not only regulates the Zn* solvation structure but also influences
the SO} . In a pure ZnSO, aqueous solution, the SO’ exhibits a
vibrational stretching peak at 1077 cm™. Upon adding NHS (2 M
ZnSO, + 40 mM NHS), this peak blueshifts to 1096 cm™
(Fig. 2(c)), indicating the coordinated NHS molecules with a large
steric hindrance might squeeze the solvated SO, thus reducing
the constraint on SO?" [46].

Single NHS anion inclusion within the solvation sheath,
displacing a water molecule, notably reduced the electrostatic
potential (Figs. 2(d) and 2(e)). This reduction suggests weaker
repulsive forces between solvated structures and a diminished
positive charge, facilitating faster Zn* diffusion. Additionally, the
strong binding energy between NHS and Zn* makes the
desolvation of hydrated Zn* in the new bilayer more favorable
than in pure ZnSO, electrolyte, promoting faster interfacial Zn*
transfer. Electrostatic potential (ESP) mapping further supports
this mechanism: NHS exhibits a higher local electronegativity
(=341 eV) compared to H,O ( -221 eV) (Fig.2(f)), which
explains its preferential coordination with Zn*. Although the NHS
concentration is much lower than Zn*, meaning many ions
remain fully hydrated, [Zn(H,0)4]* migrating toward the anode
can still reorganize. Upon approaching the interface, it may
transform into a new coordination structure involving the NHS
and fewer water molecules.
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Figure2 Regulation of the solvation sheath of Zn* by the addition of NHS. (a) 'H NMR spectra of 2 M ZnSO, electrolytes with different contents of NHS. (b) 'H
NMR spectra of NHS-H,O with different contents of NHS in H,O. (c) FTIR spectra of 2 M ZnSO, electrolytes with different contents of NHS. Electrostatic potential
mapping of (d) the original Zn*-6H,0 solvation structure and (e) Zn*-5H,O-NHS. (f) Electrostatic potential mapping of NHS and H,O. Molecular dynamics
simulations provide three-dimensional visualizations of: (g) ZnSO,-H,0, and (h) ZnSO,-H,O-NHS, alongside close-up views of Zn* solvation structures (NHS
concentration: 20 mM). The simulated radial distribution functions and Zn**-O coordination numbers are plotted for: (i) in ZnSO,-H,0, and (j) in ZnSO,-H,O-NHS.

MD simulations were used to compare Zn* solvation evolution
in pure ZnSO, and NHS-containing electrolytes. Considering the
optimal cyclic performance of batteries with various NHS
contents, the electrolyte with 20 mM NHS was conducted to build
the MD simulation model. In pure ZnSO, (Fig.2(g)), Zn*
coordinates with five H,O molecules and one SO, forming
[Zn(H,0)5(SO,)]. In contrast, the NHS-containing system
(Fig. 2(h)) shows NHS displacing one H,O molecule in the
solvation shell due to its greater steric hindrance. Radial
distribution functions (RDFs) and coordination number analysis
corroborate this finding. The RDF for pure ZnSO, (Fig.2(i))
displays a sharp Zn-O(H,0) peak at 1.92 A, with an average

hydration number of 4.56, consistent with the [Zn(H,0)5(SO,)]
structure. In the NHS-modified electrolyte, an additional Zn—-O
(NHS) peak appears at a similar position (Fig.2(j)), confirming
NHS incorporation into the Zn™ solvation shell. Quantitatively,
the average Zn—-O (H,O) coordination number decreases from
4.56 to 4.47, while Zn—O (NHS) coordination increases to 0.3.
Moreover, the decrease in the average Zn—-O (SOZ) coordination
number also indicates the easier SO’ desolvation from the Zn*
solvation sheath. This is consistent with the previous discussion in
Fig. 2(c) that the coordinated NHS molecules with a large steric
hindrance might release the solvated SO} . Thus, the dominant
solvated structure shifts to [Zn(H,0),(NHS)(SO,)], demonstrating
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NHS’s ability to regulate ligand water numbers and reshape the
Zn* solvation environment.

Additionally, although the Zn* coordination number shows
that the NHS only weakly participates in the construction of the
Zn™ solvation structure, these subtle changes accumulate to
facilitate the desolvation of Zn** and easier Zn deposition, further
expanding the cyclic performance of the Zn anode in the NHS-
containing electrolyte.

NHS plays a dual role in zinc-ion batteries by modifying both
the solvated structure and the electrolyte/electrode interface. To
elucidate its binding affinity to the Zn surface, we analyzed
molecular orbital energy levels. The lowest unoccupied molecular
orbital (LUMO) of NHS (-0.064 eV) lies below that of H,0O
(0.016 eV) (Fig. 3(a)), indicating that the NHS can accept electrons
and prefer to coordinate with Zn atoms. Furthermore, the Zn-
5H,0-NHS complex exhibits a higher highest occupied molecular
orbital (HOMO) energy (—0.4529 eV) compared to Zn-6H,O
(-0.6576 eV) (Fig. S7 in the ESM), suggesting that adsorbed Zn-
5H,0-NHS more readily donates electrons upon interaction with
the Zn foil.

Charge density distribution analysis reveals significant electron
transfer at the Zn/NHS (H,O) interface. In the Zn(002)-H,O
model, minimal electron sharing is observed (Fig. 3(b)), whereas
the Zn (002)-NHS configuration shows strong electron cloud

6 A

overlap between Zn and the carbonyl oxygen (O) of NHS
(Fig. 3(c)). This enhanced electron density around the C=O group
aligns with prior XPS results, proving that adsorption is driven
primarily by chemical interactions between Zn and the NHS
carbonyl group [47]. Consistent with these findings, contact angle
measurements demonstrate improved wettability of the NHS-
containing electrolyte on Zn foil (Fig.3(d)), reflecting stronger
interfacial adsorption.

To probe the zinc deposition mechanism, we evaluated
nucleation overpotentials using CV tests. The NHS-modified
electrolyte exhibits a lower nucleation overpotential (Fig. 3(e) and
Fig. S8 in the ESM), indicating a reduced energy barrier for Zn
nucleation. Chronoamperometry (CA) tests at =150 mV further
elucidate the deposition dynamics. With pure ZnSO,, the current
density keeps climbing after 100 seconds (as shown in Fig. 3(f)),
indicating that Zn* spread out in two dimensions across the
electrode surface for quite a while. This sideways movement
encourages Zn* to accumulate on small bumps, and that
eventually triggers dendrite growth (see Fig. S9 in the ESM).

In comparison, the electrolyte with NHS shows a stable current
density for 50 seconds, followed by a slow increase. This suggests
the three-dimensional diffusion on the Zn anode. We propose that
NHS adsorbs preferentially at initial zinc nucleation sites. This
restricts Zn* surface diffusion and suppresses two-dimensional
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spreading. As a result, Zn* is reduced in situ, resulting in smooth
and uniform deposition without obvious dendrite formation. This
behavior is attributed to the preferential adsorption of NHS
molecules on the Zn anode, which reduces water-induced side
reactions and promotes a homogeneous distribution of Zn*.
Moreover, the reduced desolvation barrier of the NHS-regulated
solvation structure lowers the nucleation overpotential, thereby
promoting uniform nucleation and suppressing the rampant
dendritic growth observed in the additive-free electrolyte.

Electrochemical studies using linear scanning voltammetry on
Zn||Cu cells unveiled distinct behaviors across various electrolytes
(Fig. 3(g)). Specifically, the presence of NHS in the electrolyte
yielded a reduced hydrogen evolution reaction (HER) onset
potential of —0.783 V vs. SCE at a current density of 1 mA-cm?, as
opposed to the pure Na,SO, electrolyte, which registered —0.761 V
vs. SCE at the same current density. This discrepancy highlights
the effectiveness of the NHS in reducing water consumption. This
HER inhibition was further analyzed by Tafel curves (Fig. 3(h)),
where the NHS-modified electrolyte shows a significantly higher
Tafel slope (518 mV-dec”) than the pure Na,SO, system (292
mV-dec”), indicating slower HER kinetics. Furthermore, as the
NHS concentration grew in the ZnSO,-based electrolytes, we
observed a corresponding rise in the oxygen evolution potential, as
illustrated in Fig. 3(1) and Fig.S10 in the ESM within the
supplementary materials. This rise widened the electrochemical
stability window. The combo of repressed hydrogen evolution and
boosted oxygen evolution potential made a big difference,
enhancing the system's overall electrochemical stability
considerably.

Microscopic analysis of Zn anode surfaces via scanning electron
microscopy (SEM) was conducted at 1 mA-cm™ across cycling
intervals to clarify zinc plating behavior. Striking differences were
observed between the two electrolyte systems [48]. In the ZnSO,
electrolyte, the anode surface develops progressively rougher
morphology with cycling. After 10 cycles, randomly oriented flake-
like deposits of varying sizes emerge (Fig. 4(a) and Fig. S11 in the
ESM). This inhomogeneous growth intensifies after 200 cycles,
resulting in a highly porous and disordered structure. Cross-
sectional analysis revealed excessive Zn accumulation exceeding
30 um in thickness (Fig.4(e)), indicative of uncontrolled
deposition. Conversely, the NHS-modified electrolyte promotes
uniform Zn plating. As shown in Fig. 4(b), the anode surface
maintained a compact and smooth morphology throughout
cycling from the initial 10 to 200 cycles. The deposited Zn layer
exhibited exceptional homogeneity with a well-controlled
thickness of approximately 9 um (Fig. 4(f)). This dense packing
was further confirmed in side-view observations after 50 cycles at
higher current density (5 mA-cm™and Fig. S12 in the ESM).

The real-time optical microscopy observations provided further
insight into the zinc deposition behavior (Fig. S13 in the ESM). In
the baseline ZnSO, electrolyte, non-uniform nucleation became
evident during electroplating, with subsequent growth exhibiting
clear dendritic characteristics (Fig. 4(c)). This pattern aligns with
the well-documented "tip effect", where Zn* preferentially deposits
on existing protrusions, leading to accelerated growth at these
sites. In striking contrast, the NHS-modified electrolyte produced
fundamentally different deposition behavior. The zinc foil
maintained exceptional morphological homogeneity throughout
the plating process, demonstrating both improved nucleation
uniformity and long-term stability (Fig. 4(d)). These observations
provide direct visual evidence that NHS additives effectively
regulate initial nucleation while completely suppressing dendritic
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growth mechanisms. The contrast between the two systems
underscores the dual functionality of the NHS in modifying
nucleation processes and preventing dendrite formation. This
transformative effect on deposition morphology offers compelling
evidence for the role of the NHS in enabling stable zinc
electrodeposition, addressing one of the key challenges in zinc-
based battery systems. The improved deposition behavior can be
attributed to the ability of the NHS to homogenize the electric
field distribution and regulate ion flux at the electrode-electrolyte
interface.

The combined experimental and theoretical evidence reveals a
comprehensive mechanism of NHS action in zinc deposition
systems. In the conventional ZnSO, electrolyte, the predominant
[Zn(H,0)sS0,] solvation structure introduces numerous activated
water molecules to the electrode interface. These water molecules
actively compete with Zn* for electrons, triggering undesirable
side reactions that compromise deposition quality (Fig. 4(g)). The
introduction of the NHS fundamentally alters this dynamic by
modifying the solvation structure. NHS replaces one water
molecule in the coordination sphere (Fig. 4(h)), thereby reducing
the availability of reactive water molecules at the interface. This
structural modification simultaneously achieves two critical effects:
suppression of parasitic side reactions and promotion of uniform
zinc deposition.

Electrochemical performance evaluation across different
electrolyte concentrations proves these mechanistic insights.
Zn||Zn symmetric cells employing the optimized 20 mM NHS-
containing electrolyte demonstrate superior reversibility, achieving
a 250-hour cycle life with stable 145 mV voltage hysteresis at
10 mA-cm™ (Fig. S14 in the ESM). Past this ideal point, greater
polarization emerges, attributed to higher charge transfer
resistance, notably in Zn||Cu half-cells. While the baseline ZnSO,
electrolyte suffers from rapid capacity fade and fluctuating
Coulombic efficiency (CE) within 400 cycles at 5 mA-cm?, the
NHS-modified system maintains improved stability for over
3200 cycles with a consistent 99.4% Coulombic efficiency (Figs.
S15 and S16 in the ESM). This improvement directly correlates
with the NHS's ability to prevent dendritic short-circuiting while
ensuring  highly reversible zinc plating/stripping.  The
comprehensive dataset consistently points to 20 mM NHS as the
optimal concentration, balancing solvation structure modification
with minimal polarization effects. This concentration was
therefore selected for all subsequent investigations in this study.

In order to investigate the effect of different NHS
concentrations  on  electrolyte  properties and  zinc
deposition/stripping behavior, electrochemical impedance tests
were carried out on symmetric cells with varying NHS
concentrations before and after cycling. Analysis of the Nyquist
plots reveals a progressive enlargement of semicircle diameters
with increasing NHS concentration compared to the pure ZnSO,
electrolyte (Fig.S17 in the ESM). Significantly, the absence of
additional semicircles in the high-frequency region after cycling
confirms that no secondary interfacial layer formed on the zinc
electrode surface. Long-term galvanostatic cycling tests were
conducted on Znl||Zn symmetric cells at a current density of
1 mA-cm™ with an areal capacity of 1 mAh-cm™ As shown in
Fig. 5(a), the cell employing pure ZnSO, electrolyte exhibited an
abrupt and irreversible voltage drop after 1200 hours of operation.
The occurrence can be attributed to zinc dendrites piercing the
separator, causing internal shorts. Notably, the ZnSO, electrolyte
with the NHS additive exhibited remarkably improved cycling
performance, running continuously for more than 7500 hours
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Figure4 Comparison of characterization of Zn plating/stripping behaviors upon cycles. SEM images of the deposition morphology of Zn anodes: (a) in ZnSO,-H,0
and (b) in ZnSO,-H,0O-NHS (20 mM) after 10, 20, 100, and 200 cycles at 1 mA-cm™ for 1 mAh-cm™ In situ optical microscopic images of the Zn deposition
morphology on the surface (c) in ZnSO,-H,O and (d) in ZnSO,-H,0-NHS 10 mA-cm™. Cross-sectional SEM images of Zn anodes (e) in ZnSO,-H,O and (f) in ZnSO,-
H,0-NHS in symmetric cells after 200 cycles at 1 mA-cm™ for 1 mAh-cm™. (g, h) Schematic illustration of the underlying mechanism of enhanced electrochemical

performance by NHS.

without failure. What's more, the voltage hysteresis in the NHS-
treated system progressively decreased before leveling off at just 51
mV, a clear indication of enhanced stability. The evaluation of
Zn||Zn symmetric cells' shelving and recovery functions, using
alternating cycling and rest cycles, was performed to assess their
stability (Fig. 5(b)). The cell with NHS-modified ZnSO, electrolyte
demonstrated exceptional cycling stability over 4300 h,
maintaining a low average overpotential of 55 mV. Alternatively,
the ZnSO, electrolyte cell demonstrated considerable voltage
variations and experienced a short circuit prematurely, within just

(8 i#% 4 mar | Sci@pen

500 hours. These results confirm that the NHS additive
significantly stabilizes the Zn electrode, enabling prolonged
cycling. SEM analysis also indicated sustained uniform Zn
deposition/stripping within NHS-containing cells during extended
cycling at 5 mA-cm™ and 2.5 mAh-cm™ (Figs. S18 and S19 in the
ESM). The failure of the symmetric cell after 7500 hours may be
attributed to the localized growth of dendrites (Fig.S20 in the
ESM). Additionally, rate capability tests (0.5-10 mA-cm?)
demonstrated that cells with 20 mM NHS exhibited superior
and more stable performance compared to the additive-free
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Figure 5 Galvanostatic cycling stability of Zn||Zn symmetric cells and Zn||Cu half-cells. (a) Cycling performance of Zn||Zn using ZnSO,-H,0 or ZnSO,-H,O-NHS
(20 mM) as the electrolyte at 1 mA-cm for 1 mAh-cm™ (b) Dynamic measurement of Zn||Zn symmetric cell with a combination of Zn stripping/plating cycling (80
h) and resting (80 h) at 1 mA-cm for 1 mAh-cm™ (c) Zn||Zn cell rate capability at different current densities. (d) Cumulative capacity comparison of Zn||Zn cells with
varied electrolyte additives. (e) Voltage-capacity diagrams of Zn||Cu half-cells in ZnSO,-H,O-NHS at various cycles. The insert shows the amplification at different
cycles between 0.1 and 0.5 mAh. (f) Cycling performance of Zn||Cu using ZnSO,-H,0 or ZnSO,-H,O-NHS as the electrolyte at 1 mA-cm™ for 1 mAh-cm™

electrolyte (Fig.5(c)). This enhanced rate tolerance further
underscores the effectiveness of the NHS in suppressing Zn
dendrite growth and sustaining long-term anode stability. When
benchmarked against recently reported electrolyte additives, NHS
stands out for its good electrochemical stability (Fig.5(d) and
Table S1 in the ESM) and remarkable efficiency at a low
concentration, demonstrating enhanced performance compared
to additives that typically require higher concentrations to achieve
similar effects. These findings highlight the critical role of the NHS
in mitigating Zn dendrite formation and improving the cycling
durability of Zn-based batteries.

The voltage profiles of the Zn||Cu half-cell demonstrate
improved cycling stability (Fig.5(e)), with the plating/stripping
voltage gap gradually decreasing over time, indicating enhanced
reaction reversibility. Notably, the potential gap remains nearly
constant during the initial 100 cycles, likely due to an

inhomogeneous electric field caused by the inherent electrode
surface roughness, which leads to incomplete reactions and a
smaller initial polarization. When operated at 1.0 mA-cm™ with
0.5 mAh-cm?, the zinc-copper cell using basic ZnSO, electrolyte
shows erratic charge efficiency and breaks down within a mere
100 charge-discharge cycles. The root cause lies in the unchecked
formation of zinc dendrites, which ultimately leads to cell failure.
In contrast, the cell with 20 mM NHS-modified ZnSO, electrolyte
displays significantly improved reversibility, sustaining an average
Coulombic efficiency of 99.8% over 900 cycles (Fig. 5(f)).

The impact of NHS inclusion on Zn||V,0O; cell electrochemistry
was assessed to determine the viability of using NHS in real-world
applications by contrasting cell performance in ZnSO, solutions,
with and without NHS. (Fig. S21 in the ESM). At a high current
density of 10 A-g”, the cell with pure ZnSO, electrolyte suffered
rapid capacity degradation, declining from 210.3 to 135.7 mAh-g
after 1600 cycles (64.5% retention). On the flip side, the electrolyte
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with NHS really gave the cycling stability a shot in the arm. After a
whopping 7000 cycles, it was still kicking with 82.5% of its original
capacity (dropping from 195.6 to 161.4 mAh-g™), all while keeping
a stellar Coulombic efficiency of 99.5% (Fig. 6(a)). Similar
improvements were observed at 5 A-g”, where the NHS-modified
cell delivered a stable capacity of 194.4 mAh-g™ after 3000 cycles,
far outperforming the additive-free system (Fig. S22 in the ESM).
Further tests at 1 A.g" (Fig.6(b) and Fig. S23 in the ESM)
confirmed that the addition of 20 mM NHS substantially
improved capacity retention, with cells retaining 95% of their
initial capacity after 300 cycles in 2 M ZnSO, electrolyte.
Additionally, the NHS-modified cells exhibited superior rate

capability (Fig. 6(c)), demonstrating excellent capacity recovery
when cycled at varying current densities (0.1 > 5 > 0.1 A-g™). The
average specific capacities at 0.1, 0.2, 0.5, 1, and 5 A g were 330.7,
285.7, 258.1, 240.5, and 199.8 mAh-g™, respectively (Fig. S24 in the
ESM). In comparison, cells with pure ZnSO, suffered rapid
capacity decay, particularly at elevated current densities,
highlighting the important role of NHS in stabilizing Zn
deposition and improving reaction kinetics CV analysis further
confirmed the enhanced reversibility of the NHS-modified system
(Fig. 6(d)). The 5" cycle CV curves exhibited two well-defined
redox couples, corresponding to the V*/V* and V*/V* transitions
during charge/discharge. Notably, the cell with the NHS additive
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displayed significantly reduced electrode polarization compared to
the pure ZnSO, system, corroborating its improved reaction
kinetics and cycling stability. Incorporating the NHS into the
ZnSO, electrolyte significantly suppresses the self-discharge
activity in Zn||V,Os cells. After 24 hours of open-circuit rest, the
NHS-modified cell retains 87.4% of its initial capacity, significantly
exceeding the 71.6% retention of the pure ZnSO, system
(Figs. 6(e) and 6(f)). This improvement stems from the protective
adsorption of NHS molecules on the Zn anode surface, which
suppresses parasitic reactions, including hydrogen evolution and
corrosion. NHS preferentially adsorbs at nucleation sites over H,O
molecules, thereby inhibiting water decomposition and associated
side reactions.

Flexible pouch cells fabricated with NHS-modified electrolyte
demonstrate stable cycling over 300 cycles at 0.5 A-g™', maintaining
a specific capacity of 126.2 mAh-g" (Fig. 6(g)). The voltage of the
pouch battery was measured to be 1.101 V with a voltmeter (Fig.
S25 in the ESM). Visual inspection reveals striking differences
between cells with and without NHS additives: control cells exhibit
noticeable swelling after cycling. In contrast, NHS pouch cells
maintain structural integrity, directly evidencing suppressed gas-
evolving side reactions (Fig.S26 in the ESM). The redesigned
NHS pouch cell demonstrates real-world functionality by reliably
operating an electric fan while sustaining consistent voltage levels
(Fig. 6(h) and Fig. S26 in the ESM). This performance highlights
the device’s viability for practical energy storage solutions.

4 Conclusion

In summary, this study demonstrates a percent-level NHS additive
as a core strategy to enhance the stability and reversibility of zinc
metal anodes in AZIBs. The carbonyl groups of the NHS
effectively displace H,O from the Zn* solvation sheath and
participate in the coordination structure, thereby facilitating Zn**
desolvation. Simultaneously, NHS modulates water activity and
adsorbs onto the zinc surface, promoting uniform electric field
distribution, suppressing side reactions, and guiding preferential
Zn deposition along the (002) plane. These synergistic
mechanisms collectively contribute to enhanced electrochemical
performance. Symmetric Zn||Zn cells achieve over 7500 hours of
stable cycling at 1 mA-cm™ and 1 mAh-cm™, while Zn||V,05 full
cells retain 82.5% capacity after 7000 cycles. Given its low
concentration requirement and ease of integration, the NHS
additive represents a practical and scalable approach for high-
performance aqueous zinc-ion batteries.
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