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Unlocking High-Performance Zinc Batteries via Haloacetamide-
Regulated Nucleation and Interface Chemistry 
Seul Gi Leea†, Syryll Olidana†, Laudimer Tye Tana, Kuk Young Cho*b, Jihoon Kim*a, Sukeun Yoon*a

Lithium-ion batteries dominate the secondary battery market but are increasingly challenged by concerns over safety, 
sustainability, and critical material dependency. Aqueous zinc metal batteries (AZMBs) offer a compelling alternative for 
safe, low-cost, and environmentally friendly energy storage. However, their practical deployment is hindered by dendrite 
formation, hydrogen evolution, and interfacial instability. Here, we introduce haloacetamides as a new class of electrolyte 
additives that regulate zinc interfacial chemistry at the molecular level. Specifically, iodoacetamide modulates Zn2+ solvation 
and surface reactivity via dual coordination with water molecules and Zn2+ ions, enabling precise control over nucleation 
and deposition pathways. This leads to compact, dendrite-free Zn morphology while significantly suppressing hydrogen 
evolution and corrosion. Notably, iodoacetamide lowers the overpotential from 11 mV to 7 mV, indicating improved 
reversibility of Zn plating/stripping. As a result, symmetric Zn‖Zn cells demonstrate outstanding cycling stability exceeding 
2000 h, and full cells maintain over 82% capacity retention for more than 1500 cycles. The additive also enhances high-rate 
capability by facilitating Zn2+ transport and interfacial uniformity. This study presents a previously unexplored strategy for 
tuning Zn interfacial behavior through halogenated molecular design, representing a promising route for aqueous battery 
additive development. Our findings highlight haloacetamides as a powerful platform for interphase engineering toward 
durable, high performance AZMBs.

1 Introduction
Lithium-ion batteries (LIBs) dominate the energy-storage market; 
however, they face several limitations, including a reliance on scarce 
and geopolitically sensitive materials, safety risks associated with 
thermal runaway, and environmental concerns. These challenges 
have driven the development of alternative technologies, such as all-
solid-state batteries (ASSBs); however, ASSBs encounter similar 
obstacles, including material scarcity, manufacturing complexities, 
and interface stability issues, which hinder their commercialization.1–

3 Aqueous metal-ion batteries have the benefit of a high theoretical 
volumetric energy density because they can utilize the reaction of 
polyvalent metal ions such as Mg2+, Ca2+, Zn2+, and Al3+. In addition, 
the ion-supplying metals used in these batteries have greater natural 
abundance than lithium and lower raw material costs, making these 
systems both economical and safe.

Specifically, rechargeable aqueous Zn metal batteries (AZMBs) are 
relatively safer, offer a high capacity (820 mAh g−1 or 5850 mAh 
cm−3), utilize an abundant resource (70 ppm in the Earth's crust), and 
exhibit favorable economic and eco-friendly characteristics. As a 
result, AZMBs are gaining more attention and undergoing rapid 

development compared to other multivalent metal-ion batteries.4–6 
Nevertheless, AZMBs fundamentally suffer from a relatively low 
thermodynamic Zn2+/Zn redox potential (−0.76 V vs. SHE) compared 
to the onset potential of the H2O/H2 redox reaction. This leads to 
undesirable side reactions, including the hydrogen evolution 
reaction (HER), Zn metal passivation and corrosion, and Zn dendrite 
formation. These reactions are difficult to control under the harsh 
operating conditions of charging and discharging, which significantly 
reduce the reversible performance of the battery.7–9 Therefore, the 
transformation of traditional Zn-based primary batteries into reliable 
rechargeable batteries remains a persistent scientific challenge. 
Recent efforts to address these issues include three-dimensional Zn 
structural designs, membrane technologies, artificial protective 
layers, and electrolyte engineering. Notably, these issues occur 
predominantly at the interface between the Zn metal anode and the 
electrolyte, making electrolyte optimization one of the simplest and 
most effective strategies.10–13

Aqueous electrolytes generally use ZnSO4 and Zn(CF3SO3)2 salts in 
neutral and mildly acidic environments, respectively. These salts 
meet the basic requirements of excellent solubility, high ionic 
conductivity, interfacial wettability, and compatibility with electrode 
materials. However, they are susceptible to water decomposition at 
relatively low voltages, which hinders their combination with high-
voltage cathode materials, resulting in significantly lower energy 
densities. In addition, neutral or slightly acidic environments cause 
problems, such as the corrosion and degradation of Zn metal anodes 
and collectors, resulting in shorter battery lifespans.14–16 To address 
this issue, high concentrations of Zn salt have been proposed to 
improve the electrochemical performance of AZMBs. Increased salt 
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concentrations can lower the activity of water molecules, thereby 
inhibiting degradation reactions and improving electrolyte stability 
during cycling, thus enhancing the Coulombic efficiency (CE) and 
operating lifetime. Therefore, increasing the electrolyte salt 
concentration is also considered a way to overcome the narrow 
operational voltage window (below 2 V) of conventional electrolytes, 
ultimately improving energy density.17,18 Another effective solution 
for improving the performance of AZMBs is the addition of 
electrolyte additives. The four main types of additives include 
organic molecules (e.g., saccharin, glucose, arginine, sodium dodecyl 
sulfate, and urea), organic solvents (e.g., ethylene glycol, 
acetonitrile, dimethyl carbonate, and benzylidene acetone), ionic 
liquids (e.g., [EMIM][DCA], [EMIM][OTf], [EMIM][TFSI], and 
EMIMBF4), and metal ions (e.g., Na, Ag, Sn, and Sb).19–25 These 
additives are added in small quantities to the electrolyte to suppress 
anode dissolution, promote consistent Zn plating/stripping to 
prevent dendrite formation, and establish a stable solid electrolyte 
interphase (SEI). Additionally, certain additives have been used to 
extend the operational voltage range by changing the solvation 
structure of the electrolyte, thereby boosting the energy density.

In particular, anionic chemistry is of growing interest because 
modifying the electrolyte with specific anions can impart unique 
functionalities to battery systems while preserving the original 
electrode structure. Additionally, this approach can contribute to 
ionic (de)solvation effects, which help enhance the dynamics of 
solid–liquid interfacial reactions. For instance, SO42− anions in Zn–TiN 
capacitors participate in a two-step adsorption and insertion process, 
enhancing self-discharge prevention and stable capacitance 
performance.26 Cluster models, such as [Zn(TfO)4]2− and CF3SO3−, 
enable stable reversibility and fast deposition/dissolution dynamics 
owing to their low solvation energy and high solubility.27,28 Cl− ions 
bind tightly to dimethyl sulfoxide (DMSO) molecules, forming 
Zn12(SO4)3Cl3(OH)15·5H2O and ZnS-enriched solid electrolyte 
interphases (SEIs), thereby maintaining cycling stability.²⁹ Finally, the 
oxidation of iodine can remove Zn dendrites from the separator 
through redox reactions, preventing microshort circuits.30

Herein, we investigate the effect of haloacetamides as electrolyte 
additives on the electrochemical properties of AZMBs, aiming to 
modify the Zn anode–electrolyte interface, stabilize Zn ion 
electrodeposition, and suppress unwanted byproducts. Experiments 
and calculations indicate that certain halide anions form distinct 
surface solvation structures and accumulate at high concentrations 
at the interface owing to their strong polarizability.31 These ions tend 
toward the electrode interface, adsorb, and create an anion-rich Zn 
surface.32 Halide ions occupy the active sites involved in water-
induced side reactions, suppressing both HER and Zn corrosion. 
Distribution of relaxation time (DRT) analysis revealed a decrease in 
the resistance component (Rad) associated with Zn2+ ion desolvation 
and adsorption, suggesting that the additives facilitate Zn2+ 
desolvation, promoting smooth Zn deposition and suppressing non-
uniform Zn dendrite growth.33 Furthermore, these additives form a 
stable SEI during battery cycling, thereby preventing side reactions 
and uncontrolled Zn dendritic growth.34 Consequently, Zn‖Zn 
symmetric cells exhibited significantly improved electrochemical 
performance, with an overpotential as low as 7 mV and a stable 
cycling performance for 2000 h at 1 mA cm−2. In this study, 

Zn‖activated carbon batteries containing halide ions showed 
improved self-discharge resistance and cycling stability, highlighting 
a promising new strategy for stabilizing the metal–electrolyte 
interface in AZMBs.

2 Experimental
2.1 Electrolyte preparation
The base electrolyte used was an aqueous solution containing 1 M 
zinc sulfate (ZnSO4·7H2O) with a pH value of 4.51. Analytical grade 
haloacetamides (HAAs) (Alfa Aesar), trifluoroacetamide (TFAA), 
chloroacetamide (CAA), bromoacetamide (BAA), and iodoacetamide 
(IAA) were dissolved in the base electrolyte at various 
concentrations. Simple halide salts (Sigma Aldrich), sodium bromide 
(NaBr), and sodium iodide (NaI) were added to the base electrolyte 
at comparable concentrations with their HAA counterpart.

2.2 Material characterization

The crystalline phases of the Zn deposits were determined by X-ray 
diffraction (XRD; Rigaku SmartLab, Cu Kα radiation). The chemical 
composition of the surface was characterized by X-ray photoelectron 
spectroscopy (XPS; Thermo Fisher Scientific, Al Kα radiation). The 
morphology, microstructure, and composition of the samples were 
analyzed using field-emission scanning electron microscopy (FE-SEM; 
Carl Zeiss, SIGMA 500). Zeta potentials were measured using Malvern 
Zetasizer Nano ZSP. Contact angle analysis was performed five times 
on average by dropping 15 μL of electrolyte into different positions 
and measuring the angle using an SEO Phoenix 300. The pH of the 
electrolytes was measured using an OHAUS Starter 2100 pH meter. 
UV-vis spectroscopy was performed using OPTIZEN POP. The Zn ionic 
transference number (tZn2+) was calculated from the 
chronoamperometry and EIS results using the Bruce–Vincent–Evans 
equation. Real-time Zn plating/stripping experiments were 
conducted using a lab-made in situ symmetric cell, and snapshots 
were captured using a digital optical microscope (Siwon Optical, 
Dimis-M5). 

2.3 Electrochemical measurements

Zn‖Cu half-cells were assembled to analyze the Zn plating/stripping 
behavior of different electrolyte designs when cycled at 1 mA cm−2 
(0.5 mAh cm−2) using a Maccor 4000 battery tester. Meanwhile, the 
charge–discharge characteristics of Zn‖Zn symmetric cells were 
evaluated via chronopotentiometry at a constant current density of 
1 mA cm−2 on battery cyclers (Maccor 4000 and LANHE G340A). The 
cathode was fabricated by mixing 80 wt.% activated carbon (AC, 
CEP21K), 10 wt.% carbon black (Super P), and 10 wt.% PVDF in NMP. 
The resulting mixture was then coated onto a 10 μm titanium foil 
(Goodfellow), vacuum dried at 60 ℃ for 6 h, and then pressed. A coin 
cell (CR2032) was assembled using a Zn metal anode, a Whatman 
glass microfiber filter separator, and an electrolyte with or without 
additives. Galvanostatic charge–discharge tests were performed at 2 
A g−1 (based on AC) within a voltage range of 1.8–0.2 V vs. Zn+/Zn 
after 12 h rest time after cell assembly. Cyclic voltammetry (CV) tests 
were performed using a LANHE G340A battery tester at various scan 
rates. Electrochemical impedance spectroscopy (EIS) was performed 
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using a PARSTAT 4000 instrument over a frequency range of 100 kHz 
to 0.1 Hz with a 10 mV amplitude signal. The results were fitted using 
ZSimpWin software, and the raw EIS data were further analyzed 
using the DearEIS GUI program to extract the DRT graphs.35 Linear 
sweep voltammetry (LSV) and Tafel analysis were performed using 
ZIVE SP2 equipment in an electrolyte with Zn metal (or glassy carbon), 
graphite, and a saturated calomel electrode as the working, counter, 
and reference electrodes, respectively, at a scan rate of 5 mV s−1.

2.4 Computational details

The molecular orbital energy calculations for HAAs and water were 
performed using the Gaussian 16 W program package using the 
B3LYP functional with the 6-31G basis set and the DGDZVP method. 
Adsorption energy calculations were carried out using the PWscf 
code in the Quantum ESPRESSO 6.4 package, with the spin 
polarization modeled using the projector augmented wave (PAW) 
method and a generalized gradient approximation based on the 
Perdew–Burke–Ernzerhof (GGA-PBE) exchange–correlation 
functional.36 The wavefunction cutoff energy was set to 30 Ry, and 
Gaussian broadening was set to 0.002 Ry. All structures were relaxed 
until the force and energy on each atom reached 0.00038 Ry bohr−1 
and 10−7 Ry, respectively. Brillouin zone integration was performed 
using the 4×4×1 Monkhorts–Pack k-point grid sampling. A Zn (002) 
supercell with six atomic layers was constructed, with a 15 Å vacuum 
layer along the c-axis (perpendicular to the surface). Finally, the 
adsorption energy (Eads) was calculated using the equation: Eads = Etot 
− (EZn + Eadd) where Etot is the total energy after adsorption of HAAs 
or water on the zinc slab, EZn is the energy of the Zn (002) surface, 
and Eadd is the energy of HAAs or water.

The current density distribution was simulated using COMSOL 
Multiphysics 6.2, employing the secondary current distribution 
module. The Butler–Volmer equation and Nernst–Einstein relation 
were applied to simulate electrode kinetics and ionic migration in the 
presence of an electric field.37,38 The electrodes were set at a 
thickness of 1.5 μm, and the electrolyte height was set to 5 μm. 
Surface irregularities on the electrode were modeled as ellipses with 
a constant height of 0.5 μm. For electrolytes with additives, 
rectangular bars were placed on top of the electrode surface to 
represent the adsorbed HAA.39 Only IAA was used to represent the 
additive-containing system, as the differences among other HAAs 
were negligible and the adsorption mechanism remained consistent. 
Conductivities for 1 M ZnSO4 and 1 M ZnSO4 + 0.5 M IAA were 46.1 
and 40.8 mS cm−1, respectively. The initial potential was set to 0 V for 
the electrodes, with all other surfaces treated as insulators. The 
secondary current distribution module was coupled with the 
transport of dilute species module to solve the Nernst–Planck 
equation. The initial ion concentration was set to 2000 mol m−3. Note 
that the simulations were performed to primarily highlight the effect 
of additive adsorption on the electrode surface under an extremely 
ideal condition, except where otherwise mentioned.

3 Results and discussion
Density functional theory (DFT) calculations were conducted to 
evaluate the potential of haloacetamides (HAAs), including 

trifluoroacetamide (TFAA), chloroacetamide (CAA), bromoacetamide 
(BAA), and iodoacetamide (IAA), as electrolyte additives for 
stabilizing Zn metal anodes in aqueous batteries. The molecular 
orbital levels of all HAAs lie between the lowest unoccupied 
molecular orbital (LUMO) and the highest occupied molecular orbital 
(HOMO) of H2O, except for the HOMO of TFAA (Fig. 1a). This suggests 
that HAAs can effectively inhibit water decomposition and promote 
the adsorption of ionized molecules on the Zn surface.40 Although 
the exact mechanism of halide ion interactions with Zn metal is not 
yet fully elucidated, valuable insight can be obtained from the well-
established reactivity of zero-valent metals (ZVMs), such as Fe, Sn, 
Al, and Zn, toward halogen-containing species.41,42 In ZVM systems,  
halide ions would facilitate the deposition of metal cations in 
solution by forming intermediates between the metal surface and 
the metal ions. When chlorinated organics come into contact with 
ZVMs, thermodynamically favorable reductive dehalogenation 
occurs, releasing halide ions into the solution and either dissolving or 
precipitating oxidized metal ions. In this reaction, the ZVM provides 
electrons, effectively mimicking a corrosion-like process. Based on 
this principle, the reaction mechanisms of HAA decomposition, 
halogenation, and hydration in the present system could be 
described as follows:43–45

XCH2CONH2 + H2O + Zn0 → CH3CONH2 + Zn2+ + OH− + X− Eq. (1)

2 Zn0 + 2 H2O + O2 → 2 Zn2+ + 4 OH−        Eq. (2)

XCH2CONH2 + H2O 𝐎𝐇―
XCH2COOH + NH3                       Eq. (3)

XCH2COOH + H2O + Zn0 → CH3COOH + Zn2+ + OH− + X− Eq. (4)

where X denotes a halide species. In this system, Zn would act as the 
ZVM to ionize the haloacetamide via reductive dehalogenation (Eq. 
1), that would result to the migration of Zn and the formation of 
acetamide. The OH− released from the redox reaction (Eq. 2) would 
then facilitate hydrolysis reactions, yielding haloacetic acid and 
acetic acid as byproducts (Eqs. 3 and 4).

To understand the effect of halide ions on the Zn metal during the 
electrochemical reaction, the optimal concentration of each additive 
was first determined by cycling a Zn‖Zn symmetric cell at a current 
density of 1 mA cm−2 (1 mAh cm−2) (Fig. S1–S5). Based on the results, 
the following concentrations were selected for further analysis: 0.01 
M TFAA, 0.1 M CAA, 0.1 M BAA, and 0.5 M IAA. These were identified 
as optimal based on their superior cycling performance. Fig. 1b 
summarizes the cycling lifespans of Zn‖Zn symmetric cells 
incorporating the optimal additive concentrations. Among the four, 
TFAA (0.01 M) exhibited the shortest lifespan, failing after 180 h. In 
contrast, cells with CAA (0.1 M), BAA (0.1 M), and IAA (0.5 M) 
demonstrated significantly enhanced stability, sustaining cycling for 
580, 1050, and 2000 h, respectively. To further investigate the 
morphological changes, the Zn metal electrodes after 100 cycles 
were examined by SEM (Fig. 1c). The Zn surfaces cycled in the 
electrolytes containing CAA, BAA, or IAA were uniformly covered 
with small, granular particles, suggesting compact Zn deposition. In 
contrast, the surfaces of electrodes cycled in the base electrolyte or 
with TFAA exhibited prominent hexagonal platelets, which is a 
characteristic of dendritic growth and byproduct formation. These 
results confirm that CAA, BAA, and IAA effectively inhibit Zn dendrite 
formation compared to TFAA, which is consistent with the symmetric 
cell cycling performance. Therefore, all subsequent electrochemical 
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measurements were conducted using BAA- and IAA-containing 
electrolytes, as they showed relatively superior performance among 
the HAA derivatives. To evaluate the role of acetamide in this 
performance improvement, control electrolytes with simple halide 
salts were prepared at comparable concentrations with BAA and IAA. 
As shown in Fig. S6, the Zn symmetric cell containing 0.1 M NaBr in 1 
M ZnSO4 electrolyte failed after 40 h of cycling, worse than the 
performance of base electrolyte. In contrast, when 0.5 M NaI was 
added, the cycle life was extended beyond that of the base 
electrolyte and NaBr. However, a gradual increase in voltage 
hysteresis after 180 h can be observed which is indicative of a 
growing cell impedance. From these comparisons, it can be deduced 
that iodine is more beneficial than bromine for improving the cycling 
performance of Zn symmetric cells regardless of the chemical species 
that they are with (Na or acetamide). Furthermore, these findings 
demonstrate that the performance enhancement is driven by the 
intrinsic reactivity of haloacetamides, not simply by the presence of 
halide anions. In the CV curves of the Zn-based symmetric cells with 
BAA and IAA (Fig. S7), no specific oxidation/reduction peaks are 
present, indicating capacitive adsorption. This suggests that HAAs 
can influence Zn plating/stripping reactions by controlling the 
interfacial charge at the Zn anode.

To verify the electrostatic adsorption properties of I− and Br− on Zn 
metal, zeta potential was measured. As shown in Fig. 1d, the 
potential values of BAA and IAA decrease from –0.19 mV, based on 
pure water, to −1.54 and −10.40 mV, respectively. These relatively 
more negative values confirm the electrostatic adsorption of halide 
anions on the zinc metal surface. These halide ions can easily form 
solvated structures due to their strong nucleophilicity, which may 
lead to desolvation of Zn and uniform Zn deposition. Furthermore, 
the wettability of the electrolytes was measured to confirm the 
affinity of HAAs to Zn metal. As shown in Fig. 1e, the initial contact 
angle of the electrolytes containing BAA and IAA with respect to the 
Zn surface were 51.9° and 39.4°, respectively, and decreased to 43.2° 
and 29.7° after 5 min. The reduced contact angle compared to the 
base electrolyte suggests that a favorable halide anion-rich Zn 
surface exists. The improved wettability and interfacial adsorption 
behavior of BAA and IAA suggest that these additives can facilitate 
uniform nucleation and deposition of Zn2+ by lowering the interfacial 
free energy between the Zn metal and the electrolyte.

A schematic diagram of the discussed mechanism is presented in 
Fig. 2a. In the absence of additives, Zn2+ ions deposit onto the initial 
protuberances on the Zn surface, growing vertically and forming 
dendrites. Water molecules can also interact freely with Zn, which 
aggravates side reactions, resulting in the formation of byproducts, 

 
Fig. 1 (a) Calculated HOMO and LUMO energy levels of acetamide, haloacetamides, and water. (b) Lifespan of Zn‖Zn symmetric cells with different concentrations of haloacetamide 
additives in 1 M ZnSO4 at 1 mA cm−2 (1 mAh cm−2). (c) SEM images of Zn metal electrodes after 100 cycles in 1 M ZnSO4 electrolytes with and without haloacetamides. (d) Zeta 
potential of Zn powder and (e) contact angle of 1 M ZnSO4-based electrolytes on Zn metal surfaces, measured with and without bromoacetamide or iodoacetamide.
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hydrogen gas evolution, and corrosion. By contrast, incorporating 
HAAs into the electrolyte can modulate the Zn surface through redox 
reactions with Zn0. Emphasizing on the plausible mechanism of 
haloacetamides (Eq. 1–4), the liberated halide ions are adsorbed 
onto the Zn surface, preventing direct contact between Zn and water 
and thereby suppressing undesirable side reactions. In addition, 
HAAs could scavenge OH− ions and convert them into haloacetic and 
acetic acids, preventing them from reacting with Zn to form 
byproducts. As a result, uniform Zn deposition is achieved due to the 
homogenized current density distribution at the Zn surface induced 
by halide ion adsorption. To validate this behavior, COMSOL 
simulations were conducted to understand the dynamic Zn2+ 
deposition process. As shown in Fig. 2b, the electric field is 
concentrated at the tips of the initial protuberances, which act as 
hotspots for Zn2+ ions and promote vertical growth until the deposits 
puncture the separator and cause short circuits. In contrast, the 
presence of additives alters the Zn2+ deposition behavior by 
distributing the current density more evenly across the surface, 
thereby alleviating the tip effect observed in the base electrolyte 
(Fig. 2c). As a result, uniform Zn plating is achieved.

LSV and potentiodynamic polarization measurements were carried 
out to examine the effects of BAA and IAA on side reactions, 
particularly hydrogen evolution reaction (HER) and Zn corrosion. As 
shown in Fig. 3a, the onset potential for HER in the presence of BAA 
and IAA shifts negatively to approximately −1.35 V and −1.15 V, 
respectively, indicating increased HER overpotential. 
Potentiodynamic polarization curves (Fig. 3b) show that the 
corrosion potential shifts positively to −1.00 V and −1.02 V, while the 
exchange current density decreases to −0.0045 and −0.0041 mA 
cm−2, respectively. These results suggest that both HER and corrosion 
of Zn at the interface are effectively suppressed by the additives. Fig. 
3c shows that the addition of BAA and IAA to the electrolyte slightly 
decreases the ionic conductivity to 40.8 and 45.2 mS cm−1, 
respectively. Meanwhile, the calculation of Zn ion transfer number 

(tZn2+) from the chronoamperometry curves and Nyquist plots 
revealed that the values increase to 0.594 and 0.609 for BAA and IAA, 
respectively, from 0.362 exhibited by the base electrolyte (Fig. S8 
and S9). This implies that while the total ion mobility is slightly 
hindered due to higher solute concentration, a greater proportion of 
Zn2+ ions contributes to charge transport.46

To further quantify Zn2+ transport, the activation energy (Ea) was 
calculated using the Arrhenius equation, based on resistance 
measurements at different temperatures (Fig. S10–12). The linear 
fits in Fig. 3d indicate that the introduction of IAA reduces Ea to 20.04 
kJ mol−1, whereas BAA increases Ea to 33.26 kJ mol−1, compared with 
that of the base electrolyte (32.42 kJ mol−1). This trend is consistent 
with the overpotentials observed during cycling of the Zn-based 
symmetric cell: base electrolyte (11 mV), BAA (40 mV), and IAA (7 
mV) (Fig. S13). The activation energy refers to the energy required to 
initiate Zn2+ plating/stripping, and the nucleation overpotential 
refers to the potential required to start deposition. Since the addition 
of IAA results in the lowest Ea, it required the least driving force for 
initial Zn deposition, unlike the addition of BAA or base electrolyte, 
which required higher potentials. These characteristics may relate to 
adsorption energy; however, they are not exclusively connected. The 
calculated adsorption energies for BAA (−2.77 eV) and IAA (−2.53 eV) 
are lower than that of water (−2.24 eV) (Fig. 3e), indicating that 
halide ions preferentially adsorb onto the Zn surface. This 
preferential adsorption prevents water molecules from directly 
interacting with the Zn metal, thereby forming a water-deficient 
inner Helmholtz plane (IHP).47 BAA shows the strongest affinity to Zn 
metal, suggesting it can hinder ion mobility and block some active Zn 
sites, resulting in higher overpotential and activation energy. In 
contrast, IAA achieves a lower activation energy than that achieved 
by BAA despite its stronger adsorption to zinc. This observation 
means that a higher or lower activation energy does not dictate 
whether the battery performance will be better than the other, as 
proven by BAA and IAA which both performed better than BE 

Fig. 2 (a) Schematic illustration showing the protective mechanism of haloacetamide additives. (b, c) COMSOL simulations of Zn2+ flux distribution in (b) 1 M ZnSO4 electrolyte and 
(c) 1 M ZnSO4 electrolyte containing haloacetamides.
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regardless of the value of Ea. Similarly, some reported additives 
increase or decrease Ea; however, the electrochemical performance 
of an additive-containing system is always superior to that of the 
system using the base electrolyte.48–51 The resistance of the special 
solvation structure of Zn2+ was further investigated using DRT 
analysis, based on the same temperature-dependent resistance data 
utilized for the Ea calculations. The DRT results reveal four distinct 
resistance peaks, corresponding to different physical interfaces in 
order of increasing relaxation time constant (Fig. 3f–h). The diffusion 
of Zn2+ ions into the Zn-depositing electrode (Rdiff) can be attributed 
to the adsorption and desolvation of Zn2+ ions (Rad), charge transfer 
across the Zn–SEI interface (Rct), and migration of Zn2+/Zn+/Zn species 
and crystal formation on the Zn surface (Rmi-cr).52,53 Electrolytes 
containing BAA and IAA exhibit lower Rdiff and Rct, indicating reduced 
impedance and improved Zn2+ migration, enabling smoother charge 
transfer and increased interfacial stability, thereby suppressing 
dendrite formation. The influences of BAA and IAA were further 
confirmed by in situ optical microscopy of the Zn electrode (Fig. S14). 
Even after 30 min of Zn plating at 3 mA cm−2, HER and dendrite 
formation were suppressed owing to the competitive reaction 
between the halide species and Zn ions, leading to the formation of 
a uniform and dense passivation layer at the electrode–electrolyte 
interface. These findings are in line with the measured pH values of 
the electrolyte blends, showing an increase in H+ concentration (Fig. 
S15). A lower pH implies reduced OH− availability, minimizing 
reactions with zinc species and subsequent formation of byproducts. By examining the effect of BAA and IAA additives on the Zn 

plating/stripping reaction, Fig. 4a presents a comparison of the 

Fig. 3 (a) LSV, (b) potentiodynamic polarization curves, and (c) ionic conductivity of 1 M ZnSO4 electrolytes with and without bromoacetamide or iodoacetamide. (d) Arrhenius plots 
derived from Rct values at various temperatures, showing the desolvation activation energies. (e) Calculated adsorption energies of iodoacetamide, bromoacetamide, and water in 
1 M ZnSO4 electrolytes. (f–h) Temperature-dependent EIS spectra and corresponding DRT analysis of 1 M ZnSO4 electrolytes: (f) without additives, (g) with iodoacetamide, and (h) 
with bromoacetamide.

Fig. 4 (a) Galvanostatic cycling performance of Zn‖Zn symmetric cells in 1 M ZnSO4 
electrolytes with and without bromoacetamide or iodoacetamide at 1 mA cm−2 
(1 mAh cm−2). (b, c) Voltage profiles of Zn‖Zn symmetric cells with (b) iodoacetamide and 
(c) bromoacetamide at 1, 3, and 5 mA cm−2, recorded after 10 cycles. (d) Multirate cycling 
performance at a fixed areal capacity of 1 mAh cm−2. (e) EIS spectra of Zn‖Zn symmetric 
cells after 50 cycles in 1 M ZnSO4 electrolytes with and without additives.
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cycling performances of the electrolytes. The IAA additive enabled 
the Zn electrode to achieve stable cycling for over 2000 h, whereas 
the BAA additive allowed the Zn electrode to maintain its stability for 
up to 1050 h before exhibiting voltage fluctuations and short circuits. 
Additionally, a stable cycle life of up to 250 h was achieved by IAA 
and BAA at high current densities of 5 mA cm−2 (5 mAh cm−2) (Fig. 
S16), with stable low-voltage hysteresis values of 58 mV and 77 mV, 
respectively, owing to rapid zinc kinetics (Fig. 4b and 4c). Similar 
behavior can be observed over a wide range of current densities (1, 
3, 5, and 10 mA cm−2) in the Zn plating/stripping curves shown in Fig. 
4d, demonstrating stable multirate performance and reversible 
cycling as a result of uniform Zn deposition. Additionally, Zn‖Cu half 
cells demonstrate that the additives induce better plating/stripping 
reversibility as seen from the extended life of BAA and IAA. Although 
BAA experienced slight instability after 100 h, it recovered and lasted 
longer than the base electrolyte which failed after 220 cycles. 
Meanwhile, IAA showed a stable performance all throughout (Fig. 
S17–19). Further electrochemical performance assessment of the Zn 
symmetric cell was performed via EIS after the 50th cycle at a current 
density of 1 mA cm−2 (Fig. 4e). The surface resistance (Rs) and charge 
transfer resistance (Rct) values for the symmetric cell using IAA in the 
high- and low-frequency regions are 0.5 and 1.0 Ω, respectively, and 
those for BAA are 1.2 and 2.3 Ω, respectively. This indicates that both 
BAA and IAA contribute to the formation of a stable interfacial layer 
during the plating/stripping process and enhance the electron 
transport effect, improving the overall electrochemical performance. 

To gain insight into the surface composition at the interface 
underlying the effects of the BAA and IAA additives on dendrite 
formation and side reactions, XPS analysis was performed on the Zn 
metal electrode after 10 cycles. The XPS survey spectra in Fig. 5a–c 
show the presence of peaks related to C 1s, Zn 2p, and S 2p. In the C 
1s spectrum (Fig. 5d), a metal carbonate-related peak can be 
observed at 290 eV, which can be attributed to ZnCO3, in comparison 
to the ZnSO4 base electrolyte.54 In the Zn 2p spectrum (Fig. 5e), 

symmetric doublets corresponding to Zn 2p3/2 and Zn 2p1/2 can be 
identified, with a shoulder peak attributed to ZnO appearing at lower 
binding energies. Although ZnO was present on the surface of the Zn 
metal regardless of the additive, its peak was comparatively less 
intense than that in the base electrolyte, indicating that fewer ZnO 
species were formed. Additionally, in the S 2p spectrum (Fig. 5f), 
spin–orbit coupling peaks of sulfate can be observed at 170 eV and 
168.85 eV, corresponding to S 2p3/2 and S 2p1/2, respectively. 
Furthermore, the presence of additives significantly reduces the 
intensity of the S 2p signal, indicating decreased formation of zinc 
hydroxy sulfate (ZHS) on the Zn plate.55,56 Ex situ XPS analysis 
revealed that zinc electrodes cycled in electrolytes containing HAAs 
exhibit notable suppression of sulfate- and hydroxide-related 
species, indicating a more stable interfacial composition and reduced 
parasitic reactions. Complementary XRD analysis (Fig. S20) 
confirmed a distinct phase transformation alongside the presence of 
ZHS phases. The hydrated Zn4SO4(OH)6·5H2O phase, typically linked 
to uncontrolled surface hydrolysis and the formation of porous, 
inactive byproducts, was no longer detected.57 Instead, the denser 
Zn4SO4(OH)6·4H2O phase emerged as the predominant species. This 
shift suggests that HAA additives do not eliminate ZHS formation but 
regulate the crystallization pathway during Zn plating/stripping. This 
stabilization may be attributed to two synergistic effects of HAA: (i) 
scavenging of hydroxide ions, which suppresses local alkalinity and 
prevents overhydrated ZHS precipitation, and (ii) adsorption of 
halide ions released from HAA decomposition onto the Zn surface, 
forming a protective interphase that mitigates water-induced side 
reactions. The selective formation of Zn4SO4(OH)6·4H2O serves as a 
compelling evidence that HAAs facilitate a more compact and stable 
surface layer, consistent with the improved cycling stability and 
suppressed dendrite formation observed in HAA-containing 
systems.58,59 Additionally, the optical and SEM images (Fig. S21) 
showed that the Zn metal immersed in the electrolytes containing 
BAA and IAA for five days form smaller particles and fewer hexagonal 

Fig. 5 (a–c) XPS survey spectra of Zn metal electrodes after 10 cycles in (a) 1 M ZnSO4 electrolyte, (b) 1 M ZnSO4 electrolyte with bromoacetamide, and (c) 1 M ZnSO4 electrolyte with 
iodoacetamide. (d–f) High-resolution (d) C 1s, (e) Zn 2p, and (f) S 2p XPS spectra of Zn metal measured after 10 cycles in 1 M ZnSO4 electrolytes with and without bromoacetamide 
or iodoacetamide.
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plates than those observed in the base electrolyte, indicating 
enhanced resistance to self-corrosion. 

The effectiveness and practicality of BAA and IAA were investigated 
using a Zn‖AC full cell. The CV curves for the BAA and IAA electrolytes 
(Fig. 6a and 6b) exhibit an almost rectangular shape, which is typical 
of capacitive or electric double-layer capacitor electrode materials. 
However, the BAA electrolyte shows a slight faradaic contribution in 
both the anodic and cathodic regions around 1.03–1.07 V. While a 
pair of redox peaks (1.2/1.23 V) can be observed for IAA at different 
scan rates, presumably following from its reaction with iodine. The 
peak current (i) can be linearly related to the scan rate (v) using b-
value analysis, as described by the following equation: log(i) = log(a) 
+ b log(v). As shown in Fig. 6c and 6d, the b-values of the two peaks 
of BAA and IAA are 0.803/0.788 and 0.903/0.831, respectively, 
suggesting that the charge–discharge process is synergistically 
controlled by capacitive and diffusion behaviors.60,61 The 
contribution ratios of the capacitive and diffusive behaviors were 
analyzed using Dunn's method (Fig. 6e–f). The slightly lower b-value 
and capacitive distribution for IAA imply that the system exhibits 
slightly more diffusion-controlled behavior than that observed for 
BAA, attributable to the reaction of the iodide ions. This finding aligns 
with the higher specific capacity achieved by IAA as more active sites 
are utilized in diffusion. In contrast, no redox peak was observed for 

the base electrolyte, ZnSO4, indicating that the charge storage mode 
is electrostatic adsorption and does not affect the capacity (Fig. S22). 
In the galvanostatic charge–discharge experiments at 2 A g−1 (Fig. 
6g), BAA and IAA exhibit relatively higher capacity and cycling 
stability compared to that exhibited by the base electrolyte. In 
particular, the IAA electrolyte demonstrates an initial capacity of 280 
mAh g−1 (calculated based on weight of AC), which is approximately 
4 times that of the base electrolyte cell, and retains 83% of its 
capacity after 1500 cycles. Moreover, the cell with IAA shows only a 
slight overpotential change and demonstrates significant cycling 
stability at high current densities (5 A g−1) (Fig. S23). This suggests 
that the amount of charge passing through the cell can be 
significantly increased by creating a stable interfacial layer.

The feasibility of using electrolyte additives in grid-stabilized Zn 
metal batteries was further validated by examining their multirate 
performance. The cell containing IAA exhibits excellent capacity 
characteristics and stable cycling across all current densities (Fig. 6h). 
The excellent rate performance also indicates that sufficient electron 
transfer reactions and fast ion diffusion occur at both the cathode 
and anode. Since the system studied herein resembles an 
electrochemical capacitor owing to the nature of the AC cathode, 
self-discharge is considered as a significant issue, as ions are 
electrostatically adsorbed on the surface of the AC instead of being 

Fig. 6 Electrochemical performance of Zn‖AC cells in 1 M ZnSO4 electrolytes with and without haloacetamide additives. (a, b) Cyclic voltammetry curves at various scan rates for 1 M 
ZnSO4 electrolytes containing (a) bromoacetamide and (b) iodoacetamide. (c, d) log(current)–log(scan rate) plots of peak current versus scan rate with linear fitting for (c) 
bromoacetamide and (d) iodoacetamide. (e, f) Capacitive contributions at different scan rates for (e) bromoacetamide and (f) iodoacetamide. (g) Galvanostatic charge–discharge 
curves at 2 A g−1 in 1 M ZnSO4 electrolytes with and without bromoacetamide or iodoacetamide. (h) Multirate performance of Zn||AC cells in 1 M ZnSO4 electrolytes with and without 
haloacetamide additives.
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stored in the bulk.62 After 10 cycles of charge and discharge within a 
voltage range of 1.8–0.2 V at a current density of 2 A g−1, the cells 
were allowed to rest for 24 h, and the actual energy loss was 
evaluated. As shown in Fig. S24, the cells with BAA and IAA achieve 
voltage retentions of 73% and 70%, respectively, after 24 h of rest. 
However, in the case of IAA, the capacity loss due to self-discharge 
quickly recovered after additional cycling, demonstrating that the 
cell can rapidly restore stable performance even after self-discharge 
under practical conditions. This provides significant advantages in 
terms of long-term energy efficiency and stability. Overall, the results 
of the analyses indicate slight differences in the physicochemical and 
electrochemical performances of the selected BAA and IAA additives. 
Notably, as compared with bromide ions, iodide ions more 
effectively serve as anions for AZMBs. The interaction of 
iodoacetamide with Zn2+ ions and water molecules modifies the 
interface between the electrolyte and Zn anode, thereby ensuring 
uniform Zn plating/stripping and effectively suppressing dendrite 
formation. Consequently, the cell with the IAA-containing electrolyte 
exhibits reduced electrochemical overpotential and enhanced 
electrochemical stability. 

4 Conclusions
The purpose of this study was to understand the effects of different 

halogen-containing acetamide derivatives as electrolyte additives for 
AZMBs. The addition of haloacetamides to a common base 
electrolyte, 1 M ZnSO4, led to several interesting properties. First, 
according to DFT calculations, most haloacetamide derivatives 
effectively suppressed water decomposition and promoted the 
adsorption of ionized additive molecules onto the Zn surface. 
Second, not all the halide ions aided the formation of stable SEI layers 
on Zn. Third, the reactivity of haloacetamides drives the performance 
enhancement rather than the mere presence of halide anions. 
Finally, differences in the electrochemical performance were 
observed depending on the type and concentration of additives. In 
particular, iodoacetamide interacted with Zn2+ ions and water 
molecules to modify the interface between the electrolyte and Zn 
anode, ensuring uniform Zn plating and stripping, and suppressing 
dendrite formation. As a result, the iodoacetamide additive 
significantly reduced the electrochemical overpotential, thereby 
lowering polarization and enhancing electrochemical stability. 
Among the halogens, iodine atom can offer the best performance 
improvement as confirmed from Zn symmetric cell cycling 
performance of haloacetamides and simple halide salts. We believe 
that a deeper understanding of the chemical interactions involved in 
the protection of Zn from halide anion-containing additives in 
electrolytes will be beneficial for the development of advanced 
electrolytes for AZMBs applications. 
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