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Aqueous zinc-ion batteries (AZIBs) have attracted considerable interest as energy storage systems for large-

scale applications owing to their low cost, high safety, elemental abundance, and environmental

compatibility. However, the Zn metal anode in AZIBs continues to face challenges such as dendrite

growth and parasitic side reactions, including hydrogen evolution, corrosion, and byproduct formation.

Extensive studies have demonstrated that the electrochemical behavior of Zn anodes during repeated

plating and stripping is highly sensitive to electrolyte composition, resulting in pronounced variations in

Zn deposition morphology, reversibility, and interfacial stability. Accordingly, electrolyte additives have

been widely explored as an effective approach to modulate Zn anode behavior. In this work, we

compare the electrochemical responses of Zn anodes in aqueous electrolytes containing quaternary

ammonium iodide additives, using tetrabutylammonium iodide (TBAI) as a representative example, over

a low concentration range. Particular attention is given to changes in interfacial electrochemical

characteristics observed under typical AZIB testing conditions.
1. Introduction

Among the various energy-storage technologies, lithium-ion
batteries (LIBs) are the most widely used rechargeable
batteries owing to their high energy densities and long life-
spans.1 LIBs have been extensively utilized in portable elec-
tronics and electric vehicles; however, they still have some
disadvantages such as high ammability, toxicity of organic
electrolytes, high prices, and limited lithium resources.2
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Accordingly, multivalent metal-ion batteries have emerged as
next-generation secondary batteries.3 They are particularly
promising for grid-scale energy storage systems (ESS) owing to
their ability to achieve high volumetric energy densities by the
process of transferring multiple electrons with single-ion (de)
intercalation at the cathode. Rechargeable aqueous Zn-ion
batteries (AZIBs) are emerging as safe and low-cost alterna-
tives to LIBs. Among the multivalent systems (Mg2+,4 Ca2+,5

Al3+,6 Zn), Zn stands out due to its low redox potential (−0.762 V
vs. SHE) and high theoretical capacity (820 mAh g−1; 5855 mAh
cm−3).7–9 However, the practical deployment of AZIBs is criti-
cally hindered by uncontrollable dendritic Zn growth and
parasitic side reactions, particularly hydrogen evolution and
corrosion. These degradation processes originate from unstable
Zn2+ deposition dynamics at the electrode–electrolyte interface,
resulting in rapid performance decay and limited cycle life.10–13

Accordingly, both Zn nucleation behavior and the Zn2+ solva-
tion environment have been considered important factors
inuencing the reversibility of Zn plating in aqueous systems.

To address the interfacial instability of Zn metal anodes,
a variety of modication strategies have been investigated.
Several strategies have been proposed to mitigate the electro-
chemical instability of Zn anodes in AZIBs. Structural modi-
cation approaches, such as dual-channel 3D porous Zn,8 3D
carbon frameworks,14 and 3D nanoporous Zn–Cu alloy
anodes,15 have demonstrated improved ion transport pathways
J. Mater. Chem. A
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and partial suppression of dendrite growth. Interfacial regula-
tion using protective layers, such as sulfur-doped MXene,16

inorganic–organic hybrid alucone,17 and Ag coatings,11 has been
shown to facilitate more uniform Zn nucleation, effectively
reducing undesirable side reactions between the electrolyte and
Zn surface. Beyond direct electrodemodication strategies such
as surface coating and alloying, several alternative approaches
have also been explored to regulate Zn deposition behavior. For
instance, separator engineering has been reported to homoge-
nize ion ux and suppress dendrite propagation.18 Additionally,
polymer or gel electrolytes can mechanically constrain Zn
deposition and stabilize the electrode–electrolyte interface.19

Furthermore, rational current collector design has also been
demonstrated to guide uniform Zn nucleation and growth.20

Compared to these fabrication-intensive strategies, electro-
lyte additive engineering offers a relatively simple and cost-
efficient route.21–23 Additives such as ethylene-
diaminetetraacetic acid,21,22 diethyl ether (Et2O),23 poly-
acrylamide,24 and ethylene carbonate25 promote Zn ion
redistribution or form shielding interphases that mitigate
dendritic formation. Surfactant-type tetrabutylammonium
sulfate (TBA2SO4),26 tetraalkylammonium hydroxide,27 and
sodium dodecyl sulfate (SDS)28 further enhance interfacial
reactions through surface adsorption, beneting deposition
morphology control with relatively low toxicity and cost. In
addition, chelating agents such as 2-bis(2-hydroxyethyl)amino-
2-(hydroxymethyl)-1,3-propanediol29 and trisodium citrate30

have been utilized to tailor the Zn2+ solvation structure, thereby
modulating deposition kinetics and suppressing parasitic
reactions. Recent studies have further highlighted that rational
electrolyte additive design can effectively regulate Zn deposition
behavior and interfacial chemistry in AZIB systems.31–34

However, many existing additive strategies tend to emphasize
either interfacial shielding or solvation modulation, while
studies involving combined cation–anion effects oen address
these aspects independently rather than in an integrated
electrochemical context.

The concept of combined cation–anion synergy has recently
garnered increasing attention as a strategy to integrate interfa-
cial and solvation regulation in AZIBs. Prior studies employing
halide-based ionic liquids,35,36 concentrated electrolytes,37 NaI
additives38 or more recent dual-ion cooperative designs39 have
highlighted the potential of ion-pair manipulation for control-
ling Zn deposition behavior. However, these demonstrations
typically rely on comparatively high additive concentrations or
specialized electrolyte environments, which can limit their
scalability, cost-efficiency, and practical integration into
commercial battery systems. The electrochemical responses
associated with combined cation–anion effects under dilute
electrolyte conditions have not been fully claried.

In this work, the electrochemical responses of Zn metal
anodes in aqueous electrolytes containing quaternary ammo-
nium iodide additives are examined over a low concentration
range. Adopting tetrabutylammonium iodide (TBAI) as a repre-
sentative system, changes in Zn plating/stripping behavior,
nucleation overpotential, and interfacial electrochemical char-
acteristics are compared under typical AZIB testing conditions.
J. Mater. Chem. A
Rather than aiming to establish denitive mechanistic inter-
pretations, this study focuses on experimentally observable
electrochemical trends associated with the presence of organic
cation–halide additives. These observations provide a basis for
discussing how combined ionic species may inuence Zn anode
behavior in dilute electrolyte environments.
2. Experimental section
2.1. Preparation of electrolytes containing different
concentrations of the TBAI additive

Tetrabutylammonium iodide (Sigma-Aldrich) was dissolved in
2 M ZnSO4 solution (Sigma-Aldrich) until all the TBAI had
completely dissolved. The concentrations of TBAI were marked
as 2 M ZnSO4 + 0.01 mM TBAI, 2 M ZnSO4 + 0.1 mM TBAI, and
2 M ZnSO4 + 1 mM TBAI, respectively.
2.2. Preparation of the a-MnO2 cathode

2.2.1. Synthesis of a-MnO2. The hydrothermal synthesis
method was used to produce a-MnO2.40,41 Specically, a-MnO2

was synthesized by dissolving 0.09878 g of KMnO4 (Junsei) and
0.4226 g of MnSO4$H2O (Sigma-Aldrich) in 80 mL DI water. The
resulting solution was then heated at 160 °C for 12 h in a 100mL
Teon autoclave. Aer cooling to room temperature, the nal a-
MnO2 was obtained by centrifugation, washing with DI water
and ethanol, and overnight drying in an 80 °C oven.

Active materials (as-synthesized a-MnO2), Super-P (MTI
Korea), and PVDF (Sigma-Aldrich) in a weight ratio of 70 : 20 : 10
in N-methyl-2-pyrrolidone (NMP, Daejung) were mixed by using
a mini-mill (Mini-Mill PULVERISETTE 23, Fritsch). Then, the a-
MnO2 slurry was coated on titanium foil (Alfa Aesar) using
a doctor blade. Aer overnight drying in an 80 °C oven, the a-
MnO2 cathode was punched into 14 pi with a mass loading of 2–
2.5 mg cm−2.
2.3. Preparation of the ZVO cathode

2.3.1. Synthesis of ZVO (ZnxV2O5$nH2O) nanobelts. The
hydrothermal synthesis method was used to synthesize ZVO
nanobelts.42,43 2 mmol V2O5 (98%; Sigma-Aldrich) and 1.3 mmol
Zn(CH3COO)2$2H2O (98%; Sigma-Aldrich) were added and
stirred in 50 mL water/acetone solution with a volume ratio of
15 : 1. The resulting solution was then transferred into a 100 mL
Teon autoclave and heated at 180 °C for 9 h. The nal ZVO
nanobelts were obtained by centrifugation, washing with DI
water 4 times, and overnight drying in an 80 °C oven.

The ZVO slurry (composed of a 70 : 20 : 10 wt% ratio of active
materials (synthesized ZVO nanobelts): MWCNT (CNT MR99,
Carbon-Nanotech): PVDF (Sigma-Aldrich) in N-methyl-2-
pyrrolidone (NMP, Daejung)) was mixed by using a Thinky
mixer (THI ARM-310, Intertronics) and coated on titanium foil
(Alfa Aesar) using a doctor blade. Finally, the ZVO cathode was
obtained aer drying in an 80 °C oven for at least 12 h. Themass
loading of the ZVO cathode was about ∼1 mg cm−2.
This journal is © The Royal Society of Chemistry 2026
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2.4. Computational calculations

Quantum chemistry calculations were carried out with the
Gaussian 09 soware package to obtain the binding energies of
TBA+–H2O, Zn

2+–H2O, TBAI–H2O, Zn(H2O)6
2+, and ZnI(H2O)5

+.
The geometry optimization, the energy calculation, and the
LUMO–HOMO energy level were also performed with the 3-
parameter hybrid Becke exchange/Lee–Yang–Parr (B3LYP)
density functional theory. For a more accurate description,
a double zeta basis set (LANL2DZ) was used for iodine and a 6-
31G(2d,2p) basis set was applied to the other atoms. The
binding energies of Zn2+–H2O and the other molecules were
calculated using the following equation:

Eb = Etot complex − EZn2+ − EH2O

where Eb is the binding energy (kcal mol−1), Etot complex is the
total energy of the optimized structure for complex molecules,
and EZn2+ and EH2O are the energy of Zn2+ and H2O, respectively.

Based on the Zn2+ solvation structures analyzed from the MD
simulations, model structures were constructed to calculate the
activation energies associated with structural transitions. In
particular, to compare the transition possibilities from solvent-
shared ion pair (SIP) and solvent-separated ion pair (SSIP)
structures to contact ion pair (CIP) structures, initial congu-
rations representing each reaction pathway were selected based
on the predominant coordination structures identied from
MD analyses.

DFT calculations were performed to optimize components of
the electrolyte system and to evaluate the activation energy for
the transition from SIP and SSIP to CIP structures, obtained
from the MD simulation results. All DFT calculations were
carried out using the DMol3 program.44,45 The B3LYP hybrid
functional was utilized for all calculations.46,47 The spin-
polarized calculation was performed with the DNP 4.4 level.
All electron relativistic effects were included in the core treat-
ment. The convergence criterion for the self-consistent eld was
set to 1.0 × 10−6 eV per atom. For geometry optimization, the
convergence criteria were set as 1.0 × 10−5 Ha for energy, 0.002
Ha Å−1 for force, and 0.005 Å for displacement, respectively. For
transition state calculations, the complete single linear
synchronous transit and quadratic synchronous transit
methods were employed, with the convergence criterion for the
root mean square force set as 0.003 Ha Å−1.
2.5. Materials characterization

Scanning electron microscopy (SEM, Inspect F and Regulus
8230) was used to observe the morphology of Zn dendrites from
both the top-view and cross-section view perspectives. An
atomic force microscope (AFM, XE-100) was utilized to directly
identify the mechanism of nucleation and growth of Zn
dendrites. The electrochemical Zn deposition morphology was
directly observed using a CMOS 8M camera (E3ISPM08300KPA,
HiMax Tech, Korea) connected to an optical microscope
(HNM001, HiMax Tech, Korea). Changes in the crystalline
structure of Zn foil aer soaking in different electrolytes were
analysed by X-ray diffraction (XRD, Bruker D8 ADVANCE
This journal is © The Royal Society of Chemistry 2026
diffractometer) with a Cu Ka source (1.5418 Å) at 40 kV and 40
mA. The 1H NMR spectrum was recorded using an AscendTM
400 MHz NMR. The Raman spectra were obtained by using an
Alpho300R spectrometer (WITec) under ambient conditions. A
532 nm laser was used as a light source to excite samples at
a power of ∼2 mW cm−2.
2.6. Electrochemical measurements

Zn‖Zn symmetric cells, Zn@MnO2, and Zn@ZVO full cells were
assembled in CR2032-type coin cells to evaluate electrochemical
performance. Symmetric cells were fabricated using Zn foil (Alfa
Aesar) as both the working and counter electrodes, and glass-
ber F (Whatman) as the separator. For full cells, MnO2 and
ZVO cathodes were paired with Zn foil anodes.

The Zn‖Zn symmetric cell's galvanostatic charge/discharge
tests were performed using a WonATech galvanostat at
current densities of 2, 5, and 10 mA cm−2 with areal capacities
of 1, 5, and 10 mAh cm−2, respectively.

Chronoamperometry (CA; Bio-Logic VMP3) was conducted
by applying a potential of−150mV. Electrochemical impedance
spectroscopy (EIS) was performed with an AC perturbation of
0.1 mV over the frequency range of 1 MHz to 0.1 Hz using the
same instrument, and Nyquist plots were tted using EC-Lab
soware.

To calculate the Zn2+ transference number, the Bruce–Vin-
cent–Evans method was adopted. CA was conducted at −10 mV
for Zn‖Zn symmetric cells until a steady-state current was
achieved. Subsequently, EIS was conducted under the same
frequency conditions. The transference number t+ was calcu-
lated using the equation:

tþ ¼ IssðDV � I0R0Þ
I0ðDV � IssRssÞ

where I0 and Iss are the initial and steady-state currents,
respectively, and R0 and Rss are the interfacial resistances ob-
tained from EIS before and aer CA measurement, respectively.
Tafel polarization and cyclic voltammetry (CV) were carried out
in a three-electrode conguration, with Zn foil as the working
electrode, carbon as the counter electrode, and calomel as the
reference electrode. CV was conducted at a scan rate of 0.1 mV
s−1. Linear sweep voltammetry (LSV) was also conducted in
a three-electrode setup using Pt foil as both the working and
counter electrodes, Ag/AgCl as the reference electrode, and
a scan rate of 1 mV s−1 to evaluate the onset potential of the
hydrogen evolution reaction (HER). To assess HER suppression,
internal pressure monitoring and differential electrochemical
mass spectrometry (DEMS) were conducted using a custom-
designed 2032 type coin cell (hereaer referred to as the HS
cell). For the internal pressure test, the HS cell was maintained
in a closed state for 7 days. The resulting internal pressure
change was used to estimate H2 gas generation. DEMS analysis
was subsequently carried out using the same HS cell congu-
ration to quantify HER behavior in Zn@MnO2 full cells with
different types of electrolytes, with or without TBAI additives. A
SUS mesh was incorporated to enable uniform gas delivery and
argon was used as a carrier gas in the HS cell. Aer purging the
J. Mater. Chem. A
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residual air inside the HS cell with argon for 30 minutes, the cell
was sealed and maintained in a closed state for 10 hours. The
accumulated gas was then released and analyzed via the argon
carrier line to evaluate H2 generation due to side reactions.
3. Results and discussion
3.1. Zn dendrite suppression effect of TBAI

To assess the electrochemical impact of TBAI, a Zn‖Zn
symmetric cell was fabricated. Fig. 1 shows the voltage proles
of the symmetric cells at different current densities and specic
capacities. As indicated in Fig. 1a, symmetrical Zn cells
exhibited different long-term cycling behaviors depending on
the presence and concentration of TBAI in the electrolyte. The
cell employing the baseline electrolyte (2 M ZnSO4) exhibited
a short-circuit aer 215 h, while cells containing 1 mM and
0.1 mM TBAI showed a short-circuit aer 121 h and 380 h,
Fig. 1 Voltage profile of Zn symmetric cells according to TBAI concentrat
(b) 5 mA cm−2 with a capacity of 5 mAh cm−2 and (c) 10 mA cm−2 with

J. Mater. Chem. A
respectively. Remarkably, the cell with 0.01 mM TBAI in the
baseline electrolyte exhibited enhanced cycling stability, oper-
ating without failure for over 1500 h. These results indicate that
the cycling behavior of the Zn symmetric cell is sensitive to the
additive concentration. In this system, a low concentration of
TBAI (0.01 mM) showed the most stable behavior among the
tested concentrations. To examine the effect of TBAI concen-
tration in detail, we analyzed the cycle plating/stripping voltage
proles (Fig. S1a–d, SI). The overpotential (DV) of the rst cycle
increased from 80.3 mV for the baseline electrolyte to 84.6 mV
with 0.01 mM TBAI, and further to 155.1 mV and 267.2 mV for
0.1 mM and 1 mM, respectively. The pronounced increase in
overpotential at higher additive concentrations may be associ-
ated with hindered Zn2+ transport and altered interfacial
kinetics in the presence of excess TBA+. Over prolonged cycling,
the baseline electrolyte showed a gradual increase in polariza-
tion, indicating worsening reversibility of Zn plating/stripping
ion at a current density of (a) 2 mA cm−2 with a capacity of 1 mAh cm−2,
a capacity of 10 mAh cm−2.

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 SEM images of the Zn surface of a symmetric cell after 50th cycles in (a) bare and with (b) TBAI 0.01 mM, (c) TBAI 0.1 mM, and (d) TBAI
1 mM. (e) CA curves of zinc in each electrolyte. (f) Dimensionless curves (I/Imax) vs. (t/tmax) for instantaneous and progressive nucleation from eqn
(S1) and (S2), respectively (dotted lines) along with experimental data. AFM images of Zn surface after plated at current density of 1 mA cm−2 and
a specific capacity of 0.1 mAh cm−2 in (g) no add and (h) with 0.01 mM TBAI.
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and surface instability. Conversely, the cell with 0.01 mM TBAI
maintained a relatively stable voltage prole, suggesting sup-
pressed overpotential growth and improving Zn plating/
stripping kinetics over extended cycles (Fig. S1e and f, SI). To
verify this trend under more demanding conditions, the current
density and areal capacity were increased. When the current
density and specic capacity increased to 5 mA cm−2 and 5mAh
cm−2 (Fig. 1b), respectively, the cells containing TBAI (0.01 mM,
0.1 mM, and 1 mM) exhibited a stable and reversible plating/
stripping process for 50 cycles (100 h). In contrast, the cell
without TBAI failed aer 33 cycles (66 h). At a current density of
10mA cm−2 and a specic capacity of 10mAh cm−2 (Fig. 1c), the
cell without TBAI short-circuited only aer 16 cycles (32 h). Even
the cells containing 1 mM and 0.1 mM TBAI short-circuited in
the 23rd cycle (46 h) and 43rd cycle (86 h), respectively. Notably,
the cell with 0.01 mM TBAI exhibited a stable voltage prole
with the lowest polarization over 50 cycles (100 h). The Zn‖Cu
This journal is © The Royal Society of Chemistry 2026
asymmetric cell test was conducted for more detailed insight
into the Zn deposition/stripping process (Fig. S2, SI). From the
initial cycles, the electrolyte with 0.01 mM TBAI exhibited
a remarkably high coulombic efficiency (CE) of 99.8%, whereas
the CE of the electrolyte without TBAI reached only 98.25% even
aer 20 cycles. These results indicate that the presence of
0.01 mM TBAI is associated with improved reversibility of the
Zn deposition/stripping process and improves cycling stability.
To assess the impact of TBAI concentration on Zn plating
morphology, SEM images were collected aer 50 cycles at 1 mA
cm−2 and 0.1 mAh cm−2 (Fig. 2a–d). In 2 M ZnSO4 without TBAI
(Fig. 2a), the Zn surface was covered with numerous vertically
growing akes, indicative of dendrite growth. In contrast, TBAI-
containing cells exhibited a stacked plate-like morphology
(Fig. 2b–d). Previous studies have suggested that bulky TBA+

cations can preferentially interact with protruding regions of
the Zn surface during plating.26 In our study, the number of
J. Mater. Chem. A
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vertically grown akes increased as the concentration of TBAI
increased on the surface of Zn aer cycles, suggesting that
excess TBA+ cations may interact with both protruding and at
regions, hindering preferential Zn plating on the at region of
the Zn. In this context, the morphology observed at different
TBAI concentrations may reect variations in surface coverage
and local deposition behavior. This corresponds to only
0.00037 g L−1, lower than that of previously reported additives
(Table S1, SI). This comparison suggests that the combined
presence of I− ions and TBA+ is associated with enhanced
cycling stability under the examined conditions.26 To examine
the individual contributions of I− anions and TBA+, additional
symmetric cell tests were conducted in environments contain-
ing 0.01 mM I− and 0.01mM TBA+ alone (Fig. S3, SI). Among the
tested electrolytes (2 M ZnSO4, 2 M ZnSO4 + 0.01 mM ZnI2, 2 M
ZnSO4 + 0.005 mM TBA2SO4, and 2 M ZnSO4 + 0.01 mM TBAI),
2 M ZnSO4 + 0.01 mM TBAI exhibits the most stable cycling
behavior. This result suggests that the combined presence of
TBA+ and I− is associated with enhanced cycling stability under
the examined conditions, and more in-depth discussion will be
presented in a later section.

The chronoamperometry (CA) test was conducted to verify
the effect of a representative low TBAI concentration (0.01 mM)
on Zn nucleation and growth processes at an overpotential of
150 mV in Zn symmetric cells and the results are shown in
Fig. 2e. In the CA results, the uctuations in the current–time
curve sensitively reect the nucleation, nuclei growth, and
surface morphology changes.48 The initial rapid decrease in
current may be associated with nucleation. As shown in Fig. S4,
the symmetric cell with 2 M ZnSO4 and 0.01 mM TBAI exhibited
a shorter nucleation time than a symmetric cell without a TBAI
additive. The shortened nucleation time observed in the pres-
ence of 0.01 mM TBAI suggests a modied nucleation process,
which may be related to changes in the interfacial environment
induced by the additive.30 This is closely related to the differ-
ence in desolvation energies for Zn ions depending on the
existence of additives and this will be discussed in more detail
in the subsequent section. Previous studies have suggested that
Zn nuclei formed aer nucleation can grow via either 2D or 3D
diffusion-controlled processes.49–52 In 2D diffusion, adsorbed
Zn2+ ions migrate laterally to energetically favorable sites,
generating large nuclei and promoting dendrite growth. In
contrast, 3D diffusion involves local reduction of Zn2+ with
minimal lateral migration, limiting nuclei growth and sup-
pressing dendrites. The continuous increase in absolute current
density indicates dominant 2D diffusion. In our study, the TBAI-
free cell showed such an increase, whereas the cell with
0.01 mM TBAI maintained a steady current density (Fig. 2e),
indicating predominant 3D diffusion. Collectively, these
observations are consistent with a transition toward more
uniform Zn nucleation and growth behavior in the presence of
0.01 mM TBAI. To further understand Zn nucleation and
growth, we used Scharier and Hill's model, which is classied
into two cases (i.e., instantaneous nucleation and progressive
nucleation).53 The I–t transient curves for each electrolyte,
measured to construct the Sharier and Hill's model curve, are
presented in Fig. S5a and b. These gures demonstrate that the
J. Mater. Chem. A
addition of 0.01 mM TBAI to the bare electrolyte constrains
surface diffusion of Zn during the nucleation process, consis-
tent with the CA results. To facilitate comparison, we normal-
ized the I–t curves to (I/Imax)–(t/tmax) and plotted them alongside
theoretical curves based on Scharier and Hills' model (eqn
(S1) and (S2), SI), as shown in Fig. 2f. According to this model,
nucleation occurring rapidly at a small number of active sites is
classied as “instantaneous nucleation,” whereas nucleation
occurring more gradually across a large number of active sites is
referred to as “progressive nucleation”. It is well established
that progressive nucleation promotes uniform nuclei growth,
thereby mitigating Zn dendritic growth. Our results indicate
that the transient curve for the bare electrolyte closely follows
the instantaneous nucleation model, whereas the curve corre-
sponding to the 0.01 mM TBAI-containing electrolyte aligns
more closely with the progressive nucleation model. This
observation is consistent with the formation of more uniformly
distributed Zn nuclei in the presence of 0.01 mM TBAI.

To better understand the effect of TBAI on Zn nucleation and
early-stage growth, AFM measurements were performed. As
shown in Fig. 2g, Zn plated without TBAI exhibited highly non-
uniform surface features with large particulate-like protrusions,
indicative of localized and inhomogeneous deposition. In
contrast, the Zn surface plated with TBAI (Fig. 2h) showed ner
and more uniformly distributed particulates with smaller local
height variations, suggesting more homogeneous Zn nucleation
and growth during the initial deposition process. It should be
noted that AFM provides localized surface topography rather
than an exact measurement of overall lm thickness; never-
theless, the results clearly demonstrate the role of TBAI in
promoting uniform Zn electrodeposition. To investigate the
plating over a wider area, SEM analysis was performed, as
shown in Fig. 3a and b. Even in a wide range of space, the Zn
surface aer plating without TBAI exhibited numerous larger
particulates on the surface compared to those on the surface
aer plating with TBAI. To observe the initial Zn plating process
in real-time more directly, in situ OM for Cu‖Zn asymmetric
cells in bare electrolyte and 0.01 mM TBAI-added electrolyte was
conducted under the same plating conditions as those for AFM
and SEM. The results (Videos S1 and S2, SI) show that the Zn
nucleation occurred more evenly in the TBAI-added electrolyte
than in the bare electrolyte during the initial plating process.
These results support the ndings from the previously di-
scussed Sharier and Hill's model and CA test, evidencing that
the TBAI-containing electrolyte promotes a large number of
nucleation sites and uniform 3D diffusion-driven Zn growth. To
examine the effect of 0.01 mM TBAI associated with suppressed
dendritic growth beyond the nucleation stage, cross-sectional
images of the Zn anode were acquired aer plating (Fig. 3a
and b). Without TBAI, the Zn layer consisted of agglomerated
particulates ∼40 mm thick, indicative of dendritic growth
(Fig. 3a). In contrast, 0.01 mM TBAI yielded a dense, uniform Zn
layer only 7 mm thick (Fig. 3b), conrming effective dendrite
suppression via compact deposition. To further elucidate this
effect, in situ cross-sectional OM was conducted at a current
density of 5 mA cm−2. In 2 M ZnSO4, protrusions started to
appear on the Zn surface aer 30 min of plating (Fig. 3c). Such
This journal is © The Royal Society of Chemistry 2026
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Fig. 3 SEM images (top view and cross section) of Zn surface of beaker cell with only deposition at current density of 1 mA cm−2 for 2 h in (a) 2 M
ZnSO4 and (b) 2 M ZnSO4 with TBAI 0.01 mM. In situ optical microscopy images during the plating process in (c) 2 M ZnSO4 and (d) 2 M ZnSO4

with TBAI 0.01 mM.
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protrusions typically accelerate dendritic growth owing to the
tip effect.53 Consequently, the largest protrusion continued
growth aer 90 min. In contrast, 2 M ZnSO4 with 0.01 mM TBAI
produced a uniform, compact Zn surface within 30 min
(Fig. 3d), which remained dendrite-free even aer 90min. These
observations further support the trends observed in the CA and
nucleation analyses. To further evaluate whether such stabi-
lized deposition behavior can be maintained under practical
operating conditions, symmetric cells were tested at various
current densities (Fig. S7). The TBAI-containing electrolyte
exhibits signicantly reduced polarization and stable voltage
proles even at high current densities, indicating that the
suppressed dendritic growth translates into enhanced interfa-
cial stability and improved Zn plating/stripping reversibility.
3.2. Suppression of side reactions by the TBAI additives

In addition to the dendritic growth, Zn anodes in AZIBs suffer
from various side reactions (zinc corrosion, hydrogen evolution,
and anode passivation). To probe the effect of TBAI, electro-
chemical and physicochemical analyses were performed.
This journal is © The Royal Society of Chemistry 2026
Electrochemical impedance spectroscopy (EIS, Fig. 4a–c)
revealed that while the TBAI-containing electrolyte initially
showed a slightly larger semicircle than bare ZnSO4, its inter-
facial resistance remained far more stable over 7 days of rest,
indicating suppressed corrosion and byproduct accumulation
(see tting details in Fig. S8, SI). This behavior suggests that the
presence of TBAI is associated with mitigated interfacial
degradation, potentially due to altered surface interactions. The
corresponding Bode plots show similar stabilization trends
(Fig. S9, SI).29 To further verify the anticorrosion capability of
TBAI, Tafel polarization and cyclic voltammetry (CV) analyses
were conducted. As shown in the Tafel curves (Fig. S10, SI),
adding 0.01 mM TBAI to 2 M ZnSO4 shied the corrosion
potential positively and reduced the corrosion current from 2.49
mA to 1.89 mA (Table S2, SI), consistent with a reduced corro-
sion tendency.27 CV proles (Fig. S11, SI) revealed only the
characteristic Zn plating/stripping peaks in both electrolytes,
with decreased peak currents upon TBAI addition, suggesting
suppressed corrosion and reduced byproduct accumulation.54

CV of 0.01 mM TBAI in water (without 2 M ZnSO4) shows no
J. Mater. Chem. A
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Fig. 4 Electrochemical impedance spectroscopy (EIS) and side reaction analyses of Zn symmetric cells in 2 M ZnSO4 electrolyte with and
without 0.01 mM TBAI additive. (a) Nyquist plots of pristine Zn‖Zn cells. (b) Nyquist plots after 1 day rest. (c) Nyquist plots after 7 days rest. Inset in
(a)–(c) is the equivalent circuit model used for fitting. (d) Time-resolved differential electrochemical mass spectroscopy analysis (DEMS) for
quantifying H2 gas generation during rest. (e) XRD patterns of Zn after soaking for 7 days in different electrolytes. Insets show optical images of
the Zn surfaces after soaking.
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distinct peaks, conrming that TBAI is electrochemically inert
during Zn plating/stripping. The effect of TBAI on hydrogen
evolution reaction (HER) suppression was further investigated
by linear sweep voltammetry (LSV, Fig. S12, SI). The onset
potential for the HER shied positively from −1.02 V to −0.99 V
vs. Ag/AgCl upon TBAI addition, suggesting suppressed HER
kinetics. This result was corroborated by internal pressure
monitoring in HS cells over seven days. Pressure changes were
tracked in both half-cell systems (bare Zn, without an additive)
and full-cell systems (Zn@MnO2, with/without an additive)
(Fig. S13, SI). In additive-free systems, the internal pressure
increased continuously, reaching 15.2 psi for bare Zn and 14.2
psi for Zn@MnO2 aer one week. In contrast, the Zn@MnO2

cell containing 0.01 mM TBAI showed a signicantly lower
internal pressure of 6.2 psi, representing a >50% reduction
compared with additive-free cells. To quantitatively assess HER
inhibition, differential electrochemical mass spectrometry
(DEMS) was employed. Aer a 10 h resting period, the relative
hydrogen gas pressure of the additive-free electrolyte was 1.1616
× 10−8 mbar, whereas that of the 0.01 mM TBAI electrolyte was
reduced by 5.88-fold to 0.1975 × 10−8 mbar (Fig. 4d). These
results indicate that the presence of 0.01 mM TBAI is associated
with reduced HER under the examined conditions. In AZIBs, the
HER also generates side reactants, such as zinc hydroxide
sulfate (ZHS), which impedes reversible Zn plating/stripping
J. Mater. Chem. A
and are closely associated with corrosion and hydrogen evolu-
tion.48 To evaluate the effect of TBAI on ZHS formation, pieces of
Zn foil were soaked in each electrolyte for seven days. The XRD
patterns (Fig. 4e) revealed that ZHS formation was signicantly
suppressed in 2 M ZnSO4 containing 0.01 mM TBAI compared
with the additive-free electrolyte. Consistently, the Zn surface
morphology aer soaking (inset, Fig. 4e) exhibited abundant
gray by-product deposits in the absence of TBAI,55 whereas
substantially fewer deposits formed in the TBAI-containing
electrolyte. Additional SEM and EDS mapping images
(Fig. S14, SI) further support that the presence of 0.01 mM TBAI
is associated with suppressed ZHS formation.

Collectively, the electrochemical and post-mortem analyses
indicate that the presence of TBAI is associated with reduced
corrosion, suppressed hydrogen evolution, and mitigated
byproduct formation under the examined conditions.
3.3. Effect of TBAI on the solvation structure of Zn2+ ions

While these observations highlight the inuence of TBAI on
interfacial side reactions, the observed electrochemical
improvements cannot be fully explained by interfacial effects
alone. Given the strong dependence of Zn deposition behavior
on the solvation environment, the inuence of TBAI on Zn2+

solvation was further examined using spectroscopic and
This journal is © The Royal Society of Chemistry 2026
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Fig. 5 (a) 1H NMR spectra of electrolytes. The fitted O–H stretching vibration of Raman spectra representing water molecules with strong, weak,
and non H-bonds in (b) 2 M ZnSO4 and (c) 2 M ZnSO4 + 0.01 mM TBAI. (d) The calculated binding energy between ions and water, and the
formation energies of Zn2+ solvation configurations. (e) Schematic illustration of solvation structure transition. (f) Fraction of the solvate species
(contact ion pairs [CIPs], solvent-shared ion pairs [SIPs], and solvent-separated ion pairs [SSIPs]) with varying TBAI concentrations of the 2 M
ZnSO4 electrolytes. (g) The calculated HOMO and LUMO energy level of Zn2+ solvation configurations.
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computational approaches. In general, electrolyte additives
inevitably alter the solvation structure of Zn2+ ions, which is one
of the major factors inuencing reactions in the AZIB system.
To investigate these changes, we conducted an NMR analysis of
both electrolytes. In 2 M ZnSO4, the 1H peak appeared at
4.728 ppm, shiing to 4.715 ppm upon TBAI addition (Fig. 5a),
suggesting subtle changes in the local hydration environment
of Zn2+ and weakened Zn2+–H2O interactions.55 To further
investigate the interaction between the H2O molecules and
This journal is © The Royal Society of Chemistry 2026
Zn2+, Raman spectroscopy was performed. Raman spectra
(Fig. 5b and c) show a broad O–H stretching band (2900–
3700 cm−1) deconvoluted into peaks for strongly, weakly, and
non-H-bonded water.56 To quantitatively assess the distribution
of water in various hydrogen-bonded states, we calculated ratios
of the areas of the tted Raman peaks (Fig. S15, SI). The non-H-
bonded fraction increased from 34.03% to 46.05% with TBAI,
suggesting that the addition of 0.01 mM TBAI to 2 M ZnSO4 is
associated with redistribution of hydrogen-bonded water
J. Mater. Chem. A
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species around Zn2+, with an increased fraction of free H2O
molecules. To assess the impact of changes in the solvation
structure on Zn2+ transport, the Zn2+ transference number (tZn2+)
was measured (Fig. S16, SI). The transference number was
determined via chronoamperometry, and the corresponding
impedance spectra (insets). The value (tZn2+) increased from
0.582 (2 M ZnSO4) to 0.655 with TBAI, suggesting a modest
change in Zn2+ transport behavior under the examined condi-
tions.57 Previous studies suggested that bulky cations can be
incorporated into the solvation structure [Zn(H2O)6]

2+, leading
to improved electrochemical properties.58–61 However, 2 M
ZnSO4 containing 0.01 mM TBAI exhibits higher cycling
stability than the electrolyte containing only TBA+, indicating
that an additional factor beyond the bulky cation affects the
solvation structure and Zn2+ plating behavior (Fig. S3 and Table
S1, SI). Thus, we hypothesized that I− also plays a role in
modifying the Zn2+ solvation structure and performed related
density functional theory (DFT) calculations to verify this.58
The calculated binding energy of TBA+–H2O
(−26.136 kcal mol−1) is much weaker than that of Zn2+–H2O
(−108.768 kcal mol−1) (Fig. S17, SI). This suggests that direct
coordination between TBA+ and Zn2+ is unlikely to be a domi-
nant factor in modifying the Zn2+ solvation structure. Further
DFT calculations were performed to examine the coordination
environment of I− and the solvated Zn structure (Fig. 5d). The
binding energy of [Zn(H2O)6]

2+ (−431.438 kcal mol−1) was
stronger than those of TBA+–H2O, Zn

2+–H2O, and TBAI–H2O in
the water system, indicating that [Zn(H2O)6]

2+ is the general
solvation structure in water. Interestingly, the binding energy of
ZnI(H2O)5

+ (−552.208 kcal mol−1) was stronger than that of
[Zn(H2O)6]

2+ in the water system suggesting that ZnI(H2O)5
+ is

thermodynamically feasible in I− rich local environments,
although the population of such species under dilute condi-
tions is expected to be limited.

To explicitly examine the effect of TBAI in the aqueous Zn
electrolyte system, molecular dynamics (MD) simulations were
performed (see Section 2.4. Computational calculations under
the Experimental section). Changes in solvation species
induced by the additives were analyzed by examining the Zn2+

solvation structures in the electrolytes without TBAI and with
0.1 M TBAI. It should be noted that the additive concentration
employed in the MD simulations is higher than that used in the
experiments, which was adopted to enhance statistical
sampling of solvation structures (Fig. S17, SI). Under trace-level
additive conditions, the number of additive molecules within
a nite simulation box becomes extremely limited, making it
difficult to obtain statistically meaningful structural informa-
tion within accessible simulation times. Therefore, the MD
results are used to qualitatively illustrate possible trends in
solvation behavior rather than to quantitatively reproduce the
experimental electrolyte composition. The results are presented
in Fig. 5f. The solvation structure species of Zn2+ are categorized
into CIPI− (i.e., ZnI(H2O)5

+), CIPSO4
2− (i.e., ZnSO4(H2O)5),

SIPSO4
2− (i.e., [Zn(H2O)5/H2O/SO4

2−]), SIPI− (i.e.,
[Zn(H2O)5/H2O/I−]+), SIPSO4

2−, I− (i.e., [Zn(H2O)4 /H2O/
SO4

2− and H2O/I−]−), and SSIP (i.e., Zn(H2O)6
2+). In the pres-

ence of TBAI, a slight increase in CIP structures was observed
J. Mater. Chem. A
compared to the additive-free system, including a minor
contribution of the CIPI− structures (i.e., purple) as expected
from the DFT calculation (Fig. 5d). Also, the population of
SIPSO4

2− decreased, while SIPI−, SIPSO4
2−, or I−, emerged (i.e.,

blue, yellow, and orange, respectively). To further understand
the SIP structure formation, radial distribution function (RDF)
analysis between SO4

2− and H2O revealed a subtle peak shi
toward longer distances upon TBAI addition (Fig. S19, SI). Such
a peak shi caused by the existence of TBAI indicates a weak-
ening of SO4

2− and H2O interaction, suggesting that SO4
2−

becomes less competitive in forming SIP structures, thereby
increasing the relative likelihood of I− serving as the SIP-
forming anion. These ndings suggest that the presence of
TBAI can inuence the local Zn2+ solvation environment by
altering the relative populations of anion-associated solvation
structures.58,59 Further analysis of the coordination environ-
ment of I− within SIPI− structures was performed to evaluate
the possibility of transitioning to CIPI−with TBA+. The solvation
structure was partially dehydrated as TBA+ was involved. It was
found that the predominant SIPI- structure was identied as the
partially dehydrated complex [Zn(H2O)5/H2O/
I−(H2O)5$TBA

+]2+ (Fig. S20, SI). The activation energy for tran-
sition from this partially dehydrated SIPI− structure to CIPI−

was calculated to be 0.41 eV, indicating that such a transition is
energetically accessible under the simulated conditions.
However, even with TBA+, the direct conversion from SSIP to
CIPI− structures was thermodynamically unfavorable, indicated
by a much higher barrier (1.29 eV), which is approximately three
times greater than that of the SIPI− to CIPI− transition, with
endothermicity (Fig. S21, SI). It was expected that TBAI additives
induced the Zn2+ solvation environment from SSIP to SIPI−

structures, facilitating a more energetically favorable subse-
quent transition to CIPI− (ZnI(H2O)

5+), respectively (Table S3,
SI). Moreover, we calculated the LUMO energy levels of the
solvation structures to compare their reducibility (Fig. 5g).
ZnI(H2O)5

+ has a higher LUMO energy level than [Zn(H2O)6]
2+,

indicating that ZnI(H2O)5
+ is more resistant to reduction than

[Zn(H2O)6]
2+. Since electrolyte reduction is a major cause of side

reactions, the reduced reducibility of ZnI(H2O)5
+ relative to

[Zn(H2O)6]
2+ is consistent with the experimentally observed

suppression of side reactions, as shown in Fig. 4. Finally, our
computational results provide supportive insights into how
TBAI additives may inuence the Zn2+ solvation environment.
According to a previous report, ZnI(H2O)5

+ has a lower des-
olvation energy than [Zn(H2O)6]

2+ because I− anions in the
solvation structure are repulsed by the anode surface during Zn
plating27 (Fig. S22, SI). Despite the ultralow bulk concentration
of TBAI, electrochemical reactions are spatially conned to the
electrode–electrolyte interface, where localized solvation
modulation can signicantly inuence Zn nucleation and
growth behavior. A more detailed understanding can be ob-
tained by considering both thermodynamic and kinetic
perspectives. From a thermodynamic perspective, the strong
coordination ability of I− is expected to enable the formation of
an alternative local solvation structure, namely ZnI(H2O)5

+,
which is more energetically stable than the [Zn(H2O)6]

2+ struc-
ture upon Zn2+–I− association. Although the overall additive
This journal is © The Royal Society of Chemistry 2026
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Fig. 6 The schematic of Zn plating patterns in (a) 2 M ZnSO4 electrolyte and (b) 2 M ZnSO4 with 0.01 mM TBAI electrolyte.
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concentration remains low, preferential interfacial accumula-
tion of TBA+ can facilitate local Zn2+–I− association within the
interfacial reaction zone, effectively enriching additive partici-
pation at the site where electrochemical reactions occur. The
sustained formation of this localized coordination environment
persistently modulates the energetics of Zn2+ desolvation and
reduction at the interface, thereby magnifying the interfacial
impact of trace-level TBAI on nucleation behavior and deposi-
tion morphology. From a kinetic perspective, the modied
solvation structure lowers the effective desolvation barrier and
facilitates progressive nucleation behavior. Based on these
thermodynamic and kinetic considerations, a schematic illus-
tration is proposed to rationalize the inuence of TBAI additives
on Zn deposition behavior (Fig. 6). In the additive-free electro-
lyte, Zn deposition is associated with localized ion ux and
uneven growth. In the presence of TBAI, the adsorption of bulky
organic cations and the altered solvation environment may
collectively contribute to changes in ion redistribution near the
electrode surface, which is consistent with the observed
suppression of dendritic features. This effect of [ZnI(H2O)5]

+

contributes to uniform and rapid nucleation without 2D diffu-
sion, as shown in Fig. 2 and S2, SI. Based on the combined
experimental observations and computational analyses, a sche-
matic illustration is proposed to rationalize the possible inu-
ence of TBAI additives on Zn deposition behavior (Fig. 6). In the
additive-free electrolyte, Zn deposition is associated with
localized ion ux and uneven growth. In the presence of TBAI,
the adsorption of bulky organic cations and the altered solva-
tion environment may collectively contribute to changes in ion
redistribution near the electrode surface, which is consistent
with the observed suppression of dendritic features.
3.4. Electrochemical performance of a full cell containing
the TBAI additive

To evaluate the inuence of the TBAI additive under practical
full-cell congurations, Zn-based full cells with MnO2 cathodes
(Zn@MnO2) were assembled and tested. The peaks in the XRD
pattern correspond well with the a-MnO2 structure (PDF 04-055-
This journal is © The Royal Society of Chemistry 2026
4884), and the SEM image reveals a characteristic rod-like
morphology40 (Fig. S23, SI). Fig. 7a presents that the
Zn@MnO2 full cell containing 0.01 mM TBAI delivers higher
average discharge capacities over a wide range of applied
current densities (70 mA g−1 to 3.5 A g−1) compared to the
additive-free cell. This improvement in rate performance may
be associated with the stabilized Zn anode behaviour observed
in the presence of TBAI.41,60,61 Furthermore, the voltage prole of
Zn@MnO2 at various current densities, with and without TBAI
(Fig. S24a and b, SI) exhibited no signicant difference, sug-
gesting that the introduction of TBAI does not noticeably alter
the electrochemical reaction characteristics of the a-MnO2

cathode. As illustrated in Fig. 7b, Zn@MnO2 with 0.01 mM TBAI
demonstrated stable cycling performance, retaining a specic
capacity of 64 mAh g−1 and 74.7% capacity retention aer 500
cycles at 500 mA g−1. In contrast, the cell without TBAI exhibited
rapid capacity fading, maintaining only 37 mAh g−1 with 38.9%
capacity retention aer 500 cycles. Moreover, the discharge
voltage prole of Zn@MnO2 with TBAI exhibited a more stable
plateau (∼1.4 V), corresponding to the H+ intercalation reaction,
and a better-maintained slope (<1.4 V), associated with Zn2+

intercalation, compared to that of the additive-free cell41

(Fig. S24c and d, SI). These results indicate that the presence of
TBAI is associated with improved cycling stability and capacity
retention in Zn@MnO2 full cells.

To further evaluate the practical applicability of TBAI, a full-
cell test was conducted using ZVO (ZnxV2O5$nH2O), a cathode
material with higher capacity. The XRD pattern and SEM image
are presented in Fig. S25, SI, and are consistent with those from
prior study.42,43 Fig. 7c compares the rate performances of
Zn@ZVO full cells with and without TBAI. The Zn@ZVO cell
containing TBAI exhibited higher discharge capacities than the
additive-free Zn@ZVO cell across a broad range of applied
current densities (300 mA g−1 to 10 A g−1). The voltage proles
of Zn@ZVO at different current densities remained similar,
regardless of TBAI addition (Fig. S26a and b, SI). As Zn@ZVO
shows superior rate performance, cycling tests were conducted
at a higher current density (5 A g−1) compared to Zn@MnO2
J. Mater. Chem. A
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Fig. 7 (a) Rate capability at various current density 70 mA g−1 to 3.5 A g−1 of Zn@MnO2 full-cell in different electrolytes. (b) Cycling performance
at 500mA g−1 of Zn@MnO2 full-cell in different electrolytes. (c) Rate capability at various current density 300–10 000mA g−1 of Zn@ZVO full-cell
in different electrolytes. (d) Cycling performance at 5 A g−1 of Zn@ZVO full-cell in different electrolytes.
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(0.5 A g−1). As shown in Fig. 7d, the Zn@ZVO full cell with TBAI
exhibited a higher capacity (183 mAh g−1) and capacity reten-
tion (58.3%) aer 5000 cycles, outperforming the TBAI-free cell,
which retained only 143 mAh g−1 and 44.7% capacity. The
voltage proles of Zn@ZVO during cycling remained consistent,
irrespective of TBAI addition (Fig. S26c and d, SI). To further
investigate the electrochemical kinetics at the full-cell level,
cyclic voltammetry (CV) measurements were conducted using
different cathode systems (Fig. S27). In both Zn@ZVO and
Zn@MnO2 congurations, the TBAI-containing electrolyte
exhibits reduced peak separation and an enhanced current
response, indicating improved redox kinetics and electro-
chemical reversibility. These results suggest that the benecial
effect of TBAI originates from the stabilized Zn anode interface
rather than cathode-specic behavior.

These electrochemical results further demonstrate that the
addition of 0.01 mM TBAI leads to improved capacity retention
and cycling stability across different AZIB full-cell systems.
Overall, the enhanced rate capability and cycling stability
observed in both Zn@MnO2 and Zn@ZVO full cells indicate
that the introduction of TBAI does not compromise cathode
electrochemistry, while effectively stabilizing Zn anode behavior
under practical full-cell conditions.
4. Conclusion

In this study, the inuence of trace-level tetrabutylammonium
iodide (TBAI, 0.01 mM) on Zn metal anode behaviour in
aqueous Zn-ion batteries was examined. The addition of a small
amount of TBAI was found to be associated with more stable Zn
plating/stripping behaviour, reduced dendritic features, and
suppressed side reactions under the investigated conditions.
Compared with additive-free electrolytes, Zn‖Zn symmetric
cells containing TBAI exhibited prolonged cycling stability,
J. Mater. Chem. A
sustaining continuous operation for over 1500 h at 2 mA cm−2

and 1 mAh cm−2. When applied to full-cell congurations with
a-MnO2 and ZnxV2O5 cathodes, the presence of TBAI was
further associated with improved cycling stability and rate
capability, without noticeably altering the cathode electro-
chemical characteristics. These observations suggest that trace-
level electrolyte additives can contribute to stabilizing Zn anode
behavior in practical aqueous battery systems. Overall, this
work highlights the potential of using low-concentration
organic cation–halide additives as a simple and scalable
strategy to improve Zn metal anode performance, while avoid-
ing complex structural modications or high additive loadings.
The ndings provide experimental and computational insights
that may be useful for the rational design of electrolyte additives
in aqueous Zn-based energy storage systems.
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