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molecule enables stable four-
electron conversion and Zn deposition for high-
capacity aqueous Zn–I2 batteries

Huiquan Zhang,a Xueying Zhang,a Dongmin Ma,a Xinxin Cai,a Mochi Lv,a

Hongting Yan,a Junbo Niub and Weixing Song *a

Aqueous zinc–iodine batteries (ZIBs) are a promising energy storage technology due to the abundance of

iodine, environmental friendliness, and low cost. This study introduces a multifunctional additive, L-lysine

hydrochloride (LLH), designed to activate the four-electron transfer chemistry between I+ and I− species,

significantly boosting energy density. LLH stabilizes I+ via dual coordination from the amino groups and

chloride ion, effectively suppressing hydrolysis and enabling reversible 2I−/I02/2I
+ conversion. The

preferential adsorption of the carboxyl group of protonated L-lysine at the zinc anode promotes uniform

zinc deposition while inhibiting the hydrogen evolution reaction. Additionally, the incorporation of LLH

effectively suppresses the shuttle effect by interacting with iodine species through its carboxyl and

amino groups. LLH-modified Zn‖Zn symmetric batteries demonstrate extended cycling stability,

operating beyond 4000 hours, while Zn‖I2 full batteries deliver a high specific capacity of 502 mAh g−1

at 1 A g−1. This additive strategy renders a facile and efficient approach to realizing high-capacity and

durable ZIBs.
Introduction

Aqueous zinc–iodine batteries (ZIBs) have garnered signicant
attention due to their higher theoretical specic capacities and
abundant resource potential compared to conventional
intercalation-type electrodes.1–8 The redox reaction based on the
2I−/I02 couple is commonly employed at the cathode, offering
a theoretical capacity of 211 mAh g−1. However, its energy
density and output voltage in conventional two-electron
aqueous zinc–iodine batteries (2eZIBs) remain suboptimal.
The 2I−/I02 conversion generates water-soluble polyiodide
intermediates, inducing a shuttle effect that causes irreversible
active material loss and reduces I2 utilization.9–12 ZIBs also face
limitations from conventional aqueous electrolytes, including
the hydrogen evolution reaction (HER), corrosion, passivation
at the Zn anode/electrolyte interface, and dendritic Zn growth
due to inhomogeneous electric eld distribution.13–18 Recently,
four-electron aqueous zinc–iodine batteries (4eZIBs) based on
sequential 2I−/I02/2I

+ redox pairs have attracted extensive
research interest, delivering enhanced specic capacities (422
mAh g−1) and higher operating voltage platforms to achieve
superior energy density.19–21 Nevertheless, thermodynamic
instability of I+ and unstable Zn plating/stripping in
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conventional electrolytes pose signicant challenges. Issues
such as active iodine dissolution and polyiodide shuttling
further hinder the practical implementation of 4eZIBs.22

Recent studies have reported some strategies to activate
high-valent iodine redox reactions for high-theoretical-capacity
aqueous Zn‖I2 batteries. These studies typically utilize relatively
high concentrations of halide ions to form halides on the
cathode side (such as introducing Cl− to combine and form
ICl).22,23 A high-concentration electrolyte containing 19 M LiCl,
19 M ZnCl2, and 8 M acetonitrile was developed to suppress I+

hydrolysis while supplying abundant free Cl− for facilitating
2I−/I02 conversion.24 However, high Cl− concentrations corrode
battery components, while insufficient Cl− fails to fully stabilize
I+, leading to hydrolysis and limited capacity. A ternary hydrated
eutectic electrolyte comprising dimethyl sulfone, nicotinamide,
and Zn(ClO4)2$6H2O was used to stabilize electrophilic I+, which
extends the electrochemical window.25 But high-concentration
salts or eutectic electrolytes undermine the cost-effectiveness
of aqueous systems and reduce their inherent ionic
conductivity.

As an electrolyte additive distinct from conventional amino
acid-based ones, L-lysine hydrochloride (LLH) is herein utilized
to both stabilize the zinc anode and boost cycling performance,
as well as anchor I+ species to realize reversible 2I−/I02/2I

+ redox
conversion. Compared to an electrolyte modied with HCl at an
equivalent additive concentration, LLH exhibits stronger
anchoring capability towards I+ species, which can effectively
prevent its hydrolysis and enhance the cycling performance of
Chem. Sci.
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Zn‖I2 batteries. Experimental analyses and density functional
theory (DFT) calculations reveal that LLH anchors I+ via the
synergistic effect of the nucleophilic amino groups and chloride
ion, suppressing hydrolysis, thermodynamically favoring iodine
valence transitions, enhancing redox kinetics and reversibility,
and mitigating the shuttle effect. Preferential adsorption of
protonated L-lysine (LL+) on the Zn anode modulates the inner
Helmholtz plane (IHP), extends the stable electrochemical
window, and achieves highly reversible Zn plating/stripping
with stable cycling over 4000 h. A typical Zn‖I2 battery with
the LLH additive demonstrates an increased specic capacity of
502 mAh g−1 at 1 A g−1 and an average coulombic efficiency (CE)
of 99.4% at 5 A g−1.
Results and discussion
Electrochemical performance of the LLH-optimized
electrolyte for the 2I−/I02/2I

+ reaction

LLH is employed as an additive in 2M ZnSO4 electrolyte (Fig. 1a)
where the amino groups and chloride ion of LLH coordinate
with I+ species to stabilize iodine intermediates at the cathode
interface, thereby enabling stable four-electron transfer and an
attendant enhancement in energy density. Simultaneously, LLH
can coordinate with various iodine species, thereby suppressing
polyiodide formation. Furthermore, preferential adsorption at
the anode interface reduces reactive water population in the
IHP, effectively suppressing the HER and passivation processes.
The interfacial regulation further promotes homogeneous zinc
deposition and inhibits dendritic growth. The optimal LLH
concentration of 500 mM in ZnSO4 electrolyte (ZnSO4/LLH) is
determined through anode electrochemical screening (Fig. S1).
The performance degradation with shortened lifespan of the
battery with more than 500 mM LLH in the ZnSO4 electrolyte is
likely caused by increased Cl− concentration; therefore, 500mM
LLH was selected for further research.

Distinct charge/discharge plateaus corresponding to
I02/2I

+ conversion are observed in ZnSO4/LLH electrolytes
(Fig. 1b). Notably, a discharge capacity of 495 mAh g−1 is ach-
ieved at 2 A g−1. The specic capacity of the Zn‖I2 batteries
exceeds the theoretical value of 422 mAh g−1 due to capacitive
contributions from the activated carbon substrate in the
cathode (Fig. S2). The observed capacity signicantly exceeds
that of the ZnSO4 electrolyte, which can be attributed to the
Fig. 1 Activating and stabilizing 2I−/I02/2I
+ redox conversion of Zn‖I2 batte

mechanism. (b) Galvanostatic charge–discharge behaviors in different e
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four-electron redox conversion (2I−/I02/2I
+). This result demon-

strates the effectiveness of LLH-mediated suppression of I+

hydrolysis. Compared to the HCl-modied electrolyte at an
equivalent concentration, LLH delivers higher capacity,
demonstrating the superior I+ anchoring capability of LLH
relative to HCl. Cyclic voltammetry (CV) curves exhibit two redox
peak pairs (1.77/1.62 V and 1.27/1.14 V) for four-electron
transfer reactions. These features align with galvanostatic
charge/discharge (GCD) curve proles and are assigned to I02/
2I+ and 2I−/I02 conversions (Fig. S3).26 The I02/2I

+ reduction peak
in ZnSO4/LLH shows higher current density and a larger area
than those in ZnSO4/HCl. Moreover, smaller redox potential
gaps in ZnSO4/LLH indicate improved reversibility compared to
other electrolytes. Lower Tafel slopes for I02/2I

+ and 2I−/
I02 conversions in ZnSO4/LLH conrm accelerated reaction
kinetics (Fig. S4).9 A signicant reduction in the Tafel slope of
the R2 peak suggests highly reducibility and reversibility of the
anchored I+ species.

To further investigate the electrochemical reaction kinetics
in the ZnSO4/LLH electrolyte, we conducted CV measurements
at various scan rates (Fig. 2a). The contributions of surface-
controlled capacitances can be qualitatively analyzed based on
the relationship between the measured current (i) and scan rate
(v) from the CV curves: i = avb. When b is close to 1.0, the
electrochemical behavior is dominated by a surface capacitive
process, whereas when b approaches 0.5, a diffusion-controlled
process is observed. Through dynamic analysis of the log i–log v
plot (peak current (ip) vs. scan rate (v)), it is found that the
conversion process is mainly a redox reaction controlled by
diffusion and capacitance. The tted b values of two pairs of
cathode and anode peaks are 0.93, 0.86, 0.90 and 0.99, respec-
tively (Fig. S5). It indicates hybrid diffusion-capacitive control
with rapid charge-carrier diffusion, thus enabling superior rate
capability.27 The contributions of surface-controlled capaci-
tances were quantied using i= k1v + k2v

1/2, where k1v and k2v
1/2

represent capacitive and diffusion-controlled components. The
results show that at scan rates of 0.1, 0.2, 0.4, 0.6, 0.8, and
1.0 mV s−1, the surface-controlled capacitance contribution
rates are 77%, 78%, 84%, 88%, 89%, and 91%, respectively.
Compared with the HCl-modied electrolyte at an equivalent
concentration, ZnSO4/LLH exhibits higher capacitance contri-
bution (Fig. 2b and S6), indicating its improved rate perfor-
mance and fast reaction kinetics of the 2I−/I02/2I

+ conversion
ries with electrolyte additive LLH. (a) Schematic diagram of the working
lectrolytes.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Four-electron 2I−/I02/2I
+ conversion mechanism of Zn‖I2 batteries in ZnSO4/LLH electrolytes. (a) CV curves at different scan rates. (b)

Contribution ratios of surface-controlled and diffusion-controlled capacities derived from fitting analysis at different scan rates. (c) GITT profiles
and the corresponding diffusion coefficients of Zn‖I2 full batteries in different electrolytes.26 (d) In situ Raman spectroscopy of electrochemical
processes. (e) Ex situ XPS spectra of I 3d for the cathode at different potentials during charge/discharge. (f) High-resolution N 1s spectra of the I2
cathode at different voltages. (g) The different coordination forms of fixed I+ and the corresponding binding energies. (h) Electrostatic potential of
(LL)ICl (top) and ICl (bottom) (green spheres: Cl−, purple spheres: I+).
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process. Galvanostatic intermittent titration technique (GITT)
measurements revealed high ion diffusion coefficients
(approximately 10−9 to 10−12 cm2 s−1) in the LLH-modied
electrolyte (Fig. 2c).26,28 Diffusion coefficients during discharge
are typically lower than those during charge, indicating that the
I02 to 2I− conversion proceeds faster than the 2I+ to
I02 conversion. This kinetic behavior is consistent with cyclic
voltammetry (CV) analysis.

Subsequently, in situ Raman spectroscopy was employed to
investigate the four-electron (2I−/I02/2I

+) conversion mechanism.
A peak at 216 cm−1, assigned to I3

−, weakens upon charging to
1.7 V, while a peak at 265 cm−1, corresponding to I+, intensied
with increasing voltage (Fig. 2d). These observations conrm
successful I+ anchoring. During discharge, the I+ peak dimin-
ishes as the voltage decreased, indicating reversible 2I−/I02/
2I+ redox transitions. The X-ray photoelectron spectroscopy
(XPS) analysis of cathodes at varying potentials reveals a gradual
increase in binding energy during charging and a decrease
during discharging (Fig. 2e and S7). This aligns with a valence
state evolution during charging (2I− / I02 / 2I+) and the
reverse during discharging (2I+ / I02 / 2I−), demonstrating
the reversibility of 2I−/I02/2I

+ redox reactions and effective I+

stabilization. Subsequently, further analysis of the 1s orbital
of N reveals the appearance of an additional peak shape aer
charging to 1.85 V, which gradually disappears during
discharge. This is speculated to be due to the coordination
between N and I+ of LLH during charging, which also serves as
an anchoring mechanism (Fig. 2f).29 DFT calculation results
© 2026 The Author(s). Published by the Royal Society of Chemistry
reveal that the (LL)ICl coordination mode possesses the highest
binding energy, indicating the superior stability of this bi-
dentate structure of ICl (Fig. 2h and S8). This conguration
anchors I+ more effectively against hydrolysis compared to
monodentate ICl coordination. Experimental observations
correlate with these ndings, where HCl-modied full batteries
underperform LLH-based counterparts. Monodentate coordi-
nation enables four-electron reactions but provides inferior I+

anchoring capability relative to the (LL)ICl bidentate structure.
Partial protonation occurs in the electrolyte, generating
protonated L-lysine (LL+) species. Electrostatic interactions
between LL+ and ICl2

− constitute an alternative I+ anchoring
mechanism. Calculated binding energies for this conguration
remain comparatively low, suggesting limited stability. Elec-
trostatic potential distributions demonstrate simultaneous I+

anchoring by N and Cl atoms (Fig. 2g). The (LL)ICl bidentate
coordination thus establishes a stable I+ interaction mecha-
nism, achieving enhanced theoretical specic capacity.

Moreover, in situ UV-vis spectroscopy further reveals two
characteristic I3

− peaks at 287 nm and 350 nm in ZnSO4 elec-
trolytes upon charging to 1.2 V.30 The peak intensities increase
with voltage (Fig. 3a), indicating continuous formation, accu-
mulation, and diffusion of I3

− from the cathode during cycling.
Conversely, these peaks are signicantly suppressed in ZnSO4/
LLH, becoming nearly undetectable under identical conditions
(Fig. 3b). Minimal intensity increase above 1.6 V demonstrates
that LLH enhances reaction kinetics and suppresses polyiodide
shuttling.31 Theoretical calculations elucidated interactions
Chem. Sci.
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Fig. 3 Interactions of LLH with iodine species. (a and b) In situ UV-vis spectra of Zn‖I2 batteries in 2 M ZnSO4 electrolytes without/with LLH. (c)
Adsorption energy of LL toward I−, I2, and I3

− species. Binding energies are represented by red (LL-iodine species), blue (LL+-iodine species) and
green (I2–I

− interaction), respectively. (d) The Gibbs free energy profiles for I+ reduction in different electrolytes.
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between the LL/LL+ and iodine species (I−, I2, I3
−). Computa-

tional results reveal substantially reduced binding energy
between both LL/LL+ and I−, indicating the preferential
adsorption of I− towards LL+ among iodine species (Fig. 3c and
S9). This I−–LL+ interaction (physical adsorption) during
discharge suppresses the bonding between newly formed I− and
residual I2, thereby inhibiting I3

− formation at the cathode.
Gibbs free energy proles for iodine reduction reactions were
computed, where the energy decrease (−3.95 eV) for the I+ /

(LL)ICl transition demonstrates strong spontaneity and struc-
tural stability (Fig. 3d).25,32 Notably, LLH addition increased DG
values for I2 / I3

− conversion, indicating non-spontaneous
reaction characteristics. Concurrently, reduced DG values for
I5
− / I− were observed relative to the ZnSO4 electrolyte, sug-

gesting facilitated polyiodide conversion to I−. These results
validate LLH's dual functionality: effective I+ anchoring and
suppression of the shuttle effect.
Protection of the zinc anode by the LLH-optimized electrolyte

A comprehensive investigation combining DFT calculations and
electrochemical characterization was conducted to assess the
interfacial stabilization effects of LLH on zinc anodes. Zn‖Zn
symmetric battery congurations with controlled LLH concen-
tration gradients were employed for electrochemical analysis.
The symmetric battery with 500 mM LLH in the electrolyte
exhibits an enhanced cycling stability of 900 h at 5 mA cm−2, 2.5
mAh cm−2. The symmetric battery with ZnSO4/LLH electrolyte
promotes smooth, uniform Zn deposits, indicating preferential
(002)-oriented deposition, and suppresses corrosion/side reac-
tions (Fig. 4a and S10). In contrast, the scanning electron
microscopy (SEM) images of Zn anodes cycled for 50 h at 1 mA
cm−2 and 1 mAh cm−2 reveal rough surfaces with dendrites,
dead Zn fragments, and irregular by-products in ZnSO4 (Fig. 4b
and S10). These features reduce the active surface area, degrade
Chem. Sci.
cycling stability and provide more reaction sites for further
corrosion and side reactions. Chronoamperometry at −150 mV
overpotential reveals a current density of ∼23.5 mA cm−2 aer
500 s in ZnSO4, corresponding to 2D diffusion-driven Zn2+

aggregation and dendrite growth. In ZnSO4/LLH, the Zn2+

kinetics exhibits rapid transition to 3D diffusion with reduced
current density (Fig. 4c). Linear sweep voltammetry (LSV) was
subsequently employed to evaluate the electrochemical stability
window, revealing that LLH incorporation suppresses the HER
and oxygen evolution reaction (OER), while broadening the
electrochemical stability window from −0.15 to 2.5 (V vs. Zn2+/
Zn) (Fig. 4d, S11 and S12). This enhancement improves elec-
trolyte stability during deposition/stripping cycles. In addition,
CV tests on Zn‖Ti batteries were conducted to evaluate the
nucleation potential of Zn. The nucleation overpotential in
ZnSO4/LLH electrolyte (19.0 mV) is lower than that in ZnSO4/
LLH electrolyte (36.5 mV) (Fig. 4e). These results demonstrate
that LLH mitigates parasitic reactions (e.g., HER and passiv-
ation) and enables homogeneous Zn2+ deposition, effectively
suppressing dendrite formation.

IHP reconstruction consequently emerges as a principal
strategy for optimizing zinc anode reversibility through inter-
facial engineering. Electrical double layer (EDL) capacitance
measurements reveal a lower value for ZnSO4/LLH (96.38 mF
cm−2) compared to ZnSO4 (130.91 mF cm−2), indicating LL
adsorption at the Zn surface and IHP restructuring (Fig. 4f and
S13).33 Molecular orbital analysis shows the highest occupied
molecular orbital (HOMO) of LL+ (−0.351 eV) and LL (−6.544
eV) is higher than that of H2O (−8.701 eV), and the lowest
unoccupied molecular orbital (LUMO) of LL+ (−0.205 eV) and
LL (−0.473 eV) is lower, favoring electron transfer to zinc
surfaces, thereby promoting LL+ adsorption (Fig. S14). This
reduces the H2O molecule population density within the IHP,
inducing IHP structural reconguration. Contact angle
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Comparison of ZnSO4/LLH and ZnSO4 electrolytes on zinc anode performance. (a and b) SEM images of Zn anode surfaces during the
deposition in Zn‖Zn symmetric batteries at 1 mA cm−2, 1 mAh cm−2. (c) Chronoamperometry of Zn metal. (d) Hydrogen evolution potential
measurement with Zn‖Zn symmetric batteries and oxygen evolution potential measurement with Zn‖Ti batteries. (e) CV curves of Zn nucleation
on Ti at a scan rate of 1 mV s−1. (f) EDL capacitance of the Zn substrate. (g) FTIR spectra of Zn foil after immersion in electrolytes and LLH powder.
(h) The XRD pattern of zinc foil after 50 cycles at 1 mA cm−2, 1 mAh cm−2. (i) Adsorption energies of LL, LL+, and water molecules on different Zn
crystal planes. (j) Schematic of the EDL structure. The optimized adsorption configurations of LL+ on different Zn crystal planes: (k) (002), (l) (100),
and (m) (101).

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 3

/1
8/

20
26

 4
:3

2:
16

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
measurements also demonstrate improved wettability in
ZnSO4/LLH (from 84° to 92°, Fig. S15), indicating enhanced
zincophilic properties for uniform ion transport. LL+ alignment
in the IHP suppresses H2O mobility/activity, mitigates parasitic
reactions, and directs Zn2+ deposition via electronegative
functional groups.34

The FTIR analysis of Zn foils soaked in ZnSO4/LLH reveals
a bending vibration peak assigned to amino groups at
1600 cm−1, while the Zn foil immersed in ZnSO4 did not exhibit
this peak, conrming LL+ surface adsorption (Fig. 4g). In
addition, comparative energy-dispersive spectroscopy (EDS)
mapping of zinc foils immersed in both electrolytes for 15 days
reveals the homogeneous distribution of C, N, and O elements
on ZnSO4-LLH immersed foils, conrming uniform LL+

adsorption (Fig. S16 and S17). In contrast, EDS mapping reveals
spatially overlapping S, O, and Zn signals on zinc surfaces in
© 2026 The Author(s). Published by the Royal Society of Chemistry
pure ZnSO4 electrolyte. These observations, combined with XRD
analysis aer 15 day immersion, conrm the formation of the
Zn4SO4(OH)6$xH2O byproduct (Fig. S18). LL+ incorporation
attenuates H2O reactivity and reduced SO4

2− population within
IHP, thereby preserving zinc anode integrity.

The XPS results provide additional evidence for the interfa-
cial interaction between LL+ and the zinc metal surface. As
shown in Fig. S19, the post-immersion zinc substrate exhibits
distinct characteristic peaks in the high-resolution C 1s spec-
trum, corresponding to O–C]O (531.2 eV) and C–N/C–C (284.8
eV) functional groups derived from LL+. Concurrently, the O 1s
spectrum reveals prominent peaks associated with O–H (532.1
eV) and O–C]O (533.5 eV) species. These spectral features are
absent in the bare zinc control samples. The O–C]O peak
exhibits a binding energy shi to 532.1 eV, indicative of carboxyl
group adsorption on the Zn surface which reduces local
Chem. Sci.
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electron density. XPS analysis reveals interfacial N–Zn bonding
(399.4 eV) alongside LL+'s native N–C peak (398.2 eV), demon-
strating nitrogen-mediated chemisorption on zinc.

XRD analysis of Zn anodes was further carried out to elucidate
the stabilizing effect of LLH on zinc anode morphology.
Comparative XRD patterns of cycled Zn anodes of Zn‖Zn
symmetric batteries in different electrolytes reveal increased I(002)/
I(100) and I(002)/I(101) ratios in the ZnSO4/LLH electrolyte, demon-
strating LLH-induced preferential (002)-oriented Zn deposition
(Fig. 4h). DFT calculations were subsequently performed for
verication, determining adsorption energies of H2O, LL, and LL+

on distinct zinc crystal facets. Both LL and LL+ exhibited consis-
tently more negative adsorption energies than H2O on the (002),
(100) and (101) planes, indicating stronger interactions with zinc
metal anodes compared to water molecules, particularly for LL+

(Fig. 4i, S20 and S21). Competitive adsorption displaces H2O from
zinc anode surfaces by LL+ molecules, forming a hydration-
depleted IHP. LL+ cations are preferentially adsorbed onto the
zinc surface, covering the high-charge-density active sites (e.g.,
tips and defects) that are susceptible to rapid Zn2+ deposition and
subsequent dendrite formation. This preferential adsorption
redirects Zn2+ deposition toward regions with sparser LL+

coverage and a more uniform electric eld, thereby effectively
suppressing zinc dendrite growth. This conguration suppresses
parasitic reactions, while preferential adsorption hinders the
lateral diffusion of Zn2+, thereby restricting dendritic formation
(Fig. 4j). The nuclear magnetic resonance spectra reveal that the
2H peak of pure D2O at 4.69 ppm shis to 4.721 ppm aer the
addition of 2MZnSO4, conrming strong Zn2+–D2O coordination.
No signicant peak shis are observed with LLH addition, indi-
cating LLH does not engage in solvation (Fig. S22).35 FTIR spec-
troscopy corroborates these ndings, showing no notable shis in
SO4

2− vibrational bands, further conrming the absence of LLH-
solvation interactions (Fig. S23).
Improved cycling performance with the LLH-optimized
electrolyte

The pH stability of the electrolyte in ZIBs plays a critical role in
suppressing zinc dendrite formation, mitigating the HER and
enhancing cycling lifespan. Real-time monitoring of interfacial
pH variations at the working electrode during charge/discharge
was conducted using a custom-built in situ pH measurement
system (Fig. S24). The addition of LLH results in attenuated pH
uctuations throughout the deposition/stripping cycles, with
reduced pH variations observed before and aer potential tran-
sitions at zinc foil interfaces. A substantial pH elevation occurs in
ZnSO4 electrolyte during zinc deposition due to the vigorous
HER. Subsequent pH uctuations stem from dynamic changes in
local H+ concentration at reaction sites. The initial pH rise during
zinc stripping originates from the dissolution of the passivation
layer formed during deposition, followed by gradual pH decrease
induced by Zn2+ hydrolysis. The ZnSO4/LLH electrolyte exhibits
considerably attenuated pH variations throughout deposition/
stripping cycles, demonstrating pH buffering capacity and HER
suppression (Fig. 5a). This mechanism arises from lysine
adsorption reducing the population of active water molecules at
Chem. Sci.
the IHP, thereby suppressing the HER. As an amphoteric amino
acid, LLH contains a-carboxyl, a-amino, and 3-amino side chain
groups. In weakly acidic electrolytes, the carboxyl groups undergo
partial deprotonation to release H+ while amino groups coordi-
nate protons. Elevated pH triggers the deprotonation of –COOH
and protonated amino groups to replenish H+ concentration.
Under acidic conditions, –COO− groups and amino functional-
ities sequester H+ through protonation, establishing pH buff-
ering capacity (Fig. S26). LLH can buffer the pH uctuations
induced by electrode reactions during charge/discharge cycles,
thereby mitigating their impact on the bulk electrolyte pH. This
effect reduces the occurrence of the HER and suppresses the
formation of byproducts such as Zn4SO4(OH)6$xH2O.

Linear polarization measurements show a positive shi in
corrosion potential for ZnSO4/LLH (−0.966 V vs. Ag/AgCl)
compared to pure ZnSO4 (−0.972 V vs. Ag/AgCl), indicating
enhanced thermodynamic stability. The corrosion current
density decreases from 13.18 mA cm−2 to 8.13 mA cm−2, con-
rming improved corrosion resistance. These ndings suggest
that LLH-mediated modication of the IHP effectively mitigates
zinc anode corrosion (Fig. 5b).36

A comprehensive series of electrochemical evaluations was
conducted to assess the synergistic effects of LL+ at the IHP on
zinc anode reversibility and stability. Zn‖Zn symmetric
batteries were subjected to varied current densities and areal
capacities as primary evaluation parameters. As shown in
Fig. 5c, batteries with the ZnSO4 electrolyte exhibit irreversible
voltage drops aer 550 hours under 3 mA cm−2 and 1 mAh
cm−2, attributed to separator penetration by dendrite growth
causing electrical shorting. In contrast, ZnSO4/LLH electrolyte-
based batteries demonstrate extended cycling stability
exceeding 4000 hours. This behavior originates from LL+

adsorption at the interface, which facilitates Zn2+ transport
kinetics and promotes uniform zinc deposition. ZnSO4/LLH
electrolyte batteries exhibited stable cycling for over 2850 hours
at 5 mA cm−2 and 1 mAh cm−2, as well as 2250 hours at 1 mA
cm−2 under identical capacity conditions (Fig. S27 and S28).
Comparative analysis across current densities reveals enhanced
cycling stability relative to pure ZnSO4 electrolyte systems.

As shown in Fig. 5d, Zn‖Zn symmetric batteries with pure
ZnSO4 electrolyte exhibit unstable potential hysteresis at 50 mA
cm−2 and undergo rapid failure aer 130 hours. This behavior
originates from accelerated Zn2+ migration under high current
density. However, sluggish deposition kinetics cause Zn2+ accu-
mulation at the interface, impeding subsequent ion transport and
inducing severe concentration polarization. Simultaneously,
solvated water molecules associated with accumulated Zn2+

promote parasitic reactions, further exacerbating electrolyte/
electrode interfacial instability. The ZnSO4/LLH electrolyte
demonstrates extended cycling stability exceeding 650 hours,
attributed to accelerated reaction kinetics and ordered zinc depo-
sition morphology. Reversibility analysis via symmetric batteries
reveals superior rate capability and high reversibility for ZnSO4/
LLH-based Zn‖Zn batteries across current densities from 1 to 50
mA cm−2 (Fig. 5e). This demonstrates enhanced compatibility of
LLH-modied zinc-ion batteries with commercial fast-charging
requirements of high-power charge/discharge capability.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Electrochemical reversibility and stability of the Zn foil anode in ZnSO4/LLH and ZnSO4 electrolytes. (a) In situ pH tests in Zn‖Zn symmetric
batteries. (b) Tafel plots. Galvanostatic voltage profiles of a Zn‖Zn symmetric battery cycled for plating-stripping at (c) 3 mA cm−2, 1 mAh cm−2

and (d) 50mA cm−2, 1 mAh cm−2. (e) Rate performance of Zn‖Zn symmetric batteries at various current densities. (f) The CE of Zn‖Ti batteries at 5
mA cm−2, 2.5 mAh cm−2.
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CE of Zn‖Ti batteries in ZnSO4 electrolyte deteriorates rapidly
beyond 113 plating/stripping cycles under 5 mA cm−2 and 2.5
mAh cm−2 conditions during reversibility testing (Fig. 5f).
Degradation correlates with dendritic-induced micro-shorts. The
ZnSO4/LLH electrolyte-based batteries demonstrate superior
reversibility with stable cycling exceeding 350 cycles and an
average CE of 99.2%. This improvement stems from LL+-induced
homogeneous Zn2+ distribution and uniform zinc deposition.
Fig. S29 and S30 illustrate stable cycling performance exceeding
800 cycles at 1 mAh cm−2 under 2 mA cm−2 and 1000 cycles at 1
mAh cm−2 under 5 mA cm−2, with average CE values of 98.8%
and 99.4%, respectively. These performance metrics substantiate
LL+'s critical role in establishing interfacial conditions enabling
long-term zinc metal anode stabilization through IHP-mediated
homogeneous deposition.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Performance of Zn‖I2 full batteries

Full-battery evaluations were performed on four-electron
transfer Zn‖I2 batteries employing ZnSO4/LLH electrolyte.
Rate capability across 1–15 A g−1 demonstrates specic capac-
ities of 502, 472, 410, 362, 329, and 268 mAh g−1 for ZnSO4/LLH-
based batteries (Fig. 6a and S2). A maximum net specic
capacity of 409 mAh g−1 is achieved. The capacity retention is
signicantly enhanced when the current density is restored to
1 A g−1, delivering a specic capacity of 499 mAh g−1. Galva-
nostatic charge–discharge proles (Fig. 6b) exhibit two distinct
voltage plateaus at various current densities, attributed to
effective I+ anchoring within the electrolyte. These values
represent substantial capacity enhancement over pure ZnSO4

systems, highlighting the efficacy of 2I−/I02/2I
+ four-electron

redox chemistry. Comparative analysis with ZnSO4/HCl
Chem. Sci.
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Fig. 6 Electrochemical performance of Zn‖I2 batteries in the LLH-optimized electrolytes. (a) Rate capacities at different current densities. (b)
Galvanostatic charge–discharge curves under a wide range of current densities, ranging from 1 to 15 A g−1. (c) Cycling stability at 2 A g−1. (d)
Cycling stability at 5 A g−1. (e) Cyclic performance of the pouch batteries at 0.5 A g−1. (f) Comparison of current research on iodine-based
batteries based on the four-electron transfer mechanism. In addition to the two descriptors on left and right sides, the area of every circle
qualitatively reflects the specific capacity of the battery, whereas the color index corresponds to the calendar time. (g) Demonstration of Zn‖I2
pouch batteries applied for mobile phone charging and schematic diagram of their series configuration.
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electrolyte systems reveals superior specic capacity at equiva-
lent concentrations, indicating the enhanced stability of I+ and
energy density provision by LLH versus HCl.

Pure ZnSO4-based Zn‖I2 batteries exhibit capacity decay to
122.4 mAh g−1 aer 1900 cycles at 2 A g−1, caused by separator
piercing due to anode dendrite formation. HCl-modied
batteries display rapid capacity fade (53.64% retention) aer
1200 cycles with 98.94% average CE. This degradation is attrib-
uted to continuous cathode activematerial loss via iodine species
shuttling, combined with I3

−-mediated oxidation of zinc metal
causing anode corrosion, which substantially reduces both
specic capacity and CE. Furthermore, corrosion-induced anode
surface heterogeneity disrupted subsequent uniform zinc depo-
sition, while non-uniform electric eld distribution triggered the
HER and passivation. Additionally, competitive chlorine evolu-
tion reactions progressively depleted Cl− anions during cycling,
ultimately compromising I+ stabilization capability, resulting in
a 50% reduction in specic capacity. LLH-incorporating batteries
exhibited 86.48% capacity retention (435.5 mAh g−1) with an
average CE of 99.4% aer 2300 cycles (Fig. 6c). GCD curves for
LLH-based systems (Fig. S31) exhibit stable 2I+/I02 plateaus. The
Zn‖I2 cell employing ZnSO4/LLH electrolyte achieved 6000 cycles
at a high current density of 5 A g−1, retaining a discharge capacity
of 323.9 mAh g−1 with a coulombic efficiency of 99.4%, which
indicates dual stabilization of both the cathode and the zinc
Chem. Sci.
anode (Fig. 6d). The substantially enhanced cycling stability
originates fromLLH's superior I+ anchoring capability, optimized
iodine conversion kinetics, and dual suppression of zinc
dendrites and parasitic reactions. Practical viability was demon-
strated through 4× 4 cm2 pouch batteries employing ZnSO4/LLH
electrolyte, which sustains 350 stable cycles at 0.5 A g−1 (Fig. 6e).
Comparative analysis with prior Zn‖I2 systems demonstrates the
superior performance of LLH-modied Zn‖I2 batteries in specic
capacity and cycling stability among other parameters
(Fig. 6f).23,25,27,29,37–42 Pouch batteries were subsequently evaluated
under various operational conditions, where a single 4 × 4 cm2

battery powered a miniature fan and retained functionality aer
180° bending deformation andmechanical restoration (Fig. S32).
A series-connected array of three identical pouch batteries
successfully powered a mobile device, as shown in Fig. 6g.
Conclusions

In summary, incorporating cost-effective LLH as an additive
effectively enhances the performance of aqueous ZIBs. Spec-
troscopic characterization and theoretical simulations reveal
LLH stabilizes intermediate I+ species. This enables a highly
reversible four-electron redox conversion (2I−/I02/2I

+), which
enhances the specic capacity by 89%. Moreover, the functional
groups of LLH suppress the iodine shuttle effect by interacting
© 2026 The Author(s). Published by the Royal Society of Chemistry
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with I2 and I−. In addition, LL+ adsorption on the zinc anode
surface restructures the IHP, promoting homogeneous zinc
deposition and mitigating side reactions such as corrosion and
passivation. This improves deposition reversibility, extending
the anode's cycle life beyond 4000 hours. The synergistic
modication of both electrodes results in outstanding overall
performance: a high specic capacity of 502 mAh g−1 at 1 A g−1.
Additionally, a practical 4 × 4 cm2 pouch cell demonstrates
stable operation for over 350 cycles at 0.5 A g−1.
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