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ABSTRACT

Agueous zinc-ion batteries (AZIBs) are promising for safe and sustainable
energy storage. However, zinc anode instability, dendrite formation,
hydrogen evolution, and corrosion limit long-term performance. This study
investigates hybrid electrolytes with varying Zn?* and Li* ratios. The 1 M ZnSO,
+ 1 M Li,SO, electrolyte demonstrated the lowest corrosion current density
(0.00026 mA-cm?2), reduced charge transfer resistance (R, = 8.91 Q), and
stable cycling performance (135-158 mAh-g* over 50 cycles). Electrochemical
and morphological analyses confirmed uniform, dendrite-free Zn deposition.
These results highlight the synergistic effect of Li*—Zn?* hybrid electrolytes in
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enhancing the performance of AZIB.

1. Introduction

Sustainable, scalable, safe and environmentally
friendly electricity storage (ES) systems are crucial
to meeting energy demand while reducing carbon
emissions. Rechargeable batteries stand out among
existing ES technologies due to their high energy
density, scalability and adaptability [1-3]. Despite
dominating the market for more than thirty years,
commercial lithium-ion batteries ace challenges
such as limited power density, high cost, and safety
issues [4, 5]. Rechargeable aqueous batteries are
a promising alternative due to their economy and
increased safety associated with the use of non-
flammable and environmentally friendly electrolytes.
Agueous zinc-ion batteries (AZIBs) were of great
interest due to their high theoretical capacity
(820 mAh-g* or 5855 mAh-cm?3), low redox potential
of Zn metal anodes (-0.763 V standard hydrogen
electrode), as well as their safety. However,

uncontrolled Zn chemistry in conventional aqueous
electrolytes poses serious challenges, including
dendrite formation, hydrogen release, and surface
corrosion. These problems gradually degrade the
Zn anode/electrolyte interface during battery
operation, resulting in uneven Zn deposition, poor
reversibility, and eventually cycle failure [8, 11-15].
To overcome these difficulties, much effort has been
made to increase the reversibility of the Zn plating/
stripping process and extend battery life.
Inadditiontomeasuresaimedattheanode, hybrid
cation strategies (the use of Zn?" in conjunction with
a second inorganic cation (Mn*)) have been a major
research area in aqueous zinc-based batteries that
offer an additive-free pathway to regulate solution
chemistry, suppress side reactions, and maintain
indirect stability, as well as enhance interfacial
stability while maintaining safety. In recent years,
many studies have explored different hybrid
systems, and each cation demonstrates unique
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advantages and mechanical roles. For example,
Na* is the most studied: double cation electrolytes
(Zn** + Na*) reduce the free activity of water, Zn*
alters solvation membranes and forms stable Zn
interphases, improving reversibility and velocity
capacity in complete cells with sodium vanadate
and phosphate hosts. Hybrid Na—-Zn batteries also
demonstrated high voltage and long cycle life using
NASICON-type cathodes, which confirmed the
practicality of Na* support [16, 17]. K* with a large
ionic radius acts as a spectator cation that controls
the structure, increases the ionic conductivity,
speeds up Zn plating/stripping, and smoothes the Zn
surface to suppress dendrites [18].

Multivalent ions provide additional complexity
and advantages. Mg?*, due to its strong ion pairing
with sulfate and unique hydration behavior, stabilizes
vanadate cathodes in ZnSO, — MgSO, hybrids by
facilitating dissolution-recombination processes and
reducing active material loss; simulations confirm
the ability of Mg?* to disrupt Zn* associations in
mixed sulfates [19, 20]. Similarly, Ca®* offers a small
Stokes radius and a strong electrostatic screening
at the Zn interface, allowing for fast ion transport
and dendrite suppression in full cels based on
NASICON [21]. In high-valence regimes, Al** co salts
can extend the aqueous stability window, reduce
the formation of the main zinc salt, and stabilize
layered vanadates, although careful optimization
is required to avoid cathodic side reactions [22].
Among them, Li* ions are particularly interesting
due to their small ionic radius and high hydration
energy, which allows them to modify the structure
of Zn**solution and improve interfacial ion transport.
Despite this potential, comprehensive studies that
combine linear polarization resistance (LPR), cyclic
voltammetry (CV), electrochemical impedance
spectroscopy (EIS), charge-discharge cycling, and
morphological analysis (SEM/EDS) of ZnSO, - Li,SO,
hybrid electrolytes are still pending.

Overall, these findings suggest that hybrid Zn
systems are not a one-size-fits-all approach but rather
a universal design space where each cation brings
unique advantages — from interfacial stabilization
and dendritic control to ionic conductivity and
cathode compatibility. Recent reviews suggest that
dual-cation designs are a promising, scalable strategy
for advancing aqueous Zn metal batteries toward
high-rate, long-life, and safe energy storage [23].

In addition to these anode central pathways, the
combined cathode and electrolyte design further
increases the performance envelope. The choice
of a robust polyanion cathode such as LiFePO,

(LFP) decouples the cathode kinetics from slow Zn?*
intercalation: operando analysis of hybrid Zn|LFP
cells shows Li* (de)insertion only at the LFP cathode,
while there is a high barrier Zn?* intercalation
pathway and accelerated charge transfer kinetics
during plate transition [24]. In this hybrid regime,
bi-salt aqueous electrolytes combining ZnSO,
nd Li,SO, offer practical advantages: Li* reduces
interfacial resistance and stabilizes the electrode/
electrolyte interfaces in the LFP, while the Zn?* metal
is controlled at the anode; the bi-salt environment
has provided improved reversibility and rate
capability in several hybrid chemistries and is widely
recommended in recent electrolyte reviews for Zn
systems in water [25, 26]. In addition to kinetics,
the olivine framework of LFP exhibits high aqueous
stability compared to layered/spinel oxides (e.g.,
LMO/NMC), which suffer from Mn dissolution or
structural degradation under aqueous conditions;
conversely, the PO,*> framework in LFP provides high
lattice strength and facilitates degradation under
water exposure [27].

LFPinterfaceengineering(e.g., AlF;nanocoatings)
further suppresses parasitic passivation in aqueous
media and reduces interfacial resistance, extending
cycle life — an approach that is readily transferable
to Zn—Li hybrid cells [28]. On the electrolyte side,
concentrated Li* + Zn?* aqueous electrolytes have
been shown to stabilize phosphate cathodes (e.g.,
Li;V,(PO,);) against voltage decay and capacity loss.
Extensive studies in ZIB chemistry also support
Li*-based hybrid electrolytes as an effective way
to combine safety with high-rate cycling [24,
25]. Finally, ZnSO, + Li,SO, based gel/antifreeze
hydrogel electrolytes suppress hydrogen evolution
and Fe dissolution, inhibit Zn dendrites, and
maintain reversibility at subzero temperatures,
extending the operating window of Zn||LFP cells
to wide-temperature applications [29]. The LFP +
(ZnSO, — Li,SO,) + Zn triad offers a non-flammable,
structurally robust, and kinetically flexible platform
that complements advances oriented to anodes
and enables long lifetime, high rate, and potentially
wide temperature operation of aqueous Zn ions
[24-27, 30-32].

Theaim ofthisworkisto systematicallyinvestigate
the synergistic effect of Li* in ZnSO,-based aqueous
electrolytes. We aim to demonstrate how the ZnSO,
— Li,SO, mixture affects corrosion resistance, charge
transfer resistance, cycling stability, and surface
morphology of the zinc anode, thus identifying
an optimized electrolyte formulation for hybrid
aqueous zinc-ion batteries.
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2. Methods and materials

Zn foil (Zn, thickness 0.2 mm), Zinc sulfate
heptahydrate (ZnSO,-7H,0, 99.0%), Lithium sulfate
monohydrate (Li,SO,-H,0, 99.0%) was purchased
from Sigma-Aldrich. All the reagents used were
commercially available without further purification.
LiFePO, (Hohsen, Japan), 10 wt% polyvinylidene
fluoride (PVdF, Kynar, HSV900) as a binder and
10 wt% ethynylene black (Co., Japan).

Blank electrolytes were synthesized by dissolving
ZnSO,7H,0 and Li,SO,H,0 in deionized water
to adjust the concentration of 2M ZnSO, and 2M
Li,SO,. The solution was then stirred 2 h at room
temperature. Various electrolyte mixtures were
prepared with different ratios of zinc and lithium
aqueous solutions, respectively (Zn:Li) 2:0; 1.5:0.5;
1:1; 0.5:1.5; 0:2. The obtained clear electrolyte
solutions were directly used for cell assembly
without any pretreatment process.

LiFePO, positive electrodes were prepared
by mixing 80 wt% LiFePO, (Hohsen, Japan), 10
wt% polyvinylidene fluoride as a binder and 10
wt% ethynylene black. CR2032-type coin cells
were used for main battery testing. They were
constructed using cut LFP cathode disks (1.6 cm in
diameter), zinc disks (1.6 cm in diameter) as the
anode, with an AGM separator (1.9 cm in diameter)
between the two electrodes. The appropriate
electrolyte was then added and the coin cells were
compressed to 750 psi using a hydraulic crimping
machine to seal them shut. Galvanostatic charge/
discharge tests were performed with a Neware
series 3000 battery tester (BTS, 5 V,10 mA) using
CR2016 type coin cells at room temperature. The
Tafel plots were performed on a three-electrode
system with Zn foil as the working electrode, Pt
foil as the counter electrode, and Ag/AgCl as the
reference electrode at a scan rate of 1.0 mV/s
within EOCP £ 150 mV conducted on an Autolab
PGSTAT302N. Cyclic voltammetry (CV) tests of the
Zn||LiFePO, full cells were performed at a scan rate
of 1.0 mV-stfrom 0.2 to 1.6 V and electrolyte ionic
conductivity was measured by electrochemical
impedance spectroscopy (EIS) in a frequency range
of 100 kHz-0.01 Hz within Zn||LiFePO, coin cells on
a Bio-Logic VMP3 electrochemical workstation. The
morphology, phases, and chemical states of the Zn
anode surface after charge/discharge process were
characterized by a scanning electron microscope
(SEM, Joel).

3. Results

Effect of Electrolyte Composition on Zinc
Corrosion and Hydrogen Gas Evolution. In zinc-
based aqueous battery systems, the evolution of
the hydrogen gas at the anode is the main parasitic
reaction that accompanies zinc corrosion. This
process reduces the coulombic efficiency, consumes
active electrode material, and accelerates pH
drift and internal pressure build-up — all of which
negatively affect the long-term performance and
safety of the battery. To better understand how
electrolyte composition affects these degradation
mechanisms, linear polarization measurements
were performed using five different combinations of
ZnS0O, and Li,SO, concentrations.

Figure 1 shows the linear polarization plots
for five different electrolyte compositions, and
the corresponding corrosion parameters are
summarized in Table 1. Of all conditions tested,
the binary electrolyte containing 1M ZnSO, and 1M
Li,SO, showed the lowest corrosion current density
(0.00026 mA-cm). This very low value indicates that
this composition is highly effective in passivating the
zinc surface and strongly suppressing the hydrogen
evolution reaction (HER). Although the corrosion
potential E,,. in this system (-0.9978 V) is not the most
positive, the sharp decrease in the corrosion current
density j.. clearly indicates that electrochemical side
reactions in the anode are minimized under these
conditions.

In contrast, the addition of Li* at other ratios had
mixed effects. The 1.5 M ZnSO, : 0.5 M Li,SO, mixture
resulted in a significant increase in the corrosion
current (1.15 mA-cm?), indicating increased zinc
dissolution and accelerated HER.

6 ——2M ZnSO,

1.5M ZnSO,: 0.5M Li,SO,
—— 1M ZnSO,: 1M Li,SO,

Log Current Density (A cm?)

71 ——0.5M ZnSO,: 1.5M Li,SO,
——2M Li,SO,
-8 T T T
-1.10 -1.05 -1.00 -0.95 —0.90

Potential vs. Ag"/AgCl (V)

Fig. 1. Tafel plots in various electrolyte solutions using a
three-electrode system.
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Table 1. Summary of corrosion potentials and currents from linear polarization experiments on zinc in different

concentrations ratio ZnSO, and Li,SO,

Condition Corrosion Potential [E vs. Ag*/AgCl]  Corrosion Current Density [mA-cm™?]
2 M ZnSO, -0.9849 0.21
1.5 M ZnSO, : 0.5 M Li,SO, -0.9921 1.15
1 M ZnS0O,: 1 M Li,SO, -0.9978 0.00026
0.5 M ZnS0O, : 1.5 M Li,SO, -1.0143 1.94
2 M Li,SO, -1.0219 0.015

Similarly, the composition of 0.5 M ZnSO, : 1.5
M Li,SO, also showed a high corrosion current (1.94
mA-cm?), confirming that the excess lithium-ion
concentration destabilizes the zinc interface. In
particular, the control sample with only 2 M ZnSO,
showed an average j., of 0.21 mA-cm2, while the
Li,SO, electrolyte alone (2 M) showed a low corrosion
current (0.015 mA-cm?), but this system lacks zinc
and is not practical.

These results indicate that a 1:1 ratio of Zn?* to Li*
creates an ideal balance that stabilizes the zinc anode
and significantly reduces corrosion. This suppression
of HER is beneficial not only for extending cycle life
but also for reducing the formation of zinc dendrites,
which are often exacerbated by local pH shifts and
uneven current distribution associated with rapid gas
evolution. Although Tafel analysis does not directly
demonstrate dendrite formation, the low current
density and small overpotentials observed in this
system indicate a reduced risk of localized high-
current spots that typically initiate dendrite growth.
Additionally, the sharp increase in j., in these cases
may be attributed to localized pH changes and
enhanced water activity, which accelerate parasitic
reactions. The 2 M Li,SO, system, although showing
oW jeorr, lacks Zn?* and is not suitable for practical use.

The cyclic voltammetry (CV) measurements
were conducted to evaluate the electrochemical
reversibility and stability of zinc deposition/
stripping in different ZnSO, — Li,SO, electrolytes.
The extracted electrochemical parameters from Fig.

2 (Supplementary, Figs. Sla,b,c,d) including anodic
peak potential (E,,), cathodic peak potential (E,),
peak-to-peak separation (AE,), and the anodic-to-
cathodic current ratio (I,./l,c) are summarized in
Table 2.

The peak-to-peak separation values (AE,) for all
Zn-containing electrolytes were in the range of 0.21-
0.24 V, indicating a quasi-reversible electrochemical
process. Among them, the 1 M ZnSO, + 1 M Li,SO,
electrolyte had the most favorable characteristics: a
relatively balanced anodic-cathode peak current ratio
(1,a/1,c = 1.41), indicating an improved reversibility of
the zinc plating/stripping process. In contrast, binary
electrolytes with asymmetric Zn?*:Li* ratios (1.5
M ZnSO, + 0.5 M Li,SO, and 0.5 M ZnSO, + 1.5 M
Li,SO,) showed high current ratios (l,./l,c = 1.5-1.6)
between anodic and cathodic processes, which could
be related to side reactions or partial passivation
of the electrode. The 2 M ZnSO, electrolyte itself
also showed acceptable performance (AE, = 0.218
V), but its 1,./1,. ratio was somewhat higher (1.52),
indicating a lower ideal reversibility compared
to the equimolar Zn%*/Li* system. The 2 M Li,SO,
electrolyte, on the other hand, showed a low
electrochemical activity of I,./l,. = 0.68, indicating
that there were not enough Zn?* ions for reversible
zinc deposition/stripping. This result confirms that
Li,SO, alone cannot support effective operation of
Zn-ion batteries. It also highlights the necessity of
Zn?* in the electrolyte to enable reversible redox
behavior. This confirms that Li,SO, alone does not

Table 2. Electrochemical parameters obtained from CV analysis in different electrolytes

Electrolyte Epa (V) Eoc (V) AE, (V) lpa/lpe

2M ZnS0O, 1.252 1.034 0.218 1.52

1.5M ZnS0O, + 0.5M Li,SO, 1.304 1.094 0.210 1.58
1M ZnSO, + 1M Li,SO, 1.334 1.098 0.236 1.41
0.5M ZnSO, + 1.5M Li,SO, 1.358 1.118 0.240 1.51
2M Li,SO, 1.397 1.168 0.229 0.68
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Fig. 2. CVs profiles of Zn/LiFePO, for 10 cycles, taken at a
scan rate of 0.1 mV s from 0.2V to 1.6 V (vs. Zn/Zn*) at
1M ZnSO, + 1M Li,SO, electrolyte.

support effective Zn electrochemistry. Thus, CV
analysis shows that the synergistic effect of Zn%*
and Li* ions is most pronounced in the 1 M ZnSO,
+ 1 M Li,SO, electrolyte, which provides the most
reversible redox behavior, minimal polarization,
and balanced anodic/cathode processes, further
supports the synergistic role of both cations in
achieving optimal performance. Therefore, this
electrolyte composition can be considered as the
optimal system for further development of the
application of zinc-based hybrid aqueous batteries.
The electrochemical characteristics of the LiFePO,
cathode in the Li*/Zn?* hybrid electrolyte were also
examined to clarify the electrochemical reaction of
the cathode. As Fig. 2 shows, the CV has a single pair
of distinct redox peaks at around 1.1 V (reduction)
and 1.3 V (oxidation) against Zn/Zn*. The peaks'
shapes and positions are almost the same after each
cycle, which means good reversibility and kinetic
stability. These characteristics are related to the
Fe?*/Fe3* redox pair in the reversible extraction and
insertion of Li**in the olivine LiFePO, <> FePO, attice.
The lack of further redox peaks proves that there are
no further redox reactions involving multivalent Zn#
insertion or conversion-type reactions at the cathode
[33]. In line with CV results, the galvanostatic charge-
discharge profiles (Fig. 4) are flat and symmetric
plateaus at approximately 1.2 V, which is typical of
the two-phase LiFePO,/FePO, transition [34]. The
plateau potential and shape are highly reversible and
structurally stable with repeated Li* intercalation/
deintercalation of the cathode after more than 50
cycles. The fact that the capacity remains constant
at low voltage and the hysteresis is low also indicates
that the redox process is not Zn* but Li* [35].

1000
£
800+ g
£
E 600;
9
N
E 400
——2M ZnSO,
—0— 1.5M ZnSO, + 0.5M Li,SO,
200 —o— 1M ZnSO, + 1M Li,SO,
| —0—0.5M ZnSO, + 1.5M Li,SO,
f 95— 2M Li,SO,
04 . . . .
0 500 1000 1500 2000

Re(Z)/Ohm

Fig. 3. Various electrolyte solutions EIS spectra.

Electrochemical impedance spectroscopy (EIS)
was performed to evaluate the interfacial charge-
transferkinetics of different electrolytes. The Nyquist
plots (-Im(Z) and Re(Z)) are shown in Fig. 3. The high-
frequency section with the real axis corresponds to
the resistance of the solution (R,), while the diameter
of the semicircle indicates the resistance of the
chargetransfer (R.). These parameters provide direct
insight into the ionic conductivity of the electrolyte
and the Zn plating/ stripping behavior. As shown in
Fig. 3, the spectra vary significantly depending on
the electrolyte composition. An equimolar mixture
(1 M ZnSO, + 1 M Li,SO,) shows a relatively small
semicircle corresponding to 8.91 Q R, and 14.65
Q R, (Supplementary, Table S1). This indicates
favorable charge transport kinetics despite the
relatively high resistance of the solution, suggesting
that Li* ions enhance the interfacial mobility of Zn?*
and suppress polarization. However, the 2 M ZnSO,
system exhibits a R, of 9.38 Q with a much smaller

1.5
2 Cycle
1.4 50 —— 1
" t:J/
s
g1.2
8
S 1.1
1.0 1
0.9 -

0 20 40 60 80 100 120 140 160 180
Specific capacity (mAh\g)

Fig. 4. Charge/Discharge profiles of Zn/LiFePO, battery at
20 mA:-s?, cut of voltage 0.9-1.4 V (vs. Zn/Zn?).
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R (4.57 Q). Although its charge transfer resistance
is close to that of an equimolar mixture, the high
concentration of Zn?* is associated with increased
viscosity and side reactions consistent with a low
turnover constant. The asymmetric formulations
show divergent behavior. The 1.5 M ZnSO, + 0.5
M Li,SO, system, despite a low R, value of 2.78 Q,
gives a very high Rct of 34.31 Q, indicating a strong
interfacial resistance to charge transport. Even
more surprising is the electrolyte 0.5 M ZnSO, +
1.5 M Li,SO,, which exhibits a very high resistance
(R = 80.32 Q, R, = 605.50 Q), indicating poor ionic
conductivity and slow kinetic charge transport. The
0.5MZnSO, + 1.5 M Li,SO, system shows very high R,
(80.32 Q) and R, (605.50 Q), which can be explained
by the following factors: first, a low concentration of
Zn* reduces the availability of active ions for plating/
stripping, leading to poor charge transfer; second,
excess Li* increases the viscosity and alters the
solvation structure, which may reduce ion mobility
and increase bulk resistance; third, variations in ionic
conductivity and interfacial charge transfer kinetics
of the electrolyte formulations. The imbalance in
cation ratio disrupts the optimal electric double layer
formation, increasing interfacial resistance. The 2 M
Li,SO, system shows the worst performance, with
a low solution resistance (4.22 Q) but a very high
Rct (~1456 Q). This confirms that efficient charge
transfer is not possible in the absence of a very large
semicircle Zn*, making this formulation unsuitable
for Zn plating/stripping. Finally, Fig. 3 clearly shows
that both Rs and Rct are strongly dependent on the
electrolyte composition. While the equimolar 1 M
ZnS0O, + 1 M Li,SO, mixture shows the most balanced
behavior (average Rs and lowest effective R.),
asymmetric mixtures or single-salt systems lead to
much higher resistance. These results are consistent
with CV and galvanostatic charge-discharge results,
confirming that the equimolar Zn-Li electrolyte
provides the most favorable environment for Zn
electrochemistry.

Galvanostatic charge-discharge measurements
further confirmed the important role of electrolyte
composition in electrochemical performance. The
equimolar mixture (1 M ZnSO, + 1 M Li,SO,) exhibited
a high reversible capacity (~135-158 mAh-g?)
and excellent cycling stability (Fig. 4), consistent
with the reduced R, obtained by EIS. In contrast,
asymmetric mixtures exhibited high initial capacity
but poor retention (1.5 M ZnSO, + 0.5 M Li,SO,) or
relatively low capacity (0.5 M ZnSO, + 1.5 M Li,SO,)
(Supplementary Material Fig. 2b, c). The single
salt 2 M ZnSO, exhibited significant polarization

and capacity degradation, while 2 M Li,SO, alone
exhibited very low capacity (Supplementary, Figs.
S2a,d), indicating the need for Zn?* for reversible
zinc plating/stripping. These results indicate that the
optimized electrolyte formulation of 1 M ZnSO, + 1
M Li,SO, achieves the best match between capacity
and cycle stability, confirming its suitability for
hybrid aqueous Zn-based battery systems.

The synergistic effect between Li* and Zn*
arises from two concurrent factors: (i) regulation
of solvation Li* ions with high hydration energy
modify the Zn?*" solvation shell by competing for
water coordination, reducing free water activity,
and suppressing hydrogen evolution; and (ii)
interfacial modulation Li* contributes to formation
of a compact electric double layer on the Zn surface,
which promotes uniform Zn nucleation and reduces
the resistance of charge transfer. These combined
effects lead to minimized corrosion current density
and dendrite-free deposition in the equimolar (1
M ZnSO, + 1 M Li,SO,) electrolyte, confirming that
this composition provides the most balanced ionic
mobility and interfacial stability.

The suppression of corrosion and hydrogen
evolution in the optimized electrolyte of 1 M ZnSO,
+ 1 M Li,SO, electrolyte is mainly attributed to Li*-
induced modulation of water activity and interfacial
chemistry. Specifically, Li* ions with strong hydration
energy reduce the number of free water molecules
available for the hydrogen evolution reaction (HER)
by forming a more stable solvation structure around
Zn?*. This weakens proton reduction and mitigates
local alkalization near the Zn surface. Moreover, the
presence of Li* promotes the formation of a compact
electric double layer, which inhibits direct water
contact with metallic Zn and minimizes corrosion-
related reactions. These effects collectively lower the
corrosion current density (jorr = 0.00026 mA-cm2) and
stabilize Zn plating/stripping behavior, as confirmed
by electrochemical and morphological analyses.

The synergistic effect between Li* and Zn?* arises
from two concurrent factors: solvation regulation
and interfacial modulation. Li* ions with strong
hydration energy compete with Zn* for water
coordination, thereby reducing the number of free
water molecules available for hydrogen evolution
and suppressing corrosion-related alkalization.
Furthermore, Li* modifies the Zn?" solvation
structure, promoting the formation of [Zn(H,0),S0,]
complexes that exhibit enhanced ionic mobility
and lower viscosity than fully hydrated [Zn(H,0)¢]*
species [12]. At the electrode surface, Li* contributes
to forming a compact electric double layer that
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inhibits direct contact between Zn and water,
leading to uniform plating/stripping behavior and
lower corrosion current density.

4. Surface morphology and composition

Before and after 50 charge/discharge cycles,
the microstructural evolution of the zinc surface
was examined using SEM and EDS. (Supplementary,
Figs. S2) presents the morphology and elemental
composition of the pristine Zn foil prior to
electrochemical cycling. The SEM image shows
a relatively smooth metallic surface with faint
polishing marks and no visible dendritic or porous
features, indicating the high initial uniformity of the
electrode. Minor surface irregularities correspond to
native oxide formation, as confirmed by elemental
mapping and EDS spectrum. In contrast, post-cycling
SEM and EDS images (Supplementary, Figs. S3) reveal
pronounced differences in surface morphology
depending on the electrolyte composition. In pure
ZnS0O, (Supplementary, Fig. S4a), the Zn surface
exhibits extensive dendritic growth and corrosion
pits, characteristic of uncontrolled nucleation and
parasitic hydrogen evolution. The addition of a small
Li,SO, fraction (Supplementary, Fig. S4) partially
suppresses dendrite formation but still results in
non-uniform deposits and localized roughness. At

wm Som

higher Li,SO, concentrations (Supplementary, Fig.
S4c), irregular and fragmented surface features
are revealed, likely due to excess Li* disrupting
Zn?* transport. At high Li,SO, concentration
(Supplementary, Figs. S4d), the morphology
becomes more compact but highly passivated,
lacks Zn deposition characteristics, confirming the
absence of Zn?* ions and electrochemical inactivity.

Interestingly, SEM micrographs of deposits
formed in the equimolar electrolyte (1 M ZnSO, + 1
M Li,SO,) (Fig. 5) show a uniform, fine-grained and
densely packed surface with strongly suppressed
needle-like protrusions. EDS confirms Zn as the
dominant element with detectable O and S signals,
consistent with the presence of thin sulfate/oxide-
hydroxide surface species. Although Li cannot
be detected by conventional EDS as a result of its
low atomic number, its influence is evident in the
homogeneous nucleation and smooth morphology
of the Zn deposits. This microstructural uniformity
correlates well with the lowest charge-transfer
resistance observed from EIS measurements and
the reduced polarization seen in cyclic voltammetry
and galvanostatic cycling. Together, these results
confirm that the Li*-Zn*" synergistic interaction
promotes uniform, dendrite-free Zn deposition
and enhances long-term anode stability in aqueous
hybrid electrolytes.

Fig. 5. SEM of after 50 cycles of charge/discharge tests.
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Although in this work ex-situ structural and
morphological characterization of the cycled
cathode was performed and insightful observations
were obtained. (Supplementary, Figs. S5) shows
the SEM pictures of the LiFePO, cathode before
and after 50 charge/discharge cycles in the
hybrid aqueous electrolyte of ZnSO, + Li,SO,. The
agglomerated particles of the olivine-type structure
are distributed as a relatively smooth surface on
LiFePO, (Fig. 5a, Supplementary Material) and have
smooth morphology. After the cyclic procedure (Fig.
5b, Supplementary Material), the surface becomes
rougher and displays the existence of micro-sized
deposits. The analysis of the cathode used in the
cycling condition through the elemental analysis
(EDS) of the cathode showed that there was Zn
present, which implied that a partial migration of
Zn?* or surface deposition was taking place during
the electrochemical cycling operation.

The presence of Zn on the LiFePO, surface
indicates that, in addition to Li* intercalation and
deintercalation, there may be some involvement of
Zn?* at the electrode-electrolyte interface. However,
there was no notable morphological degradation,
including cracking or detachment, indicating that
the cathode preserves its structural integrity within
the hybrid electrolyte environment.

The findings align with the suggested reaction
mechanism, indicating that Li* ions play a crucial
role in the charge compensation process, while the
restricted interaction of Zn?** may influence surface
modification after extended cycling.

Fig. 6 illustrates the XRD patterns of the LiFePO,
cathode prior to and following 50 charge/discharge
cycles. The diffraction peaks of the pristine sample
(Supplementary, Fig. S6) are accurately indexed to
olivine-type LiFePO, phase, demonstrating a high
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Fig. 6. XRD of LFP, before and after 50 cycles of charge/
discharge tests.

level of crystallinity and phase purity. Following
the cycling process (Supplementary, Figs. S6), the
primary diffraction peaks associated with LiFePO,
continue to be distinctly observable and maintain
their sharpness, indicating that the crystal structure
is retained throughout the electrochemical cycle in
the ZnSO, + Li,SO, hybrid electrolyte.

No new peaks corresponding to secondary phases
such as Fe,0; or Li;PO, are detected, confirming
the structural stability of the cathode. However, a
subtle reduction in the relative intensity of specific
reflections could suggest minor alterations to the
surface, aligning with the findings of the elemental
analysis that confirm the presence of Zn after cycling.

The results indicate that although Zn* ions may
adsorb or deposit on the cathode surface during
cycling, they do not interfere with the LiFePO,
lattice. This finding validates the favorable chemical
compatibility of LiFePO, with the electrolyte system
composed of ZnSO, and Li,SO,.

The electrochemical results obtained in this work,
combined with prior literature reports on aqueous and
hybrid Li*/Zn?* systems, firmly pointstothe fact thatthe
main cathodic reaction is the intercalation of Li* into
the LiFePO, framework. The improved cycling stability
in the Li*/Zn?*" hybrid electrolyte can be explained
primarily by (i) inhibition of Zn anode corrosion and (ii)
prohibition of Zn species migration or precipitation,
both of which contribute to the preservation of the
reversible Li* intercalation process in the cathode.

The obtained electrochemical data (Tafel, CV,
EIS) confirm that the 1:1 Zn%*:Li* ratio yields the
lowest corrosion current density (0.00026 mA-cm™),
minimal charge transfer resistance (R, = 8.91 Q),
and the most reversible redox behavior. Deviations
from this ratio, such as excess Zn?* or Li*, result in
poor morphology, increased interfacial resistance,
and reduced reversibility. SEM analysis supports
these findings, showing that only the equimolar
system produces a fine-grained, stable Zn surface.
Although Li* is not directly detected by EDS due
to its low atomic number, its influence is evident
in the improved morphology and electrochemical
stability. These results are consistent with literature
reports on dual-cation electrolytes and validate the
proposed mechanism of Li*—Zn*" synergy in aqueous
Zn-ion batteries.

The electrochemical, structural, and
morphological results converge to reveal a consistent
mechanism for the enhanced performance of the
Zn||LiFePO, system in the equimolar ZnSO, + Li,SO,
electrolyte. The lower corrosion current density
and charge-transfer resistance observed in EIS and
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polarization tests correspond directly to the uniform,
compact Zn morphology seen in SEM analysis. The
suppression of hydrogen evolution and corrosion is
further supported by the smooth surface features
and absence of dendritic deposits. Simultaneously,
XRD and SEM data of the LiFePO, cathode confirm
the preservation of its olivine structure after cycling,
indicatingstableLi*deintercalationandtheabsence of
parasitic reactions. Together, these findings provide
a unified mechanistic understanding that Li* ions
modulate Zn?* solvation and interfacial chemistry,
leading to balanced ion transport, suppressed side
reactions, and long-term electrochemical stability of
the hybrid aqueous Zn-ion battery.

5. Conclusion

In this study, the synergistic effects of Li*-
Zn** hybrid electrolytes on the electrochemical
behavior of aqueous Zn|LiFePO, batteries were
systematically investigated. The equimolar 1 M
ZnS0O, + 1 M Li,SO, electrolyte exhibited the lowest
corrosion current density (0.00026 mA:cm?)
and charge-transfer resistance (8.91 Q), along
with stable cycling performance and uniform
dendrite-free Zn deposition. SEM and EDS analyses
confirmed the suppression of corrosion and side
reactions, while XRD results verified the structural
integrity of the LiFePO, cathode after cycling. The
combined electrochemical and structural evidence
demonstrates that Li* regulates Zn*' solvation
and interfacial chemistry, leading to improved
ion transport, mitigated hydrogen evolution, and
enhanced overall stability. These findings provide a
clear understanding of the Li*—Zn?* synergy and offer
design insights for developing safe, durable, and
high-performance aqueous Zn-ion batteries.
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‘“Kadeapa xMmunyeckolr U matepnanoBeayeckoi MHXeHepuu, LLIKona nHxeHepum u umdpoBbIX HayK,

Hasapb6aes yHuBepcuTteT, np. KabaHban 6aTtbipa, 53, ActaHa, KasaxctaH

AHHOTAUMA

BoaHble UMHK-MOHHble aKkymynatopbl (AZIB) sBnsatoTCcA nepcnekTMBHbIMU Ans 6e30MacHoOro M ycTomymsoro
XpaHeHus aHeprun. Of4HaKoO HeCTabWIbHOCTb LMHKOBOMO aHOAa — 0bpa3oBaHuMe AeHAPUTOB, BblaeleH e BOAOPOAa
N KOppO3MA — OrPaHMUYNBAET LOJITOCPOYHYIO NMPOU3BOAUTE/IbHOCTb. B 3TOM MccnenoBaHMM nsydatotcs rubpugHble
3NEKTPONUTBI C Pa3NIMYHbIM COOTHOLWEHNEM Zn?* 1 Li*. dnektpoaut 1 M ZnSO, + 1 M Li,SO, npoaemoHcTpuposan
CaMyl0 HM3KYK0 MJIOTHOCTb TOKa Koppo3uu (0,00026 MA-cm™2), CHUMKEHHOEe COMpPOTMBAEHME NepeHocy 3apsaaa
(Re = 8,91 OMm) M cTabunbHylO NPOU3BOAUTENbHOCTb UMKAMPOBaHMA (135-158 MmAu/r 3a 50 wumMKnoB).
DNEKTPOXUMUYECKUI U MOPDONIOTMYECKUIM aHaIU3bl NOATBEPAUAN PAaBHOMEPHOE ocaxkaeHue Zn 6e3 AeHaApPUTOB.
3T pesynbTaTbl NOAYEPKMBAIOT CUHEPreTMyecknin apdekT rmbpuaHbiXx 31eKTponuToB Li*—Zn?* B MNoBbIWEHUU
npounssoauntenbHoctn AZIB.

KnioueBble €/10Ba: BOAHbIE LIMHK-MOHHbIE aKKYMYNATOPbI, AEHAPUTLI, AMTUN-Kene30-pocdaT, rmMbpPUaHbIN d1eK-
TpoAuT, Zn-aHof, aHOAHOE PacTBOPEHME, raibBaHUYECKOe OCaXKaeHue.

Li*—Zn* rubpupaTi anekTponutrepain Zn||LiFePO, cynbl aKKyMynATopapbiHbIH, KOPPO3UACbIH 6acyblHa XKaHe
3IEeKTPOXUMMUANDIK BHIMAiNIriHe CMHepreTUKanblK acepaepi

A. faynet6ain’’, b. Mbip3axmetos?, /1. Paxbimbaiil, /1. bipnec?, L. 9nnakbap?, K. Kyaaii6epreHos?, A. KoHapos*

INational Laboratory Astana, Hazapb6aes YHuBepcuteTi, KabaHbalt 6aTbip AaHfbinbl 53, ActaHa, KasakcTaH

ZXUMUA KaHE XUMUANDIK TexHonorna dakynbTeTi, on-Gapabu aTbiHaarbl Kasak yATTbIK yHUBepcutet, 9a-Gapabu 4. 71,
Anmartbl, KasakctaH

3MaTtepuanTtaHy, HaHOTEXHONOMUA KaHE UHMKeHepnik ¢usmnka Kadeapacbl, Catbaes yHusepcuteti, Catbaes K., 22a,
Anmartbl, KasakctaH

XUMUANBIK KoHE MaTepuanabl UHKeHepusa Kadeapacol, MHKeHepAik KaHe LMdpAbIK FolibiMaap mekTebi, Hasapbaes
YHuBepcuterti, ActaHa, KasakcTaH Hasapbaes YHuBepcuTeTi, KabaHbali 6atbip 4., 53, AcTaHa, KasaKkcTaH

AHOATNA

Cy/nibl MbIpbIW-MOHAbIK 6aTapesanap (AZIBs) Kayinci3 sKaHe TypaKTbl SHEPTUAHbI CaKTay YLUiH epeKle MaHbi3Abl
6onbin Tabbinagbl. [ereHMeH, MbIpbll aHOAbIHbIH, TYPaKCbI3Ablfbl, AEHAPWUTTIH, Ty3inyi, cyTeriHiH, 6eninyi,
KOPPO3UsHbIH, 6oNybl Y3aK Mep3imai eHIMAINIKTI WweKTenai. byn 3eptrey Zn?* xaHe Li* MOHAAPbIHbIH, KaTbIHAChI
QPTYPANI rMbpuATi anekTponutTepai 3eptreiai. 1 M ZnSO, + 1 M Li,SO, aneKTpoauTi KopposnaFa KapcCbl TOKTbIH,
eH, TemeHri Tbifbi3abifbiH (0,00026 mMA-cm2) Tyabipa OTbIPbIN, 3apAf TacbiMangay KeaepriciH TemeHaeTTi (Ry =
8,91 OMm) KaHe TypaKTbl LMKA eHiMainiriH (50 umkngeH actam 135-158 mAY/r) KepceTTi. INEeKTPOXMMUANDBIK, KaHe
mopdonoruanbik Tanaaynap bipkenki, AeHapuUTTepcis Zn weriHgiciH pactagbl. byn HaTuxkenep AZIB eHimainiriH
apTTbipyaafsbl Li*—=Zn% rubpuaTi 3N1eKTPONUTTEPIHIH CUHEPTUABIK CepiH KepceTea,.

TyiiH cesaep: Cy/ibl MbIpPbILL-UOHAbIK aKKYMYAATOPAAP, AEHAPUTTER, NUTUIA Temip docdaTbl, TMEPUATI 31EKTPOAUT,
Zn aHoA, aHOATbIK epy, rabBaHUKaNbIK TYHAbIPY.



