Volume 1
Number 1
February 2025
Pages 1-210

EES Batteries

rsc.li/EESBatteries

»

ISSN 3033-4071

#® LOYAL SOCIETY bAPER
“ OF CHEMISTRY Xiaodong Shi, Xinlong Tian et al.

Natural seawater-based electrolytes for zinc-ion batteries



Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 14 January 2025. Downloaded on 2/13/2026 2:29:55 AM.

(cc)

7® ROYAL SOCIETY
P OF CHEMISTRY

EES Batteries

View Article Online

View Journal | View Issue

Natural seawater-based electrolytes for zinc-ion

’ M) Check for updates ‘
batteriest

Cite this: EES Batteries, 2025, 1, 161
Chuancong Zhou,$? Zhenming Xu, 2 £* Min Chen, 1 Qing Nan,? Jie Zhang,?
Yating Gao,? Zejun Zhao,? Zhenyue Xing,? Jing Li,? Peng Rao,? Zhenye Kang,
Xiaodong Shi*® and Xinlong Tian (2 *2

a

Designing high-entropy electrolytes is an effective strategy to promote the electrochemical perform-
ances of aqueous zinc-ion batteries (ZIBs). Seawater holds great potential as a natural solvent to
configure high-entropy electrolytes due to its complex composition and high salinity. In this study, the
electrochemical performances of the zinc anode and the NH4V40;9 cathode reinforced by the seawater
electrolyte have been comprehensively investigated. Theoretical calculations demonstrate that alkali
metal cations (Na*, K*, Mg?*, and Ca®*) in the seawater electrolyte confer lower reduction potential and
stronger adsorption energy for the zinc anode, which effectively inhibits dendrite growth through the
electrostatic shielding effect. In addition, alkali metal cations also guarantee lower desolvation energy
and stronger adsorption and insertion energy for the NH4V,40,0 cathode, which significantly improves
the specific capacity through the preferential adsorption/insertion and additional (de)intercalation reac-
tions of alkali metal cations. As expected, the corresponding Zn//Zn cells exhibit low voltage polariz-
ation and Zn//Cu cells present a high plating/stripping coulombic efficiency of 99.13%. Furthermore,
Zn//NH4V4040 cells deliver a high capacity of 229.8 mA h gt at 0.5 A g™* after 100 cycles and high
cycling stability for 500 cycles at 2 A g‘l. These satisfactory results verify that the application of seawater
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electrolytes in ZIBs is practical.
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Broader context

The practical applications of aqueous zinc-ion batteries (ZIBs) are severely restricted by the low utilization efficiency of
the zinc metal anode and the low capacity of cathode materials. High-entropy electrolytes are a practical strategy to
achieve dendrite-free zinc anodes and high-performance cathodes and can provide diverse solvation structures and rich
interface chemistry. In this study, natural seawater is employed as the solvent to configure high-entropy electrolytes for
ZIBs owing to the features of high ionic conductivity, rich salt composition and high salt concentration, and the electro-
chemical performances of the zinc metal anode and the NH,V,0;, cathode reinforced by the seawater electrolyte are
comprehensively investigated. As demonstrated by theoretical calculations and experimental data, the alkali metal
cations (Na*, K*, Mg”", and Ca®") in the seawater electrolyte confer lower reduction potential and stronger adsorption
energy for the zinc metal anode, effectively inhibiting dendrite growth through the electrostatic shielding effect.
Meanwhile, these alkali metal cations also deliver lower desolvation energy and stronger adsorption as well as insertion
energy for the NH,V,0,, cathode, significantly improving the specific capacity through the preferential adsorption/
insertion behavior and the additional (de)intercalation of alkali metal cations. This work will drive the comprehensive
utilization of seawater resources, get rid of the urgent dependence on ultra-pure water, and facilitate the development of
seawater-based secondary batteries.
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1. Introduction

Zinc-ion batteries (ZIBs) have the advantages of high safety,
ease of manufacture, and low cost and hold great application
potential for large-scale energy storage systems.'™ However,
the practical applications of ZIBs are severely restricted by the
low utilization efficiency of the zinc metal anode and the unsa-
tisfactory specific capacity of cathode materials. Electrolyte
optimization is an effective approach to simultaneously realize
a dendrite-free zinc anode and a high-performance cathode for
ZIBs,”” including “salt-in-water” electrolytes,® inorganic col-
loidal electrolytes,” gel electrolytes,'® and solid-state
electrolytes.'™'* Unfortunately, these electrolytes always face a
trade-off dilemma between the cost and performance of
ZIBs,'*'* and it is still a challenge to develop new electrolytes
to meet the economic and practical requirements.">™"”

As an emerging hotspot in rechargeable battery
research,'®? high-entropy electrolytes provide diverse sol-
vation structures and rich interface chemistry, which can
widen the electrochemically stable voltage and temperature
window,> enhance the ionic conductivity,>® and achieve a
stable solid electrolyte interface,”"**** thereby boosting the
battery performance.*® A mixed ZnCl, and LiCl electrolyte with
a high-entropy solvation structure (Li,ZnCl,-9H,0) reportedly
yielded a high plating/stripping coulombic efficiency (CE) of
the zinc anode of 100% and a wide operating temperature
range of zinc-air batteries from —60 to 80 °C.*” In addition, a
5 M Zn(ClO,), electrolyte effectively increased the tetrahedral
entropy of water molecules and reduced the freezing point of
an aqueous electrolyte to —80 °C.?® Therefore, the development
of high-entropy electrolytes with suitable solutes and solvents
is crucial for the design of high-performance ZIBs.

With the features of high ionic conductivity, rich salt compo-
sition, and high salinity, seawater is a promising natural solvent
for configuring high-entropy electrolytes for ZIBs.>*° Firstly, in-
organic salts containing alkali metal ions, such as LiCl*
Na,S0,,>* and MgS0,,** can be used as electrolyte additives to
guide uniform zine deposition through the electrostatic shielding
effect, because alkali metal cations have a lower reduction poten-
tial and stronger adsorption energy than Zn** ions.**” Secondly,
alkali metal cations in the seawater electrolyte favor additional
(de)intercalation reactions during the cycling process,***° thus
promoting the specific capacity of cathode materials.*'*>

In this study, natural seawater was employed as a solvent to
configure high-entropy electrolytes for ZIBs, and its positive
effects on both the zinc metal anode and the NH,V,0,
cathode were analyzed. Alkali metal cations lead to a lower
reduction potential and stronger adsorption energy compared to
Zn*" ions for the zinc metal anode, which can act as an electro-
static shield layer to suppress dendrite growth and guarantee a
reversible interfacial reaction. Notably, Zn//Zn cells in the sea-
water electrolyte exhibit a stable cycling performance at 5 mA
em™2 and a high Zn>" transference number of 0.44, whereas Zn//
Cu cells in the seawater electrolyte exhibit a high plating/strip-
ping CE of 99.13% at 2 mA cm > In addition, alkali metal
cations in the seawater electrolyte deliver lower desolvation
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energy and stronger adsorption and insertion energies for the
NH,4V,0;, cathode, which can facilitate the (de)intercalation
reaction and improve the specific capacity. Benefiting from
these merits, Zn/NH,V,0;, cells in the seawater electrolyte
achieve a high capacity of 229.8 mA h g™" after 100 cycles at 0.5
A g™ " and 200.7 mA h g™" after 500 cycles at 2 A g”*, manifesting
the “killing two birds with one stone” effect of the seawater elec-
trolyte on the practical application of ZIBs.

2. Results and discussion

Alkali metal cations in the seawater of the South China Sea were
analyzed using an inductively coupled plasma (ICP) spectro-
meter. The molar concentrations of Na®, K", Ca**, and Mg>*
ions in the seawater were determined as 0.47, 0.016, 0.018, and
0.056 M, respectively (Table S17). The optimal content of ZnSO,
in the seawater electrolyte was confirmed by a gradient contrast
experiment. Fig. Sla and bf show that the 1.88 M ZnSO,-sea-
water electrolyte (marked as ZnSO,-seawater electrolyte) yields
the smallest voltage polarization in Zn//Zn cells and the highest
capacity in Zn/NH,V,0,, cells. Additionally, the cycling
performances of Na,;3V,0s, NaV;0g, and NH,V,0,, cathodes
in the ZnSO,-seawater electrolyte have been compared in
Fig. Sic,} verifying the high capacity of the NH,V,0;, cathode.

To reveal the advantages of the seawater electrolyte, 1.88 M
ZnSO, electrolyte was configured with ultrapure water as the
solvent and served as a contrast sample (labeled as ZnSO, elec-
trolyte). Fig. 1a schematically illustrates that the Zn** ions in
the ZnSO, electrolyte exhibit an uneven deposition behavior
and disordered dendrite growth due to the tip effect and inter-
facial side reactions. Owing to the electrostatic shielding
effect, alkali metal cations in the ZnSO,-seawater electrolyte
preferentially reach the tip or low-lying position of the zinc
metal (Fig. 1b), cover the deposition interface, and act as an
electrostatic shield layer to guide uniform zinc deposition,
thereby guaranteeing a dendrite-free zinc anode.**** Density
functional theory (DFT) calculations were also performed to
reveal the action mechanism and evaluate the adsorption
energy of alkali metal cations on the surface of the zinc metal
(Fig. 1c). Notably, the adsorption energies of Na*, K", Ca®>*, and
Mg>" ions are —1.81, —2.07, —1.97, and —0.71 eV, respectively,
much stronger than that of Zn>* ions (—0.44 eV), implying that
alkali metal cations in seawater can be preferentially adsorbed
on the surface of the zinc metal. Fig. S21 presents the charge
transfer impedances of Zn//Zn cells at different temperatures
(30-70 °C) in different electrolytes. Combined with the
Arrhenius equation (eqn (S1) and (S2)}), the corresponding
activation energy barriers in the ZnSO,-seawater and ZnSO,
electrolytes were calculated as 27.43 and 37.49 kJ mol™,
respectively, manifesting the fast interfacial reaction kinetics
of Zn//Zn cells in the ZnSO,-seawater electrolyte.*

Fig. S31 presents the current-time curves and electro-
chemical impedance spectroscopy (EIS) data of Zn//Zn cells
before and after the activation process. Based on eqn (S3) and
Table S2,1 the Zn>*" transference numbers of Zn//Zn cells in the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration of zinc deposition in (a) ZnSO,4 and (b) ZnSO,4—seawater electrolytes; (c) adsorption energy of Na*, K*, Ca%*, Mg?*, and
Zn?* ions on the surface of the zinc metal; (d) interfacial activation energy barrier of Zn//Zn cells in ZnSO4 and ZnSO,—seawater electrolytes; (e)
comparison of the nucleation overpotentials of Zn//Zn cells in ZnSO4, ZnSO,—seawater, 1.88 M ZnSO,4-0.47 M NaCl, 1.88 M ZnSO,4-0.016 M KCl,
1.88 M ZnSO,4-0.018 M CaCl,, and 1.88 M ZnSO,4-0.056 M MgCl, electrolytes under the conditions of 5 mA cm~2-1 mA h cm™2; (f) the nucleation

overpotentials of Zn//Zn cells in ZnSO,4 and ZnSO4—seawater electrolytes

under different conditions; in situ pH changes of Zn//Zn cells during the

cycling process in (g) ZnSO4 and (h) ZnSO4—seawater electrolytes; (i) galvanostatic cycling performance of Zn//Zn cells in ZnSO4 and ZnSO4-sea-

water electrolytes under the conditions of 5 mA cm™2-1 mA h cm™2; (j) X
and ZnSO4—seawater electrolytes.

ZnSO,-seawater and ZnSO, electrolytes are 0.44 and 0.36,
respectively, proving the enhanced transport behavior of Zn>*
ions.** These results verify that the ZnSO,-seawater electrolyte
with high-entropy characteristics effectively facilitates zinc
deposition, accelerates charge transfer and zinc ion transport,
stabilizes the interfacial reaction environment, reduces the
activation energy, and strengthens the interfacial reaction kine-
tics between the zinc anode and electrolyte.*”™*” Additionally,
the dynamic contact angle test demonstrates that the ZnSO,-
seawater electrolyte has a better surface wettability with Zn foil
(Fig. S4at), favoring the construction of a stable solid-liquid
contact interface.*® As expected, Zn//Zn cells in the ZnSO,-sea-
water electrolyte have a charge transfer impedance of 400 Q,
which is smaller than that of the ZnSO, electrolyte (480 Q),
indicating the enhanced charge transfer kinetics in the sea-
water electrolyte (Fig. S4bt). Table S31 shows that the ionic
conductivity of the ZnSO,-seawater electrolyte is 13.8 mS
em™', which is higher than that of the ZnSO, electrolyte
(13.0 mS ecm™) because the seawater has a higher ionic con-
ductivity than ultrapure water (Fig. S4c and dt).*' The cycling
performances of Zn//Zn cells in 1.88 M ZnS0,-0.47 M NaCl
electrolyte, 1.88 M ZnS0,-0.016 M KCI electrolyte, 1.88 M
ZnS0,-0.018 M CacCl, electrolyte, and 1.88 M ZnS0,-0.056 M
MgCl, electrolyte were tested to study the effects of individual
alkali metal cations in seawater on the nucleation overpoten-

© 2025 The Author(s). Published by the Royal Society of Chemistry

RD patterns of zinc foil in Zn//Zn cells after 50 and 100 cycles in ZnSO4

tials (Fig. S51). As a result, the nucleation overpotentials of Zn//
Zn cells in Na'-, Ca**-, Mg”"-, and K'-containing electrolytes
(Fig. 1e) are 54.2, 56.9, 57, and 58.4 mV at 5 mA cm >-1 mA h
em?, respectively, which are much smaller than that in the
ZnSO, electrolyte (92.9 eV), demonstrating that the alkali metal
cations in seawater are conducive to reducing the zinc nuclea-
tion barriers. The corresponding nucleation overpotentials
(Fig. 1f and S67) in the ZnSO,-seawater electrolyte under the
conditions of 2 mA cm™-1 mA h cm™, 5 mA cm™>-1 mA h
em™2, 5 mA cm™2-5 mA h em™2, and 10 mA cm™2-1 mA h cm™
are 51.2, 43.1, 70.4, and 62.6 mV, respectively, which are smaller
than those in the ZnSO, electrolyte, indicating that the seawater
reduces the zinc nucleation overpotential.*>>°

The pH changes in Zn//Zn cells in the different electrolytes
during the cycling process were monitored with an in situ pH
meter (Fig. 1g and h). The ZnSO,-seawater electrolyte displays
a smooth pH change from 4.92 to 5.16, indicating a stable
interfacial reaction environment.’" In contrast, the pH values
in the ZnSO, electrolyte increase from 3.99 to 5.43, which can
be ascribed to the undesirable side reactions between the zinc
metal anode and the liquid electrolyte. Benefitting from the
above merits, Zn//Zn cells in the ZnSO,-seawater electrolyte
exhibit more stable and smaller voltage polarization under
different test conditions (Fig. 1i and S7t), while the shelving-
recovery performance and rate performance (Fig. S8t) of Zn//

EES Batteries, 2025,1,161-171 | 163
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Zn cells were also satisfactory, implying reversible and stable
zinc deposition behavior in the ZnSO,-seawater electrolyte.
Moreover, X-ray diffraction (XRD) patterns and SEM images of
Zn foil in Zn//Zn cells were investigated to reveal the perform-
ance differences in different electrolytes. Notably, the charac-
teristic peaks of Zn,SO4(OH)e-5H,O are detectable on the
surface of zinc foil in the ZnSO, electrolyte after 50 and 100
cycles, whereas no byproducts can be observed in the ZnSO,-
seawater electrolyte (Fig. 1j), suggesting that seawater plays an
active role in inhibiting the formation of byproducts. This
phenomenon can be observed in the in situ optical microscopy
images (Fig. S9t), confirming the positive effects of dendrite
inhibition and interface stabilization on the zinc anode in the
ZnSO,-seawater electrolyte.’>>® In addition, the Zn foil in the
ZnSO,-seawater electrolyte provides a dendrite-free surface,
much cleaner than that in the ZnSO, electrolyte (Fig. S107).

Fig. S11af shows the CV curves of Zn//Cu cells in different
electrolytes. Notably, the ZnSO,-seawater electrolyte yields a
wider redox peak current range of —68.34 to 71.54 mA (vs.
—51.19 to 58.79 mA of the ZnSO, electrolyte), suggesting an
enlarged electrochemical active area and more active nuclea-
tion sites. In addition, the ZnSO,-seawater electrolyte has a
lower zinc deposition potential of —0.0618 V (vs. —0.074 V of
the ZnSO, electrolyte), manifesting a reduced zinc nucleation
barrier, which can be confirmed by the galvanostatic charge/
discharge curves (Fig. S11b and c}) and nucleation overpoten-
tial profiles of Zn//Cu cells (Fig. S11d and S12f}). Fig. Silef
indicates that the nucleation overpotential in the ZnSO,-sea-
water electrolyte is 22.2, 17, and 24.2 mV at 2 mA cm -1 mA h
em™2, 2 mA cm™2-2 mA h em™2, and 5 mA ecm™>-1 mA h em™2,
respectively, which are much smaller than those in the ZnSO,
electrolyte. In general, a small nucleation overpotential is con-
ducive to reversible Zn plating/stripping on the surface of Cu
foil. Therefore, the ZnSO,-seawater electrolyte yields a more
stable plating/stripping CE than the ZnSO, electrolyte, and the
average CE is 99.13% at 2 mA cm >-1 mA h em™2 after 100
cycles (Fig. S11ff). The nucleation overpotentials of Zn//Cu
cells in Na*-, Ca*-, Mg®>"-, and K'-containing electrolytes
(Fig. S11g and S137) are 31.6, 39.2, 37.6, and 41.1 mV at 2 mA
em >-1 mA h cm™?, respectively, much smaller than that of
the ZnSO, electrolyte (60.6 eV), further confirming that alkali
metal cations in seawater contribute to the reduction of the
zinc nucleation barrier.’* In addition, the SEM images of the
Cu foil in Zn//Cu cells were characterized after ten cycles in
different electrolytes. The Cu foil in the ZnSO,-seawater elec-
trolyte has a smoother and cleaner surface (Fig. S11h and if),
indicating highly reversible Zn plating/stripping behavior
without notable attachment of by-products.

Zn//NH,V,0;, cells were assembled and investigated in
different electrolytes with Zn foil and homemade NH,V,0,, as
the anode and cathode, respectively. The CV curves reveal the
differences in the Zn storage behavior of the NH,V,0,, cathode.
The normalized CV curves of the NH,V,0,, cathode in the
ZnSO,-seawater electrolyte have a larger enclosed area and more
redox peaks than those of the ZnSO, electrolyte (Fig. 2a and b),
indicating a higher energy density and a complex reaction
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mechanism of Zn/NH,V,0,, cells in the ZnSO,-seawater electro-
Iyte, which may be ascribed to the additional (de)intercalation
of alkali metal cations (Na*, Ca®", Mg>", K) in the seawater
during the cycling process. The CV curves of Zn/NH4V,0,, cells
with natural seawater as the electrolyte (Fig. S14t) also show
typical redox peaks belonging to the (de)intercalation reactions
of layered vanadium-based oxides. Two reduction peaks at 0.595
and 0.325 V and two oxidation peaks at 0.776 and 0.911 V were
detected in the first scan, confirming the (de)intercalation reac-
tion of alkali metal cations in seawater. In the second and third
scans, the primary oxidation peak is shifted to 0.67 and 0.687 V,
respectively, implying a change in the crystal structure of
NH,V,0,, after the (de)intercalation of the alkali metal cations.
To further demonstrate the capacity contribution of alkali metal
cations in seawater, the specific capacities of the NH,V,0;,
cathode in the electrolytes of seawater, ultrapure water, 0.47 M
NaCl solution, 0.016 M KCI solution, 0.018 M CacCl, solution,
and 0.056 M MgCl, solution were tested at 500 mA g
(Fig. S15T). The NH,V,0;, cathode has no capacity in ultrapure
water but has the highest capacity in seawater. The specific
capacity of the Na*-, Ca®*-, Mg*"-, and K*-containing solutions is
proportional to the molar concentration of the metal cations,
and the specific capacity in seawater can be regarded as capacity
superposition of individual cation solutions. Galvanostatic
charge/discharge profiles of Zn/NH,V,04, cells in different elec-
trolytes at 500 mA g~ are compared in Fig. 2c. As expected, the
initial specific capacity of the NH,V,0,, cathode in the ZnSO,-
seawater electrolyte is higher than that in the ZnSO, electrolyte,
and the voltage plateaus correspond to the redox peaks in the
CV curves. The charge transfer resistance of the NH,V,0;,
cathode after cyclic activation in the ZnSO,-seawater electrolyte
is lower than that in the ZnSO, electrolyte (Fig. 2d), verifying the
lower interfacial charge transfer energy barrier.

Furthermore, the cycling performances of the NH,V,04,
cathode at 500 mA g~ in different electrolytes were compared.
The NH,V,0;, cathode exhibits a highly reversible capacity of
229.8 mA h g_1 after 100 cycles in the ZnSO,-seawater electro-
Iyte (Fig. 2e). The corresponding capacity retention ratio is
72.2%, which is higher than that of the ZnSO, electrolyte. As
shown in Fig. S16a,t the Zn/NH,V,0,, batteries in the ZnSO,-
seawater electrolyte deliver a high capacity of 225.97 mA h g™*
and a high coulombic efficiency (CE) of 80.7% after two con-
tinuous self-discharge cycles. Under the same test conditions,
the Zn//NH,V,0;, batteries in the ZnSO, electrolyte only main-
tain a low capacity of 114.66 mA h g~* and a low CE of 68.8%
(Fig. S16bt), implying inferior resistance to self-discharge be-
havior. Fig. 2f shows the rate capabilities of the NH,V,04,
cathodes in different electrolytes. Notably, the reversible
capacity of the ZnSO,-seawater electrolyte is 342.4, 304.2,
275.1, 253.2, and 209.3 mA h g~* at 200, 500, 1000, 2000, and
5000 mA g~', respectively. These values are higher than the
corresponding capacities of the ZnSO, electrolyte due to the
higher ionic conductivity and additional intercalation reac-
tions of metal cations in seawater. The long-term cycling stabi-
lity of the NH,V,0,, cathode in different electrolytes was veri-
fied at 2000 mA g~'. The specific capacity of NH,4V,O4, in the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ZnSO,-seawater electrolyte decreases from 257.6 to 200.7 mA h
g~! during 500 cycles, with a high retention ratio of 77.9%
(Fig. 2g). In contrast, the reversible capacity of the ZnSO, elec-
trolyte stabilizes at 155.4 mA h g~'. Moreover, the NH4V,010
cathode in the ZnSO,-seawater electrolyte delivers a high
reversible capacity of 115 mA h g™ " after 4000 cycles at 8 A g™*
with a high retention ratio of 71.8% (Fig. 2h), which is far
higher than that in the ZnSO, electrolyte, manifesting the
superior structural stability and wide operating current range
of the NH,V,0;, cathode in the ZnSO,-seawater electrolyte.
Additionally, XRD patterns and SEM images of Zn foil in Zn//
NH,V,0,, cells after 10 cycles in different electrolytes were col-
lected (Fig. S177), in which the Zn foil in the ZnSO,-seawater
electrolyte maintains a dendrite-free and clean surface owing
to the electrostatic shielding effect induced by the alkali metal
cations in seawater.

In situ pH changes of the Zn/NH,V,04, cells in different
electrolytes during the cycling process were also measured
(Fig. 3a, b and S18%). The pH of the Zn//NH,V,0;, cells in the
ZnSO,-seawater electrolyte ranges from 4.96 to 5.07, whereas
that of the ZnSO, electrolyte increases from 4.13 to 5.09,
demonstrating a stable solid-liquid interface reaction environ-
ment for both the NH,V,0,, cathode and the zinc anode in

© 2025 The Author(s). Published by the Royal Society of Chemistry

the seawater electrolyte. Furthermore, the CV curves at
different scan rates (0.2-1.0 mV s™') and the corresponding b
values of the redox peaks of the NH,V,0;, cathode in the
ZnSO,-seawater and ZnSO, electrolytes were analyzed to deter-
mine the energy storage reaction types. Three pairs of redox
peaks were observed (Fig. S19a and S20at), which are consist-
ent with the (de)intercalation reactions of the metal cations in
the crystalline structure of NH,V,0,,. Based on eqn (S4) and
(S5), the b values corresponding to the redox peaks of the
NH,V,0;, cathode in both the ZnSO,-seawater electrolyte
(Fig. S19bt) and the ZnSO, electrolyte (Fig. S20b¥) are relatively
close to 1, indicating that the cation storage behavior is con-
trolled by the adsorption reaction mechanism. Based on eqn
(S6) and (S7),t the pseudocapacitive contribution ratio can be
quantitatively calculated. As summarized in Fig. S19c and d,¥
the pseudocapacitive contribution ratios of Zn/NH,V,04, cells
in the ZnSO,-seawater electrolyte are 72%, 74.6%, 78.2%,
81.7%, and 85.2% at 0.2, 0.4, 0.6, 0.8, and 1.0 mV s, respect-
ively, which are higher than the corresponding values (48.8%/
63.2%/67.5%/70.7%/75.7%) in the ZnSO, electrolyte (Fig. S20c
and dt). The considerable pseudocapacitive adsorption capa-
bility of the NH,V,0,, cathode can be attributed to the strong
adsorption behavior between NH,V,0;, and Na*, Ca**, Mg*",
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K', and Zn®" ions in the ZnSO,-seawater electrolyte.>>>°

Fig. S21a and bt displays the Nyquist plots of Zn/NH,V,01,
cells in the ZnSO,-seawater and ZnSO, electrolytes at different
temperatures (30-70 ©C), respectively. According to the
Arrhenius equation, the interfacial activation energy of
NH,V,0,, (Fig. 3¢) in the ZnSO,-seawater and ZnSO, electro-
lytes was calculated to be 14.38 and 15.8 k] mol ™", respectively.
The lower activation energy of the ZnSO,-seawater electrolyte
indicates accelerated reaction kinetics at the solid-liquid inter-
face of the NH,V,0,, cathode.

The NH,V,0,, cathode was prepared by a hydrothermal
method®” and characterized by XRD and X-ray photoelectron
spectroscopy (XPS) (Fig. S22%). The characteristic (001) and
(110) peaks of NH,V,0,, were located at 9.2° and 25.5°,
respectively, which agree with the peak locations in the stan-
dard material card (PDF#31-0075). Furthermore, the crystal
structure of NH,V,0,, is orderly layered with connected [VOg]
polyhedra and embedded ammonium ions. The initial V 2p
spectra demonstrate that the mixed chemical valence states of
vanadium in NH4V,0;, are dominated by V*' and V*'.
Different characterization techniques were adopted to reveal
the energy-storage mechanism of the NH,V,0,, cathode in the
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ZnSO,-seawater electrolyte. XRD patterns (Fig. 3d) corres-
ponding to different charge and discharge states confirm the
regular shift of the characteristic (001) and (110) peaks during
the cycling process. The characteristic peaks shift to a lower
diffraction angle with an increase in the discharge depth, indi-
cating an enlarged lattice spacing based on the Bragg
equation. A similar phenomenon was observed for the O 1s
and Zn 2p spectra of the NH,V,0;, cathode (Fig. S237). These
results can be explained by the intercalation of Zn** ions and
alkali metal cations (Na*, Ca®>*, Mg?*, and K") in the layered
structure, which effectively expands the lattice spacing of
NH,V,0;0. During the charging process, the characteristic
peaks shift back to higher diffraction angles, corresponding to
the deintercalation of Zn** ions and alkali metal cations from
the layered structure of NH,V,0;,. Compared with the initial
state, slight peak location differences in the fully charged state
can be ascribed to residual intercalated Zn>" ions and alkali
metal cations. Furthermore, the (de)intercalation behavior of
Na' ions is adequately demonstrated by the fitted Na 1s
spectra of NH,V,0,, in different charge and discharge states
(Fig. S247%), which show the highest intensity in the fully dis-
charged state and the lowest intensity in the fully charged

© 2025 The Author(s). Published by the Royal Society of Chemistry
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state, suggesting the reversible insertion and extraction of Na*
ions during cycling.

The (de)intercalation reactions of Zn>" ions and alkali
metal cations can also be directly verified by valence changes
in V, which is the only variable element in NH,V,04,. The v
and V** regions decrease and increase with increasing dis-
charge depth, respectively, compared with the initial state
(Fig. S25a and bf), confirming that the intercalation of Zn**
ions and alkali metal cations reduces the valence state of
vanadium. Opposite valence region changes of V can be
detected during the charging process (Fig. S25¢ and dt), which
can be attributed to the deintercalation of Zn>" ions and alkali
metal cations. In addition, the (de)intercalation reaction was
verified by recording the changes in the Na/Zn content of the
NH,V,0,, cathode at different charge and discharge states.
Based on the ICP test (Fig. 3e), the Na/Zn content increases
and reaches its peak value in the fully discharged state, further
verifying the insertion of Zn*>* and Na' ions into NH,V,0;, as
well as the results obtained from element mapping images
(Fig. S26%1). Additionally, in situ Raman spectra of the
NH,V,0,, cathode in different electrolytes were measured to
uncover the differences in structure evolution during the
cycling process. For the ZnSO,-seawater electrolyte (Fig. 3f),

View Article Online

Paper
the regular signals around 150, 260, and 500 cm™ " are well
corresponding to the bending vibrations of §(-O-V-O-V-),
8(V=0), and the stretching vibration of v(V-O), respectively,
manifesting the relatively reversible crystal structure of the
NH,V,0;, cathode. The XRD pattern of the NH,V,0;, cathode
after 30 cycles also proves its stable crystal structure in the
ZnSO,-seawater electrolyte during the cycling process
(Fig. S277). In contrast, the characteristic signals of NH,V,0,,
are chaotic and disordered in the ZnSO, electrolyte (Fig. 3g),
mainly induced by the irreversible crystal structure changes.
These results demonstrate the reversible changes in the
valence state of V, interplanar spacing, and crystalline struc-
ture of the NH,V,0;, cathode and verify the reversible (de)
intercalation reaction of metal cations during the cycling
process.”®

However, determining the detailed reaction mechanism of
the NH,V,0,, cathode in the ZnSO,-seawater electrolyte is
challenging due to its complex composition. DFT calculations
were further performed to explore the possible reactions
between metal cations and the NH,V,0,, cathode to address
this dilemma. Firstly, the solvation energy of Zn>* ions (—=13.92
eV) is stronger than that of alkali metal cations (Fig. 4a and
S28%), indicating a relatively slower desolvation process for
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(a) Solvation energy, (b) adsorption energy, (c) insertion energy and (d) binding energy of different metal cations; (e and f) diffusion energy

barriers of Ca?*, K*, Mg?*, Na*, and Zn?* ions in the crystal structure of NH4V,4O10; (g) schematic illustration of the reaction mechanism of the

NH4V40;0 cathode in the ZnSO,4—seawater electrolyte.
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Zn”* ions. Secondly, the adsorption energy of metal cations on
the surface of NH,V,O, is illustrated in Fig. 4b and S29.f The
thermodynamic adsorption energies of Ca®, K, Mg>", and
Na ions are higher than that of Zn>* ions (-0.73 eV),
suggesting a preferential adsorption behavior for alkali metal
cations. Thirdly, Fig. 4c and S30t1 summarize the insertion
energies between the metal cations and NH,V,0,0, and the
insertion energies of the alkali metal cations are stronger than
that of Zn>" ions. In general, the stronger the insertion energy,
the greater the thermodynamic heat release and the easier the
intercalation of metal ions in NH,V,0;,, manifesting the prior-
itized insertion of alkali metal cations under equal conditions.
Fourthly, the binding energy between Zn>" ions and NH,V,04,
is the lowest (Fig. 4d and S31f), whereas that between Ca**
ions and NH,V,04, is the highest (—13.58 eV). The weaker the
binding energy, the more favorable the bulk diffusion of metal
cations in the crystal structure of NH,V,0,,. In addition, the
stronger the binding energy between the alkali metal cations
and NH,V,0;,, the greater the damage to the structural stabi-
lity of NH,V,0;, caused by the (de)intercalation of alkali metal
cations, which can explain the unstable cycling performance
shown in Fig. S14.7 Fifthly, the bulk diffusion energy barriers
and diffusion paths of the metal cations in the crystal structure
of NH,V,0,, were investigated (Fig. 4e, f and S32f). The
diffusion energy barriers of Ca®*, Mg”*, K", Na*, and Zn>" ions
are 0.599, 0.533, 0.32, 0.222, and 0.202 eV, respectively, demon-
strating the fastest and slowest diffusion kinetics for Ca** and
Zn** ions in NH,V,0,,, which agrees with the binding energy
results shown in Fig. 4d.

Based on the above analyses, Fig. 4g depicts the detailed
reaction process of metal cations in the crystal structure of the
NH,V,0,, cathode, consisting of five steps: interfacial desolva-
tion, surface adsorption, bulk insertion, bulk binding, and
bulk diffusion. Briefly, the introduction of alkali metal cations
can effectively reduce the corresponding desolvation energy,
and enhance the adsorption as well as insertion energy to
facilitate the reaction kinetics of the NH,V,0,, cathode.?*®° To
verify the universality of the seawater electrolyte, an o-MnO,
cathode was successfully prepared (Fig. S33t) and its cycling
performances in the ZnSO,-seawater electrolyte were further
analyzed (Fig. S34%). The reversible capacity of the a-MnO,
cathode in the ZnSO, electrolyte is lower than that in the
ZnSO,-seawater electrolyte, indicating the positive contri-
bution of the high-entropy electrolyte to both vanadium- and
manganese-based cathodes.

3. Conclusion

In summary, natural seawater was used to configure high-
entropy electrolytes for ZIBs, and its positive effects on the
zinc metal anode and the NH,V,0,, cathode were further
demonstrated based on experimental data and theoretical cal-
culations. With respect to the zinc metal anode, Zn//Zn cells in
the seawater electrolyte exhibit a steady potential polarization
at 5 mA cm™2, a low activation energy barrier (27.43 kJ mol™),
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and a stable interfacial reaction environment (pH change:
4.92-5.16). In addition, Zn//Cu cells in the seawater electrolyte
show a dendrite-free interface and a high plating/stripping CE
of 99.13% at 2 mA cm > With respect to the NH4V,0;0
cathode, the Zn/NH,V,04, cells in the seawater electrolyte
yield a stable pH change (4.96-5.07), a low activation energy
barrier (14.38 kJ mol™"), a high capacity of 229.8 mA h g
after 100 cycles at 0.5 A g~*, and long-term cycling stability for
500 cycles at 2 A g~'. These satisfactory results can be attribu-
ted to the low reduction potential, low desolvation energy,
strong adsorption energy, and strong insertion energy of alkali
metal cations, which effectively reduce the activation energy
barriers and facilitate interfacial reaction kinetics. This study
may drive the utilization of seawater resources, and promote
the development of seawater-based secondary batteries.
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