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a b s t r a c t

The instability of the Zn metal anode in aqueous zinc-ion batteries is the main culprit limiting promotion

and practicability. Solid-liquid hybrid electrolytes, as an emerging system containing electrochemically

inert fillers, have been proposed and shown significant progress in recent years. The electrolyte regula-

tion for suppressing side reactions mainly depends on the state of bound water molecules, so exploring

the influence of intrinsic properties of fillers on electrolyte structure is of great significance. This work

compared the effects of kaolin and its derived mullite on the state of bound water molecules and elec-

trochemical behaviors in hybrid electrolytes. Relying solely on the high specific surface area of mullite

is not sufficient to provide enough ion diffusion paths and limit water molecule activity, resulting in se-

vere polarization and side reactions. The layered structure of kaolin can accommodate a large number

of water molecules, which constructs hydrogen bonding networks for H+ transport as the charge carrier

with lower energy barrier. Hence, the kaolin-based electrolytes can inherit both low polarization of con-

ventional liquid electrolytes and the durability to side reactions of hybrid electrolytes simultaneously. As

a result, the aqueous Zn-MnO2 battery with kaolin-based electrolyte can provide high specific capacity

of ∼300mAh/g at 100mA/g, and maintain at least 164 and 85.2mAh/g at 300 and 500mA/g for >500

cycles.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Benefitting from the high energy density (5.85 Ah/cm3) and rel-

atively low potential (−0.76V vs. SHE) of Zn metal, the safe, en-

vironmentally friendly and non-toxic aqueous zinc metal batteries

are highly valued in the field of large-scale energy storage [1–4].

However, under the adsorption and dissociation of highly active

water molecules at the interface, zinc metal anode is not resistant

to conventional aqueous electrolytes and will be severely corroded

to form ZSH passivation [5–8]. Meanwhile, the energy storage reac-

tion of cathode materials in aqueous environments usually involves

the H+ intercalation and the cathode dissolution, leading to fluctu-

ations in electrolyte pH and accelerating the zinc metal anode side

reactions [9–11]. This greatly suppresses the long-life cycle stabil-

ity and is also a major obstacle to the further practical application

of zinc metal batteries.

Essentially, the stability of zinc metal anode largely depends on

the regulation of water molecule states [12–16]. In recent years,
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the introduction of electrochemically inert fillers and the proposal

of solid-liquid hybrid electrolytes have improved the long-life

cycle stability of zinc metal batteries significantly [17]. However,

given the diversity of electrochemical inert fillers, mainly the

clay minerals, there has been no differential understanding of the

distribution and state of bound water molecules in hybrid elec-

trolytes. The differences in crystal structure of clay minerals affect

the adsorption sites of water molecules, which in turn determine

their reactivity towards proton conduction, charge transfer and ion

diffusion [18]. For instance, the montmorillonite with adjustable

interlayered structure could achieve species intercalation and ion

exchange [19–21]. The properties of interlayered species not only

change the interlayer spacing and ion diffusion path size, but their

hydrophilicity also determines the state of bound water molecules

[22–24]. Compared to the efficient utilization of interactions

between lattice gaps and species, the minerals with anion close-

packed lattice frameworks, including perovskite and silicon oxide

[25,26], mainly rely on surface properties [27]. The dangling bonds

at the mineral surfaces can attract a large number of ions and

water molecules, constructing diffusion paths with relatively low
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coordination numbers and high Gibbs free energy for interfacial

ion conduction [28]. Although different clay minerals can inhibit

water molecule activity to varying degrees, excessive binding is not

conducive to electrode interfacial reaction kinetics and weak ad-

sorption is also difficult to suppress side reactions completely. The

relationship between crystal structure differences of clay minerals,

the state of bound water molecules in hybrid electrolytes, and the

electrochemical behavior and performances have not been studied.

Here, in order to fully reveal the influence of bound water

molecule state on electrochemical performances in hybrid elec-

trolytes, this work compared kaolin with layered structure (KLCP)

and its derivative mullite with anion close-packed after calcina-

tion (CKL) systematically. The unavailable charge carrier transport,

which is caused by firm adsorption of Zn2+ by CKL surface, re-

sults in a high diffusion energy barrier and sluggish reaction ki-

netics. The limited CKL surface is also difficult to bind all water

molecules and suppress side reactions, resulting in uneven deposi-

tion of zinc anode and irreversible lattice collapse of manganese-

based cathode. In contrast, the KLCP can accommodate interca-

lated water molecules at the interlayered space and limit their high

activity through layer-to-layer van der Waals forces. More impor-

tantly, the interlayer binding of water molecules forms abundant

hydrogen bonding network for H+ transport, while achieving sup-

pressed water molecule activity and rapid charge carrier transport

kinetics simultaneously. Hence, the Zn-δ-MnO2 batteries in KLCP-

ZMSO electrolyte could maintain specific capacity of 164mAh/g at

500mA/g for 500 cycles, while the specific capacity in CKL-ZMSO

suffers from declined stability and lower electrochemical activity

of 85.2mAh/g. By researching the influence of clay mineral lattice

structure on electrolyte performances, novel methods and scientific

guidance can be provided for further electrolyte rational design.

The XRD pattern shows the difference between pure kaolin

(KLCP) and calcined kaolin (CKL) (Fig. 1a). The KLCP diffraction

pattern fully reflects the diffraction characteristics of Kaolin-1A

phase (PDF #14–0164), with the two strongest diffraction peaks at

2θ =12.3° and 24.8° corresponding to the (001) and (002) crys-

tal planes, respectively. CKL is formed by high-temperature calcina-

tion of ordinary kaolin above 1000 °C. Its diffraction pattern mainly

shows mullite phase (PDF #15–0776) and contains characteristic

peaks of quartz phase (PDF #39–1425) [29]. As an aluminosili-

cate mineral with layered structure, KLCP consists of ordered stack-

ing of silicon oxide layers composed of [SiO4] tetrahedra and alu-

minum oxide layers composed of [AlO6]-(OH) octahedra (Fig. 1b).

Fig. 1. Differences in crystal structure and adsorption of water molecule. (a) XRD

patterns and (b) crystal structures of KLCP and CKL. (c) TG curves of KLCP. (d) FT-IR

of pristine and ZMSO electrolyte treated KLCP and CKL.

The van der Waals binding force between the layers is weak and

carries inherent negative charges, making it easy to form materials

with larger specific surface area and better adsorption capacity for

cations. In the electrolyte system of zinc ion batteries, it can serve

as an ion storage and transport channel, providing uniformly dis-

tributed reaction sites. In contrast, the lattice framework of mullite

is composed of the edge-to-edge connections between [AlO6] octa-

hedra and corner-to-corner connections between [AlO6] octahedra

and [SiO4] tetrahedra. According to the difference in the elemental

ratio of Si and Al, there are differences in the lattice parameters.

The mullite does not provide obvious channels for ion diffusion,

which leads to its interface properties dominating the ion trans-

port behaviors.

Due to differences in crystal structure, the kaolin and its de-

rived mullite exhibit significant differences in the adsorption of

molecules or ions. As previously reported, CKL relies on surface hy-

drogen bond interactions merely to adsorb water molecules, and

the weak binding makes it difficult for water molecules to be

retained. As a result, the TG curve of CKL shows only ∼1wt%

weight loss even heating to 800 °C (Fig. 1c). The interlayer space

of KLCP can accommodate abundant water molecules (∼15wt%),

which can only be removed completely at 500 °C (Fig. S1 in Sup-

porting information), indicating strong binding between interlayer

water molecules and the lattice framework [30]. The difference in

water content between KLCP and CKL can also be proved by FT-

IR [31,32]. As shown in Fig. 1d, no obvious band of O–H bond

in water molecules could be observed in CKL, and the bands did

not change significantly after ZMSO electrolyte immersion treat-

ment. This indicates that CKL cannot provide sufficient lattice gaps

to accommodate water molecules, thereby failing to limit water

molecule activity and promote H+ transport effectively. In con-

trast, except for the O–H band from water molecules, more bands

can be observed at 3693/3650 and 3620 cm-1 in KLCP, which can

be attributed to the O–H stretching outside the [AlO6] octahe-

dron, and the O–H stretching on the binding surface between the

[SiO4] tetrahedron/[AlO6] octahedron, respectively. This indicates

that KLCP lattice can accommodate more water molecules and

achieve strong binding of water molecules with abundant hydroxyl

groups.

Given the difference in the state of bound water molecules

in silica-alumina oxides minerals, the activity difference of water

molecules will directly determine their electrochemical behaviors.

Typically, the absence of mineral adsorption in conventional aque-

ous electrolyte ZMSO to reduce the activity of free water molecules

results in the highest corrosion current of 2.223mA/cm2 (Fig. 2a).

The CKL can limit the activity of water molecules, suppress zinc

corrosion and reduce corrosion current to some extent due to its

high specific surface area and interfacial hydrogen bonding. More

importantly, the KLCP can not only adsorb water molecules, but

its layered structure can also further suppress the side reactions

caused by water molecules, thereby achieving the lowest corrosion

current of 0.977mA/cm2. Similar phenomenon could also be ob-

served from the LSV curves, in which the KLCP-ZMSO hybrid elec-

trolyte exhibits higher electrochemical stability (Fig. 2b). Due to

the limited specific surface area, most of the water molecules in

the CKL-ZMSO electrolyte are not adsorbed on the surface of CKL,

and a large number of free water molecules result in the narrow

electrochemical stability window (0.715V) similar to that of ZMSO

electrolytes (0.705V). For KLCP, its layered structure ensures that

most water molecules are intercalated between layers or adsorbed

on the surface, which makes it difficult to be electrolyzed and pro-

duce gas.

The state of the bound water molecule not only determines its

induced side reactions, but also the transport of charge carriers in

the electrolyte. As shown in Fig. 2c, the number of ion migrations

in the electrolyte is tested and calculated. The conventional liquid
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Fig. 2. Electrochemical behavior induced by difference of water state. (a) Tafel, (b) LSV curves and (c) calculated ion transfer number in different electrolytes. Zn/Zn sym-

metric cell cycle polarization under 1mA/cm2@1 mAh/cm2 in (d) ZMSO, (e) KLCP-ZMSO and (f) CKL-ZMSO electrolytes.

electrolyte ZMSO exhibits a standard impedance response with an

ion transfer number t+ of 0.116, which is common in conventional

liquid electrolytes because the anions are significantly involved in

diffusion and reaction, especially the OH- in aqueous environment.

The CKL-ZMSO also exhibits only one impedance response in the

initial state, which indicates the abundant free water molecules

[33]. However, two impedance responses could be observed after

CA, representing the interfacial charge transfer impedance and the

ion diffusion impedance at the interface of particles in hybrid elec-

trolyte. Since the water molecules in the CKL-ZMSO are mainly ad-

sorbed on the surface of CKL and in contact with the zinc anode

surface directly, the calculated ion transfer number according to

the interfacial Zn2+/Zn charge transfer is similar to that of ZMSO

(0.164). The ion transfer number of Zn2+/Zn plating/stripping in-

terfacial charge transfer in KLCP-ZMSO is 0.034, which is under-

standable because the layered structure of KLCP accommodates

most of the water molecules at the interlayers, and thus results

in the lack of sufficient water molecules to facilitate Zn2+/Zn plat-

ing/stripping. However, it should be noted that the calculated ion

transfer number according to the ion diffusion impedance reached

0.808, indicating the dominant role of cation transfer in bulk hy-

brid electrolyte. Considering that the ion transfer number of the

interfacial process is much lower than that of bulk process, the

ions transported in bulk may not be limited to Zn2+ from the in-

terface. Hence, it is reasonable to infer that the binding of water

molecules in the layered KLCP makes it more inclined to dissoci-

ate into H+ and OH-. The stripped Zn2+ mainly accumulates at the

zinc anode interface and combines with OH- and SO4
2- to form

Zn4SO4(OH)6·nH2O (ZSH), while the remaining H+ is transferred in

electrolyte bulk as the charge carrier.

Hence, the effects of electrolytes on the cycling performance of

Zn/Zn symmetric batteries were studied under the conditions of

1mA/cm2@1 mAh/cm2. As shown in Fig. 2d, due to the complete

solvation effect to reduce the electrostatic repulsion suffered

by ion conduction, as well as the low viscosity of conventional

aqueous solutions, the polarization in ZMSO is only 0.09V [34].

Although the Zn2+ diffusion in KLCP is not as fast as ZMSO, the

adsorbs abundant water molecules stimulates the diffusion of H+

with lower ionic radius and weaker electrostatic repulsion at the

interlayer space. On the one hand, the interlayered species can sig-

nificantly broaden the lattice parameters of KLCP along the (001)

orientation, accommodating more water molecules and providing

wider ion diffusion paths for both Zn2+ and H+. On the other hand,

abundant interlayered water molecules adsorb on [SiO4]/[AlO6]

slabs to construct hydrogen bonding networks, paving the way

for H+ diffusion based on Grotthuss mechanism. As a result,

the KLCP-ZMSO electrolyte exhibits the similar superior Zn2+/H+

conduction kinetics and polarization to conventional liquid ZMSO

electrolyte (Fig. 2e). In sharp contrast, the Zn/Zn symmetric bat-

tery with CKL-ZMSO electrolyte exhibit significantly more serious

polarization (Fig. 2f), indicating sluggish Zn2+ conduction kinetics

in bulk electrolyte. This is mainly because the Zn2+ adsorbed on

the CKL surface suffer from stronger electrostatic attraction and

coordination, and these Zn2+ located in thermodynamically stable

states are also more difficult to achieve interfacial diffusion. As

a result, the sluggish ion diffusion kinetics in CKL-ZMSO cause

severe polarization and Zn/Zn symmetric battery failure within

100h, while uncontrolled dendrites in ZMSO can also lead to short

circuits quickly despite weak polarization (Fig. S2 in Supporting in-

formation). In contrast, the charge carrier transport mechanism in

KLCP-ZMSO, which is not limited to Zn2+, achieves a good balance

between kinetics and stability, without obvious degradation after

cycle for >400h. Meanwhile, the Cu/Zn asymmetric batteries in

KLCP-ZMSO also exhibit moderate polarization and the most stable

high Coulombic efficiency (Fig. S3 in Supporting information),

which is consistent with the polarization in Zn/Zn symmetric

batteries.

DFT calculations were carried out to further demonstrate

the interactions between CKL or KLCP with molecules/ions in

electrolyte. As shown in Fig. 3a, the adsorbed water molecules

could participate in the coordination environment of the inter-

facial Al/Si atoms at the CKL surface, and the formed Si/Al-OH2

bonds tightly to confine the water molecules. Due to the binding

water molecules and hydroxyl groups at the KLCP interlayers, the

accommodated water molecules form abundant hydrogen bond-

ing interactions with water molecules or hydroxyl groups. Such

hydrogen bonding interaction endows water molecules higher

degrees of freedom and lower polarization, which can promote

more frequent proton hopping and faster diffusion kinetics be-

tween water molecule. Moreover, as shown in Fig. 3b, KLCP not

only exhibits higher adsorption energy with water molecules

(−0.43 eV > −0.82 eV for CKL), but also the weaker adsorption

3



J. Huang, Z. Liu, H. Li et al. Chinese Chemical Letters 37 (2026) 111388

Fig. 3. Calculated kinetics behavior of molecules and ions in CKL and KLCP. (a) Dif-

ferential charge density of H2O molecule adsorption at the interface of CKL and

KLCP. (b) Adsorption energy of water molecule, Zn2+ and Mn2+ on CKL and KLCP.

(c) Diffusion energy barrier of Zn2+ in CKL and KLCP.

with Zn2+/Mn2+ (−0.54 eV > −0.74 eV for Zn2+, and −1.74 eV >

−9.02 eV for Mn2+) lays the foundation for the rapid conduction

kinetics. More specifically, according to the calculated diffusion en-

ergy barriers of Zn2+ in CKL and KLCP (Fig. 3c), it can be observed

that the Zn2+ diffusion faces a maximum energy barrier of 0.49 eV

when it diffuses into the lattice gaps lacking coordination atoms

in CKL. Throughout the Zn2+ diffusion process in KLCP, abundant

water molecules or hydroxyl groups participate in its coordination

structure. The insignificant fluctuations in the coordination envi-

ronment promote relative stability of energy change, resulting in a

diffusion energy barrier of only 0.23 eV ultimately.

Manganese-based cathode materials has been widely studied

due to its high capacity and high operating voltage [35,36]. Among

them, δ-MnO2 has a layered structure, and the large interlayer

spacing provides an ideal storage and Zn2+ transport paths. Hence,

we compared the performance of different cathode materials,

including layered structure δ-MnO2 and F doped δ-MnO2 (named

δ-MnO2-F), to further analyze the effect of bound water molecule

state in electrolyte on the electrodes. From Fig. 4a, it can be seen

that the specific capacity of the battery exhibits a clear size rela-

tionship of KLCP-ZMSO > ZMSO > CKL-ZMSO at a current density

of 100mA/g, with the former being about 27% and 34% higher

than the latter two, respectively. At the same time, KLCP-ZMSO

electrolyte effectively improves the cycling stability of zinc man-

ganese batteries, with almost no capacity degradation after 100

cycles. Similarly, at a current density of 200mA/g, the battery con-

taining KLCP-ZMSO exhibited the highest specific capacity, and can

stably cycle 350 times (Fig. S4 in Supporting information). It can be

seen that the modification effect of pure kaolin KLCP is the best,

due to its sheet-like structure’s ion exchange and storage character-

istics. During the charge and discharge process, it provides the re-

action active sites at the cathode and anode surface, controlling the

diffusion and deposition behavior of Mn2+ and Zn2+. In the KLCP-

ZMSO electrolyte, Zn-δ-MnO2 batteries also exhibited excellent

cycling stability performance, showing specific capacities of ap-

proximately 164, 85.2 and 83.1mAh/g after 500 cycles at current

densities of 300, 500 and 1000mA/g, respectively (Fig. 4b and

Fig. S5 in Supporting information). In addition, the Zn-δ-MnO2

batteries could recover to the specific capacity of 181.3mAh/g

under 0.2 C after cycling at high current densities of 1 C, exhibit-

ing superior rate performance (Fig. 4c). In contrast, the sluggish

reaction kinetics in CKL-ZMSO limit the electrochemical activity of

manganese-based cathodes, and the obviously higher Coulombic

efficiency under 0.2 C in ZMSO indicates the probable irreversible

manganese deposition reaction though exhibiting higher specific

capacity.

Except for the synthesized manganese-based cathode materi-

als with special morphology and high electrochemical activity, the

commercial electrolytic MnO2 cathode, which has lower electro-

chemical activity, was also assembled with different electrolytes,

further proving the practicability and availability. From Fig. S6

(Supporting information), it can be seen that at a current density

of 100mA/g, the battery with ZMSO electrolyte experienced severe

capacity degradation, mainly due to changes such as dissolution

and irreversible deposition caused by the inherent characteristics

of MnO2. The battery using KLCP-ZMSO electrolyte showed a sig-

nificant improvement in cycling stability, with stable cycling for

300 cycles at a current density of 500mA/g (Fig. 4d).

In order to investigate the excellent electrochemical perfor-

mances in KLCP-ZMSO electrolyte, the detailed electrochemical

characterization was conducted. As shown in Fig. S7a (Support-

ing information), CV curves were tested with different cycle num-

bers under the condition of a scanning speed of 0.1mV/s. In KLCP-

ZMSO electrolyte, the battery still exhibits similar redox peaks to

conventional zinc-manganese batteries, indicating that the addition

of KLCP does not change the reaction mechanism. The KLCP only

has a significant effect on reducing the activity of water molecules

and suppressing side reactions. Moreover, the highly overlapping

CV curves indicates that the KLCP-ZMSO electrolyte promotes sat-

isfactory interfacial compatibility and cycle stability. Based on the

CV curves under different scanning rates, as shown in Fig. S7b

(Supporting information), the current increase as the scan rate in-

creases from 0.1, 0.2, 0.4, 0.6, 0.8mV/s to 1mV/s, while the increase

magnitude of the current is relatively low. This indicates that the

proportion of pseudocapacitive behavior during electrode reactions

is relatively low in KLCP-ZMSO electrolyte. This phenomenon can

be explained by the low ion diffusion rate in the mixed electrolyte

[37]. Although the addition of KLCP reduces the activity of water

molecules and improves the cycling stability of the battery effec-

tively, it also sacrifices the ion conductivity in the aqueous elec-

trolyte to some extent, thus partially suppressing the capacitance

behavior of the battery. In addition, it could also be observed that

the potential of the peaks shifted significantly, which further indi-

cates that the KLCP will reduce the ion conductivity, resulting in

higher polarization compared to conventional liquid electrolytes.

The detailed explanation of the specific control process of

the electrode reaction was demonstrated by calculating the elec-

trode reaction pseudocapacitance behaviors. Here, the oxidation–

reduction peaks of the charging and first discharge platforms were

selected for analysis (the charging peak is labeled as Peak 1, and

the first discharge peak is labeled as Peak 2) (Figs. S7c and d in

Supporting information). Firstly, the peak current corresponding to

each scanning speed was selected, and then the logarithm of the

peak current and scanning speed was calculated. Then, a linear fit-

ting was performed on the calculated peak current and the loga-

rithm of the scanning speed. The slope of its linear fitting is de-

noted as b value, which can indicate whether the battery reaction

is controlled by diffusion or pseudocapacitance. Generally speak-

ing, the magnitude of b value ranges from 0.5 to 1. When b value

approaches 0.5, the electrode reaction is mainly controlled by dif-

fusion process; When the value of b approaches 1, it is mainly

controlled by pseudocapacitance. According to the calculation re-

sults of b-value, bPeak 1 =0.52 and bPeak 2 =0.50, both b-values are

close to 0.5, indicating that the electrode reaction in KLCP-ZMSO
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Fig. 4. Electrochemical performances and morphology evolution of manganese-based cathode. (a) Cycle performances of δ-MnO2 in ZMSO, CKL-ZMSO and KLCP-ZMSO at

100mA/g. (b) Cycle performances of δ-MnO2 in KLCP-ZMSO at 300 and 500mA/g. (c) Rate performances of δ-MnO2 in ZMSO, CKL-ZMSO and KLCP-ZMSO (1 C=1000mAh/g).

(d) Cycle performances of different cathodes in KLCP-ZMSO at 500mA/g. SEM images and EDS mapping of cathode at charged states after 10 cycles in (e) KLCP-ZMSO and

(f) CKL-ZMSO electrolytes. (g) XRD patterns of cathode at charged states after cycles in different electrolytes.

electrolyte is mainly controlled by diffusion process. In summary,

KLCP-ZMSO electrolyte does not affect the normal electrode reac-

tion process of zinc manganese batteries. The KLCP can reduce the

activity of water molecules and improve the cycling stability of the

battery, but the ion conductivity of the electrolyte is reduced, mak-

ing the electrode reaction mainly controlled by diffusion process.

LCP-ZMSO electrolyte not only improves cycling stability but

also increases specific capacity. This can be analyzed by fitting

the Mn3s peak, as shown in Fig. S8 (Supporting information). The

area ratio of Mn3s to Zn 3p is CKL-ZMSO (6.09:1) < KLCP-ZMSO

(6.73:1), and the distance between the two peaks of Mn3s is CKL-

ZMSO (4.9 eV) > KLCP-ZMSO (4.2 eV), indicating that the charged

manganese valence state is CKL-ZMSO < KLCP-ZMSO, which sup-

presses the participation of Zn2+ in the reaction to form low elec-

trochemical activity zinc manganese oxide in kaolin electrolyte.

The main reaction is H+, thereby generating products such as

HxMnO2 or MnOOH and improving the specific capacity.

Herein, in order to quantitatively demonstrate the protective

effect of kaolin-based electrolytes on manganese-based cathodes,

further research was conducted on the self-discharge performance

of batteries with ZMSO electrolyte and KLCP-ZMSO electrolyte. As

shown in Fig. S9 (Supporting information), the curves of voltage

over time and the changes in battery capacity under different elec-

trolytes are presented, in which the battery stands for 24h after

two cycles. The voltage drop in KLCP-ZMSO electrolyte is 0.02V

smaller than that in ZMSO electrolyte, and higher capacity could

be retained in KLCP-ZMSO (97.1% > 94.7% in ZMSO). A higher volt-

age maintenance means that there are fewer dissolution side reac-

tions occurring in the electrolyte, and the electrode/electrolyte in-

terface is more stable, ensuring the performance stability of the

battery after long-term standing. Specifically, in the KLCP-ZMSO

electrolyte system, the battery capacity after 24h of standing still

has 224.7mAh/g, which is much higher than the 186.3mAh/g in

the ZMSO electrolyte system. In summary, the voltage and capac-

ity of conventional liquid electrolyte systems decrease significantly

over time, while batteries using KLCP-ZMSO electrolyte system ex-

hibit better voltage and capacity retention over the same period of

time. These data intuitively demonstrate that the addition of kaolin

in the electrolyte not only improves the voltage retention ability of

the battery, but also significantly enhances the capacity retention

rate, which is beneficial for the long-term stability and cycle life of

the battery.

The electrodes of ZMBs with KLCP-ZMSO and CKL-ZMSO elec-

trolytes after cycling were characterized to confirm the affinity be-

tween kaolin and electrodes, as well as the effect of electrolytes

on Zn2+ depositing/stripping during long-life cycle. Figs. 4e and f

show the SEM images and EDS element distribution of cathodes

in KLCP-ZMSO and CKL-ZMSO electrolytes, respectively. Compared

to the distinct particle in CKL-ZMSO electrolyte, the cathode sur-

face after cycling with KLCP-ZMSO electrolyte showed a smooth

and intact positive electrode morphology. It can be seen that KLCP-

ZMSO has good affinity with the δ-MnO2 electrode, as manifested

by the uniform coverage of Al and Si elements, which weakens

the signal of Mn element. On the contrary, in CKL-ZMSO, it ex-

hibits the characteristic of stacking and agglomeration, which is

not conducive to the uniform reaction of Mn2+. This optimized

electrochemical process can also be confirmed by XRD. As shown

in Fig. 4g, the δ-MnO2 cathode dissolved after the first discharge

in ZMSO electrolyte, and no obvious diffraction peaks could be ob-

served after charging, indicating the low crystallinity of manganese

oxide deposition. More importantly, the strong peaks of ZSH can

still be detected on the surface of the charged cathode after 20

cycles, indicating irreversible ZSH accumulation and thus unfavor-

able reaction activity. The introduction of CKL adsorption to wa-

ter molecules can suppress related side reactions, while the strong

adsorption of cations also inhibits their diffusion and reaction at

the cathode interface. Only a small amount of Mn7O13·5H2O with

low crystallinity could be observed during manganese deposition,

and the diffraction peaks disappeared after 20 cycles. In contrast,

the higher specific surface area and abundant ion diffusion paths

5
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of KLCP promote the feasibility of interfacial manganese deposi-

tion/dissolution reactions. The Mn2+ dissolved during discharging

can be intercalated and stored between the interlayers of KLCP,

and then released reversibly during charging. The uniform adsorp-

tion of KLCP on the cathode surface also promotes the growth of

Mn7O13·5H2O nuclei, exhibiting the maintained diffraction peaks

after 20 cycles.

Similarly, for Zn anode side, the CKL-ZMSO electrolyte clearly

results in mineral particle aggregation and protrusion, while the

surface of the Zn anode exhibits a "ripple-like" byproduct (Fig. S10a

in Supporting information). The Zn anode after cycling with KLCP-

ZMSO electrolyte exhibits a more uniform and flat surface mor-

phology (Fig. S10b in Supporting information). In addition, the uni-

form distribution of Al and Si elements on the anode surface of

KLCP-ZMSO electrolyte proves that kaolin particles are uniformly

distributed on its surface. The distribution of Zn element in the

surface of Zn anode is more uniform under the same charging

state, indicating that the electrolyte plays a guiding role in the

Zn2+ migration and platting/stripping behavior [38,39]. In other

words, KLCP-ZMSO is a good adaptation electrolyte for Zn2+ in the

electrochemical reaction process.

The electrochemically inert mineral fillers can regulate the

state of bound water molecules in solid-liquid hybrid electrolytes

based on their crystal structure differences, which is not just

about adsorbing water molecules to reduce its derived side re-

actions. Specifically, the KLCP with wide interlayer spacing can

not only promote water molecule adsorption top suppress side re-

actions, but also construct abundant hydrogen bonding networks

as the conduction paths for H+. The special charge carrier trans-

port method with Grotthuss hopping mechanism and weaker elec-

trostatic repulsion determines the low diffusion energy barrier,

achieving both lower water molecule activity and faster ion dif-

fusion kinetics. In contrast, the ions and molecules in CKL-ZMSO

can only adsorb on the surface of mullite, especially for Zn2+, suf-
fering from limited diffusion kinetics due to the coordination with

lattice oxygen on the mullite surface. Compared to the abundant

lattice interlayered conduction in KLCP, the limited specific surface

area of CKL is also difficult to suppress the activity of all water

molecules, making it difficult to avoid side reactions.

In summary, this work investigated the influence of inorganic

mineral fillers on the state of bound water molecules and elec-

trochemical behavior in solid-liquid hybrid electrolytes. It can be

concluded that the interaction between the surface and interlayer

of kaolin and water molecules can not only achieve accommoda-

tion of abundant water molecules, but also provide ion diffusion

paths constructed by hydrogen bonding networks between inter-

layered adsorbed water molecules. Hence, according to Tafel, LSV

and symmetric Zn/Zn cell test results, the KLCP-ZMSO, with more

water molecules than CKL-ZMSO, exhibited higher electrochemical

stability. The abundant ion diffusion paths provided by interlayered

KLCP also promote highly electrochemically active manganese ox-

ide deposition, and uniform Zn platting/stripping and inhibit den-

drite growth. As a result, the Zn-δ-MnO2 batteries with KLCP-

ZMSO electrolyte exhibited high specific capacity of ∼300mAh/g

at current densities of 100mA/g, and maintained at least 164 and

85.2mAh/g at 300 and 500mA/g for at least 500 cycles. Mean-

while, the KLCP-ZMSO electrolyte is also suitable for commer-

cial MnO2 cathodes, demonstrating satisfactory practicality and

providing insights for the future development of aqueous zinc-

manganese battery systems.
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