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a b s t r a c t

Aqueous zinc ion batteries (AZIBs) are promising energy storage devices. However, the formation of den-

drites, hydrogen evolution, and corrosion reaction seriously affect their electrochemical performance.

Herein, the synergistic effect of ion-migration regulation and interfacial engineering has been confirmed

as the potential strategy by kaolin functionalized glass fiber separator (KL-GF) to alleviate these prob-

lems. The rapid and orderly Zn2+ migration was achieved to improve the transfer kinetics and induced

uniform zinc deposition by more zinc-philic sites of KL-GF. Based on the interfacial engineering, the side

reactions were effectively mitigated and crystal planes were regulated through KL-GF. The hydrophilicity

of KL alleviated the corrosion and hydrogen evolution. Importantly, a preferential orientation of Zn (002)

crystal plane by KL-GF was induced to further realize dendrite-free deposition by density functional the-

ory (DFT) and X-ray diffraction (XRD) characterization. Hence, the Zn|KL-GF|MnO2 cell maintained a high

discharge capacity of 96.8 mAh/g at 2 A/g after 1000 cycles. This work can provide guidance enabling

high-performance zinc anode for AZIBs.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Aqueous zinc ion batteries (AZIBs) have the advantages of high

theoretical capacity (820 mAh/g), low redox potential, and safety

[1–4]. However, zinc dendrites, hydrogen evolution reaction (HER),

and corrosion reaction have seriously affected their practical appli-

cations [5–7]. For example, the uneven deposition of Zn2+ causes

the formation of zinc dendrites, resulting in a decrease in cycle

life [8]. At present, the research on the modification of zinc anode

mainly focuses on the structural modification or design of elec-

trolytes [9–11]. Compared with zinc anode and electrolyte, there

are relatively few studies on separators. As an indispensable part of

the cell, in addition to preventing short circuits caused by physical

contact between the anode and cathode, the separator also affects

the microenvironment of electrochemical reactions [12–14].

Glass fiber (GF) separators are widely used in AZIBs because of

their good compatibility with aqueous electrolytes [15,16]. But the

large and uneven pore size is not conducive to the orderly Zn2+

migration, making it easier to form zinc dendrites, leading to the
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damage of the GF separator [17,18]. Recently, interfacial modifica-

tion plays a pivotal role in stabilizing zinc anode. The thin nonwo-

ven paper and cotton as the separator has been reported to affect

the morphology of zinc anode significantly [19,20]. The Sn coating

and three dimensions (3D) metal-organic frameworks (MOFs) have

been applied to the modification of separators, which are used

as a deposition surface to regulate the ion-migration [21–24]. The

Kaolin (KL) has potential as functionalized material [25–28]. This is

attributed to its superior features including the wide source, large

surface area, high specific capacitance (∼ 185 F/g), excellent me-

chanical properties, high ionic conductivity, and abundant active

sites. Notably, the structure of KL has a large number of channels

and the smaller structural gap, which may accelerate the desolva-

tion process of hydrated Zn2+ and provide channels for Zn2+.
Herein, KL modified glass fiber separator (KL-GF) was prepared

to enable high-performance zinc anode via ion-migration regula-

tion and interfacial engineering (Fig. 1a). The desolvation of hy-

drated Zn2+ and uniform Zn2+ flux effectively inhibited the forma-

tion of by-products by the uniform-narrow aperture and chemical

structure of KL-GF. Meanwhile, the rapid and orderly Zn2+ mi-

gration improved the transfer kinetics and induced uniform zinc
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Fig. 1. (a) Model diagram of cell with GF and KL-GF, the enlarged part showing the schematic structure of the GF and KL-GF. Scanning electron microscope (SEM) images of

(b) GF and (c) KL-GF at different magnifications. (d) SEM and element mapping images of KL-GF for Al, Si, and O. (e) FT-IR of KL-GF, Kaolin powder (KL-Powder) and GF. (f)

XRD patterns of GF and KL-GF. (g) The wettability of GF and KL-GF after 0 s, 3 s.

deposition by more zinc-philic sites of KL-GF. Based on the in-

terfacial engineering, the hydrophilicity of KL alleviated the occur-

rence of side reactions such as corrosion and hydrogen evolution.

Notably, the density functional theory (DFT) showed more nega-

tive binding energy between KL and Zn (002) crystal plane, ben-

eficial to the formation of Zn (002) crystal plane to further real-

ize dendrite-free deposition. As a result, the Zn|KL-GF|MnO2 cell

exhibited a high discharge capacity of 96.8 mAh/g at 2 A/g after

1000 cycles. KL-GF showed great application potential in the con-

struction of high-efficient and economical separators.

Here, KL plays a crucial role in the uniform filling effect in-

side GF, which provides more uniform transport channels for Zn2+

migration, and conducive to regulating the distribution process of

Zn2+ and promoting the formation of uniform and smooth zinc

deposition. Experimental section is shown in Supporting informa-

tion. As shown in Figs. 1b and c, the uneven pore size of GF

was observed, which was unconducive for the homogeneous ion-

migration, and caused the formation of dendrites during the plat-

ing/stripping of the anode [29,30]. But KL has been observed to

grow evenly on GF in KL-GF. At the same time, the good distri-

bution of KL was also confirmed by its uniform element distribu-

tion (Fig. 1d, Figs. S1 and S2 in Supporting informatoin). In Fourier

transform infrared spectroscopy (FT-IR) spectra, KL-GF contained

the characteristic peak of KL and GF (Si-O and O-H), demonstrat-

ing that KL has also been successfully coated on GF (Fig. 1e). In

X-ray diffraction (XRD) spectra, its diffraction peaks appeared at

2θ =27° was similar with KL-power, which proved the existence

of KL on GF (Fig. 1f). It was worth noting that both GF and KL-GF

had good wettability (0°) in Fig. 1g. Therefore, it laid an excellent

experimental condition for the next experiment.

In order to estimate the effect of ion-migration regulation with

KL-GF on the anode, the electrochemical performance of symmet-

rical and asymmetrical cells was tested. In Fig. 2a, Zn|GF|Zn cell

presented a long planar diffusion with increasing current. However,

Zn|KL-GF|Zn cell entered a stable 3D diffusion process after planar

diffusion (14 s), which proved that Zn2+ was reduced to Zn0 un-

der the action of confined 3D diffusion, and promoted the forma-

tion of a smooth deposition layer [31,32]. This might be due to the

rapid 3D diffusion and uniform growth of Zn2+ through the ion-

confinement effect of uniform-porous structure of KL-GF. Besides,

most of the KL structure gaps between atoms had smaller gaps

than that of [Zn(H2O)6]
2+ (Figs. 2b and c). The bond angle of KL

was smaller than that of the biggest bond angle for [Zn(H2O)6]
2+.

Moreover, the diameter of Zn2+ (0.74 Å) was smaller than that of

the KL structure gaps. Thus, the KL-GF provided a large number

of channels, demonstrating that it allowed Zn2+ to uniformly pass

and limited the passage of [Zn(H2O)6]
2+ [33]. In addition, the Zn2+

transference number with KL-GF (0.37) was larger than that of GF

(0.27) in Figs. 2d and e. The abundant active sites of KL better fa-

cilitated the Zn2+ transport, furthermore decelerated a concentra-

tion gradient and retained good charge/discharge process [34,35].

In Figs. 2f and g, the ionic conductivity of the cell with KL-GF at

13.7 mS/cm was superior to GF at 10.1 mS/cm, but the cell with

KL-GF showed a smaller resistance, which indicated the fast Zn2+

migration induced a lower hysteresis voltage. In Fig. 2h, the Zn|KL-

GF|Cu cells had a lower nucleation overpotential of 50.6 mV than

that of Zn|GF|Cu cell (62.2 mV). This suggested that the KL-GF re-

duced the potential barrier for zinc nucleation and facilitated ho-

mogeneous nucleation [36].

The KL-GF not only reduced the generation of zinc dendrites

by regulating ion-migration, but also mitigated side reactions by

regulating interfacial behavior in Fig. 3a. The corrosion current of

Zn|KL-GF|Zn was lower (0.58 mA/cm2) than that of Zn|GF|Zn (2.02

mA/cm2) in Fig. 3b. This indicated that corrosion rate was reduced
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Fig. 2. (a) Chronoamperometry (CA) curve of the cells with different separators (Inset shows the 2D and 3D diffusion process of Zn2+). (b) Schematic illustration of Zn2+

migration pathways in KL. (c) Schematic diagram of the localities and distance between atoms in KL structure. (d, e) Zn2+ transference number characterization of cells with

different separators (Inset shows electrochemical impedance spectroscopy (EIS) spectra before and after CA). (f, g) EIS of SS|GF|SS and SS|KL-GF|SS cells for the calculation of

ionic conductivity. (h) Nucleation overpotentials of Zn|GF|Cu and Zn|KL-GF|Cu cells.

Fig. 3. (a) Schematic illustration showing a mechanism of KL-GF on zinc anode. (b) Tafel plots of Zn|GF|Zn and Zn|KL-GF|Zn cells. (c) Linear sweep voltammetry (LSV)

of asymmetrical cell with GF and KL-GF separators. (d) Galvanostatic charge/discharge cycling voltage profiles of Zn|GF|Zn and Zn|KL-GF|Zn cells at current densities of 2

mA/cm2 and 1 mAh/cm2, respectively. (e) The voltage of gap symmetrical cells with GF and KL-GF at current densities of 2 mA/cm2 and 1 mAh/cm2, respectively. (f) Surface

and cross-sectional SEM images of zinc anode for symmetrical cells after cycling.
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to alleviate side reactions on the zinc anode by interfacial engi-

neering [37,38]. What is more, HER potential on the cell with KL-

GF (−221 mV) was higher than that of GF (−264 mV) (Fig. 3c) [39].

These were mainly due to the fact that the improved hydrophilic-

ity of KL-GF reduced the contact between water molecules and the

anode, which inhibited the corrosion reaction and hydrogen evolu-

tion. Furthermore, the stability and reversibility of enhanced cells

with KL-GF were also estimated. In Figs. S3a and S4 (Supporting

information), Zn|KL-GF|Zn cell (400 h) showed longer cycling sta-

bility than that of Zn|GF|Zn cell (240 h). It had better periodic sta-

bility and a lower voltage gap of 34 mV at 0.5 mA/cm2 (Fig. S3b in

Supporting information). When the current density increased to 2

mA/cm2, the Zn|GF|Zn cell showed severe polarization (168 h). But

Zn|KL-GF|Zn cell still maintained good stability (500 h) and the po-

larization change was smaller (Figs. 3d and e). The voltage hystere-

sis was lower than that of conventional cells (Fig. S5 in Support-

ing information), which expressed that KL-GF was beneficial to the

plating/stripping process [40]. For coulombic efficiency (CE), Zn|KL-

GF|Cu displayed longer cycle life (more than 200 cycles) than that

of Zn|KL-GF|Cu (60 cycles) at 2 mA/cm2 with 1 mAh/cm2 (Fig. S6

in Supporting information). As well as the lowest overpotential at

50.33 mV was also observed, which showed that KL-GF was bene-

ficial in improving the persistence of zinc ion plating/stripping and

the reversibility of the cell. Most importantly, the surface of zinc

anode in symmetrical cells with KL-GF was smoother than that of

GF after cycling in Fig. 3f, indicating that it inhibited the growth of

zinc dendrites and occurrence of side reactions by interfacial engi-

neering [41].

To further investigate the synergistic effect of ion-migration

regulation and interfacial engineering of the cell with KL-GF, the

Zn//MnO2 cells were assessed. The XRD and SEM of nano-fiber

MnO2 are shown in Figs. S7 and S8 (Supporting information).

The shape and peak of curve were similar, which proved Zn|KL-

GF|MnO2 had good electrochemical consistency (Fig. 4a). The two

sets of redox peaks showed the process of insertion and removal of

Zn2+ and H+ in MnO2, respectively [42]. Charge transfer resistance

Fig. 4. (a) Cyclic voltammetry (CV) curves of Zn|GF|MnO2 and Zn|KL-GF|MnO2 cells. (b) EIS spectra and corresponding equivalent circuit separator of cells. (c) Rate perfor-

mance of the both cells. (d) Cycling performance and CE of both cells at 2 A/g. (e) Cycling performance after resting for 24 h of both cells at 0.5 A/g. (f) XRD patterns of zinc

anode for Zn|GF|MnO2, and Zn|KL-GF|MnO2 cells after cycling, respectively. (g) Schematic illustration of preferred orientations of Zn crystal plane. (h) Calculation models and

(i) Binding energy between KL and Zn (002), (100), (101) crystal planes.
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(Rct) value of the cells with KL-GF (304 �) was lower than

GF in Fig. 4b. The KL-GF reduced the charge transfer resistance,

which might be beneficial to interfacial zinc nucleation [43–45]. As

shown in Fig. 4c and Fig. S9 (Supporting information), the capacity

of Zn|KL-GF|MnO2 cell was always higher than that of Zn|GF|MnO2

cell at different current densities. The cell with KL-GF could re-

turn to the initial value (0.1 A/g), indicating better reaction kinet-

ics. Figs. S10 and S11 (Supporting information) depicted that the

capacity of Zn|KL-GF|MnO2 cell was maintained at 154 mAh/g af-

ter 500 cycles at 0.5 A/g. And the cell with KL-GF possessed high

discharge capacity at 96.8 mAh/g after 1000 cycles at 2 A/g (Fig.

4d and Fig. S12 in Supporting information), indicating good stabil-

ity and reversibility. This further proved the suitability of KL-GF for

practical applications [46].

After cycling and resting, the discharge specific capacity of the

full cell with KL-GF remained at 161.6 mAh/g, while that of the full

cell with GF decreased the most significantly, reaching 81.5 mAh/g

(Fig. 4e). This represented a positive contribution of KL-GF to the

recovery ability of the cell after the standstill period [47]. The crys-

tal structures on the anode after cells cycling were investigated in

Figs. 4f and g. The peaks of 36.2° and 39° were related to plane Zn

(002) and Zn (101), respectively. The zinc anode of Zn|KL-GF|MnO2

cell showed extremely strong orientation of Zn (002) crystal plane.

When Zn2+ was deposited on the Zn (002) crystal surface, a flat

and uniform deposition layer was obtained. However, when Zn2+

was deposited on the Zn (100) and Zn (101) crystal planes, they

tended to deposit in a vertical or inclined state, making it easy to

generate zinc dendrites. In addition, the binding energy between

KL and Zn (002), (100), (101) crystal planes were analyzed by DFT

calculation in Figs. 4h and i. It revealed that the binding energy

of KL and Zn (002) was more negative than that of Zn (100) and

Zn (101). The theoretical results also confirmed that KL-GF could

also effectively induce the horizontal deposition of Zn2+ along the

Zn (002) crystal plane [48]. Besides, the O-2p orbital was similar

to the density of states peak of Zn, indicating it had obvious or-

bital hybridization, which further illustrated the bonding strength

between KL and Zn (002) crystal plane (Fig. S13 in Supporting in-

formation). In order to further prove the effect of KL-GF for inter-

facial engineering, visual data was provided in Fig. S14 (Supporting

information). The anode of Zn|KL-GF|MnO2 cell after cycling had

smooth surface and dense morphology. But there are many large

cracks on GF. What is more, the EDX spectra also showed that the

S and O elements on Zn|KL-GF|MnO2 cell were lower than that of

Zn|KL-GF|MnO2 cell (Fig. S15 in Supporting information). These in-

dicated that the occurrence of side reactions and dendrites were

inhibited on the zinc anode after cycling.

In summary, the KL-GF separator exerted the synergistic effect

for stable zinc anode via ion-migration regulation and interfacial

engineering. The more uniform-pore structure and chemical struc-

ture on KL-GF were beneficial to homogenize Zn2+ flux. A large

number of channels in KL allowed Zn2+ to uniformly pass and

limited the passage of [Zn(H2O)6]
2+ by ion-migration effect. The

interface behavior was effectively improved through interface en-

gineering, mitigating hydrogen evolution, corrosion, the formation

of by-products and regulation of crystal planes. Importantly, DFT

calculation and XRD spectra showed a preferential orientation of

Zn (002) crystal plane in comparison with that of KL-GF, which

made Zn2+ uniform deposition along the horizontal direction on

the Zn (002) crystal plane, further suppressing the growth of den-

drites. Therefore, Zn|KL-GF|MnO2 cells showed excellent cycling

stability and reversibility at 2 A/g after 1000 cycles. It can pro-

vide a favorable reference for the development of functionalized

separators in AZIBs.
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