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A B S T R A C T

Aqueous zinc metal batteries (AZMBs) have attracted significant attentions in the energy storage field due to 
their environmental safety. However, sluggish reaction kinetics of Zn(H2O)6

2+ desolvation and corresponding 
Zn2+ ion transfer hinder the low-temperature performance of AZMBs. Herein, the boundary inhibition effect of 
ion-related pathway is initially uncovered, and a homogeneous low-tortuosity separator membrane (LTSM) with 
enhanced kinetics of ion desolvation and transfer is proposed. This low-tortuosity structure of LTSM significantly 
enhances the effectiveness of pore sieving effect toward large Zn(H2O)6

2+ clusters, minimizing ion transfer bar
riers and homogenizing ion flux, as revealed by Raman and sum frequency generation spectroscopies. Encour
agingly, the metallic Zn with LTSM exhibits lower nucleation overpotentials of ~50 mV, showcasing an ultralong 
lifespan of over 10,000 h at 0 ◦C. Even under − 10 ◦C, a cycle life up to 5000 h is also achieved. The as-prepared 
full cells assembled with LTSM display the specific capacity of 200 mAh g− 1 after 4000 cycles at 8 A g− 1 under 
0 ◦C. Increasing to 6.3 mg cm− 2, the large areal pouch cell stabilizes for 160 cycles with retained capacity of 315 
mAh g− 1, demonstrating feasibility of eliminating the boundary inhibition effect with low-tortuosity separator 
membrane for practical applications.

1. Introduction

Zinc metal batteries (ZMBs) have gained significant attention in the 
energy storage field due to their abundant zinc resources, cost- 
effectiveness, and environmental safety [1–5]. The ability to operate 
in aqueous electrolytes with high electrochemical stability makes ZMBs 
particularly promising for large-scale energy storage systems [6–9]. 
However, the commonly used Zn anodes face some severe challenges 
such as the formation of Zn dendrites, unstable interfaces, and unwanted 
side reactions [10–13]. These issues are strictly related to the sluggish 

reaction kinetics of interfacial Zn(H2O)6
2+ desolvation and correspond

ing Zn2+ ion transfer and Zn atom plating (Fig. 1a), leading to low 
Coulombic efficiency and quick battery failure of ZMBs, posing obstacles 
to their practical application [14–17].

To deal with above issues, previous studies mainly focus on the 
challenges of Zn anodes, which are often surface-level symptoms rather 
than the underlying causes [18–23]. More experiments and theoretical 
analyses demonstrate that the Zn dendrites, the side reactions of 
hydrogen evolution reaction (HER) and interface corrosion should be 
attributed to the sluggish reaction kinetics of Zn2+ with corresponding 
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higher barriers and the active water molecules in the solvation shell 
[24–27]. In spite of the construction strategies of catalysis and inter
phase , the stategy of pore sieving such as metal organic frameworks, 
hydrogen-bonded organic frameworks, and covalent organic frame
works are applied to enhance the dissociation kinetics [28–34]. How
ever, ionic transport through these pore structures is random and 
constrained by the viscous force of the aqueous electrolytes, leading to 
the boundary layer inhibition effect. In this effect, the viscous forces in 
the electrolyte create a stagnant layer near the electrode surface, 
significantly impeding efficient ion transfer [35–37]. Specifically, the 
boundary layer thickness along the channel of these traditional protec
tive coating layer is significantly enhanced owing to the strong viscous 
force, which is affected by twisted channels and uneven pore size dis
tributions when Zn(H2O)6

2+ carriers cross the pathway in the layers 
(Fig. 1b(i)). Moreover, the boundary layers of diffusion are more prone 
to be overlapped within the random small channels, which further in
hibits ion diffusion and significantly causes the problem of desolvation.

What’s worse, as the temperature decreasing, the kinetic energy of 
solvent molecules increases dramatically, leading to a large solvation 
structure, where the solute ions are more tightly packed and the 
migration space is largely limited [38–40]. This change in the solvated 
structure amplifies the boundary layer inhibition effect, resulting in 
significant differences in solvent concentration and ion distribution 
between the boundary layer and the native electrolyte. Kinetically, the 
large solvated structure increases the activation energy for substance 
migration, making ion migration difficult and the diffusion rate de
creases dramatically. In addition, this change indirectly interferes with 
the processes such as Zn2+ reduction and Zn0 deposition on Zn anode, 
which is detrimental to the long-cycle stability and high-rate perfor
mance of ZMBs [41–44]. Therefore, it is of significance to design rational 
channels in the protective coating layer or separator to eliminate the 
serious boundary layer inhibition effect to modulate Zn2+ species ki
netics, thus improving the low-temperature electrochemical perfor
mance of ZMBs.

Herein, a homogeneous low-tortuosity separator membrane (LTSM) 
with enhanced kinetics of ion desolvation and transfer is constructed on 
Zn anode to eliminate the boundary layer inhibition effect. The low- 
tortuosity structure significantly enhances the effectiveness of des
olvation toward large Zn(H2O)6

2+ clusters, reducing the Zn2+ ion transfer 
barriers and homogenizes the ion flux against the boundary layer 

inhibition effect (Fig. 1b(ii)), as revealed by a series of ex-situ/in-situ 
spectral characterizations, optical observations and COMSOL simula
tions. Consequently, the symmetric Zn-LTSM anode with low-tortuosity 
ion transfer pathways exhibits an ultralong cycle life >10,000 h with a 
lower nucleation potential of ~50 mV at 0 ◦C. Even at − 10 ◦C, the Zn- 
LTSM anode achieves a cycle life of up to 5000 h without any forma
tion of Zn dendrite. Furthermore, the full cells assembled with Zn-LTSM 
anode stabilizes the capacity of 200 mAh g− 1 for 4000 cycles at 8 A g− 1 

and impressive rate capability even at 0 ◦C. Impressively, a pouch cell 
with Zn-LTSM anode delivered a reversible specific capacity of 315 mAh 
g− 1, indicating the feasibility of eliminating the boundary layer inhibi
tion effect with low-tortuosity separator membrane in low-temperature 
environments.

2. Results and discussion

As a representative selectively permeable membrane, the commer
cially available dialysis membrane was selected as the low-tortuosity 
separator membrane, which is primarily made from natural cellulose, 
a linear polysaccharide composed of numerous D-glucose units linked by 
1,4-β-glycosidic bonds. As shown in Fig. 2a, each repeating unit in the 
cellulose molecular structure contains three free hydroxyl groups-one 
primary hydroxyl and two secondary hydroxyls, which contributes to 
its high hydrophilicity. Optical images of LTSM-8000 membrane exhibit 
a transparent feature (Figure S1), where the value of "8000" refers to the 
molecular weight cut-off (MWCO), meaning the smallest molecular 
weight is able to effectively block, i.e., the largest molecular weight that 
is allowed to pass through the membrane. Therefore, the higher the 
MWCO, the larger the pore size will be. In virtue of scanning electron 
microscope (SEM), the LTSM-8000 coated on bare Zn exhibits a uniform 
and flat surface, while the bare Zn shows a coarse surface texture 
(Figure S2). The section-view of SEM image shows the thickness of 
LTSM-8000 is ~85 μm (Figure S3), which is far thinner than commer
cial glass fiber separator (~680 μm). Additionally, Fourier transform 
infrared (FTIR) spectrum of LTSMs immersed in 2 M ZnSO4 electrolyte 
reveals a blue shift in the H–O stretching vibration compared to that of 
the pure electrolyte (Fig. 2b), signifying enhanced hydrogen bond for
mation between LTSM and water solvent in the electrolyte. The 
increased hydrogen bonding interaction of O–H between LTSMs and 
water disrupts the original water-water hydrogen network, significantly 

Fig. 1. (a) The Zn deposition behavior on bare Zn anode. (b) Protective layer coating on Zn anode by (i) non selective layer; (ii) low tortuosity separator membrane.
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reducing the activity of active H2O to mitigate side reactions [45]. 
Furthermore, the red shift of the SO4

2− peak suggests an increase in free 
SO4

2− ions (Fig. 2b), due to the enhanced separation of Zn2+-SO4
2− ion 

pairs. As exhibited in Fig. 2c, stress-strain curves reveal that the me
chanical strength of low-tortuosity membrane decreases as the molec
ular weight cut-off increases. Benefiting from the moderate pore 
structure, LTSM-8000 can endure a strain of 48 % under a stress of 34.5 
kPa, which is enough to bear the stress generated by the repeated Zn 
plating and stripping [46].

The interfacial desolvation process is observed through a range of 
spectroscopic analysis. As a typical interface-sensitive technology, in-situ 
sum frequency generation (SFG) spectroscopy is performed on different 
electrolyte/anode interfaces to dynamically investigate the evolutions in 

water molecules [47–49]. Fig. 2d illustrates the status variations of [Zn 
(H2O)6]2+ at the electrode/electrolyte interface driven by bias voltage, 
detecting the state of the interfacial water molecules. Obvious solvent 
peaks arising from the stretching vibrations of the O–H bonds are 
observed in the range of 3200–3500 cm− 1 [50]. Once applying the bias 
voltages on the systems, the peak located at 3320 cm− 1 exhibits a sig
nificant intensity decrease at the electrolyte/Zn-LTSM-8000 interface, 
signifying the weakened association of Zn2+ with the strongly bound 
solvated water by LTSM-8000, so does the weakly bound solvated water 
molecules within the solvation shell centered around 3450 cm− 1 

(Figs. 2f). At the same time, higher bias voltage allows better desolvation 
and sieving capability, while negligible changes of the peak’s intensity is 
captured at the bare Zn/electrolyte interface with the bias voltage on or 

Fig. 2. (a) Schematic illustration the molecular structure of the low-tortuosity membrane. (b) FTIR spectra of low-tortuosity membrane within aqueous electrolyte. 
(c) Stress-strain curves for low-tortuosity membrane with varying molecular weight cut-off. (d) Schematic illustration of the in-situ SFG on the Zn-LTSM-8000/ 
electrolyte interface with/without bias voltage. The SFG spectra of the O–H bond signal on (e) bare Zn/electrolyte and (f) Zn-LTSM-8000/electrolyte interface 
with/without bias voltage. (g) Raman spectra on the 2 M ZnSO4 and 2 M ZnSO4@LTSM-8000. (h) The ratio summary of SSIP, CIP, O–H stretch vibrations in 
different systems.
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off (Figs. 2e). This interfacial behavior indicates that the presence of the 
LTSM on Zn anode greatly facilitates the disassociation of Zn2+ ions 
from the solvation sheath, resulting in accelerated interfacial kinetics. In 
addition, Raman spectroscopy (Fig. 2g) also reveals an obvious increase 
from solvent separated ion pairs (SSIP) to contact ion pairs (CIP) at the 
Zn-LTSM-8000/electrolyte interface, suggesting a closer contact of 
[Zn2+SO4

2− ] ion pairs induced by LTSM. Besides, the O− H stretching 
vibration in the range of 3000–3800 cm− 1 exhibits an increasing ratio of 
HOH–OSO3

2− stretch peaks from 36.7 % to 51.8 % by introducing the 
LTSM (Fig. 2h) [51]. Through enhancing the interaction of LTSM with 
H2O molecules and SO4

2− , strong hydrogen bonding interactions are 
developed to inhibit the water activity and hinders the participation of 
SO4

2− in the solvation structure of Zn2+, thus inhibiting the hydrogen 

evolution reaction of active water and suppressing the other by-products 
reactions to improve the stability of the interface [51]. Moreover, 
benefiting from the enhanced interfacial desolvation behavior by LTSM, 
the Zn2+ transference number was improved from 0.39 to 0.62 
(Figure S4), implying better ion transport efficiency and fast kinetics.

The accelerated interfacial desolvation behavior is helpful to achieve 
good electrochemical performance of Zn-LTSM anodes. As shown in 
Fig. 3a, due to the abundant hydroxyl groups in LTSM-8000, the Zn- 
LTSM-8000 exhibits good affinity with the aqueous electrolyte to pro
vide a much lower contact angle of 24.5◦ than that of bare Zn (90.0◦). 
Such good hydrophilicity may contribute a lot to trap active water, thus 
facilitating abundant free Zn2+ to pass through ion channels within 
LTSM to benefit further Zn nucleation and growth during the deposition 

Fig. 3. (a) Contact angles of aqueous electrolyte on Zn-LTSM-8000 and bare Zn anodes. (b) Linear sweep voltammetry curves of Zn-LTSM-8000 and bare Zn anodes. 
(c) Tafel curves of Zn-LTSM-8000 and bare Zn anodes, respectively. (d) CA curves of Zn-LTSM-8000 and bare Zn anodes under − 0.15 V. (e) Activation energy of 
symmetric cells using Zn-LTSM-8000 and bare Zn anodes, respectively. (f) CV curves of Zn-LTSM-8000//Cu and bare Zn//Cu cells. In-situ optical observations of (g) 
bare Zn and (h) Zn-LTSM-8000 anodes with different Zn plating capacities. Ex-situ SEM images of Zn plating on (i) bare Zn anodes and (j) Zn-LTSM-8000 anodes at 
various capacities, respectively.
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process. As shown in Fig. 3b, the Zn-LTSM-8000 electrode shows a more 
negative onset potential than bare Zn electrode (− 1.707 vs. − 1.640 V) at 
10 mA cm− 2, indicating the low-tortuosity membrane can efficiently 
suppress the HER to release any H2, agreeing well with the spectral 
analysis results. Tafel curves (Fig. 3c) suggest that the Zn-LTSM-8000 
anode has a better corrosion resistance to the electrolyte due to both 
the lower corrosion voltage and lower corrosion current density (− 0.968 
V/0.90 mA cm− 2 vs. − 0.979 V/1.77 mA cm− 2). SEM images of the Zn- 
LTSM-8000 and bare Zn electrodes after immersion in aqueous elec
trolyte for one week further validate this observation (Figure S5). The 
Zn-LTSM-8000 electrode maintains a relatively uniform surface in 
contrast to the significant corroded bare Zn surface, suggesting that the 
LTSM can highly stabilize the aqueous electrolyte without unexpected 
corrosions. Such good corrosion resistance of the Zn-LTSM-8000 anode 
better sweeps the obstacles for better Zn nucleation and following 
deposition processes. As a result, subsequent Zn deposition occurs in a 
preferential planar growth mode rather than a random growth pattern, 
as described in the growth model inset (Fig. 3d). The expected planar 

growth of Zn on Zn-LTSM-8000 electrode should be attributed to the 
reduced activation energy (34.82 vs. 43.19 kJ mol− 1) for the Zn2+

desolvation and diffusion during Zn stripping/plating processes 
(Figures 3e and S6, Table S1). Meanwhile, the cyclic voltammetry (CV) 
curve of Zn-LTSM-8000//Cu half-cell shows a lower polarization of 39 
mV (Fig. 3f), whilst a higher peak current indicates more nucleation sites 
and faster diffusion on the Zn-LTSM-8000 anode surface. Furthermore, 
the planar growth mode is confirmed by in-situ optical and ex-situ SEM 
images of Zn deposition at different capacities on Zn-LTSM-8000 anode. 
As displayed in Fig. 3g, over a plating time from 0 to 60 min, the bare Zn 
anode exhibits an uneven surface characterized by numerous Zn den
drites, while the surface of the Zn-LTSM-8000 anode maintains a flat 
morphology with only a uniform increase in the thickness of the 
deposited Zn layer (Fig. 3h). The SEM images of Zn plating at different 
capacities from 0.2 to 5 mAh cm− 2 on the Zn-LTSM-8000 anodes also 
exhibits uniform planar growth against random growth on pristine Zn 
surfaces (Figs. 3i and 3j). Besides, the low-resolution SEM image of Zn- 
LTSM-8000 anode after plating 5 mAh cm− 2 exhibits more 

Fig. 4. (a) Nucleation overpotentials of Zn-LTSM-8000 and bare Zn anodes at 1 mA cm− 2. (b) CE of Zn-LTSM-8000//Cu and bare Zn//Cu, respectively. (c) CV curves 
of symmetric cells of Zn-LTSM-8000 and bare Zn anodes. (d) Cycling performance and (e) rate capability of Zn-LTSM-8000 symmetric cells. 3D maps of (f) Zn-LTSM- 
8000 and (g) bare Zn anodes after Zn deposition. COMSOL Multiphysics simulation of Zn deposition on (h) bare Zn anode and (i) Zn-LTSM-8000 anode. (j) Magnified 
COMSOL Multiphysics simulation in (i).
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homogeneous Zn deposition than that of bare Zn anode (Figure S7).
Chronoamperometry measurements were then performed to 

compare the nucleation and growth behaviors of Zn on Zn-LTSM-8000 
and bare Zn anodes. As shown in Fig. 4a, the Zn-LTSM-8000 anode 
displays a lower nucleation overpotential of 51.9 mV than bare Zn anode 
(68.7 mV), indicating smaller nucleation barrier needed for Zn nucle
ation on Zn-LTSM-8000 anode so as to promote uniform Zn nucleation at 
the initial deposition process. Subsequently, Coulombic efficiency (CE) 
measurement of Zn-LTSM-8000//Cu and bare Zn//Cu asymmetric cells 
were conducted. The Zn-LTSM-8000//Cu exhibits an average CE of ~ 
99.6 % during the 600 cycles (Figures 4b and S8). However, bare Zn// 
Cu asymmetric cell quickly fails <100 cycles. The CV curves of Zn- 
LTSM-8000 symmetric cells further demonstrate enhanced reaction ac
tivity for the Zn2+/Zn0 redox process on Zn-LTSM-8000 anode in com
parison to bare Zn anode (Fig. 4c), which indicates that the introduction 
of the low-tortuosity membrane promotes the diffusion kinetics for su
perior electrochemical performance.

To investigate the electrochemical performance of Zn-LTSM anodes, 
symmetric cells with varying molecular weight cut-off were evaluated. 
As shown in Figure S9a, all the three Zn-LTSM anodes display excellent 
cycling stability of >1500 h at a current density of 0.2 mA cm− 2. Among 
them, the Zn-LTSM-8000 anode exhibits the longest cycle life of 2000 h 
with lowest overpotential of 38 mV. The superior cycling performance of 
Zn-LTSM-8000 is attributed to its moderate pore size structure to trade- 
off ionic conductivity and desolvation efficiency, providing the largest 
ionic conductivity (Figure S9b and S9c). Besides, the pore structure was 
further confirmed by the small-angle X-ray diffraction measurements. As 
shown in Figure S10, both LTSM-50000 and LTSM-8000 exhibit distinct 
diffraction peaks at 2θ <1.0◦, indicating their highly ordered porous 
structures. The broader and more intense peak of LTSM-8000 suggests a 
higher degree of structural order and porosity. Since peak width is 
inversely correlated with grain size, this implies that LTSM-8000 has 
smaller grains and possibly smaller pore diameters, agreeing well with 
the definition of MWCO. Furthermore, increasing the current density to 
0.5 mA cm− 2 (Fig. 4d) or 1 mA cm− 2 (Figure S11), the Zn-LTSM-8000 
anode also demonstrates good cycling stability, >3000 h and 1200 h, 
respectively, illustrating the excellent performance of Zn-LTSM-8000 
under varying operational conditions. Besides, we also conducted the 
performance of Zn symmetric cells with LTSM-8000 possessing thick
nesses of 170 μm and 40 μm under 0.5 mA cm⁻2 and 0.5 mAh cm⁻2 

(Figure S12). The results indicate that the previously used 85 μm 
membrane in our study exhibits the best performance (Fig. 4d). Galva
nostatic intermittent titration technique (GITT) profiles in Figurer S13 
shows an initial voltage rise that stabilizes within 3 min. The Zn-LTSM- 
8000 anode shows a lower total polarization of 50.5 mV and reduced 
concentration polarization of 8.2 mV, suggesting better interfacial sta
bility and more efficient ion diffusion. These results highlight that Zn- 
LTSM-8000 anode offers superior electrochemical performance by 
reducing polarization and improving Zn2+ transport. More importantly, 
the Zn-LTSM-8000 anode can withstand a high current density of 20 mA 
cm− 2 with an overpotential of ~270 mV (Figure 4e and S14). By 
contrast, the bare Zn anode experiences significant voltage fluctuations 
and finally short circuit at 20 mA cm− 2.

To enclose the electrochemical mechanism of LTSM on Zn anode, the 
3D surface maps of both the Zn-LTSM-8000 and bare Zn anodes after 
repeated Zn plating/stripping are given in Figs. 4f and 4g. The surface of 
Zn-LTSM-8000 anode exhibits much smaller roughness compared to 
bare Zn anode, implying good consistent with the planar growth model 
as well as the ex-situ SEM observations. The low-tortuosity membrane 
not only provides fast ion pathways for Zn2+ but also helps hinder side 
reactions in aqueous ZMBs, as further simulated by COMSOL Multi
physics simulations of Zn plating on both Zn-LTSM-8000 and bare Zn 
anodes (Figs. 4h–4j). The bare Zn anode exhibits a significant electric 
field and a steep gradient in Zn2+ flux across its surface (Fig. 4h). In 
contrast, after coating a uniform low-tortuosity membrane (Figs. 4i and 
4j), the Zn-LTSM-8000 anode displays a homogeneous electric field and 

a more uniform gradient of Zn2+ flux. Besides, XRD measurements were 
performed on Zn-LTSM-8000 anode and bare Zn anode after cycling 
(Figure S15a). XRD patterns reveal that the cycled Zn-LTSM-8000 
anode exhibits distinct Zn diffraction peaks, indicating a well- 
maintained crystalline structure. In contrast, the cycled bare Zn pre
sents additional peaks corresponding to Zn4S2O4(OH)6⋅4H2O, suggest
ing the formation of byproducts that may lead to performance 
degradation. Furthermore, Time-of-flight secondary ion mass spec
trometry (TOF-SlMS) analysis further demonstrates the differences in 
surface composition. The bare Zn (Figure S15b) exhibits a non-uniform 
ZnO− distribution, while the Zn-LTSM-8000 anode shows a more ho
mogeneous ZnO− signal (Figure S15c), suggesting improved surface 
stability and mitigated side reactions.

The Zn-LTSM-8000 anode were further tested at low temperatures to 
verify its temperature robustness. As shown in Fig. 5a, Zn-LTSM-8000 
anode demonstrates excellent cycle life of over 10,000 h at 0.5 mA 
cm− 2 under the temperature of 0 ◦C. Besides, when the temperature is 
increased to 25 ◦C, the overpotential decreases from 100 mV to 70 mV, 
and returning to 0 ◦C drives the overpotential to recover. This phe
nomenon is also the same under 1 mA cm− 2 and 1 mAh cm− 2 

(Figure S16), indicating that the low-tortuosity membrane quickly 
adapts to changes in external temperature to maintain the stable inter
facial desolvation and Zn2+ diffusion for reversible low temperature 
reactions. Even when the current density and capacity are increased to 5 
mA cm− 2 and 5 mAh cm− 2, the Zn-LTSM-8000 anodes still exhibit a long 
cycle life up to 1000 h (Figure S17). The low-tortuosity membrane 
endowed the Zn anode with superior electrochemical performance than 
most of the reported works (Fig. 5b). Besides, the Zn-LTSM-8000 sym
metric cell maintains a lower overpotential of ~260 mV at low tem
perature even at 10 mA cm− 2 (Fig. 5c), while the bare Zn symmetric cell 
experiences large voltage fluctuation and finally fails to work, con
firming the excellent low-temperature robustness of the Zn-LTSM-8000 
anode. Lowering the operation temperature to − 10 ◦C (Fig. 5d), Zn- 
LTSM-8000 anodes with Zn(OTF)2 electrolyte achieved an ultralong 
cycle life of up to 5000 h. Returning the temperature to 25 ◦C, the 
symmetric cell of Zn-LTSM-8000 still works well. The reduced charge 
transfer resistance of Zn-LTSM-8000 symmetrical cell at low tempera
ture further suggests improved interfacial stability and facilitated ion 
transport, contributing to superior electrochemical performance under 
practical conditions (Figure S18 and Table S2).

In paring with δ-K0.51V2O5 (KVO) cathodes, the Zn-LTSM-8000// 
KVO full cell in Fig. 5e delivers an impressive rate performance at 
0 ◦C with a reversible capacity of ~172 mAh g− 1 even at a high current 
density of 8 A g− 1 (Figure S19). Moreover, Zn-LTSM-8000//KVO full 
cell demonstrates an ultra stable low-temperature capacity of 200 mAh 
g− 1 after 4000 cycles at 8 A g− 1 with nearly a 100 % CE (Figures 5f and 
S20). To gain deeper insights, SEM measurements were conducted on 
cycled anodes and cathodes of Zn-LTSM-8000//KVO and bare Zn//KVO 
cells. Typically, the surfaces of both the anode and cathode in Zn-LTSM- 
8000//KVO cells exhibit a smooth and uniform morphology 
(Figure S21), while those in the bare Zn//KVO cells show a coarse and 
uneven texture (Figure S22). The CV profiles at different scanning rates 
for full cells with bare Zn or Zn-LTSM-8000 reveal their electrochemical 
behavior and charge storage mechanisms (Figure S23). For the Zn- 
LTSM-8000//KVO cell, diffusion dominates at all scan rates, contrib
uting up to 78.7 % at 0.1 mV s-1. In contrast, bare Zn//KVO cell shows 
higher capacitance contribution, especially at lower scan rates, limiting 
its performance at higher rates due to slower ion diffusion. Zn-LTSM- 
8000//KVO cell exhibits superior electrochemical performance, partic
ularly at high scan rates, due to efficient ion diffusion, while bare Zn// 
KVO cell is hindered by surface capacitance.

Further lowering the environmental temperature to 0 ◦C, the Zn- 
LTSM-8000//KVO full cell with high loading cathode (6.6 mg cm− 2) 
performs for >250 cycles with a stable capacity of 255 mAh g-1 at 1 A 
g− 1 (Figures 5g and S24). Even at − 10 ◦C, it still maintains functionality 
for 200 cycles, except for a reduction in specific capacity (Figure S25). 
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These above results demonstrate that the Zn-LTSM-8000 anode can 
operate effectively under low-temperature conditions, highlighting its 
application potential in extreme environments. To pursuit its practical 
applications, pouch cells were assembled in Fig. 5h. The Zn-LTSM-8000 
modulated pouch cells are able to power a smart phone. Additionally, 
the Zn-LTSM-8000//KVO pouch cell with mass loading of 6.33 mg cm− 2 

demonstrates a high reversible specific capacity of 316 mAh g− 1 by the 
160th cycle.

To further explore the possibility of LTSM as an alternative to replace 
glassfiber separator, as shown in Figure S26a, the cycling stability was 
still maintained (>500 h) and better than bare Zn with glassfiber 
separator (fails to work at about 250 h, Fig. 4d). For the full cells 
assembled with KVO cathode and Zn-LTSM-8000, little capacity differ
ence can be observed with or without glassfiber separator 
(Figure S26b). Besides, the Zn-LTSM-8000//KVO cell without glassfiber 
separator also exhibits stable cycle performance at 10 A g-1 for >800 
cycles (Figure S26c), demonstrating the feasibility of using this mem
brane as a replacement for commercial separators.

3. Conclusion

In conclusion, the homogeneous ion transfer pathways on Zn anodes 
using a low-tortuosity separator membrane to eliminate the boundary 
inhibition effect is initially proposed. This low-tortuosity structure 
significantly reduces the desolvation energy barrier of Zn(H2O)6

2+ clus
ters across the boundary layer, minimizes the ion transfer barrier and 
guides the lateral deposition of zinc ions, as confirmed by various 

COMSOL simulations, electrochemical evaluation, ex-situ Raman spec
troscopy as well as in-situ sum frequency generation and optical obser
vations. As a result, symmetric Zn anode with low-tortuosity ion transfer 
pathways exhibits a lower overpotential of 50 mV for an ultralong cycle 
life >10,000 h at 0 ◦C. Even at − 10 ◦C, the Zn-LTSM anode achieves a 
cycle life of up to 5000 h. Furthermore, at a low temperature of 0 ◦C, the 
Zn-LTSM-8000//KVO full cells deliverer a rate capability of 172 mAh 
g− 1 at 8 A g− 1 and stable capacity of 200 mAh g-1 for 4000 cycles at 8 A 
g− 1 without capacity attenuation. At an increasing mass loading of 6.6 
mg cm− 2, the KVO cathode with Zn-LTSM-8000 anode still maintains 
255 mAh g− 1 after 250 cycles at 1 A g− 1. Impressively, the as-fabricated 
pouch cell with Zn-LTSM-8000 anode stabilizes for 160 cycles with a 
reversible specific capacity of 315 mAh g− 1, indicating potential of 
eliminating the boundary inhibition effect with low-tortuosity separator 
membrane for accelerating desolvation kinetics in practical 
applications.
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