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ABSTRACT 

Rechargeable aqueous Zn-ion batteries have been deemed a promising energy storage device. However, the 
dendrite growth and side reactions have hindered their practical application. Herein, inspired by the 
ultrafluidic and K+ ion-sieving flux through enzyme-gated potassium channels (KcsA) in biological plasma 
membranes, a metal-organic-framework (MOF-5) grafted with –ClO4 groups (MOF-ClO4 ) as functional 
enzymes is fabricated to mimic the ultrafluidic lipid-bilayer structure for gating Zn2 + ‘on’ and anions ‘off’ 
states. The MOF-ClO4 achieved perfect Zn2 + /SO4 

2 − selectivity ( ∼10), enhanced Zn2 + transfer number 
( tZn2+ = 0 . 88 ) and the ultrafluidic Zn2 + flux (1.9 × 10−3 vs. 1.67 mmol m−2 s−1 for KcsA). The symmetric 
cells based on MOF-ClO4 achieve a lifespan of over 5400 h at 10 mA cm−2 /20 mAh cm−2 . Specifically, the 
performance of the PMCl-Zn//V2 O5 pouch cell keeps 81% capacity after 20 0 0 cycles at 1 A g−1 . The 
regulated ion transport, by learning from a biological plasma membrane, opens a new avenue towards 
ultralong lifespan aqueous batteries. 

Keywords: aqueous Zn-ion battery, ultrafluidic, bioinspired electrode, dendrite-free Zn deposition 
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gates that control the flux of anions (gate off) and 
Zn2 + ions (gate on) should be a more promis- 
ing aspect to regulate the ion transfer behaviors 
in order to reach a longer lifespan of the active- 
met al- based batteries [21 ,22 ]. Furthermore, the 
Zn deposition along the (002) crystal plane rather 
than the vertical (101) and (110) crystal planes can 
be achieved so as to avoid the vertical growth of 
dendrites [23 ,24 ]. The dendrite formation is widely 
accepted as a dynamic control process, it has been 
reported that fast Zn2 + flux and sluggish anion 
mobility would lead to a longer ‘sands time’, thus 
inhibiting dendrite growth [25 ,26 ], informing the 
importance of the recognizable Zn2 + ion-sieving 
ultrafluidity in suppressing dendrite growth in 
AZIBs. 

In this work, we conceptually proposed a Zn2 + 

ion-sieving ultrafluidic method by applying a 
bioinspired membrane coating, inspired by 
ultrafluidic K+ flux through the biological plasma 
membrane potassium (KcsA) channels. Bioinspired 
design for functional materials and interface has 
been applied to study energy devices [27 –31 ]. In 
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NTRODUCTION 

queous Zn-ion-batteries (AZIBs) have been re-
arded as the alternative energy storage devices
o Li-ion batteries, because of abundant Zn re-
erves, considerable capacity (820 mAh g−1 ),
nd low redox potential ( −0.76 V vs. standard
ydrogen electrodes) [1 –4 ]. Unfortunately, the
ndesirable Zn dendrite growth and spontaneous
ide reactions, i.e. corrosion and hydrogen evolution
eaction (HER), limit the large-scale application
f AZIBs [5 –7 ]. Specifically, when inorganic salts,
uch as ZnSO4 , are used as the electrolyte, the
ragile by-production Zn4 SO4 (OH)6 ·x H2 O could
urther compromise battery performance [8 ]. These
arasitic reactions cause irregular electric field
istributions, lead to the growth of protrusions
ia a ‘tip-effect’, and finally reduce the battery life
9 ,10 ]. Recently, several metal-organic-framework
MOF)-related works have been reported for im-
roving ZIBs performance, such as surface coating
11 ,12 ], electrolyte additives [13 –15 ], substrate
odifications [16 ,17 ], and separator design [18 –

0 ]. However, the realization of ultrafluidic ionic 
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ell-evolved biological cells, the plasma membrane,
omposed of a thin layer of lipids and proteins
urrounding the cell, has the capacity for selective
on penetration, such as KcsA channel, at a direc-
ional ultrafast K+ flux of 107 ions s−1 (equivalent
o 1.67 × 10−3 mol m−2 s−1 ) and an ion selectivity
K+ /Na+ ) > 10 0 0 [29 ,32 ]. It is found that the ion
uperfluidity and ion-sieving function of the plasma
embrane are realized by the enzyme-gated ion
hannels in sizes ∼0.35–1 .5 nm [33 ]. Inspired by
he ion-sieving KcsA channels, bioinspired mem-
ranes that enable Zn2 + -sieving ultrafluidity but
ith anions-screening, were designed based on a
OF-5 with open channels at a size ∼6.7 Å [34 ].
owever, the pristine MOF-5 has no ion-selective
bility, due to the lack of a specific ‘enzyme-gate’.
erein, strongly electronegative –ClO4 groups are
rafted onto the channels of MOF-5 (MOF-ClO4 )
s the ‘enzyme-gate’ via a solvent-assisted linker
xchange (SALE) method [35 ]. The strong elec-
ronegativity of −ClO4 groups control Zn2 + ‘gate
n’ to pass through the channels while gating off the
nions via electrostatic repulsion. In the application,
OF-ClO4 nanoparticles were mixed with hy-
rophobic polystyrene (PS) and then fabricated into
 thin membrane (PMCl) onto the Zn-electrode via
lectrospinning. 
The bioinspired membrane achieved a Zn2 + flux

f 1.9 × 10−3 mmol m−2 s−1 , and a Zn2 + /SO4 
2 −

electivity of 10. Due to the near-perfect Zn2 + 

on-sieving and ultrafluidic properties, the bioin-
pired membrane guides the plating of the pre-
erred Zn (002) facets. The symmetric cells dis-
layed an ultra-long cycle life of over 5400 h at
0 mA cm−2 /20 mAh cm−2 . Remarkably, when as-
embled with a commercial V2 O5 cathode into full
ells, the coin full cell in a configuration of PMCl-
n//V2 O5 maintained 87% capacity (228 mAh g−1 )
fter 2500 cycles at 2 A g−1 while the pouch cell
eached 315 mAh g−1 at 1 A g−1 and retained 81% ca-
acity after 20 0 0 cycles even under bending, bend-
ng recovery, and damaging. Therefore, by learning
rom the ion-sieving functionality of the biological
csA channel, an effective bioinspired electrode was
esigned to suppress the dendrite growth and main-
ain long-term stability resulting from Zn2 + ion-
ieving ultrafluidity and preferential Zn (002) plane
eposition. This bioinspired design provides an ex-
mple of how to apply natural principles to designing
rtificial materials and devices. It sheds light on driv-
ng sustainable aqueous non-toxic metal batteries
nto real-world applications with greatly-enhanced
ifespans. 
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RESULTS AND DISCUSSION 

Fabrication of the bioinspired membrane 

Ion-gating behaviors have been widely identified 
in biological cells, in which a set of ultrafluidic ion 
channels w ith ion-siev ing enzyme gates exist in the 
plasma membranes to regulate the ions in and out 
of the cells. As shown in Fig. 1 a, the key component
to realize the unique selectivity is the enzyme-gate 
formed by charged amino acids or proteins of the 
ion channels, which control the ‘gate on’ and ‘gate 
off’ states based on the charge, chemical properties, 
or size. Being inspired by the KcsA channel, a func- 
tional PMCl coating onto the Zn electrode with 
biomimicking ion-sieving was designed based on 
MOF-5, for regulating Zn2 + (002) facet nucleation, 
repelling the anions and H2 O molecules caused by 
side-reactions (Fig. 1 b and c). To realize the Zn2 + - 
sieving, strongly electronegative −ClO4 groups 
( Fig. S2) were grafted onto the MOF-5 channels 
to mimic the enzyme-gate of the KcsA channels via 
the SALE process (Fig. 1 d and Fig. S3). Figure 1 e
i l lustrates the calculated electron density difference 
of the MOF-ClO4 and the electrostatic poten- 
tial (ESP) mapping, where the strong interaction 
between the link-site and the –ClO4 group is shown. 

In analogy with the hydrophobic tail of the lipid- 
bilayer, hydrophobic PS was employed to glue the 
MOF-ClO4 nanoparticles (PMCl) ( Fig. S4) by elec- 
trospinning, and the Zn anode was covered by in- 
terweaving PMCl nanofibers (PMCl-Zn) with less 
than ∼1 μm thickness (Fig. 1 f and Fig. S5). The 
PMCl shows a rougher fiber surface than the bare PS 
fiber caused by the embedded MOF-ClO4 particles 
( Fig. S6). The high-resolution transmission elec- 
tron microscopy (TEM) dark field image and cor- 
responding elemental mapping (Fig. 1 g) confirmed 
the homogeneous MOF-ClO4 embedment. Contact 
angle tests showed the hydrophobic surface of PMCl 
(123.4°), and PS (124.7°) compared with the bare 
Zn surface (62.6°) (Fig. 1 h). Therefore, water could 
not penetrate the PMCl membrane ( Fig. S7). As the 
X-ray photoelectron spectroscopy (XPS) shows, a 
Cl (2p) spectrum exhibits –ClO4 signals in MOF- 
ClO4 (Fig. 1 i). Raman spectra were used to charac- 
terize the structural features of the pristine MOF-5 
and the MOF-ClO4 (Fig. 1 j), and the characteristic 
vibrational modes at 633, 861 and 1135 cm−1 were 
identified in both materials, further confirming the 
integrity of the framework after structural modifica- 
tion [36 ], which also coincided with the unchanged 
crystal structure of the MOF-ClO4 examined by 
X-ray diffraction (XRD) technique ( Fig. S8). In the 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae199#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae199#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae199#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae199#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae199#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae199#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae199#supplementary-data


Natl Sci Rev, 2024, Vol. 11, nwae199

Cell Plasma membrane KcsA channel
Ion-gate enzyme

Biological single K+ ion-sieving channels

PMCl PS Zn123.4° 124.7° 62.6°

MOF-5
1. Non-ion-sieving
2. Non crystal
    plane priority

MOF-ClO4
1. Zn2+ ion-sieving
2. Anions blocking
3. Zn (002) priority 

SALE

Step 1
Cleavage of
Zn-O bond

Step 2
New Zn-O bond

Step 3
Continuous

link exchange

The–ClO4 groups are
grafted on the O sites of
MOF-5   

C O Cl

100 nm

Zn

100 nm

MOF-ClO4

5 µm

100 nm

-0.5
0.0
0.5
1.0
1.5
2.0

SO4
2- Zn2+ H2O PMCl

Zn2+ ion-sieving & anions blocking

-ClO4

C-C ring

-COO

Zn-O

0 h 6 h 12 h 24 h
-COO

1000 5001500
Wavenumber (cm-1)

ClO4
- ClO4

-Zn 2p O 1s

C 1s
Cl 2p

1200 800 400 0
Bind energy (ev)

MOF-ClO4

MOF

Zn
Benzene ring bend

633

Benzene ring str.
COO bend  861

Benzene ring breath
1135

ClO4
-

633

Raman shift (cm-1)

MOF
MOF-ClO4

600 800 1000 1200

a

b c

d

e

g

h

f

i j k

Figure 1. Bioinspired design of dendrite-free Zn-anode. (a) Schematic illustration of ultrafluidic transport of specific K+ ions through the enzyme- 
gated plasma membrane KcsA channel while screening undesired ions in biological cells; (b) bioinspired membrane with defined ion channels for Zn2 + 

ion-sieving and ultrafluidic transport; (c) ultrafluidic Zn2 + hopping path along the bioinspired –ClO4 group-gated channels; (d) synthesis of bioinspired 
materials by using MOF-5 via a solvent-assisted linker exchange (SALE) process, by which the –ClO4 groups are grafted onto the O-sites of the MOF-5 
channels; (e) electron density difference and electrostatic potential mapping of the grafted MOF-ClO4 ; (f) scanning electron microscopy (SEM) image 
and high-resolution SEM image of PMCl fibers on the Zn electrode by electrospinning, and the inset is the TEM image of PMCl; (g) TEM and the 
corresponding elemental mapping of a PMCl fiber; (h) contact angle measurements of PMCl, PS and bare Zn surfaces; (i) XPS spectra collected on MOF- 
5 and MOF-ClO4 membranes and Cl 2p chemical states; (j) Raman spectra collected on MOF-5 and MOF-ClO4 membranes; (k) FT-IR spectra collected on 
MOF-ClO4 membranes with different SALE time periods. 

P
s  

–  

s  
MCl, however, a new mode found at 934 cm−1 

tanding for the v1 symmetric vibrational stretch of
ClO4 appeared. Fourier transform infrared (FT-IR)
pectra were collected for MOF-ClO4 with differ-
Page 3 of 11
ent SALE times, where two extra peaks at 635 and 
1100 cm−1 raised by the symmetric vibration of the 
–ClO4 linked with the O site of MOF-5 were identi- 
fied (Fig. 1 k). 
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Figure 2. Ion-sieving property of bioinspired PMCl-Zn electrode. (a) Drift-diffusion I–V curves of PMCl membrane measured at various KCl concentration 
gradients, and illustrations demonstrating the ‘gate on’ and ‘gate off’ ionic behaviors; (b) mobility ratio, μ+ / μ−, of bioinspired PMCl membrane and 
referential polystyrene (PS) and glass fiber (GF) membranes under concentration gradients of � = 10, 100 and 1000; (c) drift-diffusion I–V curves of 
PMCl membrane measured at various ZnSO4 concentration gradients; (d) Zn2 + ion flux of the three membranes determined experimentally (blue) and 
via the mathematical model (red); (e) comparing the Zn2 + ion flux and the selectivity (Zn2 + /SO4 

2 −) with other reported works ( Table S3); (f) precipitation 
of GF membrane; (g) precipitation of PS; (h) precipitation of PMCl membranes. In (f–h), the solution in the top chamber is ZnSO4 solution (2 mL, all ions 
are under same gravity) and the bottom is BaCl2 solution, which is separated by the selected membranes as indicated. 

I
b
T  

m
v  

fi  

c  

t  

H  

(  

m  

e  

e  

 

on-serving and ultrafluidity of 
ioinspired membranes 
he ion-gating performance of the bioinspired
embrane was first tested by examining the current–
oltage ( I–V ) characteristics in a two-chamber con-
guration with KCl electrolytes. In general, the ionic
onductance of bulk electrolytes should be propor-
ional to the concentration of electrolytes ( Fig. S9).
owever, with the decreased KCl concentration
 < 0.1 M), the ionic conductance of the PMCl
embrane significantly deviated from the bulk
lectrolyte, indicating that ionic conductance is gov-
rned by the surface charge. Next, the ion diffusion
Page 4 of 11
performance was further studied through a drift- 
diffusion experiment (Fig. 2 a). Without an external 
voltage, significant net currents were generated 
associated with the flow of cations from high con- 
centration to low concentration, affirming cation se- 
lectivity. At an ion concentration difference of 0.1 M 

vs. 0.0 0 01 M, a net current of 4.78 μA was recorded
(blue arrow), due to the effective ion-sieving prop- 
erty of PMCl membrane leading to a faster diffusion 
rate of the cations (Zn2 + ) to the anions (SO4 

2 −). 
Switching the concentration gradient in an opposite 
direction, a net current of −4.14 μA was observed 
(red arrow). However, the net currents from the PS 
and GF membranes ( Fig. S10) were a magnitude 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae199#supplementary-data
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maller, proving the cations-sieving and anions-
creening resulted from the negatively charged
MCl membrane (schematic diagrams, Fig. 2 a). 
To quantitatively calculate the ion selectivity, the

ero-current potential Em is used to define the mo-
ility ratio of cations to anions ( μ+ / μ−) using the
enderson equation [37 ] ( Table S1), 

μ+ 

μ− = −z+ 

z−

ln ( �) − zFEm 
RT 

ln ( �) − z+ FEm 
RT 

, (1)

here z+ 

and z− are the valences of cations and an-
ons; F is the Faraday constant; R is the universal
as constant; T is the temperature; � is the ratio of
oncentration in the feed and permeate reservoirs.
igure 2 b plots the μ+ / μ− values of PMCl, PS,
nd glass fiber (GF) membranes, and the values
f the PMCl membrane were 11.5 ( � = 10 0 0),
.5 ( � = 100), and 6.9 ( � = 10), respectively,
hich are 5–8 times higher than those of PS and
F membranes (SI appendi x, Table S1). Fur ther-
ore, the cation selectivity of the PMCl mem-
rane can be described by the cation transference
umber, t+ 

. There is no cation selectivity when
+ 

= 0.5 [29 ]. The t+ 

value for the PMCl mem-
rane was 0.96 ( � = 10 0 0), which is remarkably
lose to a perfect cation selection and far higher than
hat of the PS (0.59) and GF (0.57) membranes
 Fig. S11).The higher t+ 

forPMCl also indicates that
n ion-hopping mechanism occurs for the ultraflu-
dic transport of the cations through the membrane.
igure S12 i l lustrates the current–voltage ( I–V )
urves at 0.01 M. The PS and GF membranes almost
resented a linear I–V response, but the PMCl mem-
rane showed a nonlinear I–V characteristic with a
igher ionic rectification ratio of 1.7, compared with
S (0.78) and GF (0.79) membranes. In general, an
onic rectification ratio larger than 1.0 means a pref-
rential cation transport [38 ]. Therefore, according
o the quantitative ion transport characterizations,
e confirm that the bioinspired PMCl membrane
as a perfect cation-sieving ability. 
Figure 2 c shows the drift-diffusion I–V curves as

he variation of ZnSO4 concentration differences,
here the Zn2 + ion-sieving shows a similar trend as
hat of K+ with a μZn2+ /μSO 

2 −
4 of 11.3 ( � = 10 0 0),

roving a Zn2 + ‘gate on’ and SO4 
2 − ‘gate off’ result.

he Zn2 + ion-sieving effect of the PMCl membrane
as further verified by ion permeation resistance in
n H-shape device filled with deionized water and
 M ZnSO4 in each chamber and separated by the
embranes ( Fig. S13). The ion concentration was
xamined by the inductively coupled plasma (ICP)
nd ion chromatography (IC) techniques. Based on
he membrane properties ( Table S2) and the con-
entration of Zn2 + and SO4 

2 − passing through the
Page 5 of 11
membrane with time ( Fig. S14), the average Zn2 + 

flux of the PMCl membrane was 1.9 × 10−3 mmol 
m−2 s−1 and Zn2 + /SO4 

2 − selectivity was 10, which 
matches well with a mathematical model applied 
for predicting the ion flux and Zn2 + transfer mem- 
branes ( tZn2+ ) of micro-heterogeneous membranes 
(SI) [39 ] (Fig. 2 d). For the PS and GF membranes,
the Zn2 + flux was 4.1 × 10−4 and 4.2 × 10−4 mmol 
m−2 s−1 , respectively, an order of magnitude lower 
than the PMCl ( Fig. S15); besides, there was no 
ion selectivity performance. Based on this test, the 
experimental tZn2+ were 0.82 (PMCl), 0.5 (PS), 
and 0.49 (GF), respectively ( Fig. S16). Surpris- 
ingly, the ion flux and ion selectivity ability of the
PMCl membrane are comparable to some of the 
best-performing ion-sieving membranes (Fig. 2 e, 
Table S3). 

To supply a more distinct comparison, precipita- 
tion tests were conducted on different membranes 
to detect the SO4 

2 − rejection properties. The 1 M 

ZnSO4 solution (3 mL) in the top vessel was sepa- 
rated from the saturated BaCl2 solution in the bot- 
tom vessel by the GF (Fig. 2 f), PS (Fig. 2 g), and
PMCl (Fig. 2 h) membranes. After only 30 s, pre-
cipitates formed in the bottle vessels separated by 
both GF and PS membranes, resulting from the re- 
action between the Ba2 + and the permeated SO4 

2 −. 
For the PMCl-separated vessels, no significant pre- 
cipitate formed even up to 30 min (Fig. 2 h). As
the SO4 

2 − ions in the three vessels had the same 
gravity, it could only be attributed to the repul- 
sion effect that controls the passage of SO4 

2 − ions 
through the PMCl membrane. To reveal the side re- 
actions on the Zn surface, PMCl membrane-covered 
Zn electrode (PMCl-Zn), PS-covered Zn electrode 
(PS-Zn), and bare Zn were soaked in 1 M ZnSO4 
electrolyte for 7 days. Figure S17 revealed the Zn 
surface morphologies—the PMCl-Zn electrode re- 
mained smooth, but the PS-Zn and the bare Zn elec- 
trodes were covered with by-products. The results 
indicate that the PMCl membrane could prevent 
the anions and H2 O molecules from generating side 
reactions. 

Regulated Zn (002) dendrite-free 

deposition on bioinspired electrodes 
The electrodes were assembled into symmetrical 
cells to examine their electrochemical properties. 
The electrical resistivity ( ρ) of the PMCl mem- 
brane measured via a two-electrode configuration 
was about 7.7 × 104 � cm ( ∼1.3 × 10−5 S cm−2 , 
Fig. S18), nea rly a n electron insulator. From the elec-
trochemical impedance spectroscopy (EIS) tests of 
blocking cells, the PMCl membrane showed good 
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Figure 3. Crystal plane and surface topography characterizations on the deposition of Zn. (a) XRD patterns of electrodes 
cycled at 0.5 and 2 mA cm−2 ; (b) schematic illustration of preferred orientations of Zn deposition on different substrates; 
(c) calculated RTC values from the XRD peak intensity; (d) Zn (002) plane adsorption energy at different sites; (e) morphology 
of cycled PMCl-Zn electrode; (f) morphology of cycled PS-Zn electrode; (g) morphology of cycled bare Zn electrode, after 100 
cycles at 4 mA cm−2 /4 mAh cm−2 ; (h) morphology of PMCl-Zn anode cycled at 1 mA cm−2 for 10 min; (i) PMCl-Zn anode 
cycled for 30 min; (j) PMCl-Zn anode cycled for 60 min; (k) AFM mapping on the deposited Zn surface on PMCl-Zn; (l) AFM 

mapping of bare Zn, after 200 cycles plating/stripping (1 mAh cm−2 , 1 mA cm−2 ); 2D WAXS patterns of (m) PMCl-Zn anode, 
(n) PS-Zn anode and (o) bare Zn anode, after first cycling in asymmetrical cells at 2 mAh cm−2 /0.5 mA cm−2 ; (p) WR-RSM 

mapping showing Zn (002) texture along the Sz direction on the sample normal direction. 
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on conductivity ( ∼1.2 × 10−3 S cm−2 , Fig. S19).
he tZn2+ in the AZIBs was also calculated ( Fig. S20).
ower tZn2+ values were observed for the bare Zn
0.64) and the PS-Zn electrodes (0.69). For the
MCl-Zn electrode, the tZn2+ value improved to 0.88,
hich is a bit lower than the cation transfer number
easured from the KCl solution, yet an incredibly
ignificant number. 
The crystal plane orientation and morphology

f Zn plating were examined by symmetrical cells.
igure 3 a displays the XRD patterns of the three elec-
rodes after cycling at 0.5 and 2 mA cm−2 , respec-
ively. Three major diffraction peaks at 36.5°, 39.2°,
nd 43.4° correspond to the (002), (100), and (101)
iffractions of the plated Zn layers [40 ]. Zn (002)
rystal plane is almost paralleled to the substrate
Fig. 3 b). The relative texture coefficients (RTC) of
Page 6 of 11
the plated Zn are calculated as the following equation 
[41 ]: 

RTC( hkl ) =
I( hkl ) /I0( hkl ) 

1 
n 

∑ 

(
I( hkl ) /I0( hkl ) 

) , (2) 

where I( hkl ) is the diffraction intensity of the textured 
samples and I0 ( hkl ) is the diffraction intensity of the 
randomly oriented sample ( Table S4). The RTC val- 
ues for PMCl-Zn increased from 1.75 (2 mA cm−2 ) 
to 1.93 (0.5 mA cm−2 ), and a preferred Zn (002) 
orientation is more obvious than the other two elec- 
trodes (Fig. 3 c and Fig. S21). The DFT calcula- 
tion demonstrates that the Zn (002) texture on the 
PMCl-Zn electrode is as a result of the much more 
favorable binding energy of Zn (002) cluster with 
the –ClO4 modified linker sites ( −4.47 eV) than 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae199#supplementary-data
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he bare Zn ( −0.93 eV) and the unmodified MOF-5
0.26 eV) (Fig. 3 d and Fig. S22). 
The deposited Zn morphology was veri-

ed by SEM (Fig. 3 e–g). The horizontal Zn
lates were observed for the PMCl-Zn anode at
 mA cm−2 /4 mAh cm−2 (Fig. 3 e). For the PS-Zn
Fig. 3 f) and bare Zn (Fig. 3 g and Fig. S23) an-
des, substantial amounts of vertically aligned
n-dendrites were formed. The Zn plating progress
n the PMCl-Zn anode was revealed by cycling at
 mA cm−2 with time (Fig. 3 h–j). Small-sized hexag-
nal Zn (002) crystals were exposed and then grew
arger and stacked up into a thicker layer beneath
he PMCl membrane ( Fig. S24). Remarkably, as ev-
denced by the atomic force microscopy (AFM) 3D
eight mapping, a smooth surface constructed by
he horizontally plated Zn crystals was examined for
MCl-Zn (Fig. 3 k), but a very rough surface formed
n the bare Zn substrate (Fig. 3 l and Fig. S25). 
The Cu substrate was employed to prevent the

eposited Zn diffraction signal from interfering with
he Zn substrate. Similarly, by applying asymmetri-
al cells, the Cu substrate covered with PMCl mem-
rane (PMCl-Cu) exhibited Zn (002) deposition,
hile dendritic Zn layers were formed on the PS-
u and bare Cu electrodes ( Fig. S26). Further-
ore, 2D wide-angle X-ray scattering (WAXS) and
ide-range reciprocal space mapping (WR-RSM)
ombined from 2D scans at different sample tilt-
ng angles in the Eulerian Cradle were performed.
he WAXS patterns of the deposited Zn on PMCl-
u (Fig. 3 m) displayed discontinuous Zn (002)
iffractions in the plane ring, indicating a Zn (002)
exture [42 ]. On the PS-Cu and bare Cu anodes,
owever, the (002) diffraction ring intensities are
ontinuous (Fig. 3 n and o), and strong diffraction
ings are for Zn4 SO4 (OH)6 . This means that volu-
inous anions and H2 O molecules contact the Zn
urface and form Zn4 SO4 (OH)6 . As the WR-RSM
hows (Fig. 3 p), the Zn (002) reflection only ap-
eared in the sample’s normal direction. It is the
MCl membrane instead of the substrate that in-
uced Zn (002) plane exposure. 

attery performance of the bioinspired 

lectrode 

he HER and corrosion were further investigated
y a linear polarization experiment (vs. Zn/Zn2 + )
y symmetrical cells (Fig. 4 a). The corrosion poten-
ial of the PMCl-Zn electrode was 0.016 V, which
s higher than that of the PS-Zn (0.011 V) and
he bare Zn (0.009 V) electrodes. A higher corro-
ion potential means a lower tendency towards cor-
osion reactions. After 50 cycles, no formation of
n4 SO4 (OH)6 � x H2 O on the PMCl-Zn electrode
Page 7 of 11
is detected by XRD, different from the situations of 
PS-Zn and the bare Zn ( Fig. S27), which indicates 
that the corrosion reaction is disrupted by the PMCl 
membrane. To quantitatively inspect the HER reac- 
tion, in-situ gas chromatography (GC) analysis was 
applied to dynamically detect the H2 evolution dur- 
ing the charging/discharging process, and as the con- 
tour map shows ( Fig. S28), the HER was principally 
suppressed by the PMCl-Zn when compared with 
bare Zn. 

The Zn deposition kinetics was depicted by the 
activation energy ( Ea ), according to the EIS with 
temperature tests ( Fig. S29) [4 3 ]. Using Arrhenius 
law, an Ea value of 34.9 kJ mol−1 for the PMCl-Zn 
electrode was estimated (Fig. 4 b), lower than that of
the PS-Zn (54.9 kJ mol−1 ) and the bare Zn anodes
(53.8 kJ mol−1 ). The exchange current density ( i0 ) 
is another critical kinetic factor [44 ]. The higher i0 
value indicates more rapid redox reaction. As shown 
in Fig. 4 c, the PMCl-Zn electrode had a higher i0 
value (7.2 mA cm−2 ) than the PS-Zn (4.2 mA cm−2 )
and the bare Zn anode (3.7 mA cm−2 ), showing that
the bioinspired PMCl membrane significantly facili- 
tates the transport of Zn2 + . 

Before evaluating the cycling stability of the sym- 
metrical cells, the rate performance was examined 
at current densities varied over 0.5–20 mA cm−2 

( Fig. S30). Benefiting from the ion-sieving ultraflu- 
idity, the PMCl-Zn cell always exhibited the low- 
est voltage hysteresis. Figure 4 d compares the cy- 
cling performance at 1 mA cm−2 /1 mAh cm−2 , the 
bare Zn and PS-Zn electrodes presented dramatic 
voltage osci l lations and lost function within 10 0 0 h
and 20 0 0 h, respectively. However, the PMCl-Zn 
electrode delivered excellent stability up to 60 0 0 h.
Even at 10 mA cm−2 (20 mAh cm−2 ) (Fig. 4 e),
the PMCl-Zn electrode maintained voltage hystere- 
sis of only ±0.05 V for 5400 h without obvious
impedance change. It shows that the PMCl mem- 
brane was not damaged, and horizontal Zn depo- 
sition was observed ( Fig. S31), in contrast to the 
PS-Zn (1250 h, ±0.1 V) and the bare Zn (200 h,
±0.15 V). Under a longer deposition time of 4 h at
5.5 mA cm−2 ( Fig. S32), the PMCl-Zn electrode also 
maintained 20 0 0 h and small ( ±0.04 V) voltage hys-
teresis. No morphology changes of PMCl fibers and 
no falling off of the MOF particles were identified 
( Fig. S33). The comprehensive performance of the 
PMCl-Zn electrode surpasses most of the recently 
reported AZIBs improved using various other strate- 
gies (Fig. 4 f, Table S5). 

The coulombic efficiency (CE) for Zn plat- 
ing/stripping was revealed by asymmetrical cells. 
The Cu//PMCl-Zn half-cell achieved a cycling life 
of over 3800 h at 0.5 mA cm−2 /0.5 mAh cm−2 

( Fig. S34). In contrast, the Cu//PS-Zn cell could 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae199#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae199#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae199#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae199#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae199#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae199#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae199#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae199#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae199#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae199#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae199#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae199#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae199#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae199#supplementary-data


Natl Sci Rev, 2024, Vol. 11, nwae199

50

60

70

80

90

100

0 500 1000 1500 2000
Cycle number 

PMCl-Zn
PS-Zn
Bare-Zn

Co
ulo

mb
ic

eff
ici

en
cy

(%
)

-0.01 0.01 0.02 0.03
Voltage (V vs Zn/Zn2+)

-3

-2

-1

0

1

Lo
g |

i (m
A 

cm
-2
)|

0.00

0.016 V
0.009 V

0.011 V

PMCl-Zn
PS-Zn
Bare-Zn

-7

-6

-5

-4

Ln
R c

t-1
(m

V 
Ω-1

)

2.9 3.0 3.1 3.2 3.3
1000/T (K-1)

34.9 KJ mol-1

53.8 KJ mol-1

54.9 KJ mol-1

PMCl-Zn
PS-Zn
Bare-Zn

PMCl-Zn
PS-Zn
Bare-Zn

4140 4150 4160 5140 5150 6160
-0.2

Vo
lta

ge
(V

)

0.0

0.2

0 500 1000 4000 4500 5000 5500
Time (h)

10 mA cm-2

20 mAh cm-2

0 1000 2000 3000 6000
-0.10

-0.05

0.00

0.05

0.10

Time (h)

PMCl-Zn
PS-Zn
Bare-Zn

1 mA cm-2

1 mAh cm-2

Vo
lta

ge
 (V

)

40

80

120

160

Po
ten

tia
l(

mV
vs

Zn
/Z

n2+
)

Log |i (mA cm-2)|
0 2 4 6 8

i0=3.7 mA cm-2

i0=7.2 mA cm-2

PMCl-Zn
PS-Zn
Bare-Zn

i0=4.2 mA cm-2

0
10

20

0 2 4 6 8 10

1000

2000

3000

4000

5000

Current density (mA cm-2)

Cu
rre

nt 
de

ns
ity

(m
A c

m-2
)

Surface protection
Electrolyte engineering
Separator modification

Our work

Our work

Tim
e (

h)

0.0 0.1 0.2 0.40.3 0.5

0.0

0.2

0.4

0.6

0.8

Vo
lta

ge
(V

)

Capacity (mAh g-1)

0.01 0.03

-0.05

0.00

0.05

81 mV

68 mV

39 mV

0.02

PMCl-Zn
PS-Zn
Bare-Zn

-0.10

d e

hf g

a b c

Figure 4. Electrochemical performance of symmetric cells and half-cells with bioinspired PMCl-Zn, PS-Zn and bare Zn electrodes. (a) Polarization curves 
of the PMCl-Zn, PS-Zn and bare Zn electrodes in two-electrode cells; (b) calculated desolvation activation energies by the Arrhenius equation; (c) plot 
of potentials vs. current density for calculating the exchange current density i = 2 i0 ηF / RT , where η is the total overpotential, i is the running current 
density and i0 is the exchange current density; (d) cycling performance of the symmetric cells examined at 1 mA cm−2 and 1 mAh cm−2 ; (e) cycling 
performance at 10 mA cm−2 and 20 mAh cm−2 ; (f) performance comparison of the bioinspired electrode with other works ( Table S5); (g) magnified view 

of the 1st cycle; (h) coulombic efficiencies for Cu//Zn, Cu//PS-Zn,and Cu//PMCl-Zn electrodes at 0.5 mA cm−2 . 
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ot maintain a stable supply after 800 h, and < 200 h
or the Cu//Zn cell. Figure 4 g i l lustrates the mag-
ified curves of the first cycle. The overpotential of
he Cu//PMCl-Zn was 39 mV, less than the value
f Cu//PS-Zn (68 mV) and Cu//Zn (81 mV) cells.
n addition, the overpotential values for the 10th–
0 0 0th hours were almost the same as the first cycle,
evealing the excellent reversibility of the PMCl-Zn
node ( Fig. S35). The CE of the Cu//Zn decayed
apidly to 58% after 50 cycles and the one with
S-Zn anode dropped to 60% within 450 cycles. In
ontrast, an average CE of 99.5% after 1800 cycles
ould sti l l be maintained for the Cu//PMCl-Zn
ell (Fig. 4 h). Figure S36 shows the nucleation
verpotential, where the PMCl-Zn anode delivered
he lowest value, i.e. 15 mV at 0.5 mA cm−2 . A lower
ucleation overpotential means more uniform Zn2 + 

eposition. 
To demonstrate the feasibility of the PMCl-Zn

node in practical applications, we evaluated the
Page 8 of 11
performance of the full batteries in both coin cells 
and pouch cells with commercial V2 O5 as the cath- 
ode. Figure 5 a shows the rate performance over 0.3–
8 A g−1 of the coin cells in configurations of PMCl- 
Zn//V2 O5 , PS-Zn//V2 O5 , and Zn//V2 O5 . The full 
cells with PMCl-Zn, PS-Zn, and bare Zn anodes de- 
livered a capacity of 312.2, 276.4, and 276.1 mAh g−1 , 
respectively, at 1 A g−1 . For the PMCl-Zn//V2 O5 
cell, the capacity of 152.5 mAh g−1 could sti l l be
achieved at 8 A g−1 . Figure 5 b presents the cy-
cling stability of coin cells. While both the coin cells 
with PS-Zn and Zn anodes lost more than 50% of 
their capacity merely over 10 0 0 cycles, the coin cells
with PMCl-Zn anode enabled a stable cycling perfor- 
mance with 87% capacity retention (228 mAh g−1 ) 
after 2500 cycles at 2 A g−1 . 

Flexible pouch cells make them ideal for use in 
portable electronic devices and electric vehicles with 
their compact and lightweight design. We assembled 
the aqueous Zn-ion full batteries into pouch cells, in 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae199#supplementary-data
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Figure 5. Electrochemical performance of PMCl-Zn//V2 O5 full cells. (a) Rate performance of a full coin battery at current densities from 0.3 to 8 A g−1 ; 
(b) cycling performance of a PMCl-Zn//V2 O5 coin cell at 2 A g−1 ; (c) structure diagram of a 5 cm × 3 cm pouch-type cell; (d) powering up a mini-fan 
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he configuration shown in Fig. 5 c, to further verify
he feasibility of the PMCl-Zn for wider application
cenarios. It is interesting that the pouch cells with
 PMCl-Zn anode and a V2 O5 cathode successfully
owered a mini-fan under extremely harsh condi-
ions, for example, soaked in 0°C ice water, at which
he aqueous 2 M ZnSO4 electrolyte sti l l maintained
t a liquid state, and a damaged state (Fig. 5 d). Sur-
risingly, the cycling performance of the pouch cell
N/P ∼10) at a V2 O5 mass loading of ∼8.7 mg cm−2 

eached 315 mAh g−1 at 1 A g−1 and maintained 81%
apacity retention and over 99.5% CE after 20 0 0
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cycles. The pouch cells without PMCl membranes, 
however, exhibited rapid capacity decay of more than 
50% after 10 0 0 cycles as those coin cells (Fig. 5 e).
Furthermore, Fig. S37 shows the Zn surface topog- 
raphy from the pouch batteries after 500 cycles, 
where the PMCl-Zn anode maintained a smooth 
surface with horizontal Zn (002) oriented plating 
( Fig. S37a), while dendritic surfaces formed on both 
the PS-Zn ( Fig. S37b) and the bare Zn electrodes 
( Fig. S37c). The superior specific capacity and cy- 
cling performance of the pouch cell demonstrated 
the practical application potential of the designed 
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ioinspired electrode. To further highlight the flex-
bility of the PMCl-Zn anode, the performance of
he pouch cell was examined under different bend-
ng and recovery states. As shown in Fig. 5 f and g and
ig. S38, the discharge capacity of the pouch cells re-
ained nearly unchanged after bending at 45°, recov-
ring from 60°, and twisting, indicating the outstand-
ng mechanical stability and flexibility of the pouch
ells with bioinspired electrodes. 

ONCLUSION 

n summary, inspired by the ion-sieving and ultraflu-
dity of the biological KcsA channels, a bioinspired
MCl membrane was designed for dendrite-free
ZIBs. With the bioinspired Zn2 + ion-sieving ul-
rafluidic properties, the PMCl membrane achieved
 Zn2 + flux of 1.9 × 10−3 mmol m−2 s−1 and a
n2 + /SO4 

2 − selectivity of 10. Besides, the bioin-
pired membranes successfully modulated the Zn2 + 

eposition in a (002) preferred orientation and in-
ibited corrosion and HER. Benefiting from these
dvantages, the bioinspired PMCl-Zn electrode de-
ivered an ultralong lifespan of over 5400 h at
0 mA cm−2 /20 mAh cm−2 , and an average CE
f over 99.5%. The coin full cell in a configura-
ion of PMCl-Zn//V2 O5 maintained 87% capacity
228 mAh g−1 ) after 2500 cycles at 2 A g−1 . When
ssembled into pouch cells for wider applications
n potential portable devices and electric vehicles,
he PMCl-Zn//V2 O5 pouch cells reached a capac-
ty of 315 mAh g−1 at 1 A g−1 with 81% capac-
ty retention after 20 0 0 cycles. It is worth noting
hat the pouch cells provide a stable electric sup-
ly in both a harsh environment and a damaged
tate, demonstrating the safety and practical applica-
ion potential of this sort of bioinspired battery. This
ioinspired design not only provides an example of
ow to apply natural principles to designing artificial
aterials and devices but also sheds light on driv-

ng sustainable aqueous non-toxic metal batteries
nto real-world applications with a much enhanced
ifespan. 

ETHODS 

he detailed preparation and characterization
ethods of materials are available in the online
upplementary file. 

UPPLEMENTARY DATA 

upplementary data are available at NSR online. 
Page 10 of 11
ACKNOWLEDGEMENTS 

The authors acknowledge the support from Central Analytical 
Research Facility (CARF) of Queensland University of Technol- 
ogy and the grants of CPU time from the Australian National
Computational Infrastructure (NCI) Facility. 

FUNDING 

This work was supported by the Australian Research Coun- 
cil (ARC) through ARC Discovery Projects (DP200103568, 
DP230101625 and DP240102728) and the ARC Future Fellow- 
ship projects (FT180100387 and FT160100281). 

AUTHOR CONTRIBUTIONS 

F.Z. conceptualized the project and wrote the manuscript. L.J. and
Z.S. supervised the project. T.L. did the theoretical DFT calcula- 
tions. D.Q. helped with IV test and collected the data. T.W., Y.Y.,
W.L. and C.Y. helped with some electrochemical tests. All authors 
discussed the results and commented on the manuscript. 

Conflict of interest statement. None declared. 

REFERENCES 

1. Sun W, Wang F, Zhang B et al. A rechargeable zinc-air battery
based on zinc peroxide chemistry. Science 2021; 371 : 46–51. 

2. Higashi S, Lee S-W, Lee J-S et al. Avoiding short circuits from
zinc metal dendrites in anode by backside-plating configuration. 
Nat Commun 2016; 7 : 11801. 

3. Xie X, Li J, Xing Z et al. Biocompatible zinc battery with pro-
grammable electro-cross-linked electrolyte. Natl Sci Rev 2023; 
10 : nwac281. 

4. Li C, Xie X, Liu H et al. Integrated ‘all-in-one’ strategy to sta-
bilize zinc anodes for high-performance zinc-ion batteries. Natl
Sci Rev 2022; 9 : nwab177. 

5. Liang G-J and Zhi C. A reversible Zn-metal battery. Nat Nan-
otechnol 2021; 16 : 854–5. 

6. Hawkins B-E, Turney D-E, Messinger R-J et al. Electroactive 
ZnO: mechanisms, conductivity, and advances in Zn alkaline bat- 
tery cycling. Adv Energy Mater 2022; 12 : 2103294. 

7. Blanc L-E, Kundu D, Nazar L-F. Scientific challenges for the im-
plementation of Zn-ion batteries. Joule 2020; 4 : 771–99. 

8. Yang J, Li J, Zhao J et al. Stable zinc anodes enabled by
a zincophilic polyanionic hydrogel layer. Adv Mater 2022; 34 : 
2202382. 

9. Hao J, Li X, Zeng X et al. Deeply understanding the Zn anode
behavior and corresponding improvement strategies in different 
aqueous Zn-based batteries. Energy Environ Sci 2020; 13 : 3917–
49. 

10. Ma L, Schroeder M-A, Borodin O et al. Realizing high zinc re-
versibility in rechargeable batteries. Nat Energy 2020; 5 : 743–9. 

11. Zhang R, Feng Y, Ni Y et al. Bifunctional interphase with target-
distributed desolvation sites and directionally depositional ion 
flux for sustainable zinc anode. Angew Chem Int Ed 2023; 62 : 
e202304503. 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae199#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae199#supplementary-data
http://dx.doi.org/10.1126/science.abb9554
http://dx.doi.org/10.1038/ncomms11801
http://dx.doi.org/10.1093/nsr/nwac281
http://dx.doi.org/10.1093/nsr/nwab177
http://dx.doi.org/10.1038/s41565-021-00908-1
http://dx.doi.org/10.1002/aenm.202103294
http://dx.doi.org/10.1016/j.joule.2020.03.002
http://dx.doi.org/10.1002/adma.202202382
http://dx.doi.org/10.1039/D0EE02162H
http://dx.doi.org/10.1038/s41560-020-0674-x
http://dx.doi.org/10.1002/anie.202304503


Natl Sci Rev, 2024, Vol. 11, nwae199

1 2 + modulation 
173. 

1 ectrolyte front 
Chem Int Ed

1 ectrolyte lead- 
9; 56 : 92–9. 

1 ed zinc anodes 
–6. 

1 tic imidazolate 
mall 2022; 18 : 

1 des with high 

1 ion with zirco- 
rofiber separa- 
Mater Devices 

1 ultifunctional 
es. Adv Mater

2 form Zn2 + flux 
rmance Zn an- 

2 with selective 
drite-free and 
3 : 2305098. 

2 netics and flux 
 1013–24. 

2  Zn (002) plane 
; 13 : 2203254. 

2 tured Zn anode 

2 stry of Li ions 
Rev 2021; 50 : 

2 able batteries. 

2 bioinspired 2D 
 : 1902806. 

2 ox centres for 

2 a-selective K+ 

01. 
3 ic auxetic me- 

569–84. 
3 drite-free Zn- 

rgy 2022; 103 : 

3 tassium chan- 
. Nature 2004; 

3 ective ion con- 

3 etrated MOF-5 

3  approach en- 
itectures. Nat

3 ith biomimetic 
er 2018; 30 : 

3 nsport through 

3 revealed by in 
ging Zn battery 

3 ion exchange 
 outer-sphere 
22–8. 

4 porous titania 
pH-responsive 

4 ricant particles 
SiC composite 

4 through ligand 
w Chem Int Ed

4 ectrolyte inter- 
374. 

4 s and interface 
n Sci 2020; 13 : 

© hina Science Publishing & Media Ltd. This is an Open Access article distributed under the terms of the Creative 
C y/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original 
w

2. Liu X, Yang F, Xu W et al. Zeolitic imidazolate frameworks as Zn
layers to enable dendrite-free Zn anodes. Adv Sci 2020; 7 : 2002

3. Yang H, Zhi G, Qiao Y et al. Constructing a super-saturated el
surface for stable rechargeable aqueous Zinc batteries. Angew
2020; 132 : 9463–7. 

4. Wang Z, Hu J, Han L et al. A MOF-based single-ion Zn2 + solid el
ing to dendrite-free rechargeable Zn batteries. Nano Energy 201

5. Cao L, Li D, Deng T et al. Hydrophobic organic-electrolyte-protect
for aqueous zinc batteries. Angew Chem Int Ed 2020; 59 : 19292

6. Tao Y, Zuo S-W, Xiao S-H et al. Atomically dispersed Cu in zeoli
framework nanoflake array for dendrite-free Zn metal anode. S
2203231. 

7. Cao Q, Pan Z, Gao Y et al. Stable imprinted zincophilic Zn ano
capacity. Adv Mater 2022; 32 : 2205771. 

8. Maeboonruan N, Lohitkarn J, Poochai C et al. Dendrite suppress
nium (IV) based metal–organic frameworks modified glass mic
tor for ultralong-life rechargeable zinc-ion batteries. J Sci Adv 
2022; 7 : 2205175. 

9. Yang H, Qiao Y, Chang Z et al. A metal-organic framework as a m
ionic sieve membrane for long-life aqueous zinc-iodide batteri
2020; 32 : 2004240. 

0. Wang Z, Dong L, Huang W et al. Simultaneously regulating uni
and electron conduction by MOF/rGO interlayers for high-perfo
odes. Nano-Micro Lett 2021; 73 : 13. 

1. Zhu K, Wu L, Guo C et al. Multiscale ion-sieving separator 
Zn2 + channels and excellent Zn2 + desolvation kinetics for den
kinetics-enhanced Zinc metal batteries. Adv Func Mater 2023; 3

2. Jiao S, Fu J, Wu M et al. Ion sieve: tailoring Zn2 + desolvation ki
toward dendrite-free metallic Zinc anodes. ACS Nano 2022; 16 :

3. Zhang H, Zhong Y, Li J et al. Inducing the preferential growth of
for long cycle aqueous Zn-ion batteries. Adv Energy Mater 2023

4. Wang J, Zhang B, Cai Z et al. Stable interphase chemistry of tex
for rechargeable aqueous batteries. Sci Bull 2022; 67 : 716–24. 

5. Wang Z, Sun Z, Li J et al. Insights into the deposition chemi
in nonaqueous electrolyte for stable Li anodes. Chem Soc
3178. 

6. Xu W, Wang J, Ding F et al. Lithium metal anodes for recharge
Energy Environ Sci 2014; 7 : 513–37. 

7. Zhang Y-W, Mei J, Yan C et al. Bioinspired 2D nanomaterials: 
nanomaterials for sustainable applications. Adv Mater 2020; 32

8. Hong J, Lee M, Lee B et al. Biologically inspired pteridine red
rechargeable batteries. Nat Commun 2014; 5 : 5335. 

The Author(s) 2024. Published by Oxford University Press on behalf of C
ommons Attribution License ( https://creativecommons.org/licenses/b
ork is properly cited. 
Page 11 o
9. Xin W, Fu J, Qian Y et al. Biomimetic KcsA channels with ultr
transport for monovalent ion sieving. Nat Commun 2022; 13 : 17

0. Xu Y, Huang Y, Yan H et al. Sunflower-pith-inspired anisotrop
chanics from dual-gradient cellular structures. Matter 2023; 6 : 1

1. Zhang F, Liao T, Liu C et al. Biomineralization-inspired den
electrode for long-term stable aqueous Zn-ion battery. Nano Ene
107830. 

2. Noskov S-Y, Bernèche S, Roux B. Control of ion selectivity in po
nels by electrostatic and dynamic properties of carbonyl ligands
431 : 830–4. 

3. MacKinnon R. Potassium channels and the atomic basis of sel
duction. Angew Chem Int Ed 2004; 43 : 4265. 

4. Kim H, Das S, Kim M-G et al. Synthesis of phase-pure interpen
and its gas sorption properties. Inorg Chem 2011; 50 : 3691–6. 

5. Yu D, Shao Q, Song Q et al. A solvent-assisted ligand exchange
ables metal-organic frameworks with diverse and complex arch
Commun 2020; 11 : 927. 

6. Shen L, Wu H, Liu F et al. Creating lithium-ion electrolytes w
ionic channels in metal–organic frameworks. Adv Mat
1707476. 

7. Esfandiar A, Radha B, Wang F-C et al. Size effect in ion tra
angstrom-scale slits. Science 2017; 358 : 511–3. 

8. Cai Z, Wang J, Lu Z et al. Ultrafast metal electrodeposition 
situ optical imaging and theoretical modeling towards fast-char
chemistry. Angew Chem Int Ed 2022; 61 : e202116560. 

9. Iddya A, Zarzycki P, Kingsbury R et al. A reverse-selective 
membrane for the selective transport of phosphates via an
complexation–diffusion pathway. Nat Nanotechnol 2011; 17 : 12

0. Zhang X, Xie L, Zhou S et al. Interfacial superassembly of meso
nanopillar-arrays/alumina oxide heterochannels for light- and 
smart ion transport. ACS Cent Sci 2022; 8 : 361–9. 

1. Fazel M, Garsivaz M-R, Bahramzadeh S et al. Effect of solid lub
on room and elevated temperature tribological properties of Ni-
coating. Surf Coat Technol 2014; 254 : 252–9. 

2. Liu B, Wei C, Zhu Z et al. Regulating surface reaction kinetics 
field effects for fast and reversible aqueous zinc batteries. Ange
2022; 61 : e202212780. 

3. Qiu H, Du X, Zhao J et al. Zinc anode-compatible in-situ solid el
phase via cation solvation modulation. Nat Commun 2019; 10 : 5

4. Xie X, Liang S, Gao J et al. Manipulating the ion-transfer kinetic
stability for high-performance zinc metal anodes. Energy Enviro
503. 
f 11

http://dx.doi.org/10.1002/advs.202002173
http://dx.doi.org/10.1002/ange.202001844
http://dx.doi.org/10.1016/j.nanoen.2018.11.038
http://dx.doi.org/10.1002/anie.202008634
http://dx.doi.org/10.1002/smll.202203231
http://dx.doi.org/10.1002/adma.202004240
http://dx.doi.org/10.1002/adfm.202305098
http://dx.doi.org/10.1021/acsnano.1c08638
http://dx.doi.org/10.1002/aenm.202203254
http://dx.doi.org/10.1016/j.scib.2022.01.010
http://dx.doi.org/10.1039/D0CS01017K
http://dx.doi.org/10.1039/C3EE40795K
http://dx.doi.org/10.1002/adma.201902806
http://dx.doi.org/10.1038/ncomms6335
http://dx.doi.org/10.1038/s41467-022-29382-6
http://dx.doi.org/10.1016/j.matt.2023.03.010
http://dx.doi.org/10.1016/j.nanoen.2022.107830
http://dx.doi.org/10.1038/nature02943
http://dx.doi.org/10.1002/anie.200400662
http://dx.doi.org/10.1021/ic200054b
http://dx.doi.org/10.1038/s41467-020-14671-9
http://dx.doi.org/10.1002/adma.201707476
http://dx.doi.org/10.1126/science.aan5275
http://dx.doi.org/10.1002/anie.202116560
http://dx.doi.org/10.1038/s41565-022-01209-x
http://dx.doi.org/10.1021/acscentsci.1c01402
http://dx.doi.org/10.1016/j.surfcoat.2014.06.027
http://dx.doi.org/10.1002/anie.202212780
http://dx.doi.org/10.1038/s41467-019-13436-3
http://dx.doi.org/10.1039/C9EE03545A
https://creativecommons.org/licenses/by/4.0/

	INTRODUCTION
	RESULTS AND DISCUSSION
	Fabrication of the bioinspired membrane
	Ion-serving and ultrafluidity of bioinspired membranes
	Regulated Zn (002) dendrite-free deposition on bioinspired electrodes
	Battery performance of the bioinspired electrode

	CONCLUSION
	METHODS
	SUPPLEMENTARY DATA
	ACKNOWLEDGEMENTS
	FUNDING
	AUTHOR CONTRIBUTIONS
	REFERENCES

