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n deposition along (002) plane by
oxidized PAN separator for zinc-ion batteries†

Lei Luo,a Zhaorui Wen,a Guo Hong *b and Shi Chen *a

Aqueous zinc ion batteries (AZIBs) are the promising candidate for energy storagewhere safety and low cost

are the major concerns. However, the uneven and random electrodeposition of Zn has become a serious

impediment to the deep recharging of AZIBs. Conventional modifications on zinc substrate can promote

homogenous zinc deposition initially, but not sustainably. Here, an oxidized polyacrylonitrile (OPAN)

membrane with a conjugated planar structure is proposed as a zinc ion battery separator. This separator

can continuously regulate the growth of Zn with (002) texture to inhibit dendrites. In addition, the

separator has a fast Zn2+ ion transfer, which can spontaneously repel SO4
2− and relieve side reactions.

As a result, the Zn-symmetric batteries show cycle lifetime of more than 1300 hours at 1 mA cm−2 and

1 mA h cm−2, and kept stable for more than 160 hours even at 65% high discharge of depth (DOD). The

MnO2//Zn full celled assembled with an OPAN separator had very little decay for 5000 cycles at 2 A g−1.

This work provides a new method for realizing the continuous and uniform deposition of Zn metals,

which also provides a new route for batteries with metallic anodes.
1 Introduction

In recent years, aqueous zinc ion batteries (AZIBs), including
Zn–air batteries, Zn–manganese dioxide batteries and Zn–
nickel batteries, have attracted much attention due to the high
specic energy density and low cost of Zn metal.1–4 In addition,
aqueous electrolytes are safer and provide higher ionic
conductivity (i.e., faster charge and discharge rates) than their
organic counterparts.5 However, the dendrite growth and the
corrosion of Zn metal anode in aqueous condition leads to low
Coulomb efficiency and short battery life, which is one of the
major hurdles in the development of AZIBs.

A lot of works is devoted to stabilize Zn anode by various
modication methods.6 Such modication includes intro-
ducing a coating layer on Zn anode by carbon or inorganic
porous materials,7–10 or constructing three-dimensional
structure/skeleton to increase the space to accommodate Zn
deposition and to suppress side reactions.11–14 In addition,
optimizing the molecular structure of electrolyte was also
proposed to adjust the coordination of Zn ions,15–17 provoking
a dendrite-free Zn deposition process. Recently, (002) textured
metal Zn anode are found effective in dendrite suppression and
attracts wide attentions. The Zn (002) plane not only has greater
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corrosion resistance than the Zn (101) and Zn (100) planes, it
also reduces the contact area between electrodes and electro-
lytes, which aids in the reduction of side reactions and the
improvement of battery performance (Fig. 1).18–20 Many
methods such as acid etching,21 lattice-matching substrate
guided Zn deposition8,22–24 and of Zn alloying25 can be used to
create (002) textured Zn anodes. However, when the depth of
discharge is high or the cycle time is long, the (002) textured Zn
may be destroyed by repeat deposition/striping, losing its
suppression effect.26 Therefore, to maintain a durable (002)
textured Zn surface is critical to extend the cycle stability of Zn
metal anodes.

It should be noted that most of previous researches on
suppressing dendrite growth in Zn ions battery focused on the
Zn metal anode while ignoring the role of the separator. As
a material in direct contact with cathode and anode, separator
has a strong inuence on Zn deposition/striping too. At present,
the most commonly used separator in the Zn battery is glass
ber (GF) lter paper.27–30 However, due to the shortcomings of
GF separator, such as large and uneven pores, low mechanical
strength and fragility, Zn dendrites are particularly easy to grow
freely, puncturing the separator and resulting in short
circuit.31–33 Therefore, a dual function separator which is
capable to regulate Zn deposition along (002) plane and sepa-
rates anode and cathode could provide a durable dendrite
suppression effect AZIBs. Polyacrylonitrile (PAN) with good
electrochemical stability, great thermal stability, and high
tensile strength and tensile modulus, has been reported as
a potential separator material for LIBs and AZIBs.34,35 Due to the
strong coordination between Zn2+ and the cyano groups (–CN),
RSC Adv., 2023, 13, 34947–34957 | 34947
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Fig. 1 Schematic illustration of Zn2+ deposition with (002) plane or (110) and (101) plane.
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the PAN lm shows effects in inhibition the uncontrolled
deposition of Zn.36,37 However, the metal Zn mainly grows along
the (101) direction with PAN separator, limiting its long-term
effect in dendrite suppression.

It is noticed that PAN can be converted into carbon ber by
oxidation and high temperature annealing. In the process of
pre-oxidation at low temperature (200–300 °C), polyacrylonitrile
mainly underwent cyclization reaction, dehydrogenation reac-
tion, and oxidation reaction, transforming from thermoplastic
linear aliphatic chain into non-plastic heat-resistant cross-
linked carbon chain (conjugated planar structure)
(Fig. S1†).38,39 The conjugated structure, which is similar to the
graphite structure, is also believed to have a very small lattice
mismatch with Zn, thus inducing the formation of (002)
textured Zn.

Therefore, we prepared nanober membrane from
commercial PAN using electrostatic spinning and converted it
into partially oxidized polyacrylonitrile (OPAN) separator. The
OPAN separator has a small thickness (0.1 mm), good
mechanical strength, and a high Zn2+ transference number
(0.955). In particular, OPAN has a unique conjugated planar
structure, which could regulate crystal growth direction of Zn
ions, form Zn (002) crystal plane, and inhibit the growth of Zn
dendrites. XRD showed that the dominant crystal plane of Zn
anode aer cycling with OPAN separator is transformed from
the original (101) plane to (002) plane. SEM results also showed
a at Zn anode surface. Therefore, Zn anodes equipped with
OPAN separator had lower polarizability (62 mV at 1 mA cm−2)
and longer cycling life (over 1300 h at 1 mA cm−2). The Zn//Zn
symmetric cells also had a long life of 160 h at high DOD
(65%). The average Coulomb efficiency of Cu//Zn asymmetric
cells is 99.1%. Consequently, the MnO2–Zn cells using OPAN
separator had high specic capacity (with capacities of 216, 194,
156, 139, and 113 mA h g−1 at 0.1, 0.2, 0.5, 1, and 2 A g−1) and
long-term durability of 5000 cycles at 2 A g−1 (90% capacity
retention).
2 Experiment section
2.1 Preparation of OPAN membrane

PAN (molecular weight = 150 000, Aladdin Reagent Co., Ltd)
was dissolved in N,N-dimethyl formamide (DMF, purity $

99.8%, Aladdin Reagent Co., Ltd) to prepare a 10 wt% solution.
The internal temperature of the electrospinning machine was
room temperature, the humidity was 60%. The PAN solution
34948 | RSC Adv., 2023, 13, 34947–34957
was applied with 10–15 kV, with injection speed of 2.5 mL h−1.
The nal product was dried at 80 °C for 12 h to obtain the PAN
membrane. The PAN lms were treated at 260 °C for 20 min to
get the OPAN membrane. Cut it into 16 mm diameter discs to
obtain OPAN separator for use.

2.2 Characterization

The X-ray diffraction XRD patterns were collected on Rigaku
SmartLab (Japan) using Cu Ka radiation at a generator voltage
of 40 kV. The scanning electron microscopy (SEM) images were
collected at SEM, Zeiss SUPRA33-VP. The functional group
changes of PAN before and aer pre-oxidation were analyzed by
Fourier transform infrared spectroscopy (FTIR, Bruker TENSOR
II). The chemical transformations from PAN to OPAN were
studied by X-ray photoelectron spectroscopy (XPS, Axis Ultra
HAS) with an Al Ka X-ray source. The separators' mechanical
strength was determined by WDS-6100 universal testing
machine. The electrolyte absorption process of the separators
was recorded by JC 2000D1 contact angle measuring instrument
(Zhong Chen, Shanghai).

2.3 Electrochemical test

The Zn foil was cut into F12 mm discs and used directly as the
anode. To make the cathode, a slurry of MnO2 (Aladdin Reagent
Co., Ltd), super P and sodium carboxymethylcellulose were
mixed in a deionized water at a mass ratio of 7 : 2 : 1, then
coated on titanium foil and dried overnight at 80 °C. The
cathode material was also cut into F12 mm discs. The mass
load of active substance on each slice was 1 mg cm−2. Carbon
nanotubes are used as the conductive agent in cathode of the
full cell with a high mass loading of 5, 10, 15 mg cm−2. The
above components were assembled to CR2032 coin cells (room
temperature in air) to evaluate the electrochemical perfor-
mance. The fabrication of Zn//Zn symmetric cell, MnO2//Zn cell,
and Cu//Zn cell were prepared by 2 M ZnSO4 electrolyte without
any additive. The rate and cycling performance were tested on
battery tester (NEWARE, Shenzhen, China). The cyclic voltam-
metry (CV) tests and electrochemical impedance spectroscopy
(EIS) were performed at an electrochemistry workstation
(CHI760, China).

3 Results and discussion

The PAN membrane was prepared by electrospinning followed
by calendering to get a smooth surface (Fig. 2a). A separator
© 2023 The Author(s). Published by the Royal Society of Chemistry
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with a at and uniform surface is preferred to produce
a homogeneous and dense metal deposit layer. PAN was
oxidized in air at 260 °C to form a conjugated planar structure.
Fig. S1† illustrates the mechanism of the cyclization and
oxidation of PAN in air.38,39 PAN rst underwent cyclization, that
is, the oligomerization of adjacent cyanogen groups to the N-
ring. In the subsequent thermal annealing process, the C]O
groups generated in PAN oxidation underwent condensation
dehydration reaction with nearby groups, resulting in a denser
molecular network. The PAN membrane became dark because
of the conjugation from the cyclization and oxidation reactions.

As shown in Fig. S2,† PAN membrane is a white lm. Aer
oxidation in the air, the PAN membrane became a brownish
black OPAN membrane (Fig. 2b) but still maintained good
exibility (Fig. S3†). The thickness of OPAN membrane is 0.1
mm, much thinner than that of GF (0.23 mm), as depicted in
Fig. S4,† which may reduce the length of the Zn ion diffusion
pathway and increase the volumetric energy density of AZIBs.
The SEM image (Fig. 2b) demonstrates that OPAN is interwoven
with nanobers with an average diameter of about 500 nm. The
tensile curves of OPAN and GF are shown in Fig. 2c. The OPAN
membrane showsmuch better mechanical strength than the GF
membrane, with a maximum strength of 9.5 MPa, which is 9.5
times that of the GF membrane. Furthermore, the OPAN
membrane has a larger stress elongation value (6.6%), indi-
cating that it has exceptional inherent toughness. The water
absorption process of the separators is shown in Fig. S5a,† both
separators absorb the electrolyte quickly, but the initial contact
Angle of OPAN (25.3°) is smaller than that of GF (39.3°). The
electrolyte absorption of the separators is shown in Fig. S5b,†
OPAN separator absorbed less electrolyte than GF, which
increased the weight specic energy of the battery.40 The results
of the tests revealed good water wettability of both separators.

Ionic conductivity is an important battery characteristic.
Although aqueous electrolytes have very strong ionic
Fig. 2 (a) Diagram of OPAN membrane preparation; (b) optical photogra
membranes.

© 2023 The Author(s). Published by the Royal Society of Chemistry
conductivity, separators would restrict their conductive capa-
bilities. The EIS curves (Fig. S6a†) were used to calculate the
apparent ionic conductivities of separators. As shown in
Fig. S6b,† the apparent ionic conductivity of the OPAN
membrane is 12.6 S m−1, larger than that of glass ber (7.5 S
m−1). The electrochemical characteristics of AZIBs were also
considerably inuenced by Zn2+ ion transfer value (tZn2+).41 The
lower tZn2+ value, the more Zn2+ ions are concentrated at the
interface between the Zn metal anode and the electrolyte,
increasing the challenge of Zn dendritic and parasitic side
reactions. In our study, the tZn2+ with OPAN and GF separators
were estimated using the Zn//Zn cell by chronoamperometry
(CA) method with a constant polarization potential of 25 mV
(Fig. S7†). The calculation formula of tZn2+ is showed in ESI.†
According to Fig. 3a, the tZn2+ value with the OPAN separator is
0.955, much higher than the GF separator (0.431), demon-
strating that the OPAN separator could improve Zn2+ ion
transport and alleviate the interface concentration gradient.
Such effect could be explained by stronger electronegativity of
the N atoms in the OPAN separator absorbs Zn2+, repels the
SO4

2−, limiting anion migration and promoting cation
transference.42–44

FT-IR spectra (Fig. 3b) presents the chemical trans-
formations of PAN and OPAN membrane. The spectrum is
labeled with a number of different bands corresponding to
functional groups.45–47 Aer the pre-oxidation of PAN
membrane, the peak intensity of C^N (2243 cm−1) and CH2

(1450 cm−1) decreased signicantly, while new peaks of C]C or
C]N (1592 cm−1) groups appeared. These peak intensity
changes suggested triple bond opening and formation of the
pyridine ring-containing conjugated planar structure during the
oxidation. XPS results of the N 1s spectra in the Fig. 3a also
conrmed the structural evolution of the PAN membrane
interphase induced in annealing. The XPS N 1s spectrum of PAN
only contains one N related bonding at 399.7 eV, which is
ph and SEM of OPAN membrane; (c) tensile strength of OPAN and GF

RSC Adv., 2023, 13, 34947–34957 | 34949
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Fig. 3 (a) XPS N 1s spectrums of PAN and OPAN with their structures of all N species; (b) FT-IR spectra and (c) the ionic transference number of
OPAN and GF membranes.
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View Article Online
species from nitrile group (C^N) (Fig. 3c). Meanwhile, the N 1s
spectrum of OPAN shows a much-complicated peak envelope
containing four different N bonds. Except the strongest
components at 399.7 eV from C^N bonds, new peaks from
pyridine N (C–N]C, at 398.0 eV) and substituted graphite N (N
coordination with three C atoms, at 402.2 eV) appear, which
also proves the formation of the conjugated planar struc-
ture.48,49 The fourth peak located at 404.6 eV is due to partial
oxidation of PAN polymer forming a pyridine N-oxide bond (C]
N+–O−).50 The introduction of oxidation peak may explain its
increased hydrophilicity.

The hexagonal lattice structure matches the electrodeposited
Zn (002) planar lattice with the smallest lattice mismatch
(7.4%).51,52 Besides that, nitrogen-doped graphene can regulate
the homogeneous nucleation and induce the deposition of Zn
onto the (002) plane due to the high adsorption of Zn atoms to
N-containing functional groups.53 Therefore, the unique
conjugated structure of OPAN can help to deposit Zn along the
(002) plane. The Zn//Zn symmetrical cells using GF separator,
PAN separator and OPAN separator were assembled for
comparison. It was worth noting that in the cell assembly
process, the OPAN separator can be tightly attached to the Zn
anode surface under electrostatic interaction (Fig. S8†) and
pressure. The symmetrical cells were cycled 5 times at the
current density of 10 mA cm−2 and the areal capacity of
10 mA h cm−2 before dissembled for XRD measurement. In
Fig. 4a, the pristine Zn foil contains various crystal planes while
the (101) plane is the dominated one. The intensity ratio of
I(002)/I(100) in pristine Zn is 0.582 (Fig. 4c). In the cell with the GF
34950 | RSC Adv., 2023, 13, 34947–34957
separator, Zn deposition only slight increase of the I(002)/I(100)
ratio to 1.444. Similar observation can be found with the PAN
separator, showing a I(002)/I(100) ratio at 1.269 (Fig. S9†). In
contrast, in the cell with the OPAN separator, the ratio of I(002)/
I(100) reaches 9.845, more than 10-fold higher than the pristine
Zn foil. The increased diffraction peak ratio proved that the
deposited Zn wasmainly along the (002) plane. Such orientation
change is also witnessed in SEM images. As shown in Fig. 4b,
the surface of Zn anode with OPAN separator is at with large
hexagons microplates mainly stacked along the surface.
However, the surface of Zn anode with GF separator (Fig. 4b) is
much rougher, with a large number of small microplates mainly
grown along the out of plane direction. Using PAN separators,
Zn foil and PAN separator are difficult to peel off, and Zn is
present in ake and granular shape, mixing with PAN bers as
shown in the insert of Fig. S9.† These results conrmed that the
OPAN separator prepared by annealing process can promote the
deposition of Zn along the (002) plane at the horizontal direc-
tion and signicantly inhibits Zn dendrites formation.

Electrochemical hydrogen evolution can cause local
concentration polarization of Zn2+ ions and surface side reac-
tions of Zn anodes, resulting in severe Zn dendrites, which
signicantly reduce lifetime of ZIBs.54,55 In general, the larger
the hydrogen evolution overpotential, the greater the polariza-
tion, themore hydrogen evolution reaction can be alleviated.56,57

Fig. 4d shows the results of linear scanning voltammetry (LSV).
The hydrogen evolution potential of Zn anode using OPAN
separator is 17 mV lower than that using GF separator, indi-
cating lesser hydrogen evolution with OPAN separator. The
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Ex situ XRD patterns of Zn anode using OPAN and GF separator after cycling; (b) SEM images of Zn anode using OPAN (upper) and GF
separator (lower) after cycling; (c) the intensity ratio of (002) plane to (100) plane of Zn anode using OPAN and GF separator; (d) LSV curves at
1 mV s−1 of the Zn anode using OPAN and GF separator; (e) Tafel curves of Zn anode using OPAN and GF separator.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
N

ov
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 5

/1
1/

20
25

 2
:1

5:
10

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
hydrogen evolution reaction can also be evaluated from the
corrosion potential and corrosion current of the materials.9,58

Compared with using GF separator, the Zn corrosion current
density using OPAN separator decreased from 0.972 mA cm−2 to
0.583 mA cm−2, and the corrosion potential increased from
−13 mV to −2 mV, showing that Zn corrosion is signicantly
reduced using OPAN separator. In addition, if the hydrogen
evolution reaction occurs, the concentration of OH− ions in the
electrolyte will increase, causing precipitation of side products
like basic zinc sulfate, which is an inert layer and will hinder the
transport of Zn ions. Compared with using GF separator, the
XRD pattern of Zn using OPAN separator cycling (Fig. S10†)
showed that no peak existed at 2q = 8° (corresponding to Zn4-
SO4(OH)6$xH2O byproducts),59 indicating that the side reaction
could be reduced by using OPAN separator. In the electro-
chemical mechanism shown in Fig. 5a, the OPAN separator are
in direct contact with Zn anode. The bers of OPAN in contact
or with very close proximity to the Zn anode could promote Zn
deposition along (002) plane. For GF separators, no such regu-
lation effect can be found. The Zn could grow randomly with no
(002) preference.

In order to further evaluate the stability of Zn anode using
different separator, the charge–discharge areal capacity was set
to 1 mA h cm−2, and the charge–discharge performance of Zn//
Zn symmetrical cell was tested under different current densi-
ties. When the current density was 1 mA cm−2, the voltage
polarization (62 mV) of the cell using OPAN separator was lower
© 2023 The Author(s). Published by the Royal Society of Chemistry
than that using GF separator (93 mV) (Fig. S11a†), which is
probably due to the high Zn2+ ion transference number of OPAN
during Zn deposition, reducing Zn2+ ion gradient. The
symmetrical cell with GF separator can only work stably for 40 h
in continuous cycles (Fig. 5b). Aer that, a sudden irreversible
decline of its voltage is detected, indicating that the cell is short-
circuited, which causes it to fail. The symmetrical cell with PAN
separator also only maintained 31 hours (Fig. S12a†), which is
comparable to the GF separator. In contrast, the symmetrical
cell using the OPAN separator shows a much longer cycle life
(∼1300 h) (Fig. 5b), which presents one of the advanced
performances compared to other separators (Table S1†). When
under a larger current density of 10 mA cm−2 (Fig. 5c and
S12b†), the symmetrical cell assembled by the OPAN separator
can still maintain a stable cycle for 726 hours, 3630 cycles, while
the GF separator only can work for 5 hours and PAN separator
work 10 hours. At such condition, the polarization voltages of
the cells were signicantly increased due to limited ion diffu-
sion kinetics. However, the polarization voltage using OPAN
separator (123 mV) is still smaller than using GF separator (146
mV) (Fig. S11b†). This observation conrms the higher Zn2+ ion
transference number in OPAN separator. Furthermore, when
the cell under high current density (10 mA cm−2) and large areal
capacity (5 mA h cm−2) it could still cycle for 200 h with OPAN
separator, which is 27 times longer than the cell using GF
separator (Fig. S13†) and 33 times longer than the cell using
PAN separator (Fig. S12c†). What's more, the current of the cell
RSC Adv., 2023, 13, 34947–34957 | 34951
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Fig. 5 (a) Schematic illustration of Zn stripping and plating with OPAN and GF separators; cycling stability of Zn symmetric batteries with OPAN
and GF separators (b) at 1 mA cm−2 and 1 mA h cm−2; (c) at 10 mA cm−2 and 1 mA h cm−2; (d) at 10 mA cm−2 and 10 mA h cm−2; (e) CV curves of
Cu/OPAN/Zn and Cu/GF/Zn cells at 5 mV s−1; (f) coulombic efficiency of Cu//Zn cells with GF and OPAN separators.
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with PAN separator is also extremely unstable within these 6
hours. The large areal capacity means larger depth of discharge
(DOD), which is an essential parameter to increase the actual
energy density and cycle performance of a Zn metal anode.60,61 A
deeper depth ($40% DODZn) is required for ZIBs to reach
a specic energy level that is competitive with ordinary lithium-
ion batteries at the single-battery level.14 To reveal the DOD
capability of the cell using OPAN separator, we increase the
areal capacity to 10 mA h cm−2, equivalent to a DOD about 65%
(13.79 mg Zn participating in deposition, 21.00 mg Zn overall).
The symmetrical cell using OPAN separator showed a much
longer lifetime of 162 h, compared with 27 h using GF separator
in Fig. 5d and very unstable using PAN separator in Fig. S12d,†
indicating that OPAN has good potential to reach high specic
energy capacity in full cell. When the OPAN separator was taken
from the cell, no signicant change was observed in SEM image
(Fig. S14a†), except some small crystals probably from remains
of electrolyte. On the contrary, silver-gray Zn metal penetrating
through the GF separator can be seen. In addition, large bulk Zn
growing together with glass bers can also be observed, which is
34952 | RSC Adv., 2023, 13, 34947–34957
in sharp contrast to the original GF membrane (Fig. S14b and
S15†). PAN separators exhibit the same Zn dendrite piercing as
GF separator, and it can be seen from SEM image (Fig. S14c†)
that dendrites are tightly combined with PAN bers.

CV curves were measured to further investigate the Zn
stripping/plating behavior with OPAN and GF separators, as
illustrated in Fig. 5e. In comparison to the Cu/GF/Zn cell, the
Cu/OPAN/Zn cell demonstrated lower Zn plating/stripping
overpotential and higher redox current density, implying
improved Zn plating/stripping reversibility. The effect of the
separator on the reversibility and stability of the metal Zn anode
was also evaluated by using Cu//Zn asymmetrical cells at
a constant areal capacity of 2 mA h cm−2. As shown in Fig. 5f,
the Cu/OPAN/Zn cell (93.2%) has higher initial coulombic effi-
ciency than the Cu/GF/Zn cell (82.7%). In the subsequent cycles,
the coulombic efficiency of the Cu/OPAN/Zn cells quickly rose to
99.1% in 20 cycles and remains unchanged thereaer. In
contrast, the Cu/GF/Zn cell rapidly failed aer only 62 cycles
(Fig. 5f). In the voltage–capacity curves, the cells with OPAN
separator also appeared more stable than the cell with GF
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Electrochemical performance of the MnO2–Zn battery using OPAN separator and GF separator. (a) CV profiles (at 1.0 mV s−1); (b) the
charge/discharge curves (at 0.1 A g−1); (c) rate capability plot; cycle performance at (d) 0.1 A g−1, 1 mg cm−2; (e) 2 A g−1, 1 mg cm−2; (f) 2 A g−1,
5 mg cm−2; (g) 2 A g−1, 10 mg cm−2; (h) 2 A g−1, 15 mg cm−2 of MnO2/OPAN/Zn and MnO2/GF/Zn batteries.
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separator. The former had almost coincided curves at the 50th
and 150th cycle (Fig. S16a†), while the curves for the later one
decreased signicantly due to low coulombic efficiency and
quick cell failure (Fig. S16b†). This might be attributed to the
accumulation of uneven Zn deposits, the generation of unfa-
vorable dendrites, and damaging side reactions.62 Aer 150
cycles, XRD measurements of the Cu electrode are shown in
Fig. S17.† The results conrm increased Zn (002) plane with
OPAN separator. The nucleation overpotentials determined
from discharge curves was lower for OPAN separator (29 mV),
than the GF separator (36 mV), indicating that OPAN separator
can promote the coating uniformity (Fig. S18†).

To reveal the performance of OPAN separator in full cells,
MnO2//Zn full cells with OPAN and GF separator were assem-
bled and tested. A commercial MnO2 was used as cathode, with
its XRD (Fig. S19†) showing the pyrolusite phase MnO2 (b-
MnO2). SEM images (the insertion of Fig. S19†) revealed that it
is a heterogeneous bulk solid with diameters ranging from 1 to
15 mm. The redox reaction and reversibility during charging and
discharging were studied by CV tests. CV curves of full cells
using OPAN and GF separator had similar shapes and peak
locations, indicating that OPAN did not alter the
© 2023 The Author(s). Published by the Royal Society of Chemistry
electrochemical process (Fig. 6a). Reversible insertion/
extraction process of H+ and Zn2+ into MnO2 is represented by
two groups of redox peaks.63 Compared to MnO2/GF/Zn
batteries, MnO2/OPAN/Zn batteries had a higher peak current
density and a smaller voltage gap, indicating higher electro-
chemical activity and lower polarization.64 When charged/
discharged at a low current density of 0.1 A g−1, their
charged/discharged curves (Fig. 6b) of MnO2/GF/Zn battery and
MnO2/OPAN/Zn battery almost overlap, but the charging
capacity of GF is slightly larger, indicating lower coulombic
efficiency, that is, the full battery using OPAN separator had
better reversibility. The rate performance of the MnO2/GF/Zn
battery and MnO2/OPAN/Zn battery was examined at multiple
current densities ranging from 0.1 to 2 A g−1 (Fig. 6c). The
battery with the OPAN separator performed excellently in terms
of rate performance, with capacities of 216, 194, 156, 139, and
113 mA h g−1 at 0.1, 0.2, 0.5, 1, and 2 A g−1. Aer the current
density returned back to 0.1 A g−1, its capacity recovered back to
217 mA h g−1. At low current densities (0.1 A g−1 and 0.2 A g−1),
there was little difference between the full battery capacity using
the GF separator and that using the OPAN separator. Full cell
with GF separators had smaller capacity when the current
RSC Adv., 2023, 13, 34947–34957 | 34953
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density increases above 0.5 A g−1, which are 147 mA h g−1

(0.5 A g−1), 103 mA h g−1 (1 A g−1), 72 mA h g−1 (2 A g−1). The
better rate performance of the cells using OPAN separator
suggests that the OPAN separator is also benecial for fast
charging. At the current density of 0.1 A g−1, the MnO2/GF/Zn
cell achieved a low specic capacity of 168.7 mA h g−1 with
a retention of 75.6% aer 100 cycles. On the other hand, the
MnO2/OPAN/Zn cell maintained a higher specic capacity of
214.4 mA h g−1 with a retention of 91.2% aer 100 cycles.

The most signicant effect of OPAN separator in full cells is
its improvement to the cycle lifetime. The MnO2 cell using the
OPAN separator had a 90% capacity retention (113 mA h g−1 at
1st cycle, 102 mA h g−1 at 5000th cycle) aer 5000 cycles at
2 A g−1, and the coulombic efficiency steadily approached
100%, indicating outstanding durability and cycle stability
(Fig. 6d). While the capacity of the MnO2 cell with the GF
separator gradually decreased from 82 to 58 mA h g−1 and had
a short circuit at the 975th cycle (Fig. S20†). The separators aer
cycling in full battery were also recovered for analysis. As shown
in Fig. S21,† the OPAN separator was almost unchanged, while
the GF separator was already merged with the Zn anode with
recognizable Zn dendrites by naked eyes. The SEM images of
two separators conrm the difference in Zn deposition
(Fig. S22†). The surface of OPAN separator was covered with
hexagonal stacked Zn, with no obvious Zn dendrites while on
surface of GF separator, irregular shaped Zn crystals were mixed
GF bers. The performance in full cell conrmed that the OPAN
membrane can effectively promote uniform Zn deposition and
restrict dendrite growth reliably, extending the lifetime to 5000
cycles at 2 A g−1.

In order to consolidate the superiority of OPAN separator in
large DOD, the electrochemical performance of cells with
different mass loading of MnO2 cathode (5, 10, 15 mg cm−2)
were studied, and the weight of Zn is about 5 mg cm−2 (Table
S2,† Fig. 6f–h). No matter how much the cathode material
loading is, the cells using OPAN separator have a higher specic
capacity and longer lifetime than using GF separator. With the
loading of MnO2 is 5, 10 and 15 mg cm−2, when the OPAN
separators were used, their specic capacity achieved 153.28,
139.83 and 122.50 mA h g−1, and when the GF separators were
used, their specic capacity only achieved 111.49, 102.00 and
93.56 mA h g−1. According to the loading and the specic
capacity of MnO2, the amount of Zn anode involved in the
battery reaction can be calculated. With OPAN separator, the
DOD of Zn reaches 21.2%, 39.9%, or 52.5%, and all cells can run
stably in 500 cycles. However, in the cells using GF separator,
the DOD of Zn is 15.4%, 30.0% and 40.4%, the cycling life is
only 133, 60 and 12 cycles, respectively.

4 Conclusion

In conclusion, an OPAN ber membrane was successfully used
as a Zn ion battery separator. OPAN has good wettability and
electrolyte absorption, so that the electrolyte can permeate
evenly and effectively reduce the local current density. The
lighter weight and smaller thickness help to improve the energy
density of full battery. Most importantly, OPAN with conjugated
34954 | RSC Adv., 2023, 13, 34947–34957
planar structure regulates Zn ions to form (002) microplates
parallel to the surface of the Zn anode, thus inhibiting dendrite
growth. The Zn//Zn symmetrical battery with OPAN separator
has a life time of 1300 h at 1 mA cm−2 and 1 mA h cm−2. Even
under the condition of high current density (10 mA cm−2) and
high areal capacity (10 mA h cm−2), the cycling life can be
prolonged to 160 h. The average coulombic efficiency of Cu//Zn
asymmetric cell with OPAN separator is 99.1%, showing good
Zn stripping/platting reversibility. Based on the OPAN sepa-
rator, the MnO2//Zn full cell could perform 5000 cycles with very
little attenuation at the current density of 2 A g−1. Our study
demonstrates that the OPAN separator can effectively regulate
the Zn deposition to realize a dendrite-free Zn anode in AZIBs.
Our work sheds a light to achieve practical long-life AZIBs.
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