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ABSTRACT: Aqueous batteries with zinc metal anodes are promising
alternatives to Li-ion batteries for grid storage because of their abundance and
benefits in cost, safety, and nontoxicity. However, short cyclability due to zinc
dendrite growth remains a major obstacle. Here, we report a cross-linked
polyacrylonitrile (PAN)-based cation exchange membrane that is low cost
and mechanically robust. Li,S; reacts with PAN, simultaneously leading to
cross-linking and formation of sulfur-containing functional groups. Hydrolysis
of the membrane results in the formation of a membrane that achieves
preferred cation transport and homogeneous ionic flux distribution. The
separator is thin (30 pm-thick), almost 9 times stronger than hydrated
Nafion, and made of low-cost materials. The membrane separator enables
exceptionally long cyclability (>350 cycles) of Zn/Zn symmetric cells with
low polarization and effective dendrite suppression. Our work demonstrates
that the design of new separators is a fruitful pathway to enhancing the
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1. INTRODUCTION

Nonaqueous electrolyte-based Li-ion batteries are the over-
whelming power source of choice for portable devices and
electric vehicles because of their high energy density. The
technology has more competition in grid-storage applications
where various aqueous electrolyte-based systems are being
actively pursued. Flow batteries, such as vanadium redox and
all iron-based systems, are perceived to offer advantages in cost
and safety.l’2 Zn, which is nontoxic, inexpensive, and
abundant,” has long been recognized as one of the most
promising anode materials for aqueous batteries. Zn offers a
high specific capacity of 820 mA h/g and low polarization.”
The cathode chemistry can be versatile, including oxides of
manganese, iron, and nickel as well as oxygen, however,
rechargeability of these batteries has been limited. One of the
major challenges is the dendrite formation on Zn electrode
surface during charging. Strategies to suppress dendrite
formation have mainly included electrolyte and electrode
modifications through the use of electrolyte salts,” organic or
inorganic additives,”® and ionic liquid electrolytes.” Recently,
three-dimensional Zn electrode structures have promised
enhanced cyclability because of reduced effective current
density."

Membrane separator design is a promising option to
suppress dendrite formation because the ion transport can be
regulated by the separator. However, there have hardly been
any studies on this topic. Zinc-based aqueous batteries have
predominantly used few hundred microns thick glass
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fiber™® ™' or filter paper separators”''™'? because of low
cost (e.g, 19 USD/m?),"* mechanical robustness, and limited
resistance across the separator because of the high ionic
conductivity of the aqueous electrolyte (up to 1 S/cm).”
Meanwhile, gel polymer electrolytes using various water-
soluble polymers [e.g, polyacrylic acid (PAA),"” polyvinyl
alcohol (PVA),'® PVA—PAA,"” and gelatin'® have been
employed as separators for enabling planar or cable-shaped
flexible aqueous batteries because of their chemical stability
and mechanical flexibility. A polymer-free gel electrolyte
separator supported by a glass fiber mat containing salts
(e.g, ZnSO, and Li,SO,) and gelling agents (e.g., fumed silica
and f-cyclodextrin) was reported to suppress dendrites but
with no significant cycling performance improvement.19 Thus,
the contribution of the separator to the improvement of
cycling stability by suppressing dendrites remains unproven.
An jon-exchange membrane might be highly advantageous as a
battery separator to enhance the cycling stability of the zinc
electrode. Two mechanisms can be operational: (i) a selective
positive ion-conducting membrane can mitigate the ion
concentration gradient, the primary source of dendrite growth
and (ii) the intermolecular solvent channels in the membranes
can greatly enhance the uniformity of current distribution
resulting in a uniform zinc deposition.
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Figure 1. Schematic descriptions of Zn deposition: (a) Zn dendritic growth due to the ramified Zn deposition at the interface between the Zn
metal and conventional separator and (b) dendrite growth suppression due to uniform Zn>" concentration at the interface between the Zn metal
and the single-ion transport membrane. (c) Proposed synthesis route for the novel PAN-S membrane.

In fact, nonporous cationic exchange membranes, such as
Nafion, have been investigated as a single-ion conducting
polymer electrolyte and separator to suppress the dendrite
formation of Li in nonaqueous batteries.””*" Its use in aqueous
batteries has been challenging. It is prohibitively expensive,
about 1200 USD/m?>** versus 2 USD/m? for microporous
battery separators for electric vehicles.”> Moreover, commercial
Nafion membranes are thick (e.g, 210 pum for Nafion 117)
because the mechanical properties of the hydrated Nafion
membrane is rather poor, with a Young’s modulus of ~114
MPa for Nafion 117.** Therefore, it is necessary to develop a
low cost, mechanically robust ionic conducting membrane to
serve as the aqueous battery separator, which can suppress
dendrite formation without sacrificing the energy density. In
this work, a low cost and mechanically robust polyacrylonitrile
(PAN)-based cationic exchange membrane is described. PAN
is cross-linked with a polysulfide compound, which contributes
sulfonate groups. PAN also has the benefits of being low cost
(44-13.2 USD/ kg)25 and readily cross-linkable.”**” We
present the synthesis, structural characterization, and perform-
ance evaluation of the membrane in zinc electrode-based cells
to demonstrate its ability of suppressing dendrites.

2. EXPERIMENTAL SECTION

2.1. Materials. The solutes [e.g., PAN (M,, = 150 000 g mol™"),
Li,S, and elemental sulfur (S8)] were purchased from Sigma-Aldrich,
whereas N,N-dimethylformamide (DMF, > 99.8%) was supplied by
Fisher Scientific. All chemicals were used without purification.

2.2. Fabrication. Synthesis of the membrane precursor followed
the previous work by Guo et al.*® Sulfur (0.64 g) and 0.46 g of Li,S
were dissolved in 4.72 g of DMF to make the stoichiometry of Li,S; in

the solution, while 0.53 g of PAN was dissolved in 4.72 g of DMF.
The solutions were stirred overnight at room temperature. After the
solutes fully dissolved in the solvent, 1.94 g of Li,S; solution and 1.76
g of PAN solution were vigorously mixed and subsequently screen-
printed on a glass slide with a doctor blade (gap width: 500 gm). The
coated solution was stored in an Ar-filled glovebox for S days to allow
Li,S; and PAN to react and dry. The solidified film was then heated at
100 °C for 4 h in an ambient atmosphere to finish the cross-linking
and further dried at 100 °C overnight under vacuum to remove the
residual solvents. Because the dried film contains nonchemically
bonded lithium polysulfide salts, the film was further treated in boiling
water for 1 h multiple times to leach out the free salts, until the salts
were fully removed. The process is schematically shown in Figure S1.

2.3. Characterization. The molecular structure was carefully
examined by employing X-ray photoelectron spectroscopy (XPS,
Kratos Analytical, Kratos AXIS Supra) and Fourier transform infrared
spectroscopy (FT-IR, PerkinElmer, Spectrum 100 FT-IR).

Various baseline material properties of the hydrated membrane
were also evaluated. Mechanical behavior was assessed using the
tensile test (5960 universal testing system, Instron), and water uptake
and thermal stability were examined using thermogravimetric analysis
(TGA, Pyris 1 TGA, PerkinElmer).

Morphologies of the prepared membrane were investigated using
scanning electron microscopy (SEM, FEI Quanta FEG 250) and
atomic force microscopy (AFM, Nanoscope V multimode AFM,
Bruker), and crystallographic characterization was conducted using
wide-angle X-ray diffraction (XRD, Bruker, D2 Phaser 2nd
generation). The electrochemical properties were examined using
electrochemical impedance spectroscopy (EIS) and chronoamperom-
etry using a potentiostat (Gamry Interface 1000).

2.4. Zn/Zn Symmetric Cycling Test. To test as a separator, the
membrane was assembled into the 2032-type coin cell in between two
Zn foil disks (620 um thick, Alfa Aesar) with one spring and two
spacers (500 um thick, MTI). A commercial nonwoven separator for
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Figure 2. Molecular structural characterization results of the stabilized PAN-S membrane: (a) FT-IR spectra, (b) survey scan spectra of XPS, and

(c,d) high-resolution XPS spectra of (c) N 1s and (d) S 2p.
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Figure 3. Thermal and mechanical properties of PAN-based ionic exchange hydrated membrane: (a) TGA profile in a wide temperature range
showing the high water content loss at below 100 °C; (b) TGA profile highlighting the weight loss at above 100 °C; (c) photographs of bent and
stretched PAN-S film; and (d) stress—strain curves for five repeated runs.

aqueous batteries (FS 22145-14 E, Freudenberg) was used as a
reference. ZnSO, aqueous solution (2 M) was employed as the
electrolyte. Galvanostatic cycling was performed at a constant current
density of 0.5 mA/cm? for 30 min during each charge and discharge
step. Zn anode surface morphologies after the first discharge and half-
charge cycles were observed under SEM.

3. RESULTS AND DISCUSSION

On the basis of studies on Li dendrite formation in
nonaqueous electrolytes, the major causes of dendrite growth
on a metal anode are unstable ion transport, mechanically weak
electrolyte, and unregulated surface reaction.”” Likewise, zinc
anodes are highly vulnerable to dendrite growth when glass
fiber or filter paper separators are employed because the
nonselective ion transport through the separator results in
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concentration gradients close to the Zn anode, and there is no
physical barrier to suppress the dendrite growth, as described
in Figure la. In contrast, a nonporous gel polymer electrolyte
can result in dendrite suppression because of single-ion
transport and uniform ionic flux distribution, as shown in
Figure 1b.

The synthesis of PAN-based ionic conducting membrane
(PAN-S membrane) is schematically shown in Figure 1c. PAN
was employed to form a mechanically robust skeleton, and
lithium polysulfide (Li,S;) was used for two reasons: (i)
promoting chemical cross-linking reactions of PAN and (ii)
providing sulfur atoms to endow sulfonyl functional groups.
Note that lithium polysulfide-induced cross-linking of PAN has
been reported before with the resulting material used as a
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(x = 1, 2, and 3) results up to 48 h.

battery cathode in a nonaqueous electrolyte.”® Here, PAN
reacts with Li,S; in a cast film and is subsequently allowed to
react with water to form a hydrous membrane. The detailed
procedures are schematically described in Figure S1. The
cross-linking reaction of PAN, which is also known as
stabilization or cyclization,”® proceeds by transformation of
the triple bonds of the nitrile group (—C=N) into —C=N
double and —C—N single bonds in the presence of dissolved
Li,S; in DMF. FT-IR spectra of the unhydrolyzed Li,S;—PAN
membrane in Figure S2 reveals significantly reduced —C=N
peaks at around 2240 cm™!, and —C=N double and —C—N
single bonds increased at around 1578 and 1240 cm™}
respectively, in comparison to raw PAN.”"~** After hydrolysis,
the nitrile group (—C=N) peak completely disappeared and
C—H peaks (e.g, at around 2950 and 1455 cm™') were
significantly reduced, which indicates that further cross-linking
reactions including dehydrogenation took place during the
boiling process in distilled water, as shown in Figure $2.°>**
The time and duration of the hydrolysis were systematically
investigated. Figure S3 shows the molecular structure as
measured by FT-IR, and the ionic conductivity of the
membrane stabilized after a repeated boiling process. FT-IR
spectra in Figure 2a show that the cross-linked molecules
consist of partially dehydrogenated aromatic rings containing
nitrogen and functionalized with sulfonate ions after the
repeated boiling process based on the following peak
information: aromatic C=C bond at 1517—1508 cm™,
—C=N double bond at 1578 cm™',—C—N single bond at
1240 and 1083 cm™!, C—H bond at 1455, 1365, and 800 cm ™!,
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and sulfonate ion-related bonds at 1152 (SO;~ bonded to
aromatic ring), 1024 (S—0), and 940 cm™" (C—S).>>**7*

A 30 pm-thick film was prepared, which consists of carbon,
nitrogen, sulfur, and oxygen, as shown by energy dispersive X-
ray spectroscopy (EDX) results presented in Figure S4.
Because lithium cannot be detected by EDX, XPS was
employed. XPS survey spectra in Figure 2b reveal that the
prepared membrane consists of carbon, nitrogen, sulfur, and
oxygen, and the lithium salt was fully removed by the repeated
boiling process because of a lack of signal at 55 eV.>° N 1s XPS
spectra in Figure 2¢ show that the nitrogen atoms are mainly
involved in the aromatic ring structures such as pyridine (398.6
eV) and pyridone (and/or pyrrole, 399.9 eV) structures,
whereas the portions of the oxidized nitrogen (405.2 eV) or
the nitrogen atoms placed at the graphitic (or quaternary)
position (400.6 eV) are not significant.””*’ § 2p XPS spectra in
Figure 2d exhibited four peaks: a peak at 161.6 eV attributed to
sulfide (S*7) from thioketone (C=S),*" two peaks at 163.5
and 164.7 eV related to 2p;,, and 2p,/, positions of the —C—
S— covalent bond,” and a broad peak at 167.8 €V that
originated from —SO;™."" In brief, the molecular structure of
the PAN-S membrane was built with cross-linked PAN
functionalized with the sulfonate group, as shown in Figure lc.

As the PAN-S membrane was functionalized with the ionic
functional groups (e.g, —SO;~), the membrane is not only
ionically conducting (8.12 x 107° S/cm from the high-
frequency Zy, intercept of EIS spectra in Figure SSa) but also
readily hydrated under room temperature because of its
hygroscopic characteristics.”* TGA was conducted to quantify
the hydrolysis and thermal stability of the PAN-S membrane.
Full range TGA spectra in Figure 3a reveal a significant weight
loss (72.4%) as the temperature increased to 100 °C because
of high water contents. Figure 3b shows the thermal stability of
the membrane because of the cross-linked molecular structure,
with the weight loss by desulfonation taking place between 170
and 300 °C™* and thermal decomposition of cross-linked
PAN molecules at above 300 °C.*” Thus, the cross-linked PAN
backbone provides thermal stability, whereas the high water
content in the membrane is attributed to the sulfone functional
group. The high water contents enable the uptake of additional
zinc salts after being soaked in the zinc electrolyte (2 M ZnSO,
solution) (see Figure SSb), leading to a high ionic conductivity
(3.32 X 107* S/cm at room temperature). This conductivity is
comparable to the previous polymer gel electrolytes for the
zinc batteries (ca. 1073 S/cm at room temperature).48’49

Photographs in Figure 3¢ reveal that the PAN-S membrane
has a black color and can be folded and stretched. The black
color of the membrane is attributed to the cross-linking
reaction.”® Despite its highly hygroscopic characteristic,** the
hydrated membrane is very strong. Mechanical properties of
the hydrated PAN-S membrane were measured using the
tensile test, as shown in Figure 3d, and are summarized in
Table S1. The average Young’s modulus and strength of the
membrane were 391.1 MPa (+58.9 MPa) and 23.62 MPa
(£2.99 MPa), respectively, whereas the average elongation at
break was 14.73% (+4.41%). The Young’s modulus of the
membrane is almost 9 times higher than that of the wet Nafion
membrane (43.8 MPa), whereas the strength is comparable to
that of the wet Nafion (20.88 MPa) (refer to Figure S6). The
high Young’s modulus allows a reduction in thickness when
used as a separator while still holding large amounts of
electrolyte.
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Figure 5. Zn/Zn symmetric cell test results at a current density of 0.5 mA/cm* Morphological and crystallographic characterizations of the 30 min-
stripped and 15 min-deposited Zn anode: SEM images of the Zn anode surface from the cells using a (a) aqueous separator and (b) PAN-S
membrane. (c) Identical XRD patterns of pristine and deposited Zn. (d) Cycling performance comparison.

When used as a separator, the pin-hole free PAN-S
membrane (Figure S7) was expected to be better than
conventional separators with regard to dendrite suppression
for the following two reasons: (i) better ionic flux distribution
through the large number of nanosized water domains and (ii)
selective cationic transport due to the ionic functional groups
(e.g, —SO;7). The water domain formed in the PAN-S
membrane was identified as the dark region in AFM images,
and the measured domain sizes from small-angle X-ray
scattering ranged from 1232 to 18.4 nm (refer to Figure
S8). Thus, Zn®" ions transport along the connected hydrophilic
channels formed by the ionic clusters of the hydrated PAN-S
membrane (Figure $9).%% Cross-over tests were conducted to
demonstrate the selective ion transport, as shown in Figure 4.
CrCl, solution (5 mL, 1 M) was added at the left-hand side of
the membrane, while an equal amount of 1—3 M LiCl solution
was added at the right-hand side of membrane. With 1 M LiCl,
both sides have equal moles of cations. LiCl (2 M) versus 1 M
CrCl; have the same moles of total ions. Finally, 3 M LiCl
provides a total anion balance. Note that the dotted and solid
yellow lines represent the original and final levels of the LiCl
solutions. The LiCl solutions turned a faint green color after 10
min and a deep green color after 48 h because of Cr’* cation
migration. On the other hand, the lowered levels of 1 M and 2
M LiCl solutions were attributed to the osmotic drag for
balancing the anion concentration. CrCl; (1 M)—1 M ZnCl,
cross-over test was further conducted to directly examine the

selective transport of the cation and immobilization of the
anion (Figure S10). Results from a Nafion membrane were
included for comparison. The level of 1 M ZnCl, solution was
lowered after 24 h for both membranes because of the osmotic
drag for balancing the anion concentration. The PAN-S
membrane behavior in this test is exactly the same
phenomenon with the 1 M CrCl;—x M LiCl cross-over test
results (x = 1 and 2). Thus, it could be concluded that the
PAN-S membrane selectively and effectively transports the
cation and immobilizes the anion.

The performance of the membrane in a zinc-based battery is
first evaluated by observing the morphology of Zn deposits
under galvanostatic conditions in a Zn/Zn cell. The current
density is 0.5 mA/cm? and the electrolyte is a 2 M ZnSO,
aqueous solution. The dendrite growth on the electrode was
examined after stripping for 30 min and plating at the same
current density for 15 min to cycle the freshly plated zinc (refer
Figure S11). The profile is chosen to show the early stage
growth of zinc on a “fresh” surface created by stripping first,
and the difference is already dramatic. Flower-shaped dendrites
were observed when the conventional aqueous separator was
used as shown in Figure S5a, which was attributed to
nonuniform Zn?* ion flux due to the large pores in the
separator, as described in Figure 1a.”">* On the other hand, a
dendrite-free surface was observed in Figure Sb when the
PAN-S membrane was used as the separator because the flux of
the cation was uniformly distributed by the membrane as
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shown in Figure 1b. Moreover, ion selectivity of the separator
helped to mitigate the concentration gradients by limiting the
anion mobility.””

Finally, cycling performances of the Zn/Zn symmetric cells
were examined (Figure Sd). Voltage—time profiles of the Zn/
aqueous separator/Zn cell showed typical behavior with a high
voltage hysteresis (~280 mV) and the cell short-circuited at
the 11th cycle. In contrast, the voltage—time profile of the Zn/
PAN-S membrane/Zn showed stable cycling with a low voltage
hysteresis of <40 mV through 350 cycles. The smaller
polarization observed for the cell with the PAN-S membrane
is possibly due to the lower overpotential for zinc nucleation
because the nonwoven aqueous separator is expected to have a
lower ionic resistance. The PAN-S membrane has a selectivity
for cation transport and is mechanically compliant, both of
which would promote uniform ion flux and zinc nucleation.
Similar observations have been made in lithium metal
systems,”* but the exact cause for zinc requires further
investigation. Longer time (2 h) stripping/plating test under
the same current density (0.5 mA/cm?®) at the charge amount
of 1 mA h/cm® was conducted to demonstrate the advantage
of the PAN-S membrane (Figure S12). It is noteworthy that
the aqueous separator-based cell was short-circuited right after
1 h stripping, whereas the PAN-S membrane-based cell stably
cycled under the same condition. In addition, stripping/plating
tests for the PAN-S membrane under increased current
densities (1 and 2 mA/cm?) and capacities of 0.5 and 1 mA
h/cm® were conducted (Figure S13). Despite the slightly
increased voltage hysteresis (ca. 53 and 65 mV) as the current
density increased, the PAN-S membrane-based cells stably
cycled for more than S0 cycles because of effective dendrite
suppression. Therefore, we concluded that zinc dendrite
formation in an aqueous electrolyte was effectively suppressed
and cyclability was significantly improved by the cationic
exchange membrane because of the uniform ionic flux
distribution and cation selectivity.

4. CONCLUSIONS

A low cost and mechanically robust membrane was synthesized
by cross-linking PAN with lithium polysulfide followed by
hydrolysis. The cross-linked molecular structure provides
mechanical robustness with a high Young’s modulus of 391.1
MPa and thermal stability, whereas the hygroscopic and
cationic selective transport characteristics were enabled by the
sulfonic functional group. When used as the separator in a Zn/
Zn battery cell, excellent electrochemical performances such as
suppressed dendrite formation, small polarization (<40 mV),
and long cycling stability of 350 cycles were observed. This
performance enhancement is likely due to the even ion flux
distribution and preference of the membrane to transport
cations, which reduces the concentration gradient. The
membrane is thin, robust, and made of inexpensive commodity
materials and represents a new solution for rechargeable
aqueous battery separators. More work is needed to evaluate
the membrane with promising cathode materials such as
manganese oxide and oxygen.””> We expect our low-cost
separator to contribute to the advancement of technology,
leading to low-cost, long-life solutions for grid storage.
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