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Abstract: The rampant growth of zinc dendrites and severe uncontrollable reactions have largely
limited the industrialization of aqueous Zn-ion batteries. Electrolyte additive engineering was
found to be a facile yet effective strategy in addressing these issues; however, traditional organic
small molecule additives raise additional safety and health risks and thus compromise the intrinsic
advantage of aqueous batteries. In this study, we report a polyacrylonitrile-co-poly(2-acrylamido-2-
methylpropanesulfonic acid) (PAN-co-PAMPS) copolymer with ionic and hydrophilicity PAMPS and
non-ionic PAN, which acts as an electrolyte additive to regulate the Zn deposition in aqueous Zn-ion
batteries. The hydrophilicity of PAMPS is designed to meet water solubility. Moreover, ionic PAMPS
reacts with a Zn anode surface, chemically peels the surface, leaves a pre-polished anode surface,
and removes heterogeneity and impurity of the metal surface. All these effects are beneficial for
homogeneous zinc ion deposition and long-life battery. The PAN segments act as a water-shielding
layer on a Zn anode to prevent its direct contact with HyO. Consequently, the Zn | Zn symmetric cells
with additive-containing electrolytes have a much longer life than those without additives (up to
eight times) at a current density of 1 mA cm ™2 and a capacity of 1 mA h cm~2. The assembled
Zn|Cu cells and the Zn | V,Os full batteries also display prominent electrochemical reversibility. The
reactively acidic amphiphilic polymer provides not only an alternative strategy for the design of
multi-functional electrolyte additives, but also constitutes an easy-to-operate way for advancing
commercialization of aqueous zinc-storage devices.

Keywords: aqueous batteries; Zn-based energy storage; electrolyte additive; ionic amphiphilic copolymer

1. Introduction

Aqueous Zn-ion batteries (AZIBs) have emerged as next-generation grid-scale energy
storage devices with the increasing demand of global carbon neutrality. AZIBs stand out
among other rechargeable batteries for energy storage because an aqueous electrolyte
is extremely high in safety, in addition to the highly abundant Zn resources on earth.
AZIBs employing a Zn metal anode have a large theoretical capacity of 820 mA h g1,
which is much higher than other energy storage counterparts [1-5]. However, the uneven
deposition and nucleation of Zn?*, and the interfacial side reactions cause uncontrollable
growth of the Zn dendrite during the cycling of battery, resulting in lower Coulombic
efficiency (CE) and compromising cycling lifespans that limit their commercialization [6,7].
Numerous efforts have been dedicated to address these issues and have achieved great
results, including anode surface/interface construction and modification, electrode /host
structure design, electrolyte engineering, and separator optimization [8-14]. Electrolyte
additive engineering that involves the introduction of trace functional moieties either in the
form of a small molecule or macromolecule may be the most convenient and cost-effective
strategy. Therefore, electrolyte additive engineering has always been the first choice to
stabilize Zn anodes in attempts toward creating long-life batteries [15-19].

In the endeavor of exploring suitable electrolyte additives for AZIBs, polar organic
solvents that preferentially associate with H,O have been primarily selected. For example,
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adding dimethyl sulfoxide (DMSO) into 2 M ZnSO,4 was found to largely inhibit side reac-
tions and dendrites [20-23]. Other small molecules, such as the organic acetonitrile [24-26],
ethylene glycol [27], trimethyl phosphate [28,29], and dioxane [30], as well as inorganic
graphene oxide (GO) [31], were also added to conventional aqueous electrolytes to show
the suppression on Zn dendrites. However, organic solvents and small molecules cause
some safety and health risks, so they are less desirable for aqueous batteries. Other re-
searchers increased the concentration of electrolytes to reduce the activity of H,O for longer
cycle lifes [32,33], yet the additional cost of extra electrolyte needs to be controlled to an
industrialization level. The first and the most common role of an electrolyte additive is
to desolvate the Zn?* to reduce the number of solvated H,O on the metal salt [34,35].
This generally decreases the activity of HyO and allows for faster ion transportation and
suppresses the water-related side reaction in the bulk electrolyte solution. Hydrophilic
polymers are potentially good additives for AZIBs because of their excellent solubility and
nontoxicity. With proper modification of the polymer chain, such as copolymerizing, a
comonomer of different hydrophilicity, hydrophilic polymers can be added to aqueous
electrolytes to adjust the solvation structure and uniform deposition of zinc ions, with
synergistic effect if the polymers have a multiphase structure [36].

Herein, a polyacrylonitrile-co-poly(2-acrylamido-2-methylpropanesulfonic acid) (PAN-
co-PAMPS) copolymer with hydrophobic PAN and acidicly reactive PAMPS segments
was first introduced to AZIBs to regulate the zinc deposition in cycling. The sulfonic
acid PAMPS is an ionic polyelectrolyte in water with higher ionic conductivity than other
polymers because of its sulfonic acid group [37]. The acidity of PAMPS can chemically
polish a Zn anode to remove heterogeneity while providing adequate water solubility for
the copolymer. On the other hand, the hydrophobic PAN segments act as a water-shielding
layer on a Zn anode to prevent its direct contact with H,O. The schematic illustration of the
functional mechanism of PAN-co-PAMPS is shown in Figure 1. The characterization results
show that the hydrophilicity of the electrolyte increases after addition of the amphiphilic
copolymer additive. PAMPS segments peel the surface of the Zn anode, and PAN segments
prevent the Zn anode from contact with HyO directly. All these contributions facilitate
the even nucleation and deposition of Zn?*, thus increasing the cycling lifespan and
overall electrochemical performance of AZIBs. The Zn|Zn symmetric cell with stable
PAN-co-PAMPS additive cycles over 2400 h at a current density of 2 mA cm 2 is shown.
The Zn | Cu asymmetric cells and the Zn | V,0O5 full batteries assembled with the PAN-co-
PAMPS additive also display prominent electrochemical reversibility compared to those
without the additive.

@® PAN @ PAMPS M PAN-co-PAMPS
/\/\/\/\/‘—* Zinc dendrites

(b) cvelin ', Uniform Zn
yeing plating

Figure 1. Schematic illustration of the Zn-stabilizing mechanism of PAN-co-PAMPS. Molecule
distribution at the surface of Zn anode of Zn | Zn symmetric cell using (a) pristine and (b) additive-
containing electrolyte.
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2. Results and Discussion

Figure 2a shows that the prepared PAN-co-PAMPS has only one glass transition
temperature at 87 °C, indicating that this is a random copolymer rather than a mixture or
block copolymer. The glass transition temperature was found to be lower than that of homo-
PAN at 96 °C, which further indicated that the copolymer was successfully synthesized.
The FTIR spectrum in Figure S1 and 'H NMR spectrum in Figure S2 further indicates
that the target copolymer has been successfully synthesized containing 30 mol.% of AN
segment. Table S1 shows the molecular weight of PAN-co-PAMPS with a number-molecular
weight (Mn) of about 42k and a weight-molecular weight (Mw) of about 165k. The content
of additive, 0.5 wt.%, is confirmed by the solubility of the additive in the electrolyte and
the cycle life of the Zn | Zn symmetric cell at a current density of 5 mA cm™

Supplementary Figures S3 and 54.
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Figure 2. Physicochemical properties of electrolyte. (a) DSC of PAN-co-PAMPS. (b,c) Contact an-
gles between pristine electrolyte and additive-containing electrolyte at 5 min. (d) Charge transfer
resistance of Zn|Zn symmetric cell with pristine electrolyte and additive-containing electrolyte.
(e) Transference number of Zn | Zn symmetric cells with pristine electrolyte and additive-containing
electrolyte. (f) pH value changes of pristine and additive-containing electrolyte with soaked Zn metal.

The PAN-co-PAMPS copolymer containing 30 mol.% of AN and 70 mol.% of AMPS
has several benefits when used as an electrolyte additive. Firstly, the hydrophilic PAMPS
increases the compatibility electrolyte of the Zn electrode since PAMPS can react with Zn
metal and then produce electrolyte polymer salts. Secondly, the lipophilic PAN provides
a localized water-poor environment that resists the aqueous electrolyte contact with Zn
metal. Thirdly, the acidic activation of the PAN-co-PAMPS copolymer can etch the zinc
anode surface slightly, and strip oxides and other impurities from the zinc anode surface,
but not destroy the zinc anode that benefits the plating. Though PAMPS is highly acidic, it
reacts with the Zn anode very quickly, which does not destroy the Zn anode, but just strips
the surface of the Zn anode and enhances the compatibility of the electrolyte and the zinc
electrode. After 30 cycles, the contact angle between the additive-containing electrolyte
and Zn is only 64.1°, which is lower than the 72.1° between the pristine electrolyte and Zn
(Figure 2b,c). This indicates that the additive can increase the hydrophilicity of the Zn anode,
which is beneficial to the uniform plating of zinc ions. Figures 2d and S5 show the charge
transfer resistances of the Zn | Zn symmetric cell. The resistance of the Zn | Zn symmetric
cell with an additive-containing electrolyte is 5133 (), which is higher than the control
group of 1994 (). However, cells with an additive-containing electrolyte have a higher
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transference number of 0.80 than cells with a pristine electrolyte of 0.68 (Figures 2e and 5S6).
It may be caused by the additive stripping of the surface of the Zn anode. Higher ion
migration capacity can deter the growth of Zn dendrites and prolong the life of the cell [38].
Figure 2f shows the pH value changes of pristine and additive-containing electrolytes after
soaking the Zn metal for different time periods. The initial pH value of the pristine and
additive-containing electrolyte was 0.97 and 0.70, respectively. The additive-containing
electrolyte is much more acidic because of PAMPS. The sulfonic acid PAMPS can easily
react with the impurities and oxides on the surface of Zn metal and yield salt. H* was
consumed during the reaction, resulting in the increase of pH value. After etching with
the Zn metal surface for 4 h, the pH value both increased and was kept basically equal.
After 4 h, the pH value of the additive-containing electrolyte was higher than the pristine
electrolyte. Figures 2f and S7 prove acidicly reactive PAMPS can react with the Zn anode
and peel the surface for better plating.

The Zn | Zn symmetric cells with additive-containing electrolytes can circulate for
2900 h at 1 mA cm ™2, which has an almost 10 times longer life than the cells with a pristine
electrolyte (300 h) (Figure 3a). From inset of Figure 3a, we can see that the cell with a
pristine electrolyte failed because of short circuiting. A possible reason for this may be
because the additive peels on the Zn anode surface protects the Zn anode with a water-
poor environment, and the zinc ions are deposited uniformly. The initial polarization
voltage of the Zn|Zn symmetric cell using an additive-containing electrolyte is about
0.6 V, slightly higher than a cell with a pristine electrolyte (0.5 V), because of the additive
increasing the interfacial resistance of the cell. The Zn | Zn symmetric cell with additive-
containing electrolyte also shows excellent cycle life, circulating for 2400 h, which is 24 times
longer than that with a pristine electrolyte (100 h) with the current density at 2 mA cm 2
(Figure 3b). Furthermore, the initial polarization voltage is also higher than a cell with a
pristine electrolyte. A cell with a pristine electrolyte failed more quickly when the current
density was 2 mA cm 2 than 1 mA cm 2. This is because higher current density encourages
the deposition of zinc ions and zinc ions is easier to deposit on the tip. Once the dendrites
appear, they grow quickly, cross the separator, and then cause the short circuit. At a current
density of 3 mA cm ™2, the Zn | Zn symmetric cell circulates for 900 h and then dies because
of short circuiting (Figure 3c). As the current density increases, zinc dendrites can grow
faster and easier. The current density changing from 0.2 mA cm ™2 to 5 mA cm™~2 and the
rate performance of Zn | Zn symmetric cells is shown in Figure 3d. The Zn | Zn symmetric
cell using an additive-containing electrolyte shows better regular symmetry and longer life
than a cell with a pristine electrolyte at a different current density. This is attributed to the
synergistic effect of PAN and PAMPS. PAMPS polishes the surface of the Zn anode first,
and PAN forms on the water-poor surface.

The cell using an additive-containing electrolyte runs for 330 h under —20 °C, which
is much longer than the control group of 50 h (Figure 3e). The initial polarization voltage is
about 0.3 V, higher than cell runs at room temperature, because the Zn ion transfers at a
slower rate at a low temperature. The low temperature performance of the cell makes it
possible for the cell with an additive to be used at a wider range of temperatures. More-
over, the Zn | Zn symmetric cell using an additive-containing electrolyte shows excellent
performance at a high temperature up to 70 °C with only 0.05 V initial polarization voltage,
whereas the cell using a pristine electrolyte is dead before the temperature goes up to
60 °C (Figure 3f). The thermostability of the polymer helps the additive to play the role,
even at 70 °C. The outstanding performance at a high temperature makes it have a wider
application. A temperature increase is inevitable in many application scenarios, which
launches a greater challenge for the high temperature performance of the cell.

Figure 4a,b show the SEM morphology of a Zn electrode with an additive-containing
electrolyte and a pristine electrolyte at 1 mA cm~2 for 10, 30, 50 cycles, respectively. The
surface of a Zn electrode with an additive-containing electrolyte is smooth with some etch,
but the surface of a Zn anode with a pristine electrolyte is full of zinc dendrites. This
is an intuitive description of the effect of the additive. PAMPS acts with Zn to remove
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impurities and oxides on the surface, but does not destroy the Zn anode. The water-poor
environment formed by PAN prevents dendrite growth. In contrast, the severe growth
of dendrite on the surface of a cell with a pristine electrolyte may be the main cause of
cell failure. Figure 4c further shows that cells with an additive-containing electrolyte
produce less by-product during cycling. After cycling for 100 h, the peak of the by-product
shown with a rhombus is much higher than cells with an additive-containing electrolyte.
By-products lower the ion transport rate and consume more electrolytes, which reduce the
life of the cell. Figure 4d,e shows the corrosion tendency of Zn | Zn cells. Figure 4d shows
the Tafel curves of Zn with an additive-containing electrolyte and a pristine electrolyte.
The corrosion potential of Zn with an additive-containing electrolyte is —0.009 V, higher
than Zn with a pristine electrolyte (—0.014 V), with the corrosion current reducing from
—2.212 mA cm 2 to —2.858 mA cm 2. This indicates that Zn with an additive-containing
electrolyte tends to be much harder to corrode than Zn with a pristine electrolyte. Figure 4e
shows the Chronoamperometry (CA) curves of Zn with an additive-containing electrolyte
and a pristine electrolyte. For the cell with a pristine electrolyte, the current decreases
hastily in 200 s, indicating that the zinc dendrites grow in two dimensions in the cell, which
results in short circuiting. However, for the cell with an additive-containing electrolyte, the
curve tends to be stable, which indicates 3D diffusion.
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Figure 3. Electrochemical characteristics of Zn | Zn cells. (a—d) Zn | Zn symmetric cells with pristine
electrolyte and additive-containing electrolyte at 1 mA cm 2,2 mA cm 2, 3 mA cm 2, and varying
current densities. (e,f) Zn|Zn symmetric cells with pristine electrolyte and additive-containing
electrolyte at —20 °C and different temperatures from 30 °C to 70 °C.
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Figure 4. Plating condition of Zn?* in Zn|Zn cells. (a) Top-view SEM images of Zn anode ob-
tained from Zn | Zn cells with additive-containing electrolyte after cycling at 1 mA cm~2. (b) Top-
view SEM images of Zn anode obtained from Zn | Zn cells with pristine electrolyte after cycling at
1 mA cm~2. (¢) XRD patterns of zinc surface from Zn | Zn cells with additive-containing and pristine
electrolyte after cycling at 1 mA cm~2. (d) Transference number of Zn?* with pristine and additive-
containing electrolyte. (e) Tafel curves of Zn | Zn cells with pristine and additive-containing electrolyte.
Chronoamperograms (CAs) of Zn|Zn cells with pristine and additive-containing electrolyte under a
—10 mV overpotential.

The reversibility of Zn plating/stripping performance was performed by Zn|Cu
asymmetric cells. Figures 5a—c and S8 show the coulombic efficiency (CE) and voltage
curve of Zn | Cu asymmetric cells with a pristine electrolyte and an additive-containing
electrolyte, respectively. Comparing the cells with a pristine electrolyte, cells with an
additive-containing electrolyte present a higher CE when the current density is 1 mA cm 2
(99.3%), 2 mA cm 2 (99.6%), or 5 mA cm 2 (99.8%). Moreover, the voltage curves are all
smooth. In addition to the cells with an additive-containing electrolyte, they live for more
than 600 cycles at a current density of 1 mA cm ™2 and 2 mA cm 2 current density. By
contrast, the cells with an unsteady pristine electrolyte cycle, with a much lower CE and
fluctuant voltage curve, fail after 100 cycles, which could result from side reactions such
as dendrite growth. The much longer cycle life could be attributed to the lipophilic PAN
providing a localized water-poor environment, which favors 3D diffusion.

Zn | V05 full batteries were also assembled to test the performance of an additive-
containing electrolyte. Figures 5d,e and S9 show that, at a current density of 1 A g1, the
Zn | V;,0s full batteries with an additive-containing electrolyte show the specific capacity of
341 mA h g~!, maintaining a flat voltage platform on the charge-discharge curve, which
is higher than batteries with a pristine electrolyte (260 mA h g~!). Furthermore, batteries
with an additive-containing electrolyte show a specific capacity of 190 mAhglat2 A g1,
whereas the batteries with a pristine electrolyte only show a specific capacity of 70mAh g~ 1.
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These results further confirm that PAN-co-PAMPS is a powerful modifier for electrolytes
in zinc-ion batteries. Furthermore, with the additive, batteries show a more stable CE
and maintain more than 400 cycles. The higher specific capacity could be caused by the
additive restraining the formation of dendrite and water-related side reactions. In the initial
several cycles, because of the activation of V,0Os, the capacity increases gradually. These
results prove that the additive has a broad application prospect in the preparation of highly
reversible energy storage devices.
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Figure 5. Electrochemical performance of Zn|Cu asymmetric cells and Zn|V,05 full batteries.
(a—c) Zn | Cu asymmetric cells using pristine electrolyte and additive-containing electrolyte when
the current density is 1 mA cm 2,2 mA cm 2, and 5 mA ecm 2. (d,e) Zn | V,O5 full batteries with
pristine electrolyte and additive-containing electrolyte when the current density is 1 mA cm 2

2 mA cm 2.

and

3. Conclusions

The amphiphilic PAN-co-PAMPS polymer electrolyte additive with ionic and hy-
drophilicity PAMPS and non-ionic PAN demonstrates superior Zn-deposition capability
in traditional aqueous Zn-ion batteries. The polymer can be well dissolved in an aqueous
electrolyte solution while providing a localized hydrophobic environment at a molecular
level to desolvate Zn?* and shield the Zn anode from the attack of H,O. The sulfonic acid
units of the PAMPS chemically polish the surface of the Zn anode, leading to much reduced
heterogeneity, which is beneficial to homogeneous Zn deposition. The hydrophobic PAN
segments create a water-repelling effect that produces a less corrosive electrolyte environ-
ment, as evidenced by the increased oxygen evolution potential of the batteries assembled
with polymer additive-containing Zn(CF3503),. As a result, the Zn | Zn symmetric cell
containing a PAN-co-PAMPS additive delivers a long cycle life of more than 2900 h at
1 mA cm~2 (1 mA h em~2), which is about eight times longer than those without an ad-
ditive. This work provides an easy-to-operate strategy for designing a multi-functional
electrolyte additive and brings new insight into aqueous zinc storage devices.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/batteries9010025/s1, Figure S1: FTIR spectra of PAN and PAN-
co-PAMPS; Figure S2: 'H NMR spectrum of PAN-co-PAMPS molecule with peak assignments and
integrals; Figure S3: Photographs of 1 M Zn(CF3503), with 0, 0.5, 1 wt.% additive; Figure S4: Zn|Zn
symmetric cells with pristine electrolyte, additive-containing electrolyte and 1wt.% additive elec-
trolyte at a current density of 5 mA cm~2; Figure S5: Nyquist plots and fitted results of Zn|Zn
symmetric cells with (a) Pristine electrolyte and (b) Additive-containing electrolyte. (c) Equiva-
lent circuit used for EIS fitting, where Rs and Rct represent ohmic resistance and polarization at
Zn/electrolyte interface, respectively; Figure S6: Current-time curves of Zn | Zn symmetric cells with
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(a) Pristine electrolyte and (b) Additive-containing electrolyte under a polarization voltage of 10 mV
at room temperature. Inset: corresponding EIS curves before and after polarization; Figure S7: Photo
of Zn metal. (a) Initial Zn metal. (b) Soaked in pristine electrolyte for 16 h. (c) Soaked in additive-
containing electrolyte for 16 h; Figure S8: Voltage profiles of Zn | Cu asymmetric cells at selected cycles.
(a) and (b) Zn | Cu asymmetric cells at a current density of 1 mA cm~2, 1 mA cm~2. (c) and (d) Zn|Cu
asymmetric cells at a current density of 2 mA em~2,2mA cm~2. (e) and (f) Zn | Cu asymmetric cells
at a current density of 5 mA cm~2, 2.5 mA cm~2; Figure S9: Galvanostatic capacity-voltage curves at
1A g*1 of Zn|V,Os full batteries with (a) Pristine electrolyte and (b) Additive-containing electrolyte;
Figure S10: A comparison chart of the cycling life versus current density and capacity for the device;
Figure S11: EIS results after cycling for the cell; Figure S12: CV results for Zn | Zn symmetry cell with
pristine and additive-containing electrolyte; Figure S13: Investigation of interfacial chemistry. XPS of
Zn anode after cycling 24 h with additive-containing electrolyte at a current density of 1 mA cm 2
with a capacity of 1 mA h cm~2 obtained from (a) Zn | Zn symmetric cell and (b) Zn | V,Os full battery;
Table S1: Molecular weight and PDI of PAN-co-PAMPS; Table S2: Cycling performance of Zn | Zn
symmetric cells with different additives [37-40].
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