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A semi-crystalline polymer binder with enhanced
electrical conductivity and strong underwater
adhesion in aqueous sodium-air batteries¥
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Nyung Joo Kong,? Youngsik Kim, (27 Hyun-Wook Lee, (2 ¢ Hyunhyub Ko, (2°
Tae Joo Shin,® Seok Ju Kang, {22 Myung-Jin Baek (2 ** and Dong Woog Lee () *

Common polymer binders are insulators, which significantly diminish the battery performance owing to
their low electron mobility. For agueous sodium-—air batteries (SABs) to exhibit reliable performance as
energy storage systems, polymer binders should possess high electrolyte wettability, strong underwater
adhesion, high crystallinity, and conductivity to efficiently transport electrons to current collectors without
degradation or dissolution over time. In this study, the electrochemical performance of SABs was signifi-
cantly improved using a newly developed binder containing poly(ethylene glycol), catechol, and
anthracene (At) functional groups. Versatile analysis of the polymer, including two-dimensional grazing
incidence-wide-angle X-ray diffraction and polarized optical microscopy, showed that the enhanced SAB
performance can be attributed to the At groups which have high crystallinity due to n—mr stacking, thereby
lowering the resistance and increasing the electrical conductivity. Because of the catechol and PEG
groups, the binder also exhibited reliable underwater adhesion, and electrolyte wettability, which are
essential for aqueous SAB binders. Moreover, the binder effectively prevented carbon corrosion of the car-
bon current collector in the air electrode. We believe that the synthesized semi-crystalline polymer binder
can be applied to various batteries to improve their electrochemical performance and stability.

Sodium-air batteries (SABs) are gaining attention as a cost-effective and eco-friendly next-generation energy storage system due to the abundance of sodium
resources for cathodes. However, SABs generally exhibit high overpotentials, which degrade electrochemical performance and corrode carbon current collectors
due to undesired carbon oxidation reactions. One solution is to introduce suitable electrocatalysts that can lower the overpotential. To accomplish this, a
polymer binder that can stably attach the electrocatalyst to the current collector is required. Commercial binders such as polyvinylidene fluoride (PVDF) and
Nafion have been commonly used; however, these binders have several limitations including (i) poor adhesion leading to catalyst desorption, (ii) low electrical
conductivity, (iii) low electrolyte wettability, and (iv) their classification as per- and polyfluoroalkyl substances (PFAS). In this study, we synthesized a
multifunctional semi-crystalline binder that is fluorine-free and exhibits strong adhesion, hydrophilicity, and electrical conductivity. SABs utilizing this binder
demonstrated improvements in electrochemical performance, including higher energy efficiency, power density, lower overpotential and resistance, and
enhanced long-term cycling stability. The mechanism has shown that the binder’s high electrical conductivity and strong catalyst immobilization onto the
current collectors suppress carbon current collector corrosion and maintain stable electrochemical reactions during extended operation time.
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Aqueous sodium-air batteries (SABs) are a class of metal-air
batteries that are relatively low-cost and eco-friendly compared to
lithium-ion batteries (LIBs) due to their abundance of sodium
sources (e.g:, NaCl and NaOH) for cathodes.'™ Moreover, SABs
have received significant attention as next-generation energy sto-
rage systems owing to their high theoretical energy densities.*”
Seawater batteries are a class of sodium-air batteries that use
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abundant natural seawater as a cathode active material.®®

Using
abundant seawater as the sodium source for SABs eliminates the
need for additional processing and significantly reduces the
manufacturing costs of energy storage and energy conversion
devices.’

However, despite these advantages, SABs typically exhibit
high overpotential owing to the oxygen evolution reaction
(OER) and the oxygen reduction reaction (ORR), which reduce
charge/discharge and energy efficiency.'®"* and increase side
reactions such as the chlorine evolution reaction'® and carbon
corrosion.”' Consequently, lowering the overpotential has
been one of the main focuses of SABs, and the use of electro-
catalysts is considered to be an effective method.">™**

In order to attach the electrocatalyst to the cathode, glue,
known as a polymer binder, should be utilized. Conventionally,
polymer binders such as polyvinylidene fluoride (PVDF),
Nafion, and carboxymethyl cellulose (CMC) are used to ensure
the structural integrity of air electrodes for SABs.">">' However,
hydrophobic binders such as PVDF and Nafion show limita-
tions in performance improvement due to catalyst desorption
and poor aqueous electrolyte wettability, while hydrophilic
binders (CMC, polyacrylic acid, polyethylene oxide, etc.) have
been reported to suffer from hydration-induced softening and
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dissolution.””>* The PVDF binder, as an insulating polymer
with low electrical conductivity (<3.41 x 107"* § ecm™'),*
weakens the performance of the SABs. Additionally, in 2023,
the European Union issued a report on the restriction of
perfluorinated compounds, including perfluorooctanoic acid,
perfluorooctanoate (PFOA) salts, and PFOA-related substances
used in the synthesis of PVDF, as part of their defluorination
policy.>® Consequently, the development of a polymer binder
that exhibits the following characteristics is of great interest: (i)
cost-effectiveness, (ii) eco-friendliness, (iii) good wettability
without dissolution, (iv) reliable underwater adhesion, and (v)
suitability as an alternative to per- and polyfluoroalkyl sub-
stance (PFAS).*”

In this study, we developed a semi-crystalline polymer
binder that simultaneously satisfies the aforementioned char-
acteristics by incorporating and optimizing the ratios of three
different monomers (Fig. 1): dopamine-m-acrylamide (DMA),
poly(ethylene glycol) (PEG) acrylate, and butyl anthracene acry-
late. The catechol functional group in dopamine-m-acrylamide
can provide strong underwater adhesion with various
substrates,”® ! and the PEG group is known to exhibit inherent
hydrophilicity®* with high ion conductivity.>® The anthracene
(At) moiety, which has been widely utilized in various
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Fig. 1 Aqueous sodium—air batteries (Scheme). (a) air electrode assembled with a polymer binder, Pt catalyst, and carbon current collector in aqueous
media, and (b) molecular design of a multi-functional binder with underwater adhesion and electrical conductivity.

4448 | Energy Environ. Sci., 2025, 18, 4447-4459

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee01350j

Open Access Article. Published on 31 March 2025. Downloaded on 5/3/2026 11:46:16 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & Environmental Science

applications such as secondary battery binders,** organic thin-
film transistors,®” organic light-emitting diodes,*® and organic
solar cells,>”"*® facilitates efficient electron transport via hop-
ping conduction through m-n interactions. Moreover, the At
moiety contributes to the crystallinity of the polymer through
n-7 stacking, enabling a balance between crystalline and amor-
phous characteristics. When semi-crystalline polymers are uti-
lized as battery binders, they enable efficient coating on current
collectors while simultaneously enhancing electron transport,
thereby improving the overall battery performance.***°

A sodium-air battery (SAB) assembled with the developed
polymer binder exhibited significantly better electrochemical
performance than the SAB with a bare carbon current collector,
conventional binders such as PVDF, and the previously devel-
oped catechol-based polymer binder.*' Additionally, the anti-
oxidant properties of catechol groups effectively prevented the
corrosion of the carbon current collector. The superior proper-
ties of the developed binder were examined using versatile
techniques and confirmed to be due to (i) the high crystallinity
of the At group in water, resulting in high electrical conductiv-
ity, (ii) strong underwater adhesion of catechol groups, and (iii)
the excellent hydrophilic properties of PEG.

Results and discussion
Characterization of the synthesized binder

The multi-functional polymer binder was designed to contain
catechol, PEG, and At groups to improve the adhesive strength,
wettability, and electrical conductivity, respectively, in aqueous
environments (Fig. 1b and Scheme S1, Fig. S1-S4, Table S1;
details of the synthesis procedures are provided in the ESIT).
The "H-NMR analysis of DPTA631, containing 10% At, revealed
that its spectrum (Fig. S4b, ESIt) confirmed acrylate peaks from
the At monomer (6.0-6.4 ppm) in trace amounts. This indicates
that the residual trace amount of monomer in the DPTA631
polymer does not affect its semi-crystallinity or conductivity. To
further explore whether the At content impacts crystallinity and
conductivity, a binder (DPTA622) with an additional 10% At
content was synthesized and analyzed. Additionally, to focus on
the role of At, a previously reported DPA binder (Scheme S1,
ESIT) was used as a control which exhibited strong adhesion
and excellent wettability in water.*' The glass transition tem-
perature (T,) of DPA64 was measured and found to be —31.2 °C,
while T, and the melting temperature (Ty,) of DPTA631 were
measured and found to be —58.4 °C, and 113.1 °C, respectively
(Fig. S5, ESIt). DPTA631 exhibited only T, and Ty, transitions,
similar to other semi-crystalline polymers.**™** Furthermore,
the melting enthalpy of DPTA631 was determined to be
0.22 ] g~ *. The synthesized DPTA631 binder had a 10 mol%
PEG group reduction compared to DPA64; however, it was
expected to ensure sufficient aqueous electrolyte wettability
for efficient electrochemical reactions. To verify the hydrophi-
licity of the synthesized DPTA631 polymer, the water contact
angles of the DPTA631 and DPA64 coated glass surfaces were
measured. Both the DPTA631 and DPA64 coated surfaces
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showed sufficiently low water contact angles of 16.3 + 1.2°
and 13.2 + 1.4°, respectively, owing to the incorporated PEG
groups, while DPTA631 showed a slightly higher (~ 3°) contact
angle due to the reduction in the PEG content and incorpora-
tion of the At group. Furthermore, DPTA622 showed an elevated
contact angle of 23.8 £ 0.9° due to the increased presence of the
hydrophobic At moiety (Fig. S6, ESIt). The increased At content
above 10 mol% decreased hydrophilicity due to the smaller PEG
group composition, thereby diminishing the coating property
and electrolyte wettability, and electrochemical performance
(Fig. S6-S8, ESIT). Therefore, we optimized the DPTA631 bin-
der, which contains 10 mol% of At monomer.

Electrochemical performance of SABs using synthesized
polymer binders

To elucidate the effect of the conductive binder on the cathode
performance of the SABs, the electrochemical performance was
tested by assembling the SABs with cathodes containing the
synthesized binders and Pt/C catalyst (see the preparation of
electrodes in the Methods section). The theoretical value of the
charge/discharge voltage of the SABs (seawater used in this
study) is V; . = 3.48 and V; = 2.90 V, respectively (1st subscript
indicates theoretical, t, or measured, m, the 2nd subscript
indicates charge, c, or discharge, d).*>*°

The electrochemical properties of the bare carbon current
collector without a binder and catalyst are shown in Fig. S9
(ESIT). The bare carbon current collector exhibited a high
voltage gap and overpotential at 100th charge/discharge cycles
owing to carbon corrosion caused by the high overpotential,
resulting in poor battery performance.'* Fig. 2a and Fig. S10
(ESIt) show the galvanostatic charge/discharge profiles of the
SABs using each binder for 100 cycles. It was confirmed that the
voltage gap (AVi, = Vin_c — Vm_d, Fig. 2a) and the overpotential
(AVy, — AV, Fig. 2b) of the PVDF increased with the number of
charge/discharge cycles and reached relatively high values of
1.5 V and 0.90 V, respectively, at the 100th cycle. Meanwhile,
both DPA64 and DPTA631 incorporated SABs were relatively
stable for up to 100 cycles without a noticeable increase in
overpotential. Nevertheless, the DPTA631 containing SAB
exhibited a 48% smaller overpotential (0.30 V) compared to
those of DPA64 (0.58 V) and PVDF (0.90 V) at the 100th cycle.
Moreover, DPTA631 exhibited outstanding cycle life and stability
during long-term galvanostatic charge/discharge measurements
conducted over 1200 h (300 cycles), as shown in Fig. S11
(ESI).”™* It is known that with an increasing number of
charge/discharge cycles, the carbon electrode surface is oxidized,
and the overpotential gradually increases, causing side reactions
such as carbon corrosion.”'* These phenomena degrade the
performance of SABs; however, the synthesized polymer binders
with electrocatalysts seemed to increase the rate of OER/ORR,
preventing overpotential build-up and suppressing carbon oxida-
tion and corrosion, thereby exhibiting excellent electrochemical
performance. The significantly more stable and lower overpoten-
tial of SABs with catechol-containing binders should be due to the
strong underwater adhesion of catechol groups, which inhibits the
desorption of the electrocatalyst. The average overpotential values

Energy Environ. Sci., 2025, 18, 4447-4459 | 4449
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Fig. 2 Electrochemical performance of SABs. (a) Galvanostatic charge/discharge profiles, (b) overpotential, (c) OER and (d) ORR performance, (e) energy
efficiency, (f) polarization curves and power densities, and (g) electrochemical impedance spectroscopy (EIS) spectra and equivalent circuit of SABs

assembled with PVDF, DPA64 and DPTA631.

for all cycles are shown in Table S2 (ESIt). In addition, the lower
overpotential of DPTA631 compared to that of DPA64 is due to the
higher electrical conductivity of the At group (which will be
thoroughly discussed in the latter sections).

Fig. 2c and d show the OER and ORR performance (AVogg =
Vin_c — Ve c and AVorg = Vi a — Vim_a, respectively; smaller values
indicate higher performance) of the assembled SABs. The PVDF
exhibited significantly poor OER and ORR performance due to
the low adhesion and catalyst detachment. In contrast, the
DPTA631 showed high OER (~50% smaller AVygg) and ORR
performances (~46% smaller AVorr) compared to DPA64 after
100 cycles. Additionally, the average OER and ORR with varia-
tions are presented in Fig. S12 (ESIt). The significant enhance-
ment of the OER and ORR performance of DPTA631 should be

4450 | Energy Environ. Sci., 2025, 18, 4447-4459

due to the better electrical conductivity triggered by At (which
will be evaluated in the latter sections).

Fig. 2e shows the energy efficiencies (= V;;,_a/Vin_c) Of the
SABs. The energy efficiency of PVDF continued to decrease from
the initial charge/discharge, reaching approximately 65% in the
100th cycle. The initial energy efficiency of the DPA64 binder (at
the 6th cycle) was ~88%, which was stable up to 80 cycles,
followed by a slight decrease (~ 85% at the 100th cycle). Mean-
while, the DPTA631 binder showed a higher and more stable
energy efficiency throughout 100 cycles (92% from the 6th cycle
to the 100th cycle) compared to DPA64. Thus, at the 100th cycle,
DPTA631 exhibited ~7% and ~27% higher energy efficiency
compared to DPA64 and PVDF, respectively, which represents a
huge improvement in energy storage systems.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2f shows the polarization and power curves (after three
charge/discharge cycles) of the SABs. The maximum power of
PVDF is 8.3 mW cm 2 at 4.2 mA cm %, owing to the slow
electrochemical reaction (OER and ORR). The SAB containing
DPTA631 shows significantly improved performance (~22%),
showing the maximum power of 16.2 mW cm™ > at 9 mA cm™ 2,
compared to that of SAB containing DPA64 (13.2 mW cm™ > at
7.8 mA cm?). In order to test the stability of the SABs,
polarization and power curves were also evaluated after the
30th charge/discharge cycle, and we confirmed that the
decreased power was smaller for DPTA631 (from 16.2 to
15.6 mW cm >, ~3.8% decrease) compared to that of DPA64
(from 13.2 to 12.0 mW cm ™%, ~9.9% decrease) (Fig. S13, ESIY).
Specifically, PVDF was measured at 6.3 mW cm ™2, with a 25%
drop in the 30th charge/discharge cycle. This is likely due to the
decrease in battery performance caused by catalyst detachment
and carbon corrosion starting around the 25th cycle (Fig. 2b-e).

To analyze the effects of the polymer binders on the resistance
of the battery system and its components, electrochemical impe-
dance spectroscopy (EIS) was performed (Fig. 2g). Each resistance
is described as a semicircle fitted into an equivalent circuit.’®*! In
the battery system, the resistances of NASICON and the liquid
electrolyte (R., R;, and R¢) were measured and found to be similar
regardless of the binder type. The charge transfer resistance
(Re) is indicative of the resistance of the carbon current collector
and the electrode; a smaller R, of the electrode suggests faster
electron, ion, and charge transfer. This allows for a direct assess-
ment of the impact of the binder and catalyst on the SAB
performance. The semicircle diameter corresponding to R, was
smaller for DPTA631 (56.3 Q) and DPA64 (129.0 Q) compared to
PVDF (197.4 Q) (Table S3, ESIt). Notably, DPTA631 exhibited
reduced resistance and prevented carbon corrosion due to the
crystallinity and conductivity of the At group. To evaluate the
impact of the binder on the stability of SAB electrodes, EIS was
conducted on SAB electrodes subjected to 30 cycles of electro-
chemical reactions. The electrodes containing DPA64 and
DPTA631 showed a slight increase in R.. compared to the initial
SAB electrodes, whereas the electrodes with bare carbon and
PVDF exhibited a significant enhancement in R.. by more than
20% (Fig. S14 and Table S3, ESIT). The increase in the resistance
of the PVDF-based electrode is likely due to catalyst detachment.
In comparison, that of the bare carbon electrode is attributed to
the carbon corrosion of the current collector.

Crystallinity of the polymer binder

It is previously known that when an aromatic group with con-
ductivity undergoes n-n stacking, the crystallinity of the polymer
increases,”> > possibly enhancing the electron transfer.>*™® In
addition, polymer binders with aromatic groups or crystallinity
are known to improve battery performance.’>*>*® To investigate
the crystallinity of the synthesized polymers, two-dimensional
grazing incidence wide-angle X-ray diffraction (GI-WAXD) patterns,
polarized optical microscopy (POM), X-ray diffraction (XRD), and
transmission electron microscopy (TEM) were obtained (Fig. 3 and
Fig. S15-S17, ESI¥). Fig. 3a, c and d show that DPTA631 has strong
random semi-crystallinity, and the very narrow peak signals

This journal is © The Royal Society of Chemistry 2025
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indicate that the side chains of DPTA631 form large crystalline
domains. The 2D GI-WAXD patterns of the DPTA631 polymer
(Fig. 3c and d) show diffraction patterns with a ring shape along
the Debye ring, indicating random orientation. Such a random
orientation in the DPTA631 polymer is expected to provide efficient
three-dimensional pathways for electron transport, leading to
improved electrochemical performances. Using the Scherrer equa-
tion, the domain size of the DPTA631 polymer (0.75 A~ peak in
Fig. 3c) was calculated to be 35.7 nm, which is within a similar
range as the polymer crystal size.”>®® XRD analysis also revealed
that the At-acrylate monomer exhibited strong crystallinity due to
the n-r stacking of anthracene moieties. In contrast, the randomly
structured DPTA631 polymer displayed multiple weak semi-
crystalline peaks, differing from the XRD pattern of the At-
acrylate monomer (001, 011, and 002) (Fig. $16, ESIT).** Moreover,
Fig. S17 (ESIt) shows the presence of random semi-crystallinity
with varying domains and spacings in DPTA631. These findings
collectively suggest that in an aqueous environment, the hydro-
phobic attraction between the At moieties should enhance the
crystallinity of DPTA631 (Fig. 3e).

The DPA64 polymer was found to be amorphous in all
measurements (Fig. 3b-d and Fig. S15, S16, ESIt). Typical
acrylate polymers such as DPA64 generally act as insulators
and inhibit effective electron transfer. This results in a high
overpotential and increased side reactions in the batteries,
leading to carbon corrosion. In the case of DPTA631, a semi-
crystalline structure with large crystalline domains induced by
n-n stacking of At moieties and intra-and inter-molecular
interactions of the catechol and PEG groups should enhance
the electron transport properties, thereby improving the cycling
stability and power density of SABs (Fig. 2).°>%

Evaluation of electrical conductivity

As seen in Fig. 4a, the indicative peaks for the catechol and At
groups were between 250-300 and 330-400 nm, respectively.
The DPTA631 polymer exhibited the absorption spectrum of
the At group at a wavelength of 300-400 nm and fluorescence
when exposed to UV at 365 nm. In Fig. 4b, PVDF exhibits a high
oxidation potential (E9x*** = 2.07 V) attributed to the high electro-
negativity of fluorine atoms.** The high oxidation potential of the
PVDF binder obstructs electron transport at the air electrode,
thereby reducing the SAB performance (see Fig. 2). It has been
previously reported that aromatic groups can induce a reduction in
oxidation potential.>”*® The oxidation potential of DPTA631
(B3 = 0.69 V) was reduced by 0.11 V compared to that of
DPA64 (Eoe’® = 0.80 V) under the influence of the At group,
facilitating electron transfer (Fig. 4b). The sheet resistance of the
polymer-coated carbon current collectors was measured using the
four-point probe method. High-resolution transmission electron
microscopy (HR-TEM) analysis was performed to determine the
coating thicknesses of DPTA631 and DPA64, which were measured
and found to be 609 nm and 342 nm, respectively (Fig. S18, ESI).
The Fig. 4c shows the sheet resistance increment (AQ) of the
polymer-coated carbon current collector (Q,r) compared to that of
the bare carbon current collector (Qccc = 35.6 + 1.8 Q sq ).
According to the results, PVDF exhibited a AQ value of 21.0 Q sq ",

Energy Environ. Sci., 2025, 18, 4447-4459 | 4451
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Fig. 3 Crystallinity of electron-conductive binders. GI-WAXD patterns of (a) DPTA631 and (b) DPA64. GI-WAXD line-cut profiles of the (c) horizontal and
(d) vertical directions. (e) TEM images of DPTA631 in solution, forming crystals via n—nr stacking of the anthracene moiety. (f) Photograph and POM images

of DPTA631. All crystallinity analyses were conducted at room temperature.

whereas DPA64 showed a slight reduction in AQ (approximately
19.1 Q sq "). DPTA631 demonstrated the lowest electrical resis-
tance (around 11.8 Q sq '), indicating enhanced electrical con-
ductivity due to the At moiety. Moreover, the differences in the
surface resistance of DPTA631 were significant compared to PVDF
(P =0.0003) and DPA64 (P = 0.0004), respectively (Fig. 4c). Overall,
higher electron mobility (Fig. 4d) was achieved because of the
lower oxidation potential (Fig. 4b) and lower resistance (Fig. 4c) of
DPTA631.

Carbon corrosion analysis

Previous studies have reported that carbon corrosion of carbon
current collectors degrades the performance of SABs.'**!

4452 | Energy Environ. Sci., 2025, 18, 4447-4459

Differential electrochemical mass spectrometry (DEMS) is a
highly useful analytical technique for real-time monitoring of
gases generated during electrochemical reactions, enabling the
identification of reaction mechanisms and side reactions.®®
In Fig. 5, the carbon corrosion of carbon current collectors and
its causes were analyzed using DEMS and scanning electron
microscopy (SEM). Fig. 5a shows the amount of CO, generated
from the constant current charge/discharge results performed
for 120 minutes at a charging current density of 0.25 mA cm 2.
The CO, evolution is caused by carbon oxidation, also known as
carbon corrosion. It was observed that the carbon current
collectors with DPA64 or DPTA631 binders produced consider-
ably less CO, following charge/discharge cycles than those

This journal is © The Royal Society of Chemistry 2025
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using bare carbon. The PVDF binder exhibited poor wettability
with seawater, which made the DEMS analysis inadequate.®”
The average CO, evolution for bare carbon was measured and
found to be 0.75 £ 0.26 nmol min~', while DPA64 showed a
value of 0.15 4 0.11 nmol min " of CO,. Furthermore, DPTA631
outperformed DPA64 CO, evolution by 0.12 + 0.07 nmol min ™"
(Fig. S19, ESIt). Previous studies have reported that the cate-
chol group has an oxidation inhibition effect.*"** The results of
reduced CO, in the DEMS analysis with DPA64 and DPTA631
binders were attributed to the catechol group inhibiting the
oxidation and corrosion of the carbon current collectors. More-
over, the electron mobility enhancement by the At group in
DPTA631 was thought to further suppress the carbon corrosion
compared to DPA64.

This journal is © The Royal Society of Chemistry 2025

The SEM analysis of carbon current collectors before and
after 100 charge/discharge cycles with each binder is shown in
Fig. 5b and c. Regardless of the type of binder, the catalyst was
successfully coated on the carbon current collectors before the
cycle test, though its distribution was not entirely uniform.
Compared to the PVDF binder, DPA64 and DPTA631 exhibited a
slightly more uniform distribution of the Pt catalyst (Fig. 5b).
However, after 100 charge/discharge cycles, the carbon current
collector with the PVDF binder showed the catalyst detachment
and severe carbon corrosion concerns (Fig. 5d). In contrast,
DPA64 and DPTA631 binders demonstrated that the Pt/C
catalyst remained intact even after the cycle tests, with signifi-
cantly reduced carbon corrosion compared to PVDF (Fig. 5b-d).
This confirms that the synthesized DPTA631 binder exhibits
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superior performance in preventing the carbon corrosion of
current collectors due to its hydrophilicity, high underwater
adhesion, and electrical conductivity.

Adhesive performance of synthesized binders

The bonding mechanism between the catechol group of the
synthesized binder and the Pt catalyst has been reported to
involve strong metal coordination and bidentate hydrogen
bonding.>*’%"* To confirm the actual interaction between the

4454 | Energy Environ. Sci., 2025, 18, 4447-4459

catechol groups and Pt/C, the FT-IR spectra of the binder-Pt/C
mixture were compared with those of the bare binder (DPTA631
or DPA64). The difference between the spectra of DPTA631 and
DPA64 exhibited a decrease in the intensity of the C-O peak
(1100 cm ™), representing the PEG group, and an increase in
the signal of the -C=C peak (1650 cm ') in the aromatic
groups. Furthermore, the FT-IR spectra of mixtures showed a
decrease in hydroxyl groups upon an increase in Pt/C content
(Fig. 6¢), indicating metal coordination between the catechol

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee01350j

Open Access Article. Published on 31 March 2025. Downloaded on 5/3/2026 11:46:16 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & Environmental Science

a
3D sensor
1D actuator
Cantilever spring
with strain gauge
. e—— Spherical disk
* Binder
/— Pt surface
o——— Flat disk
Loading / Unloading
< d 150
—— DPTAB31
-OH —— DPTAB31+Pt/C 1 wt%
’; —— DPTAB31+Pt/C 2 wt%
o -CH,, CH, =€ oo
9 =0
s __100
=z

OO ——| NE
2 —— DPA64 o
© —— DPAB4+Pt/C 1 wt%|
ke) -OH _— DPA64(-:0-%t/C 2 wt% LE
g -CH,, CH, -C=C A 50
© =0
S
-
o
z

4000 3500 3000 2500 2000 1500 1000 500

Wavelength (cm™)

View Article Online

Paper
§ Pt |
: /— Binder:
L E E
P € :
N 3
‘o ]
A ;
' 25.4 mm ;
L 15
ns (P =0.406)
P=0.034 |
—— -
~ 10t
IS)
=
o
»
@
)
£ 5¢
w
o
©
-
N/A N/A
0
PVDF DPA64 DPTA631 PVDF DPA64 DPTA631

Fig. 6 Adhesive properties of the synthesized binders. (a) microscale force measurement experimental set-up using an SFA. (b) Schematic illustration of
the UTM experimental set-up for measuring the lap shear strength. (c) FT-IR spectra of the synthesized binder (DPTA631 or DPA64) and mixture (binder
and Pt/C). (d) Adhesive performances at the microscale (surface forces apparatus, SFA) and (e) macroscale (lap shear strength). Values represent mean +
s.d. (n = 3 independent samples). Statistical significance and P values were determined by a two-sided t-test; ns means non-significant.

groups of the binder and Pt/C. In order to measure the adhesive
properties quantitatively, the adhesion force between the poly-
mer binders and Pt was evaluated using both microscale
(surface forces apparatus (SFA), Fig. 6a) and macroscale analysis
(lap shear test, Fig. 6b) (Fig. 6d and e). The PVDF measured no
adhesive force with the Pt surface at all scales. DPA64 exhibited
higher adhesion force (98.88 + 5.82 mN) to the Pt surface
compared to that of DPTA631 (64.78 + 7.29 mN). All measure-
ments showed cohesive failure, indicating that the measured
values were cohesive forces and that adhesive forces should be
higher than the measured values. The superior adhesion between
the synthesized binders and Pt surface immediately formed even
after a short contact time (5 s). The lower cohesive force of
DPTA631 is probably due to the stronger bidentate hydrogen
bonding compared to the n-n stacking of At groups. Furthermore,
the differences in the macroscopic lap shear strength of DPA64
(9.11 + 2.04 kPa) and DPTA631 (7.36 + 1.73 kPa) statistically were

This journal is © The Royal Society of Chemistry 2025

non-significant (P = 0.406, Fig. 6e). The adhesion and cohesion
properties of the synthesized binder seem to be strong enough to
immobilize Pt/C onto carbon current collectors for a significant
operation time.>> The immobilization of Pt/C on the carbon
current collector was analyzed using SEM (Fig. 5b and c). After
100 charge/discharge cycles in an aqueous environment, the
polymer binder and Pt catalyst (Pt peak) remained intact. These
results, together with the electrochemical performance (Fig. 2
and 4), indicate that the slightly lower adhesion performance of
DPTA631 is negligible and completely overcompensated by its
better electrical conductivity compared to that of DPA64.

Conclusions

The performance of commercialized polymer binders (e.g.,
PVDF, Nafion, and PAA) for aqueous metal-air batteries is
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limited owing to their poor underwater adhesion, low electro-
lyte wettability, and electrical conductivity. In this study, a
novel aqueous polymer binder was developed by copolymeriz-
ing monomers with catechol (for underwater adhesion), PEG
(for electrolyte wettability), and At groups (for electrical con-
ductivity). Compared with DPA64 (which was previously shown
to significantly enhance the performance of SABs compared to
PVDF), the newly developed DPTA631 polymer binder signifi-
cantly improved the electrochemical performance of SABs
(increasing the energy efficiency (~7%) and maximum power
(~22%), and decreasing the overpotential (~52%)) and further
mitigated carbon corrosion in the air electrode. The superior
properties of the DPTA631 binder are attributed to (i) the high
crystallinity of the At group in water (confirmed by GI-WAXD
and POM), (ii) the strong underwater adhesion of catechol
groups (confirmed by SFA, lap shear test, and FE-SEM), and
(iii) the excellent hydrophilic properties of PEG (confirmed by
water contact angle). We believe that the synthesized binder
can be applied to various energy storage systems (e.g., redox
flow batteries, aqueous rechargeable batteries, LIB, and fuel
cells) to improve their electrochemical performance.

Experimental
Materials

Dopamine hydrochloride, 2,2'-azobis(2-methylpropionitrile) (AIBN),
poly(ethylene glycol)monomethyletheracrylate (PEG-acrylate, M,,
480 g mol™ "), and poly(ethylene glycol)diacrylate (PEGDA, M,, =
550 g mol ') were purchased from Sigma-Aldrich. Methacrylic
anhydride and triethylamine were purchased from TCI Chemicals.
HPLC-grade tetrahydrofuran (THF), ethanol (EtOH), and dimethyl-
formamide (DMF) solvents were purchased from J. T. Baker
Chemicals. All the reagents were used without further purification.
Sodium trifluoromethanesulfonate (NaCF;SO;, Sigma-Aldrich),
tetraethylene glycol dimethyl ether (TEGDME, Alfa Aesar), and
20 wt% platinum carbon (Pt/C, Alfa Aesar) were used for electrode
preparation.

Synthesis of a multi-functional binder (DPTA631)

Polymerization of dopamine-m-acrylamide (DMA), 9-(acryloy-
loxy)butyl anthracene-9-carboxylate (At-acrylate), PEG-acrylate,
and PEGDA was carried out in DMF. DMA (110.50 mg,
0.6 mmol) and At-acrylate (34.84 mg, 0.1 mmol) were dissolved
in 400 pL of DMF, and PEG-acrylate (192.00 mg, 0.3 mmol) and
PEGDA (11.5 mg, 0.02 mmol) were added into a polymerization
ampoule. 0.5 mmol% AIBN and RAFT agent (dibenzyl trithio-
carbonate) were dissolved in DMF (0.1 mg pL~') and then
added into the polymerization ampoule. After removing the
oxygen through three freeze-thaw cycles, polymerization was
carried out at 70 °C for 24 h. After polymerization, DPTA631 was
precipitated twice from diethyl ether:hexane (2:1 volume
ratio), followed by centrifugation to purify the polymer, which
was then dried in a vacuum oven at 40 °C for 5 days. Approxi-
mately 280 mg of yellow product was obtained (Table S1, ESIT).
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Preparation of electrodes

The SAB consisted of an air electrode as the cathode, a Na/C
composite as the anode, catholyte seawater (Ilsan Beach in
Ulsan, South Korea), and an anolyte. The overall assembly
process was performed in an argon atmosphere glove box.
The fabrication of an air electrode using a binder solution
containing Pt/C catalyst can be divided into three steps. First,
10 mg of polymer binder and 40 mg of Pt/C catalyst were
dissolved in 3 mL of EtOH by sonication at room temperature
for 15 min. The carbon current collector was then immersed in
the polymer binder solution and sonicated for 5 min on each
side. Finally, the air electrode was dried in a convection oven at
90 °C for 1 d. Coin cells containing the Na/C composite were
fabricated for the anode compartment. The coin cell compart-
ments and flow zig for the air battery were purchased from Four
To One; 1 M NaCF;SO; in TEGDME was used as the anolyte.
The Na/C composite was prepared, followed by steeping carbon
cloth in melted sodium metal and punching. A 0.8 mm-thick
NASICON-type solid electrolyte (Na3Zr,Si,PO;,) with a diameter
of 16 mm was mounted on an anode top holder. A stainless-
steel spacer and spring were used for the contact.

Characterization

Proton and carbon nuclear magnetic resonance (*H and **C
NMR) spectra were recorded using a 400 MHz NMR spectro-
meter (AVANCE III HD, Bruker, USA) with DMF-d;, as a solvent.
Fourier-transform infrared (FT-IR) spectra were recorded using
an FT-IR spectrometer (FT/IR-4600, JASCO, Japan) in the trans-
mittance mode. Glass transition temperature was measured
using differential scanning calorimetry (DSC, Q200, TA Instru-
ment, USA) at a scanning rate of 10 °C min~ " (from —80 °C to
150 °C) under a nitrogen atmosphere. The absorbance of the
synthesized binders was recorded using a double-beam UV-vis
spectrophotometer (UV-2600, Shimadzu). The scanned wave-
length range was 200-450 nm. Morphological observation and
energy dispersive spectroscopy (EDS) were performed using a
scanning electron microscope (SEM, SU8220, Hitachi High-
Technologies, Japan). Two-dimensional grazing incidence
wide-angle X-ray diffraction (GI-WAXD) patterns were performed
using a PLS-II 6D UNIST-PAL beamline with an X-ray energy of
11.564 keV at the Pohang Accelerator Laboratory (PAL), Korea.
The angle of incidence was fixed at 0.12° to enhance the
diffraction intensity and reduce substrate scattering.

For morphological analysis of carbon felt samples coated
with a polymer layer, transmission electron microscopy (TEM)
characterization was performed using high-resolution TEM
(HR-TEM) and high-angle annular dark-field (HAADF) imaging
in the scanning TEM mode with a JEM-2100F (JEOL). Sample
preparation for TEM analysis was carried out using a dual-beam
focused ion beam (FIB) system (Helios 450HP, FEI) to investigate
the Pt/polymer layer deposited on the carbon felt samples.
To mitigate beam-induced damage during the FIB process, car-
bon and Pt protective layers were previously applied to the carbon
felt composite. Crystallographic analysis of DPTA631 samples in
TEM was also carried out using HR-TEM (JEM-2100F, JEOL).

This journal is © The Royal Society of Chemistry 2025
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To prepare the samples, a solution of DPTA631 dissolved in a
mixture of EtOH and tetrahydrofuran was carefully mounted onto
a copper (Cu) grid in the form of a small droplet. The grid was
then left to dry under ambient conditions for a day, allowing
DPTA631 to recrystallize. Once the recrystallization process was
complete, the Cu grid containing the recrystallized DPTA631
samples was inserted into the HR-TEM for detailed structural
and crystallographic observation.

Water contact angles were measured using a KRUSS DSA100
instrument. All polymer solutions (10 mg mL ™', THF) were
spin-coated (1000 rpm for 1 min) onto glass and dried in a
vacuum dryer at room temperature for 1 h. DI water (6 pL)
droplets were deposited onto polymer-coated substrates. The
contact angles were obtained as the average values of five
measurements at different positions. X-ray diffraction (XRD)
was performed using a Bruker D8-Advance film diffractometer
equipped with a Vantec-1 detector (Cu Ko radiation). The XRD
samples were prepared by dissolving polymers in EtOH (2 wt%),
followed by drop casting them onto glass and dried in a 40 °C
vacuum oven overnight. Note that the polymers are fully soluble
in EtOH at 2 wt% (Fig. S20, ESIT) due to their hydrophilicity and
low crosslinking density.

The mesomorphic properties were analyzed using polarized
optical microscopy (POM, BX53M, Olympus) on a LINKAM
stage (LTS420). The electrical conductivity was measured using
four-point probe measurement equipment (CMT2000N,
Advanced Instrument Technology Corp.). The 14 ¢ carbon
current collector was immersed in 10 mg mL™"' (polymers/
EtOH) in solution, sonicated at room temperature for 5 min,
and dried at 40 °C overnight in a vacuum oven.

DEMS analysis for real-time observation of gas production
was utilized during the galvanostatic charging of a specially
designed, airtight Swagelok-type cell containing 2465 coin-type
cells.*” The cells for DEMS were directly assembled in the
ambient atmosphere. DEMS measurements reflect the average
CO, evolution rate (y-axis unit, nmol min "), determined by
collecting the CO, gas produced over a 5-minute interval before
analysis. CO, (m/z = 44) gas emissions were observed consis-
tently during the initial galvanostatic charging cycle conducted
at 0.25 mA cm > and a temperature of 25 °C, monitoring every
five minutes.

Electrochemical analysis

All coin-type cells underwent galvanostatic charge/discharge
tests and power density evaluations using a battery testing
system (WBCS3000L32, WonAtech). The charge and discharge
characteristics of the cells were tested at a current density of
0.25 mA cm 2. Cyclic voltammetry (CV) was performed using a
three-electrode system to evaluate the oxidative characteristics
of PVDF, DPA64 and DPTA631 and using a potentiostat or an
electrochemical analyzer (CHI660, CH Instruments Electroche-
mical Workstation). CV was performed in a 0.1 M solution of
tetrabutylammonium hexafluorophosphate (n-Bu,NPFg) in
acetonitrile at a scan rate of 5 mV s~ at room temperature.
The redox potential of the Fe/Fe' internal reference was 0.09 V
vs. SCE. EIS was performed using a potentiostat. Seawater from
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Ilsan Beach, Ulsan, Republic of Korea, was used after vacuum
filtration.

Adhesion evaluation

SFA experiments. In order to investigate the adhesive per-
formance between the synthesized polymer binders and the Pt
catalyst, two surfaces coated with polymer binders and Pt were
prepared. To prepare polymer-coated surfaces, 20 pL of polymer
binder (DPTA631 and DPA64) solutions (1 wt%, EtOH) were
dropped onto a spherical glass disk (radius, R ~ 1 cm),
followed by drying at room temperature for 30 min. For the
Pt surface, the (111) plane of the Pt layer (~30 nm) was
deposited on the Si wafer using an e-beam evaporator (FC-
2000, Ferro Tec, Temescal, USA). The prepared surface was then
glued onto a flat glass disk using UV glue (NOA 81, Norland
Products, NJ, USA). The piezoelectric 3D sensor/1D actuator
attachments in SFA 2000 (Surforce LLC, Santa Barbara, CA,
USA) were used to measure the adhesion force between the
synthesized polymer binders and the Pt catalyst. A spherical
disk (polymer binder surface) was mounted on the upper 3D
sensor/1D actuator, which was connected to strain gauges to
translate the vertical motion (z-axis). A flat disk (Pt surface) was
mounted on the lower main stage of the SFA chamber con-
nected to a differential micrometer. The distance between two
opposing surfaces was adjusted by the differential micrometer
connected with a motor, the maximum displacement was 0.5
cm with a constant speed (~30 um s~ ') during loading and
unloading. Two surfaces were pressed until they reached the
desired load (~300 mN) for the contact time (¢. = 5 s), followed
by separation (Fig. 6a). All adhesion forces were measured three
times at different contact points under each condition to
confirm reproducibility.

Lap shear test. The lap shear test was performed using a
universal testing machine (WL2100C, Withlab, South Korea).
Two hundred microlitres of the synthesized polymer binder
(DPTA631 and DPA64) solutions (10 wt%, EtOH) were added
dropwise on a glass substrate (25.4 mm x 12.7 mm) for
the binder-coated surface. To make the Pt surface, the (111)
plane of the Pt layer (~30 nm) was deposited on the glass
surface (25.4 mm X 12.7 mm) using an E-beam evaporator
(FC-2000, Ferro Tec, Temescal, USA). The two prepared surfaces
were attached for 15 min. After the contact time, a lap shear
test was performed at a crosshead speed of 1.3 mm min "
at room temperature (ASTM D1002, Fig. 6b). All lap shear
strength measurements were conducted three times with
different samples under each condition to confirm the
reproducibility.

Statistical analysis

MATLAB (v.R2024a) was used to assess the statistical signifi-
cance of all comparisons. Data distribution was assumed to be
normal for all parametric tests but was not formally tested. The
homogeneity of variance was confirmed through the F-test
between two sample groups. Two-sided Student’s ¢-test and
Welch’s t-test were conducted to compare two sample groups
with homoscedasticity and heteroscedasticity, respectively.
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