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Broader context

Stable, high-rate, organic zinc-ion batteries
accomplished using an ion-conducting
marine-inspired binderf

Alicia M. Battaglia,® Jiang Tian Liu,? Victor Lotocki,® Kristen L. Perry® and
Dwight S. Seferos (&) *P

Aqueous zinc-ion batteries (AZIBs) are promising for a range of future energy storage needs. However,
their widespread adoption is hindered by the cathode’s poor conductivity and high solubility in the
aqueous electrolyte, resulting in low energy density and poor cycle life. Most research has focused on
improving the active material performance, with less emphasis on optimizing other electrode com-
ponents. Binders, which are essential for maintaining electrode integrity during cycling, can also play a
crucial role in enhancing conductivity and mitigating dissolution. In this study, we introduce a novel dual-
functional polymer, POxaPG, incorporating gallol (a marine adhesive) and polyethylene gallol (PEG) as a
binder that addresses these challenges. Due to the strong adhesion and excellent mechanical stability
provided by the robust bonding between the gallol groups and the carbonyl active material, and high
ionic conductivity provided by the PEG groups, an organic AZIB incorporating this binder achieves
capacities ranging from ~350 mAh g™ (0.01 A g™ to 200 mAh g~* (20 A g™%), among the highest reported
for organic materials at these rates. Furthermore, the cathode with the conductive gallol binder demon-
strates exceptional cycling performance compared to electrodes using the conventional polyvinylidene
fluoride (PVDF) binder, demonstrating outstanding capacity retention after over 8000 cycles at 1 A g™,
This work provides a valuable new approach for designing adhesive, conductive, and environmentally-
friendly binders, thereby enhancing the commercial potential of organic materials in AZIBs.

The development of secondary battery technologies, such as organic zinc-ion batteries, is crucial for transitioning to sustainable energy storage and minimiz-
ing the environmental impact of Li-ion batteries. The cathode material is the key component of the battery and plays a critical role in determining overall
battery performance. Given the various challenges encountered by cathode materials under practical operation, specifically poor conductivity and high solubi-

lity in liquid electrolytes, the importance of the binder cannot be overlooked. Commercial binders like polyvinylidene fluoride (PVDF) and polytetrafluoro-
ethylene (PTFE) are commonly used, but they suffer from significant drawbacks including weak adhesion, low conductivity, and their classification as per-
and polyfluoroalkyl substances (PFAS). In this study, a novel ion-conductive marine-inspired binder that is fluorine-free and possesses strong adhesion is

designed to address these main issues that plague organic cathodes in aqueous zinc-ion batteries. The new binder maintains firm adhesion of the cathode
components in the aqueous electrolyte, resulting in stable cycling for over 8000 cycles at 1 A g~*. Additionally, the incorporation of ion-conductive groups

compensates for the typical poor ion-conductivity of organic materials, thereby improving the Zn>* diffusion and leading to one of the highest capacities for
batteries of this type reported to date. Our findings are applicable to other types of materials for aqueous zinc-ion batteries, such as sulfides, covalent organic
frameworks, organic radicals, and conjugated polymers, and can likely be extended to other ion battery types.

Introduction

Clean energy offers a solution to the energy crisis and global
warming driven by CO, emissions, making it a topic of wide-
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sources like wind and solar is often hindered by their uneven
geographic distribution and intermittent supply. To address

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/ this, large-scale energy storage systems are essential for effec-
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tively harnessing and utilizing green energy. Lithium-ion bat-
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teries (LIBs) are the most widely used energy storage techno-
logy, dominating portable electronics and electric vehicle
markets. However, concerns about the scarcity and high cost
of lithium and other critical metals, the toxicity of the electro-
lytes, and safety risks pose significant challenges, particularly
for large-scale applications.'™ These issues have dramatically
increased the search for alternative, cost-effective energy
storage solutions that are based on abundant metals. Among
these alternatives, rechargeable aqueous zinc-ion batteries
(AZIBs) have gained considerable attention for large-scale
energy storage due to the high theoretical capacity of zinc
(5855 mAh cm™2), low cost (less than $100 per kWh compared
to other aqueous batteries), and enhanced safety by using
near-neutral or weak acidic electrolytes.’” Despite their poten-
tial, several challenges remain unresolved, such as the low
plating-stripping coulombic efficiency, dendrite growth of the
Zn metal anode, and poor cycle stability of the cathode
materials.® ™

Of the various cathode materials that can be used in AZIBs,
carbonyl compounds (i.e. quinones, imides, and carboxylates)
have garnered significant interest as redox-active materials due
to their numerous advantages, including high theoretical
capacity, excellent electrochemical reversibility, structural
diversity, and molecular tunability.’** Despite their promis-
ing attributes, carbonyl materials face several challenges that
limit their practical capacities. First, they often suffer from
poor electrical conductivity, thus requiring a significant
amount of conductive additives during electrode fabrication,
which in turn reduces their energy density. Additionally, the
high solubility of carbonyl materials in aprotic organic electro-
lytes leads to capacity fading and poor cycle life."®'® Several
strategies have been investigated to address these issues, such
as incorporating functional groups (-NH,, -CHj3, -F, etc.) into
the carbonyl structure,"*™*® forming polymers'®?*° or salts,*" or
applying them to solid-state battery systems.>”>* As useful as
these strategies are, most are focused on modifying the redox-
active materials, with little attention being afforded to the
binder. It should be noted that the binder is responsible for
holding the electrode materials together, facilitating efficient
electron and ion transport, and ensuring good adhesion to the
current collector. Thus, the importance of the binder should
not be overlooked.

The development of AZIBs is still in its infancy.>> Presently,
most AZIB electrodes use polyvinylidene fluoride (PVDF) as the
binder since it is commercially available and provides reason-
able chemical and electrochemical stability.*® However, PVDF
is insulating, consequently occupying precious volume in the
electrode without providing any additional conductivity to the
composite. PVDF is also derived from fluorinated compounds,
which are environmentally harmful and challenging to
dispose of or recycle.”” Lastly, PVDF binds through weak van
der Waals forces.”®*® Although van der Waals forces are gener-
ally adequate for most conventional intercalation-based elec-
trodes, they do not provide optimal adhesion for organic active
materials and could potentially lead to reduced mechanical
integrity and electrode performance. Researchers have
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explored various water-based binders, such as sodium alginate
(SA), carboxymethyl cellulose (CMC), and cellulose acetate, as
potential alternatives for PVDF in AZIBs because of their excep-
tional adhesive properties.>**° However, these water-based
binders may face challenges with solubility stability in
aqueous electrolytes. Given that organic carbonyl electrodes
suffer from poor conductivity and high solubility in the elec-
trolyte, it is crucial to develop a binder that is both conductive
and has improved binding affinity for the carbonyl active
material in water-based electrolytes.

Inspired by the ability of marine life (including mussels’
and other mollusks) to adhere to diverse surfaces in complex,
high ionic strength environments, catechol-containing poly-
mers have garnered significant attention as binders, particu-
larly for silicon anodes.*'**> Compared to catechols, gallols
have an additional hydroxyl group on the aromatic ring, and
have demonstrated even stronger adhesion across various con-
ditions, especially in aqueous environments.>® These superior
adhesive properties arise from the multiple molecular inter-
actions that gallols can participate in, including hydrogen
bonding, coordination bonding, and n-n interactions with
different components. They are also abundant in natural
sources such as gallnuts, tea leaves, as well as the aforemen-
tioned marine organisms (tunicates), providing a more sus-
tainable alternative to the standard toxic, halogenated com-
mercial binder, PVDF. Despite these advantages, gallol-based
compounds have only been investigated as binders for silicon
anodes,”” ™’ leaving their potential as cathode binders unex-
plored. Given their strong adhesion, particularly in aqueous
conditions, we postulated that they could also serve as
effective binders for organic cathodes in AZIBs.

In this work, we show that AZIBs can be enhanced using a
novel conductive polymeric binder, POxaPG, that contains
gallol and polyethylene glycol (PEG) pendant groups. This
polymer was designed, prepared, and tested as a binder for
carbonyl-based cathodes (Fig. 1). The gallol functional group
can provide strong adhesion to the carbonyl active material,
thus preventing its dissolution during battery cycling.
Meanwhile, the ionic conductive nature of the oxanorbornene
backbone and PEG pendant group were expected to enhance
the material’s conductivity, thus increasing the capacities of
the battery. For comparison, we also prepared polymer binders
containing only gallol or PEG pendant groups to investigate
the contribution of each moiety to the overall performance of
the cell, as well as a PVDF control. Overall, the results demon-
strate that careful binder design will significantly enhance the
performance of AZIBs.

Results and discussion
Design and characterization of the POxaPG binder

The conductive gallol polymer, POxaPG, was prepared in four
steps from commercial sources (Fig. 2a, see ESI} for details).
First, the phenol groups of gallic acid were protected with
acetyl groups (Fig. S1 and $27).*° This was necessary to both

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic depiction of the operation of the binders in the study in coin-type AZIBs: (Left) the conventional binder, PVDF; (Right) the novel
conductive gallol binder, POxaPG. The illustration highlights the key challenges associated with PVDF and how POxaPG is designed to mitigate these

issues.
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(a) General scheme for the synthesis of POxaPG through acetyl protection, esterification, acetyl deprotection, and ring-opening metathesis

polymerization. (b) Chemical structures of the polymer binders investigated in this work. (c) FTIR spectra of the polymers. (d) Thermal gravimetric

-1

analysis (TGA) of the polymers at a heating rate of 10 °C min™ under N.

protect the hydroxyl groups from oxidizing during subsequent
steps, and to ensure that only the carboxylic acid group reacted
with the oxanorbornene during Steglich esterification. In
addition, the increased electron-donating ability of the unpro-
tected phenols, relative to the acetylated form, hinder esterifi-
cation. Next, Steglich esterification was performed twice on the
oxanorbornene monomer: first, to attach the protected gallol
moiety onto the oxanorbornene backbone, and second, to link
the PEG chain to the monomer backbone (Fig. S9 and S107).

© 2025 The Author(s). Published by the Royal Society of Chemistry

The acetyl protecting groups were removed from the gallol
moiety using mild basic conditions (Fig. S127).
Characterization of this monomer using Fourier Transform
Infrared spectroscopy (FTIR) provides evidence for the success-
ful deprotection of the acetyl groups from the gallol moiety
(Fig. S161). Upon deacetylation, the -OH stretch from
3050-3700 cm™' becomes more pronounced, resulting from
the presence of the pendant gallol moiety and the removal of
the acetyl groups. Additionally, the absence of the acetyl peak
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at 2.3 ppm in the 'H NMR spectra provides further confir-
mation of complete acetyl deprotection (Fig. S127).

The oxanorbornene unit of the monomer was then polymer-
ized by ring-opening metathesis polymerization using Grubbs’
third generation catalyst.*' The polymerization was conducted
at room temperature using a [monomer]:[catalyst] ratio of
25:1 and a monomer concentration of 0.02 M. 'H NMR
spectra (Fig. S15t) provide evidence that the polymerization
was complete. The alkene peaks at 6.4 ppm disappeared and
new broad signals, corresponding to the polymer backbone,
appear at 5.6 ppm. A general broadening of peaks was also
observed, indicating polymer formation.

Homopolymers containing either gallol or PEG moieties,
POxaG and POxaP, were also synthesized to evaluate the indi-
vidual contribution of each functional group to AZIB perform-
ance (Fig. 2b). Similar synthetic methodologies were employed
(see ESIT for details). All polymers were synthesized with the
same monomer : initiator ratio for accurate comparison.

Characterization using FTIR provides further evidence for
the successful synthesis of the three polymers (Fig. 2c). A
broad O-H stretch from 3050-3700 cm™" is observed for all
polymers, arising from the pendant gallol and/or PEG groups.
The C-H stretching bands of the alkanes in the PEG groups
can be seen at 2900 cm™" in POxaP and POxaPG. Finally, the
ester C=0 band at ~1700 cm™~" can be observed for all poly-
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mers. Optical absorption spectroscopy was used to verify that
the gallol groups did not oxidize upon polymerization. Both
polymers, POxaG and POxaPG, show a distinct band around
274 nm, attributed to the pendant gallol groups (Fig. S187).
Moreover, the lack of a broad absorption band between
350-500 nm indicates that oxidation did not occur.*” Finally,
the thermal properties of the polymers was assessed using
thermal gravimetric analysis (TGA) (Fig. 2d). POxaG and
POxaPG show similar onsets of degradation around 210 °C. In
contrast, POxaP shows a slightly higher degradation tempera-
ture of 260 ©°C, but exhibits a more pronounced loss.
Nevertheless, all polymers demonstrate adequate thermal
stability for their use as AZIB binder materials.

Cathode preparation and properties

Composite cathodes were prepared using 1,4,5,8-naphthalene
diimide (NTCDI) as the active material, Super P as the conduc-
tive additive, and a polymer binder (either PVDF, POxaG,
POxaP, or POxaPG) at a weight ratio of 60:30:10 (Fig. 3a).
NTCDI was selected as the redox-active material due to its
excellent electron-accepting abilities insolubility in
aqueous electrolytes. NTCDI can also participate in hydrogen
bonding and n-n stacking with the gallol moiety, thus provid-
ing stronger adhesion compared to PVDFE.****** To facilitate
sufficient interaction between the active material and binder,

and
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(a) Chemical structure and schematic of the cathode compositions. Corresponding SEM images of cathodes using (b) PVDF, (c) POxaG, (d)

POxaP, or (e) POxaPG binders. (f) pXRD patterns of pristine cathodes with PVDF, POxaG, POxaP, or POxaPG binders. (g) C 1s XPS spectra of pristine
cathodes with PVDF, POxaG, POxaP, or POxaPG binders. (h) Average peeling force over 40 mm displacement of cathodes with PVDF, POxaG, POxaP,

or POxaPG binder.
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cathodes containing the oxanorbornene polymers were first
dissolved in methanol (for POxaG or POxaPG) or chloroform
(for POxaP) and stirred overnight with Super P. As PVDF is
already highly soluble in the cathode slurry solvent, NMP,
PVDF was not subjected to the premixing treatment. The
cathode slurries were blade-coated onto stainless steel current
collectors using a notch bar with a height of 200 pm.

The morphology of the cathodes was compared using scan-
ning electron microscopy (SEM) (Fig. 3b-e). All cathodes have
a uniform distribution of the active material and binder within
the carbon matrix, suggesting that the choice of binder does
not affect the dispersion characteristics of the cathodes.
Optimal cathode architectures should feature an even distri-
bution of active particles throughout the conductive network
of the cathode to ensure uniform utilization of the active
material. Additionally, uniformly distributed low-resistance
internal pathways are essential to facilitate electrolyte
penetration.*

Powder X-ray diffraction (pXRD) was carried out to deter-
mine the crystallinity of the cathodes. All cathodes display
similar diffraction patterns characteristic of the NTCDI active
material, further confirming that the various binders do not
affect the overall morphology of the redox-active component
(Fig. 3f).'® Furthermore, X-ray photoelectron spectroscopy
(XPS) was utilized to probe the chemical composition of the
surface regions of the cathodes. The survey spectra for all cath-
odes confirms the composition of O, N, and C elements
(Fig. S20%). In particular, the XPS C 1s spectra of all pristine
cathodes exhibited similar peaks at 288.8, 285.4, and 284.3 eV,
corresponding to C=0, C-C, C=C, respectively (Fig. 3g).
Additionally, a peak at 290.8 eV, attributed to C-F, was
detected in the PVDF-based cathode due to the fluorine
content in the binder.

Peeling tests (90°) were conducted to quantify the adher-
ence of the various binders (Fig. 3h and Fig. S191). The PVDF
and POxaP cathodes exhibited adhesion forces of approxi-
mately 0.1 N, whereas the electrodes containing the gallol
groups (POxaG and POxaPG) showed 5-15 times higher
adhesion forces, due to the strong binding abilities of the
gallol groups. Therefore, the gallol-based binders are expected
to deliver enhanced performance over prolonged cycling in
aqueous media.

Cell performance

The performance of the binders was tested by assembling coin
cells (CR2032) wusing the electrode compositions
(NTCDI: Super P:binder) as cathodes, zinc foil as the refer-
ence/counter electrode, and 2M ZnSO, as the electrolyte within
a voltage range of 0.35 to 1.2 V (Fig. 4a). The charge-discharge
voltage profiles at 0.01 A g* are all similar in shape, featuring
well-defined charge and discharge peaks (Fig. 4b). Among the
binders investigated, the POxaPG-based cathode achieves the
highest capacity of 348 mAh g~'. The similar profiles of all
charge-discharge profiles suggests that the binders do not
alter the redox activity of the NTCDI active material. Instead,
the enhanced capacity observed with the dual-functional

© 2025 The Author(s). Published by the Royal Society of Chemistry
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POxaPG binder is attributed solely to its improved binding and
conductive properties. The voltage profiles indicate that oxi-
dation and reduction occur at 0.76 V and 0.55 V, which was
also affirmed by their corresponding differential capacity
curves (Fig. 4c).

The rate performance of all cathodes was tested between
current densities of 0.01 to 20 A g (Fig. 4d and Table S17).
The PVDF-based cathode demonstrates discharge capacities
from 258 to 113 mAh g~" at rates of 0.01 to 20 A g™, respect-
ively, aligning well with literature values.'® At low current den-
sities, cathodes prepared with the POxaG or POxaP binder
show comparable capacities to those with the PVDF binder.
However, at current densities of 2 A g~" or higher, the perform-
ance of the POxaP-based cathode declines significantly,
approaching near-zero capacities at 10 and 20 A g~ '. The poor
high-rate capacities observed with the POxaP binder is attribu-
ted to the lack of sufficient binding groups. At high current
densities, rapid ion insertion and extraction induce significant
volume changes in the electrode. Binding groups are essential
for accommodating these changes and preserving the electro-
de’s mechanical integrity.*® Without adequate binding groups,
the POxaP-based cathodes likely experience electrode cracking
or disintegration, resulting in diminished capacities.

The POxaPG cathode delivers the highest capacities across
all tested current densities, highlighting the significant
improvement that the POxaPG binder has on the NTCDI active
material. Remarkably, a discharge capacity of 183 mAh g™" is
achieved at a current of 20 A g™, representing one of the
highest reported capacities for organic carbonyl-based AZIBs
at this current density. The superior rate capability of the
POxaPG-based electrode is attributed to the synergistic effect
of the gallol groups that improve binding with the electrode
components and PEG groups that improve interfacial ion
transport.

To determine if the improved performance with the
POxaPG binder is a result of having both functionalities in the
same polymer structure, we prepared cathodes comprising
mixtures of POxaG (5 wt%) and POxaP (5 wt%), that were phys-
ically mixed during electrode fabrication (Fig. S$23%). This
cathode performed similarly to those using either POxaG or
POxaP alone, indicating that optimal performance requires the
binding and conductive functionalities to be covalently
bonded onto the same polymer backbone, as shown in Fig. 2a.
The poor performance of the POxaG/POxaP mixture is likely
due to macrophase separation in the physical mixture, where
differences in physical affinities among the two polymers leads
to poor mixing, resulting in larger segregated domains.
Additionally, separating the binding and conductive groups
onto different polymer backbones hinders the formation of
continuous ion and electron transport pathways. In contrast, a
single polymer with integrated binding and conductive groups
ensures a homogeneous and synergistic distribution, enhan-
cing mechanical integrity, transport efficiency, and overall
cathode performance.*”

The electrochemical performances of the NTCDI cathodes
with the PVDF or POxaPG binders were compared with other

EES Batteries, 2025,1,173-183 | 1177
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Fig. 4 Electrochemical performance of NTCDI cathodes in AZIBs with the binders tested in this study. (a) Schematic illustration of coin cell compo-
sition. (b) GCD profiles of cathodes at 0.01 A g~*. (c) dQ/dV curves of cathodes. (d) Rate performance of cathodes. (e) Comparison of PVDF- and
POxaPG-based cathodes with previously reported organic carbonyl materials. (f) Ragone plot of cathodes with PVDF or POxaPG binder. (g) Short-
term cycling performance of NTCDI cathodes with the binders tested in this study at 0.1 A g% (h) Long-term cycling performance of NTCDI cath-

odes with PVDF or POxaPG binder at 1 A g™

previously reported organic carbonyl cathode materials in
AZIBs, including PTO,*® DTT,* C4Q,’° TABQ,”" n-PMC,”*> and
PQ®@AC”? (Fig. 4e and Table S2+). The NTCDI cathode with the
POxaPG binder delivers the highest capacity at 0.01 A g~ and
presents the best rate capability at high current densities up to
20A g7

Energy density and power density are two significant factors
used to evaluate the electrochemical performance of energy
storage devices. As such, the energy density and power density
of cathodes using either PVDF or POxaPG as the binder were
calculated using the rate performance data and the corres-
ponding results were plotted as a Ragone plot (Fig. 4f). The
POxaPG binder improves the energy density at all power den-
sities compared to PVDF. At a power density of 13 W kg™,
POxaPG achieves a specific energy density of 177 Wh kg™,
which is comparable to the best recently reported AZIBs.
Notably, even at an ultrahigh power density of 5.35 kW kg™,
POxaPG maintains a high energy density of 107 Wh kg™,
demonstrating a desired balance of energy and power density.

M78 | EES Batteries, 2025, 1, 173-1183

The cycling stabilities of the cathodes were tested at 0.1 A
g¢~" over 200 cycles (Fig. 4g and Table S1f). Cathodes with
binders containing gallol moieties, POxaG and POxaPG, have
the highest capacity retentions (99% and 94%, respectively),
which is attributed to the strong binding abilities of the gallol
groups. On the other hand, POxaP exhibited the lowest
capacity retention (60%), as it lacks the binding groups necess-
ary to preserve electrode integrity during extended cycling. The
long-term cycling performance of POxaPG was assessed at 1 A
¢~!, with PVDF included for accurate comparison (Fig. 4h).
Impressively, the POxaPG binder maintains an excellent dis-
charge capacity of ~358 mAh g~ over 8000 cycles, achieving
an impressive capacity retention of 78% and near-perfect cou-
lombic efficiency, thus highlighting the exceptional stability of
POxaPG during prolonged operation. In contrast, the cathode
with PVDF exhibits a typical decline in capacity over cycling,
resulting in a significantly lower capacity retention of only
26% after 8000 cycles. These findings clearly illustrate that the
POxaPG binder not only enhances the system’s delivered

© 2025 The Author(s). Published by the Royal Society of Chemistry
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capacity, but also significantly improves capacity retention
during long-term cycling.

SEM measurements were conducted on the cathodes after
200 cycles at 0.1 A g* to verify the effects of the various
binders on the structural integrity of the cathodes (Fig. 5a-d).
The cycled cathodes containing either PVDF, POxaG, or
POxaPG maintain relatively uniform surfaces with minimal
aggregation or cracking. On the other hand, apparent cracks
can be observed in the POxaP-based cathode, which is attribu-
ted to volume changes caused by the insertion and extraction
of Zn** during charging/discharging. To further evaluate the
physical stability, pristine cathodes were soaked in the
aqueous electrolyte and monitored over several months
(Fig. 5e and f). Within just 24 hours, the POxaP cathode com-
pletely delaminated from the current collector. In contrast,
electrolyte solutions containing cathodes with PVDF, POxaG,
or POxaPG as the binder remained clear and colourless, even
after two months of soaking, indicating superior stability.
Cracking in the cycled cathode and significant delamination
during soaking emphasize the poor cycling stability and rate
performance at high current densities of the POxaP-based
cathode.

Charge storage mechanism

A detailed kinetic analysis was performed using cyclic voltam-
metry (CV) at scan rates ranging from 0.1 to 0.6 mV s '
(Fig. 6a-d) to investigate the variations in rate capability and
capacity retention associated with the various binders. The CV
profiles show one pair of redox peaks, suggesting a one-step
consecutive charge storage mechanism. All cathodes demon-
strate increasing peak current densities and well-defined peak
shapes with higher scan rates, indicating excellent electro-
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chemical stability. Moreover, the CV profiles remain nearly
identical regardless of the binder used, signifying that the
binder choice has minimal impact on the redox activity of
NTCDI. The charge storage contribution was analyzed using
the equation i = av®, where i represents the current response
from the CV curve, v is the scan rate, and a and b are adjusta-
ble parameters. The slope, b, of the log (i) vs. log (v) curve indi-
cates the dominant charge storage mechanism. A b value close
to 1 indicates a surface capacitance behaviour, whereas a b
value close to 0.5 indicates a diffusion-controlled process.>*
Both the anodic and cathodic peaks follow similar trends, with
PVDF exhibiting the highest b value, while cathodes contain-
ing gallol moieties (POxaG and POxaPG) show the lowest b
values (Fig. 6e and f). This signifies that the addition of the
gallol moiety in the binder increases the diffusion contri-
bution of the charge storage process.

In addition, the ratio of the capacitance contribution (k;v)
and the diffusion control contribution (k,v) can be approxi-
mately calculated according to the equation i = kv + k2>
As the sweep rate increases from 0.1 to 0.6 mV s, the capaci-
tive-controlled contribution gradually increases for all binders
(Fig. 6g—j). These results indicate that the storage mechanism
is more capacitive-based for the PVDF-based cathode, which is
known to lead to high rate capability and fast kinetics.
Interestingly, the cathodes with the POxaG, POxaP, and
POxaPG electrodes are more diffusion-controlled, whose
charge storage mechanism mainly involves the insertion of Zn-
ions. The relatively low capacitive contribution of the POxaG,
POxaP, and POxaPG electrodes indicates that solid-state
diffusion is the rate limiting step. Therefore, the increase in
the specific capacities of the POxaPG-based cathode is not due
to enhanced surface-controlled capacitive effects resulting

e After 24 hours:

PVDF POxaG POxaP POxaPG

f After 2 months:

N ‘- @ ra
\ \
A \ A o

PVDF POxaG POxaP POxaPG

i

Fig. 5 SEM images of (a) PVDF-, (b) POxaG-, (c) POxaP-, or (d) POxaPG-based cathodes after 200 cycles at 0.1 A g~*. Images of pristine, uncycled
cathodes after soaking in 2M ZnSO4 aqueous electrolyte for (e) 24 hours and (f) 2 months.
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Fig. 6 CV curves of NTCDI cathodes with (a) PVDF, (b) POxaG, (c) POxaP, or (d) POxaPG binder at different scan rates. Corresponding plots of log (
rate) versus log (current) peak for (e) anodic and (f) cathodic peak. The capacitive contribution at different scan rates of NTCDI cathodes with (g)

PVDF, (h) POxaG, (i) POxaP, or (j) POxaPG binder.

from a larger specific surface area. Instead, we hypothesize
that it results from strong binding interactions between the
gallol groups and electrode particles, which creates fast path-
ways for electron transport, as well as the PEG groups, which
improve ion diffusion kinetics. By incorporating both gallol
and PEG groups, the POxaPG-based cathode achieves the
highest rate performance by facilitating electron transport and
ion diffusion efficiency.

Interface evolution

Electrochemical impedance spectroscopy (EIS) was used to
determine the reaction kinetics of Zn>" in the batteries after
cycling and investigate more detailed reasons for the high rate
performance of the POxaPG-based cathode. The Nyquist plots
consist of a semi-circle in the high-frequency region (charge
transfer resistance) and a linear tail extending into the low-fre-
quency region (ion diffusion) (Fig. 7a). The POxaPG-based
cathode exhibits the lowest internal resistance and
charge transfer resistance among the four cathodes. The Zn-
ion diffusion coefficient (D,+) can be calculated from the low-
frequency region of the Nyquist plots (eqn (S4) and (S5)7),
where the Dz,:- is evaluated using the relationship between
the real part of the impedance and low-frequency (Fig. 7b).>®

N80 | EES Batteries, 2025, 1,1173-1183

The POxaPG-based cathode exhibits the highest Dg,.. value
(7.54 x 107° ¢cm?® s7') among the four binders studied. The
smaller slope of the POxaPG-based cathode in the linear
region corresponds to faster ion diffusion (Table S17). In con-
trast, the PVDF-based cathode has the lowest Dz,.: value (1.01
x 107" em® s7"), highlighting the significant ability of the
POxaPG binder to enhance Zn-ion diffusion kinetics. The
rapid Zn** diffusivity observed with the POxaPG binder allows
this system to achieve excellent rate properties, aligning well
with the rate capability data obtained from the electrochemical
tests.

The pXRD patterns of the cathodes in the discharged state
all exhibit a new prominent diffraction peak at approximately
20 = 8.8°, indicative of Zn>" insertion into NTCDI (Fig. 7c).***”
No other changes (appearance or disappearance of peaks) are
observed, suggesting that the discharge process is unaffected
by the choice of binder.

XPS was also conducted on the C and Zn elements to
analyze the chemical composition of the surface and near-
surface regions of the cathodes in various states. The C 1s
spectra shows four signals at 288.8, 286.4, 285.5, 285.3 eV in
the pristine state, which belong to the C=0, C-O, C-C, and
C=C groups, respectively (Fig. 7d, e and Fig. S21}). Due to the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Nyquist plots of NTCDI cathodes with the binders tested in this study after the 25 cycle. (b) Linear diagrams of Z' versus v~/ of the
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addition of fluorine in the PVDF binder, the PVDF-based
cathode also contains a signal for C-F at 290.5 eV. Upon
cycling, all peaks remain with minimal changes in their peak
areas. This structural evolution highlights the highly reversible
redox reaction of NTCDI and indicates that the choice of
binder does not impact NTCDI’s ability to participate in the
redox reactions required for Zn-ion storage. The Zn 2p
spectra exhibit two strong peaks with binding energies of
1022.6 and 1045.6 eV in the discharged state (0.35 V), corres-

ponding to the Zn 2p;, and Zn 2p,, peaks, respectively
(Fig. 7f, g and Fig. S227). Upon recharging to 1.2 V, these
peaks significantly diminish for the POxaPG-based electrode,
indicating extremely efficient Zn>" ion removal from NTCDI. In
contrast, the peaks for the PVDF-based cathode remain largely
unchanged, reflecting poor Zn** ion removal. These findings
align with the earlier results discussed in this paper, reinfor-
cing that the POxaPG binder improves Zn>" transport within
the cathode.

a b
N
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Fig. 8 Schematic illustration of cathode properties with either (a) POxaPG or (b) PVDF as the binder.
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Based on the experimental results obtained thus far, we
propose a three-fold mechanism to explain how the POxaPG
binder improves both the environmental sustainability and
electrochemical stability of carbonyl-based cathodes for AZIBs.
First, POxaPG is fluorine-free and does not contribute to the
accumulation of PFAS in the environment. Second, the high
gallol content in POxaPG induces strong interactions between
POxaPG and NTCDI particles, which mitigates their dis-
solution into the electrolyte during cycling. Finally, the pres-
ence of PEG groups in POxaPG enhances Zn>* diffusion,
leading to increased capacities (Fig. 8a). To put this into
context with the canonical PVDF binder, PVDF is a fluorine-
bearing linear structure, and our data has shown that PVDF
forms weak interactions between the binder and electrode par-
ticles, leading to NTCDI particle pulverization and significant
deterioration in the electrochemical performance of organic
AZIBs.

Conclusions

We have developed a novel multifunctional binder (POxaPG)
that significantly enhances the performance of organic AZIBs.
Including gallol groups improves adhesion to the NTCDI active
material through hydrogen bonding and n-n interactions,
while the PEG groups enhance ionic conductivity. POxaPG-
based cathodes have higher capacities, better cycling stability,
and superior rate performance compared to the commercial
PVDF binder, as well as control experiments using the POxaG
and POxaP homopolymers. This is attributed to POxaPG’s
improved adhesion, conductivity, and stability. The combi-
nation of the NTCDI active material and the POxaPG binder
achieves one of the highest reported capacities in aqueous
zinc-ion batteries at a high current density (20 A g™).
Comprehensive investigations utilizing X-ray photoelectron
spectroscopy (XPS), electrochemical impedance spectroscopy
(EIS), and cyclic voltammetry (CV) demonstrate that the
improved performance of AZIBs using the POxaPG binder is a
result of improved Zn>" diffusion efficiency. This well-
designed, straightforward, and practical approach offers many
new opportunities for conceiving new conductive, environmen-
tally-friendly binders with reliable adhesion in aqueous elec-
trolytes for organic AZIBs and batteries beyond Li.
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