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of Chemistry Alkaline polymer electrolytes (APEs) are extensively used in fuel cells and electrolysers due to their safety
and low-cost advantages. Recently, scientists have explored their potential as electrochemical reaction
catalysts, allowing APEs to function as ion transport channels and actively participate in catalytic
reactions, exhibiting bifunctional characteristics. However, the key challenge in designing such materials
lies in ensuring that the catalytic groups embedded within the polymer backbone can interact effectively
with the electrode surface or reaction sites. Failure to do so would render them unable to participate in
the electrocatalytic reactions occurring at the interface. This necessitates a deep understanding of the
electric double-layer (EDL) structure at the electrode/APE interface. Despite numerous studies on
improving their stability, a general understanding of the interfacial EDL structure is still lacking. To
address this gap, we adopted state-of-the-art simulation approaches, combining constant potential and
finite field methods, to investigate the EDL structures of two APEs (QAPS and QAPPT) at different
electrode potentials. Our research findings indicate that, although these two APEs contain the same
cationic groups, they exhibit distinctly different EDL structures on negatively charged surfaces.
Specifically, when the electrode was negatively charged, the phenylene unit on the backbone of QAPPT
was perpendicular to the surface, while the backbone of QAPS was displaced away from the surface.
This study underscores the importance of interfacial double layers in influencing the performance of
polymer electrolytes, aiding in understanding the polarisation behaviour on charged surfaces of polymer
electrolytes and guiding how to modulate functional groups on these APEs to achieve catalytic effects.
Furthermore, this work provides an effective method for studying the EDL structure of electrode/APE
interfaces, which can be widely applied to research on various complex interfaces.
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conductivity, have enabled densities comparable to those ach-
ieved with CEMs.*** These advances suggest promising opportu-

Introduction

State-of-the-art fuel cell technologies often employ cation
exchange membranes (CEMs), with Nafion membranes as
a typical example,' showing great energy conversion efficiency
advantages.? Alternatively, anion-exchange membranes (AEMs),
which transport free hydroxide ions, offer cost advantages by
enabling the use of non-noble metal catalysts and reducing cata-
lyst poisoning in alkaline environments.*” Recent developments
in AEM technology, such as improved chemical stability and ion
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nities for AEMs, particularly in applications that require cost
efficiency and reduced environmental impact.”® However, chal-
lenges such as maintaining stability under varying humidity and
high operating temperatures require further investigation."*”

From an electrochemical perspective, polymers are among
the most intricate electrolytes, as their properties depend on the
molecular structure and type of monomers used.*®" Over the
past decade, researchers have focused on improving their
macroscopic properties, such as conductivity, stability, and
water uptake,*** which are essential for their application in
fuel cells and electrolysers. These macroscopic properties are
closely linked to the microstructural organisation of the poly-
mer and the interfacial processes at the EDL, a key interfacial
structure where electrochemical reactions occur.”* A deep
understanding of the EDL structure, which governs ion distri-
bution and local electrostatic interactions near the electrode
surface, is crucial for enabling catalytic effects through struc-
tural modifications.****® Further investigation into EDL
tailoring could facilitate the design of advanced polymer elec-
trolytes for sustainable energy applications.>*
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The well-known Gouy-Chapman-Stern (GCS) model often
fails to describe the complexity of the electrode/polyelectrolyte
interface due to its inability to account for the unique molec-
ular properties of polyelectrolytes.>” Specifically, the model
overlooks the single-ion conduction behaviour, arising from
immobilised counterions, and the diverse structural charac-
teristics of monomers.”® At the core of this challenge is the
structure of the EDL, which reflects the dynamic response of
monomers to variations in electrode potential, including
changes in charge distribution and molecular orientation.***
The molecular flexibility of the monomers, influenced by their
intrinsic structural features such as bond rotational freedom,
plays a crucial role in shaping the EDL structure.” Consequently,
polyelectrolytes with different flexibilities exhibit distinct ion
distributions and interfacial phenomena, leading to a wide
range of electrochemical behaviours on electrode surfaces.>**

Understanding how differences in monomer composition
and backbone rigidity influence the interfacial EDL structure is
a central research question that offers valuable insights into
polymer behaviour under varying electrode potentials.** The
monomer composition, such as the functional group polarity
and charge density, directly impacts ion distributions, while
backbone rigidity determines molecular flexibility and align-
ment, influencing the dynamic formation of the EDL.*>**3*
Accessing the EDL structure at the electrode/polyelectrolyte
interface, however, presents significant challenges due to the
nanoscopic scale of the system and the complexity of interfacial
interactions. Current approaches, including electrochemical
characterisation,*” molecular dynamics simulations, and
adsorption energy calculations,*** have provided valuable
insights but remain limited in capturing the dynamic, atomic-
scale interactions inherent to such systems. Thus, methodolo-
gies capable of achieving atomic-level resolution while
balancing computational cost are highly desirable.**~*”

Among advanced methodologies, ab initio molecular
dynamics (AIMD) stands out for its ability to explicitly resolve
interfacial atomic structures at the quantum chemistry level.
AIMD simulations have demonstrated exceptional accuracy in
reproducing the EDL structure and water polarisation,
providing critical insights into the dynamic behaviour of elec-
trode interfaces.*** However, AIMD simulations require high
computational cost, making them impractical for simulating
large-scale electrode/polyelectrolyte systems. As a cost-effective
alternative, classical molecular dynamics (CMD) simulations
enable the investigation of larger systems while incorporating
critical interfacial structures.*>*”**>” By implementing
enhancements such as polarisable electrode models and finite
field methods,”®* CMD simulations can capture electrode
polarisation effects and control electrode potentials. This
approach allows CMD to reveal atomic-scale changes in the EDL
structure as a function of the electrode potential, providing
accessible but detailed insights into interfacial behaviour at
a fraction of the computational cost of AIMD.?”*°

This work used CMD simulations with a polarisable elec-
trode model and the finite field method to study APE interface
structures. We chose graphite as the electrode, which is
commonly used as the supporting electrode in fuel cells. Two
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Fig. 1 (a) Molecular structures of QAPS and QAPPT. (b) A snapshot of
the graphite/QAPS model constructed in this work and corresponding
elements in the model are also included.

commonly used alkaline polymers, quaternary ammonia poly-
sulfone (QAPS) and quaternary ammonia poly(N-methyl-piper-
idine-co-p-terphenyl) (QAPPT), were selected together with OH™
anions and water to form electrolytes (Fig. 1a). The choice of
these two polymers is due to their representative nature and
distinctive structural characteristics. QAPS features a main
chain with several functional groups, allowing flexibility in its
molecular structure. In contrast, the monomer of QAPPT
incorporates a terphenyl structure, which imparts rigidity.
When the electrode surface was negatively charged, a distinct
interfacial structure emerged at the graphite/QAPPT interface,
with the phenylene unit oriented perpendicular to the surface,
while this interfacial structure was absent at the graphite/QAPS
interface. This observation suggests that the rigidity and
monomer composition of polymer backbones play a critical role
in determining the interfacial EDL structures. We believe that
these results provide new insights into the influence of the
polymer structure on electrochemical interfaces, highlighting
potential design strategies for optimising polymer electrolytes
in energy applications.

Computational details

The systems modelled in this study represent full electro-
chemical cells, as illustrated in Fig. 1a. Each cell comprises
three layers of graphite electrodes and is filled with either QAPS
or QAPPT polymers serving as the electrolyte. In our simula-
tions, each QAPS electrolyte contains 6 polymer chains, with
each chain composed of 30 monomers. Similarly, the QAPPT
electrolyte consists of 5 polymer chains, each containing 30
monomers. To maintain consistency with experimental condi-
tions, the hydration number (), defined as the ratio of water
molecules to OH ™~ anions, was set to A = 20 based on data from
ref. 61. Consequently, each QAPS electrolyte includes 3600
water molecules and 180 OH™ anions, while the QAPPT elec-
trolyte consists of 3000 water molecules and 150 OH™ anions.

We conducted simulations using the LAMMPS package,*
covering a range of cell voltages from 0 V to 6 V. To precisely

© 2025 The Author(s). Published by the Royal Society of Chemistry
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control the cell voltages within the CMD simulations, we
employed the constant potential method.”®* This method
utilises the Siepmann-Sprik potential model®* to describe the
charge of each electrode atom using a Gaussian charge distri-
bution. The magnitude of this distribution can be adjusted
according to a variational procedure to maintain a constant
electrostatic potential during the simulation, allowing the
electrode charges to fluctuate in response to local charge vari-
ations of electrolyte ions to keep the potential constant.®® This
method later was implemented as a plug-in code named USER-
CONP2 by Tee and co-workers,*® further streamlining the
management of voltage control within the LAMMPS package.
Each simulation trajectory consisted of an initial pre-
equilibrium period lasting more than 100 ns, followed by
a production time of about 50 ns. The equilibrium was validated
through two key properties: bulk densities and interfacial
structures. To expedite the convergence of these properties, we
employed techniques such as the annealing approach to opti-
mise the initial structure®” and the multi-timescale rESPA
method to speed up the simulation.®® Additionally, we
employed the “piston approach” to implement the NPT
ensemble within 2D periodic boundary conditions. Ultimately,
our ensembles successfully replicated the expected bulk
densities, and as long as the electrode potential remained fixed,
the EDL structures proved independent of initial
configurations.

Results and discussion

We initially modelled a graphite/QAPS system. Typically, only
the cell potential is considered in a full electrochemical cell
simulation. When examining the potential change of a single
electrode, we adopted the conventional approach that uses the
electrostatic potential of the electrolyte bulk phase as a refer-
ence. Given that polymers constitute a more heterogeneous
electrolyte (Fig. 1b) compared to aqueous solutions, we con-
structed a large unit cell along the surface normal direction (18
nm) in the simulation to ensure better convergence of the
electrostatic potential in the middle of the electrolyte. This area
in the middle of the electrolyte was justified as the bulk region
of the full electrochemical cell because the density deviation of
this area at different electrode potentials was less than 2% (at
the same time, the single component deviation was less than
5%); see the ESIt for details. By aligning the electrostatic
potentials of the bulk region with different cell potentials, we
plotted the potential profile of graphite/QAPS in Fig. 2a, and the
thin black line in the centre represents the bulk region.

The potential profile of graphite/QAPS (Fig. 2a) with respect
to the potential of zero charge (PZC) allows us to investigate the
interfacial double-layer structure at various potentials. Based on
our electrochemical intuition and previous studies,* when the
electrode is positively charged, OH™ anions tend to approach
the electrode surface, while quaternary ammonium cations are
repulsed from the electrode surface together with the backbone.
Therefore, when the potential is higher than PZC, the EDL
structure of the graphite/APE interface should be similar to the
double-layer interface in a high-pH aqueous solution. In

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 (a) Potential profile of the graphite/ QAPS system with respect to
the potential of zero charge. (b) Schematic representation and density
profiles of the interfacial QAPS structure, the corresponding water
density profile is also included for comparison.

contrast, when the surface is negatively charged, quaternary
ammonium cations tend to approach the electrode surface,
while OH™ anions move away from the surface. However,
quaternary ammonium cations are fixed on the polymer chain,
and OH™ anions are already distant from the surface, so
determining the EDL structure of graphite/APEs is challenging.

To study the EDL structure when the electrode surface is
negatively charged, we analysed the density distribution of
polymer and water molecules at negative potentials in the
graphite/QAPS electrolyte system, as shown in Fig. 2b. Even if
the electrode potential decreases from PZC to —2.6 V (vs. PZC),
the density of QAPS does not change significantly. This is
unexpected, as electrostatic attractions fail to pull the cations to
the surface. One possible explanation is that distant cations
bonded on the backbone cannot move freely and that the
electrostatic interaction between the cations and the electrode
is not strong enough to overcome the reorganisation energy of
the polymer structure. Furthermore, when the electrode
potential becomes more negative (—3.4 V), the density of QAPS
near the surface appears to decrease and accumulate in regions
ca. 8 A away from the surface. At the same time, the density of
water increases significantly near the surface. We speculate that
the EDL changes at a very low electrode potential, and thus the
backbone of QAPS is pushed away from the surface and occu-
pied by water molecules. However, we still need the full picture
at the atomic level to understand this sudden decrease in
polymer density when the electrode potential is £ = —3.4 V. To

Chem. Sci., 2025, 16, 13741-13748 | 13743
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Fig. 3 Enlarged snapshots of graphite/QAPS interfacial structures (within ca. 1.5 nm of the surface) at different electrode potentials. For a clear
view of the polymer structures, only molecules within 1 nm thickness were included.

this end, we compared the EDL structures at different electrode
potentials, as shown in Fig. 3.

The interfacial structure aligns with our electrochemical
understanding of the graphite/QAPS interface when the elec-
trode potential (E) is positive. In Fig. 3, no polymer is observed
near the surface, which is consistent with the typical EDL
structure described by the GCS model for the graphite/water
solution interface. Conversely, when E < 0, quaternary ammo-
nium cations accumulate near the surface, pulling the back-
bone structure of the polymer towards the surface.
Interestingly, when the electrode potential decreases from —2.6
V to —3.4 V, more quaternary ammonium cations accumulate
on the surface, and at the same time, the main chain structure
is pushed away from the surface, consistent with the observed
changes in QAPS density profiles in Fig. 2b. Therefore, with the
help of atomic views in simulation, we determined the evident
density decrease of the EDL at —3.4 V, which in turn facilitates
the approach of as many cations as possible to the surface.

To validate whether the EDL structures in Fig. 2b and 3 apply
to all polyelectrolyte systems, simulation of the graphite/QAPPT
interface was also conducted. In this model, we expand the
surface area from approximately 9 nm” to 25 nm” to sample
a more extensive EDL structure. Similarly, we plotted the
potential distribution profile for graphite/QAPPT (Fig. 4a), with
the bulk region represented by the thin black line in the central
region. In contrast to the graphite/QAPS interface, the polymer
backbones of QAPPT remain near the surface at different elec-
trode potentials, and the polymer density profile exhibits three
distinct peaks in Fig. 4b. Interestingly, these three sharp peaks
perfectly match the location of the carbon atoms when the
phenylene unit is perpendicular to the surface. Furthermore, as
the potential decreases from —0.7 V to —3.5 V, there is no
gradual increase in density at the three peaks. From a statistical
point of view, this means that the EDL structure undergoes little
change when the potential drops from —0.7 V to —3.5 V.
Therefore, even if the surface charge density is low (i.e., E =

13744 | Chem. Sci,, 2025, 16, 13741-13748

—0.7 V), the phenylene unit has transitioned to the perpendic-
ular adsorbed style.

We further studied the atomic view of the graphite/QAPPT
interface structure at different electrode potentials (Fig. 5).
When the electrode is positively charged, quaternary ammo-
nium cations are repelled from the surface, resulting in an EDL
structure at the graphite/QAPPT interface resembling the GCS
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Fig. 4 (a) Potential profile of the graphite/QAPPT system with respect
to the potential of zero charge. (b) Schematic representation and
density profiles of the interfacial QAPPT structure, the corresponding
water density profile is also included for comparison.
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Fig. 5 Enlarged snapshots of graphite/QAPPT interfacial structures (within ca. 1.5 nm of the surface) at different electrode potentials. For a clear
view of the polymer structures, only molecules within 1 nm thickness were included.

model. At negative potentials, quaternary ammonium cations
migrate toward the surface. Rather than being displaced in the
graphite/QAPS system, the QAPPT backbone forms a regular
pattern consisting of three layers of carbon atoms. This obser-
vation is consistent with the distribution in Fig. 4b, and the
phenylene unit of the QAPPT maintains a perpendicular
orientation relative to the electrode surface when E < 0.

QAPS and QAPPT have shown different EDL structures at
graphite surfaces, particularly when the electrode was nega-
tively charged. We speculate that these different characteristics
of EDL structures originate from their flexibility. Unlike the
QAPS polymer, the C-C sigma bonds between the phenylene
unit in the triphenyl group are difficult to rotate or bend,

Fig. 6 (a) and (b) Snapshots of a single polymer chain in graphite/
QAPS (a) and graphite/QAPPT (b) models when the cell voltage is 4 V.
(c) and (d) The corresponding top and side views of the single polymer
in (a) and (b) at the negatively charged interface. Note that the rest of
the electrolyte species have been removed from snapshots for a clear
view of polymer backbones.

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

increasing the rigidity of the QAPPT backbone. Thus, we closely
examined the structure of a single polymer chain at a cell
voltage of 4 V. As shown in Fig. 6a and b, QAPS exhibits a high
degree of rotational freedom, leading to increased flexibility. In
contrast, the terphenyl structure in QAPPT restrains the degree
of freedom, resulting in a rigid backbone structure. Though
both monomers contain phenylene units, their flexibility differs
significantly. Further analysis of the single polymer chain
within a 1 nm range from the surface is presented in Fig. 6¢ and
d. The flexible QAPS polymer chain can bend and rotate,
allowing the fixed quaternary ammonium cations to approach
the electrode surface readily. In contrast, because of the rigidity
of QAPPT, quaternary ammonium cations are constrained to
approach the surface alongside the triphenyl and pyridine
rings. Only in this way can the quaternary ammonium cations
accumulate close to the surface as the potential becomes more
negative.

The findings in Fig. 6 provide valuable insight into the
microscopic structural characteristics of APEs when the elec-
trode is negatively charged. A subsequent question that arises is
what electrode potential is required to achieve the vertical
adsorption of the phenylene unit at the graphite/QAPPT inter-
face. As shown in Fig. 5, at E = 0, some phenylene units were
adsorbed parallel to the surface, and this structure decreases
significantly at E = —0.7 V. To further investigate the adsorption
structure of phenylene units at the surface under negative
potential, we applied a cell voltage of 1.6 V to a PZC model. As
shown in Fig. 7, the adsorption structure of the phenylene unit
changed from parallel to vertical to the surface with the
potential decrease from PZC to —0.7 V. Note that the capaci-
tance is often underestimated in CMD simulation. According to
our previous graphite/water interface model results,* a surface
charge density of —5.6 uC cm™ > (—0.7 V vs. PZC in CMD simu-
lations) corresponds to an electrode potential of approximately
—0.48 Vvs. PZC in AIMD simulations. Therefore, a small voltage

Chem. Sci., 2025, 16, 13741-13748 | 13745
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Positive Electrode

Fig.7 Snapshots of two polymer chains in the graphite/QAPPT model.
The different colours represent the different electrode potentials they
were experiencing. The structure in cyan is the polymer chain at PZC,
while the structure in orange represents the polymer chain at an
electrode potential of —0.7 V vs. PZC.

is applied to the electrodes, and an evident structural transition
of triphenyl at the interface occurs. Please note that our force
field in this work has properly accounted for the w-7 interac-
tions between the phenylene and the graphite surface.®®
Therefore, we infer that once the electrode is negatively
charged, the QAPPT polymer at the interface is adsorbed
perpendicular to the surface.

From an atomic-level interface perspective, the rigid struc-
ture and perpendicular adsorption of QAPPT are inferred to
create more space for water transport channels compared to
QAPS. This configuration potentially exposes more active sites
on the catalyst, leading to superior fuel cell performance
compared to QAPS.>'*”® In Fig. 8, we compared the water
density of different APEs at the same electrode potential, and
the result shows a higher water density in the QAPPT than in the
QAPS, indicating that more water channels could be formed.

Our findings show that at charged electrode surfaces, the
monomer structure can not only determine the flexibility of
APEs, and thus contribute to the construction of stable gas/
water channels, but also significantly affect the EDL structure.
In Fig. 6d, although a comparable number of QAPPT monomers
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Fig. 8 Comparison of water densities in the EDL region when elec-
trode potential is about —2.7 V vs. PZC.
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are adsorbed on the surface, they occupy a relatively smaller
surface area compared to QAPS. Consequently, more active sites
on the electrode surface remain exposed, providing greater
opportunities to incorporate active groups through structural
modifications of the monomer, thus improving catalytic
performance in fuel cells or electrolysers.>*”*

In realistic membrane electrode assembly (MEA) devices,
various electrodes are often used, such as Cu for the CO,RR and
Pt/Ru for the HOR. Please note that although the applied
potential in our simulations exceeds the practical operating
window of alkaline fuel cells, the simulation framework does
not explicitly represent electrons and cannot capture faradaic
processes such as hydrogen evolution or carbon corrosion. This
provides mechanistic insights without inducing faradaic reac-
tions, which are beyond the scope of classical MD. In the
operational voltage range of the electrodes, the corresponding
electrode could have a high charge density, significantly
affecting the configuration and properties of the EDL. As pre-
sented in Fig. 2, the QAPS backbone moves away from the
surface. This separation may hinder the functional groups from
effectively interacting with the reactants, resulting in negligible
catalytic activity. In contrast, the QAPPT backbone remains
adhered to the surface among all negative potentials, as shown
in Fig. 4. Thus, the QAPPT backbone can be functionalised with
catalytic groups, as demonstrated by Zhuang and co-workers.™
Additionally, restricting the movement of the QAPPT backbone,
making the polymer chain more rigid as a whole, can form more
stable transport channels.**”>

Conclusions

In summary, this study utilised CMD simulations with a polar-
isable electrode model and the finite field method to investigate
interfacial structures in graphite/polyelectrolyte systems.
Focussing on two polymer electrolytes, QAPS and QAPPT, we
analysed their behaviour at varying electrode potentials. The
results demonstrate that differences in structural rigidity lead
to distinct EDL structures for different polymer electrolytes.
These findings suggest that previous studies may have over-
looked the significant impact of monomer structures on EDL
configurations, which could play a critical role in electro-
catalysts. In addition to their great importance in the formation
of table gas/water channels, the catalytic properties of bifunc-
tional polymers are inherently linked to the monomer structure.
Only in this way can the catalytic functional group approach the
surface and contribute to the reaction, instead of being dis-
placed away from the surface (e.g., the electrode/QAPS inter-
face). This work underscores the importance of an atomic-level
understanding and highlights how the simulation method can
reveal the EDL structures of novel alkaline polymer electrolytes,
aiding in the fundamental understanding of promising
bifunctional monomers prior to experimental validation.

Data availability
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