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Understanding the local reaction conditions at the catalyst-ionomer interfaces inside of polymer electrolyte fuel cells is vital for
improving cell performance and stability. Properties of the water film and distributions of protons and oxggqn molecules at the
catalyst-ionomer interface are affected by the state of the catalyst and support surfaces and the structure of the ionomer skin layer.
In this work, the interfacial region between catalyst and support surface and ionomer skin is simulated using molecular dynamics.

This water-filled nanopore model is constructed to study the impact of local charge density, densitY of sidechains at the ionomer
layer, and water layer thickness on the water structure and electrostatic conditions in the pore as well as the transport properties of

water, hydronium, and molecular oxygen at the interface. The analysis of the flooded pore model indicates that surface
hydrophilicity, represented by water adsorption and the formation of an ordered water layer at the surface, is a major factor
determining the interfacial proton density, ionomer sidechain mobility, and interfacial oxygen transport resistance. The results
obtained can guide the design of new catalyst materials, where the hydrophilicity of the surface can be tailored to minimize the

local proton transport resistance and improve electrode performance.
© 2022 The Author(s). Published on behalf of ECS by IOP Publishing Limited. [DOI: 10.1149/1945-7111/ac4db3]
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Polymer electrolyte fuel cells (PEFCs) are electrochemical
energy conversion devices with major applications in on-site power
generation and electric mobility. The latter in particular is an
increasingly important sector, with PEFCs offering a zero-emission
alternative to internal combustion engines with across light-duty,
medium- commercial, and heavy-duty vehicle markets.' However,
marked improvements in terms of cost, performance, and durability
are still required for the full-scale commercialization of PEFCs. The
high system cost is mainly driven by the cost of catalyst layer
materials and components, in particular platinum needed as electro-
catalyst for the oxygen reduction reaction (ORR) at the cathode. At
low Pt loading, the effective activity of the cathode catalyst layer
(CCL) for the ORR is significantly affected by transport resistance
phenomena, as well as catalyst degradation.*”" Thus, it is vital to
understand the factors governing transport phenomena in the CCL in
order to improve its performance.®

The conventional CCL consists of Pt catalyst nanoparticles that
are supported on a carbon-based nanoporous support material.
Aggregates of Pt/C particles are covered with an ion-conducting
polymer, usually Nafion ionomer. Improving the fuel cell designs for
low cost, high performance and high stability requires reduced Pt
content, optimal statistical utilization of Pt, and highly uniform
reaction conditions inside of the CCL for a broad range of operating
conditions. These requirements entail improving reactive transport
processes at the polymer-catalyst interface. It has been suggested
that at high operating current density, mass transport losses and, in
particular, an oxygen transport resistance causes significant reduc-
tions in power output.*”'%!" The oxygen transport resistance can
originate in the gas diffusion layer, microporous layer, or CCL, with
the precise origin still being a matter of debate.

The CCL constitutes a difficult space to explore using theory and
computation and the most challenging fuel cell component to study
experimentally.®'? Four phases must be distinguished, including the
solid phase of Pt and carbon, the ionomer phase, a liquid water phase
and a gas phase. The latter two phases coexist in a complex pore
network that typically exhibits a bimodal pore size distribution and
highly heterogeneous wetting conditions. The liquid saturation in the
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layer is a function of operating parameters. Therefore, the volumetric
composition in terms of the four phases as well as effective
parameters of transport and reaction in the CCL are variable
functions of operating parameters as well.'>'* On the one hand,
water is essential as a proton solvent and only fractions of the Pt
surface that are wetted by liquid water will be electrocatalytically
active for the ORR. On the other hand, water that is generated during
operation could cause excessive flooding of pores that are required
for the gaseous supply of oxygen. This flooding effect could incur
significant losses in the fuel cell voltage due to the inhibited
transport of oxygen in water.'” Due to the small scale and porous
nature of the CL, experimental observation of the CCL region
remains difficult,’® and models of PEFCs often approximate the
CCL to an infinitesimally thin layer,'”'® or they do not explicitly
distinguish the water phase in CCL.'"> However, water phenomena
must be rationalized and monitored at all structural levels and in all
components of the cell. Here we focus on water phenomena at the
microscopic scale, considering a slab of water that is confined by the
walls of the solid phase on one side and the ionomer phase on the
other side. We rationalize in molecular-level detail the structure of
this water layer and the density distributions of excess protons and
oxygen molecules in it. This understanding thus reveals the local
reaction conditions that are responsible for the ORR activity and the
dissolution kinetics of the catalyst.

Computational models have become an essential part of CCL
investigation as they can offer insights at the molecular level, out of
reach for most experimental setups.2021 Recently, molecular dy-
namics (MD) models of the CL have been developed to study the
structure of the catalyst-ionomer interface,”>>* and oxygen transport
through the ionomer thin film.>* Tokumasu et al. carried out MD
simulations of a cross-section of the CCL, and argued that within the
CCL, the interface glays an important role contributing to oxygen
transport resistance.”> Most computational models based on mole-
cular dynamics that focus on transport treat the C and Pt surfaces as
ideal pristine surfaces. Yet we know that at typical electrode
potentials for the ORR both surfaces become partially oxidized,
which not only alters the surface charge properties of the catalyst
surface,26 but also the interactions with and configuration of
interfacial water molecules around them.?’>* Moreover, the equili-
brium structure of interfacial water molecules can alter the mor-
phology of the ionomer at the interface.'®*" The effects of electrode
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potential on the structure of the interface have been studied recently
using ab initio methods.?'*> However, the high computational cost
of ab initio simulations prevents the modelling of system with a
significant amount of water molecules and a layer of ionomer
molecules present at the interface.

An MD model of the catalyst-ionomer interface was recently
developed, in which the surface of Pt(111) was evaluated at varying
oxide coverage to study the proton behavior.*® That model was also
used to compare the oxidized Pt(111) and Pt(100) surfaces and their
resulting interfacial water structure.*® In the present work, this
model is modified to study the catalyst-ionomer interface of both
functionalized graphite and oxidized Pt(111). The objective is to
understand how the properties of the support material determine the
structure of interfacial water molecules and ionomer, and to,
furthermore, rationalize the effect the resulting water layer has on
properties that determine the CCL performance. By modifying the
parameters of the model, the impact of surface functionalization on
water ordering, ionomer sidechain mobility, and proton dynamics
are investigated. In addition, molecular oxygen diffusivity at the
interface is analysed by comparing the graphite support surface with
the Pt(111) catalyst surface.

This article is organized as follows: the details of the model
system and the methodology used for the molecular dynamics
simulations is described in the next section. The discussion section
is itself divided into three subsections, covering hydronium density

accumulations e S0rFaRC 0P ORS S ASCRAD AR nd bR e HOHRIE e, IHSHIT DU, AL TR
plane oxygenidiifusivety: sithg dnterace. Finally, the seneral SIEhTS, whiclBMSL A 0. Sl bl

obtained fron,theimrdal,sieispropean4g.dn. the conclusions section.

Methodology

The 3D model system (Fig. 1) used for the MD simulations
consisted of a water-filled slab-shaped nanopore. The water region
was confined by two square-shaped 10 x 10 nm boundary surfaces,
comprised of a graphite or platinum slab and a skin layer of ionomer.
The separation between the two bounding surfaces, determining the
thickness of the water slab in-between, is tuneable. The resulting
system thus effectively employed fixed boundary conditions in the
direction normal to the surface and periodic boundary conditions in
the direction parallel to the surface. The simplified ionomer model
consisted of a layer of equidistant and uniformly distributed -CF axis
groups that remained fixed in their position during simulations.
These groups were connected to free-moving Nafion sidechains and
a chain of -CF, backbone. The length of the -CF, backbone chains
was determined by the equivalent weight of the ionomer units. Due
to the hydrophobic nature of the -CF, chains, the backbone sections
arranged themselves away from the water layer during simulation,
mimicking the outer face of a lamellar ionomer structure, and served
as the upper limit of the simulation region. The working hypothesis
behind this constraint is that in aqueous media, the backbone chains
tend to link together in clusters while the hydrophilic sidechains
point outwards toward the water region.* The slab region consisted
of water, hydronium, and oxygen molecules (Fig. 1). The oxygen
concentration was set at 8 x 107> mol cm > (40 oxygen molecules),
which is higher than normal values. Computation of diffusion
coefficients from molecular dynamics simulations requires linear
mean-squared displacement plots, and to reach that linearity, the
oxygen concentration was increased three-fold from the normal
concentration. It is assumed that any effect this high concentration
may have on diffusion coefficients is systematic and does not affect
comparative values between different simulation conditions. The
hydronium ion concentration was adjusted to match the number of
sidechains in the ionomer layer for overall electroneutrality in the
system. The total charge at the catalyst and support surface was zero.
However, upon oxidation a partial charge density distribution is
developed between the oxide and C/Pt atoms as a result of the
electronic structure calculation. The properties of the model
were studied by changing the four parameters listed in Table I.
Oxide coverage of both platinum and carbon (#) matched that found

Fixed CF,

R s

raphite
Molecular epoxide
oxygen SO, groups

Hydronium

Figure 1. Interfacial system with the water slab confined between the solid
surface (of Pt or C) and the ionomer skin layer. Snapshot from molecular
dynamics simulation.

in the potential range from 0.3 to 0.9 V, although it is not directly
analogous to potential as the surface charge density is not described
in its entirety. The surface density of ionomer sidechains (¢°) was
tuned to the density range found at pore wa or the range of
ionomer equivalent weights between 1193 was varied
u.grodistance of
el I, S5l i Bishpess of the
water region that separates the itonomer layer from the catalyst/
support surface (d) was modified by adjusting the position of the
ionomer axis points in the simulation cell and flooding the space
between ionomer and surface with water molecules pre and post
initial equilibration.

The C support surface was modelled as five graphene layers
arranged in alternate positions forming a graphite slab. Atomic
positions and surface charge densities for slabs at varying oxide
coverages were obtained from periodic Density Functional Theory
(DFT) calculation for the graphite oxide layer at zero total charge.
The bottom two layers were kept fixed in position while the top three
layers were fully relaxed during geometry optimization. The
oxidized Pt surface was built as a five-layer Pt slab with (111) facet
structure with oxide coverage varying from 6 to 70% O/Pt ratio. In
both carbon and Pt surfaces, all three top layers were allowed to
relax while the bottom two layers were kept fixed. DFT calculations
were carried out using the Vienna Ab initio Simulation Package
(VASP).?® The generalized gradient approximation (GGA) with the
revised Perdew-Burke—Ernzerhof (revPBE) exchange correlation
functional was used,37 and valence electrons were treated with the
projector augmented wave (PAW) method.*® The cut-off energy of
the plane wave expansion was 400 eV. A 4 x 4 x 1 Monkhorst-Pack
k-point mesh was used to sample the Brillouin zone. According to
the Lerf-Klinowski model,® graphene sheets are functionalized with
hydroxyl and epoxide groups, while edges and rough surfaces favor
carboxyl groups.’! For reasons of simplicity in the interpretation of
results, only one type of functional group was added in each
simulation. Experimental evidence indicates functionalization varies
from C/O ratios of 10:1 to 2:1.%° Therefore, functionalized graphite
slabs were optimized at 12.5, 25, and 50% for graphite epoxide and
12.5 and 25% for hydroxyl epoxide, as 50% hydroxyl coverage was
not stable and collapsed during DFT optimization. Experimental
measurements of carbon black functionalization favor the formation
of both hydroxyl and epoxide at the surface upon cycling and during
operation.’® Partial charges were added from Bader charges,
obtained via the partial charge distribution that results form DFT
calcu13a3ti0ns, following the model construction protocol of previous
work.

A polymer skin layer that consists of a square-shaped array of
identical ionomer units with flexible sidechains and a constrained
backbone network was added at the top of the simulation box.
United atom representation was used for CF3, CF,, and CF, while S
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Table I. Parameters of the model.

Variable Symbol (unit) Range
Graphite oxide species — Epoxide and hydroxyl
Graphite oxide coverage 0 0%-50%
Platinum oxide coverage 0 6.25%-69%
Ionomer sidechain number density > (nm’z) 1.05-2.10
Water layer thickness d (nm) 0.5-2.5

and O in the sidechain were treated using a full atomistic model. The
distance between side chain groups was controlled and held constant
by fixing the CF group at the junction of the sidechain and backbone.
These junction groups were fixed to their initial positions during the
MD simulations, maintaining the array structure and prohibiting any
major restructuring of the film. The model system assumes the
formation of a water layer between the ionomer and the catalyst
surface, as discussed in previous reports.>>** Real densities of
ionomer sidechains were varied from 1.05 nm ™ to 2.10 nm ™ in this
work to evaluate the effects of ionomer properties on the molecular
structure and distribution water, hydronium ions, and oxygen at the
interface. The polymer surface used in the simulations had dimen-
sions of 10 x 10 nm, matching the size of the solid surface, and
contained between 105 and 210 individual ionomer units Figure 2A

Initial state configurations of the model system were run for a
total of 18 ns, divided into 6 ns of thermalization and 12ns of
production run. Structural analysis was carried out using trajectory
frames every 1000 ste eps. Angular distributions were obtained using
MDAnalysis package radial distribution functions were calculated
using VMD,** and every other property was computed using
GROMACS tools.

The conditions for the molecular dynamics calculations have
been described in previous work.*> MD simulations were performed
in the canonical (NVT) ensemble using the GROMACS
package,**** using the V-rescale thermostat to keep the system at
a constant temperature of 300 K,*> with relaxatlon tlme of 0.1 ps.
MD trajectories were computed via leap-frog with 1 fs

l d 0
time step and a direct space interaction cut- o
BV

shows a SeCtlﬁlH of he model System, Where fu zed ite an atlc 1 1ons Were calculared he particle
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the CCL during operation caused by current generation has been
studied using small-angle neutron scattering, and water uptake
values in the cathode higher than 20 were observed.*’ This water
was mostly confined to a relatively small region at the interface, of
roughly 15 A thickness.*' The flooding of the pore in the present
simulation cell aims to reproduce this saturation effect during
operation.

c(H30%)(1/nm?)

0.0

1.4 4
124
1.04
0.8
06
0.4

X and y dimensions (parallel to the boundmg surfaces). We used the
Single Point Charge model for water.*®*° The water slabs between
polymer surface and PtO were constructed using the GROMACS
tool genbox. The total number of water molecules varied according
to the imposed thickness of the water layer (defined as the distance
between the C/Pt surface and the ionomer layer “d”) and ranged
from about 3000 for d = 0.5 nm to 10000 molecules for d = 3.5 nm.
Molecular oxygen was described using GROMOS 54A7 parameter

Epoxide

- 50.0
-=:25.0
-=12.5 Bx(%)

10 15 20

X(nm)

05

0.0

Figure 2. Snapshot representation of a section of the simulation box (A) using a 2 nm water layer thickness. Plane-averaged hydronium ion linear density at
grsaphlte epox1de (B) and graphite hydroxyl (C) in the vicinity of the graphite oxide surface. Water layer thickness d = 2.0 nm, and ionomer sidechain density
0> = 1.05 nm
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set.”® Atomic force field parameters for carbon, oxygen, and
hydrogen in graphite were taken from Keffer et al.>> Atomic force
field parameters for ionomer, full atomistic hydronium, and PtO
species can be found in our previous publication.*

Results and Discussion

The following subsections analyze the effect of graphite surface
functionalization on the structure of interfacial water molecules and
ionomer, and how the transport properties relevant for cathode
catalyst layer performance are affected by it. The surface structures
analyzed were pristine graphite, graphite epoxide between 12.5%
and 50% coverage, and graphite hydroxyl between 12.5% and 25%
coverage. In the case of oxygen lateral diffusion analysis, the
oxidized Pt(111) surface was studied as well to compare the effect
of interfacial water structure between the catalyst and support
materials.

Proton adsorption at the graphite surface.—To analyze the
proton density distribution in the system, the water layer thickness
was kept sufficiently large (2.0 nm) to differentiate density accumu-
lation at the graphite surface from that at the ionomer region. The
plane-averaged linear density of hydronium ions was used to analyze
the interaction and adsorption of hydronium ions at the functiona-
lized graphite surface, where the normal direction to the surface was
chosen as thﬁ11 s11t coord'nate Prev10usl¥ Buplﬁshed resulfs

ss on 23 nd m
Showedapmﬂ%nsg indueed enhancement @ﬂl@%&%ﬁi )
ion de?sny e s ]\x}olr)( ﬁl};f&g&y y§iag an otherwise 1dent1c

model.”™ As expec ed hydronium ion accumulation was predomi-
nantly localized around the sulfonate groups in the ionomer side-
chains (not shown), ion-ion interactions being far stronger than ion-
dipole interactions. Yet, Figs. 2B and 2C reveal a discernible
accumulation of hydronium ions at the surface of graphite oxide;
this concentration increase is highly dependent on both the type and
degree of functionalization, represented as oxide coverage.
Figure 2B shows that there is an increase of the hydronium ion
density at the graphite epoxide surface, which is caused by the
electrostatic attraction of hydronium ions to the negative partial
charge of the epoxide groups. Conversely, graphite hydroxyl shows
no hydronium ion accumulation at the surface (Fig. 2C), which is
attributed to electrostatic repulsion between hydronium ions and the
protic hydrogen in the hydroxyl groups. As a result of this
electrostatic repulsion, hydronium interacts with the ordered water
layers near the hydroxyl surface, and not with the surface functional
groups directly (Figs. 3B and 3C). The accumulation of hydronium
ions at the graphite epoxide surface is not constant with increasing

dlﬂtrlgﬁ%@&lgﬁd&lm@?&rﬁﬁ otlhﬁle(ﬁ%gﬁge @&mn&pm
, whicRPUHYR Yin fREE2RS CALDAR 1B IR 185 3R EnARdvIlga hydrogens
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0.25-
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cos(y)

functionalization, as evidenced by the varying linear density peak
values in Fig. 2B. The accumulation effect is only significant (more
than one molecule per cubic nm) at partial oxide coverage, with
density peaks at the surface decaying in intensity from 12.5% to 25%
and finally disappearing at 50%. Figure 2A shows that hydronium
ion adsorption takes place at the epoxide centers, suggesting that
larger coverage should lead to greater hydronium ion surface
density. However, hydronium density peaks at the graphite epoxide
surface are only significant at partial functionalization. These
changes in hydronium ion affinity can be rationalized by studying
the structure of the water layer near the epoxide surface.

Figure 3A shows the angular distribution of water dipoles with
respect to the normal direction of the slab in a slice of 3 A thickness
above the graphite epoxide surface. A broad peak around cos(¢) = 0
indicates a random water orientation, whereas a peak near 1 means
most water dipoles are on average preferentially oriented in the
normal direction to the surface, and peaks around 0.5 indicate a
mixture of the two.”' The graph indicates that both clean graphite
and fully covered graphite epoxide show no preferred water
orientation. The slab with 12.5% epoxide coverage shows the
sharpest peak, located near 1, indicating strong ordering of water
layers which favors dipole-ion interactions with hydronium, while
the slab at 25% oxidation shows a lower degree of ordermg which is

reflected in a smaller hydronium density pea Y found that
the preferred orientation of water molecuepox1dlzed
ﬁ}ut%}pha@t with the

directed towards the epoxides, which corresponds to the angular
distributions found in this work. It should be noted that 50% epoxide
coverage implies all carbon atoms are epoxidized, which in turn
means that there are no vacant positive carbon atoms to allow for
this water orientation, resulting in a disordered water layer. The
behavior of graphite epoxide towards water dipoles reveals that the
pristine graphite surface, which is largely hydrophobic, becomes
hydrophilic upon epoxidation, and this hydrophilic character di-
minishes with increased epoxide coverage until it virtually disap-
pears at full coverage (50% C/O). This reduction of hydrophilicity
with increased oxidation of the graphite surface has recently been
observed using neutron reflectometry.’® The change in hydrophili-

city explains the presence of accumulated hydronium ions only at
partial oxidation states.

Functionalization of the carbon support surface leads to a change
in hydrophilicity, as the surface changes from hydrophobic graphite
to hydrophilic graphite oxide. This in turn can be expected to affect
the orientation and structure of the ionomer sidechains at the
interface.

Recent molecular dynamics studies showed that

5

(R

o ¥ - ] o

C
e ¢ 31
T ve 9

Figure 3. Hydronium preferred orientation. (A) Angular distribution function of interaction angle (y) between water dipole moment and graphite epoxide
surface plane. (B) Closest hydronium (blue) interaction with graphite epoxide (left) and hydroxyl (right) surfaces. (C) Hydronium (blue) and water (gray) density

accumulation near the surface of graphite epoxide (left) and hydroxyl (right).
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hydrophilic surfaces attract the ionomer sidechains while repelling
the backbone, and this effect is reversed when the surface is
modified to be hydrophobic.>

Ionomer dynamics at the interface with carbon support
material.—Figure 4 shows that the carbon surface hydrophilicity
affects the configuration of the ionomer, even in a restrictive model
such as the skin ionomer layer studied here. Sidechain functional
groups (Fig. 4A) and water molecules (Fig. 4B) are both repelled by
clean graphite, while the partially epoxidized graphite shows a density
peak of both water and sulphur accumulation at close range (r =
0.18-0.22 nm), which disappears at full oxidation. The effect of carbon
functionalization on the structure of the ionomer has been observed
experimentally.>* Density peaks are an indicator of molecular density
accumulation at a certain distance from the surface and can be
interpreted as adsorption or coordination. Similarly, graphite hydroxyl
showed density peaks for both water and sidechain functional groups
near the surface at 12.5% and 25% coverage. Figure 4C shows the
ionomer sidechain mobility, expressed as root mean square fluctuations,
at all surface oxidation levels and its correlation with water self-
diffusion for the case of graphite epoxide.

Water self-diffusion serves as another descriptor of hydrophili-
city; since the ionomer sidechain density and water layer thickness
are kept constant, the only factor influencing water self-diffusion is
the degree of a preferred orientation of near-surface water mole-

(expressed as the affinity of water molecules to adsorb at the surface)
on proton density accumulation and ionomer sidechain mobility at
the interface. Increasing oxide coverage beyond 25% reduces the
number of vacant surface carbon atoms, which are positively
charged, and depolarizes the surface, reducing hydrophilicity.

He et al. rationalized that the absence of available positively
charged carbon atoms at the surface hindered the coordination of
ordered water molecules as the cause of the reduction in hydro-
philicity with increased epoxide coverage.*® This rationalization also
helps explain the trend in ionomer sidechain mobility. Sidechain
radial density peaks (Fig. 4B) are at 2.0-3.0 A from the partially
oxidized graphite surfaces, while water density peaks (Fig. 4A) are
at 1.5-2.0 A. The difference can be attributed to the fact that the
sidechains are anionic and thus adsorbed at the hydrogen atoms of
the ordered water layer, rather than directly at the negatively charged
graphite epoxide. If there is no ordered water layer, the ionomer
sidechains are not adsorbed at the surface, as observed for the
pristine and fully oxidized graphite surfaces.

Oxygen in-plane diffusivity at the interface.—It remains an open
debate whether the catalyst-ionomer interface contributes consider-
ably to oxygen transport resistance in the CCL.>** Regardless of the
role of out-of-plane permeability to oxygen transport losses,
resistance to oxygen diffusivity at the inter

an in-plane component, as oXxygen moves al

cules. The compariqn Wit iRnoRasr.eesiiamlactyationt MRV diswibdsacion: e oHhs apaly vseitvbieoaling AQeiithn.ihe in-plane
how the mobility, e ignemer ﬁ{%ﬁﬁb@g}msm}ﬁ%gm@mwa 18, whichlBiats dHiLERofa%y semanaacHleh ilituates -

interaction ofﬂ%agﬁ% %?k"fé dherfupglipnalized graphite surface.
The case of graphite epoxide illustrates the impact of hydrophilicity
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Figure 5A shows the lateral diffusion coefficients obtained for
oxygen at the interface with functionalized graphite or with Pt(111)-O.
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Figure 4. Radial distribution function (RDF) of water molecules (A) and sulphur atoms in ionomer sidechains (B) as a function of epoxide coverage on graphite.
(C) Ionomer sidechain mobility as root mean square fluctuations (blue) and self-diffusion coefficient of water (black), as a function of epoxide coverage. Water
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While oxygen lateral diffusion is unaffected by the oxide coverage
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pristine and fully oxidized hydrophobic surfaces restrict diffusion.
Radial distribution functions (Fig. 5B) show that oxygen interacts
favorably with hydrophobic surfaces such as graphite and fully
oxidized graphite, whereas it is repelled by hydrophilic surfaces such
as Pt and partially oxidized graphite. This repulsion results in faster
oxygen movements as the mobility is not impeded by attractive
interactions of oxygen molecules with the surface. While the
hydrophilicity of the graphite surface significantly affects in-plane
oxygen diffusion, the charge distribution at the surface shows no
impact, as hydroxyl and epoxide graphite show nearly identical
profiles in terms of oxygen lateral diffusion. It is important to note
that this reduction of mobility at hydrophobic surfaces disappears in
wider pores (d > 2 nm) (Fig. 6), where oxygen can move along the
water region and the ionomer layer has higher mobility regardless of
the surface.

Variations in sidechain density have an impact on oxygen lateral
diffusion at hydrophilic surfaces. Figure 6A shows that partially
oxidized graphite and Pt(111) have decreasing Dyy with increased
sidechain density. The same effect has been observed experimentally
on similar systems.” The thickness of the water slab was set at
1.5 nm to ensure minimal ionomer-catalyst interaction but to allow
the hydrophilicity of the surface to impact oxygen movement. It was
previously observed that hydrophilic surfaces create an ordered
water layer which attracts the ionomer sidechains and hinders their
movement, and Fig. 6 shows that they repel oxygen as well. This
results in oxygen moving mostly near the ionomer skin layer, and
that movement becomes hindered with increased sidechain density.
Xiao et al. found that, by decreasing the hydrophilicity of the coating
polymer in high temperature fuel cells, oxygen transport resistance
at the interface was reduced.’® A similar effect is observed in the
present model system; by adding more sidechains, the hydrophilicity
of the ionomer skin layer increases and oxygen movement through
the ionomer region is reduced. Clean graphite, being hydrophobic,
allows for oxygen to approach. This makes lateral diffusion less
dependent on the behavior of the ionomer. This effect becomes
apparent when compared with ionomer sidechain mobility.
Figure 6B shows that ionomer fluctuations are reduced when
sidechain density increases regardless of surface structure, indicating
that the ionomer region at the interface is more congested in each
case. The affinity of molecular oxygen for hydrophobic surfaces
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Conclusions

This work applied molecular dynamics simulations to the model
of a water-filled slab confined between an ionomer skin layer and a
solid surface of carbon support or platinum. The simulations aim to
explore the effects of the surface functionalization on water and
proton dynamics as well as oxygen diffusivity. It was found that the
variations in surface hydrophilicity that is imposed by graphite
functionalization with epoxide and hydroxyl groups, and the
resulting interfacial water layer structure, are major factors affecting
local proton density in flooded pores. Moreover, the preferential
orientation of interfacial water molecules affects the mobility of
ionomer sidechains near the surface, with more hydrophilic surfaces
creating an oriented water layer that attracts the sidechains near the
support material. The degree and type of functionalization also has
an impact on local transport properties. Epoxidation results in
increased hydrophilicity only at partial coverage between 12.5 and
25%. Full coverage blocks the positively charged carbon centers and
prevents water molecules from arranging in a favorable configura-
tion to result in preferential dipole orientation, resulting in low
hydrophilicity. This results in a disordered configuration of near
surface water molecules, and the suppression of hydronium ion
accumulation and increases ionomer sidechain mobility. In addition,
hydroxylation results in water ordering, but the charge distribution
of hydroxyl groups repels hydronium ions and prevents their
accumulation at the surface. Therefore, not only surface hydropho-
bicity but also surface charge distribution determine the accumula-
tion of hydronium at the functionalized support surface. Mobility of
ionomer sidechains is similarly affected by hydrophilicity, yet it is
unaffected by surface charge distribution, as sulfonic groups interact
with the adsorbed water layer rather than directly with the surface
functional groups.

Lateral oxygen diffusion properties were also found to be highly
dependent on the hydrophilicity of the surface. In narrow pores at
hydrophobic surfaces, oxygen diffusion is slowed by the attractive
(and thus immobilizing) interaction with the support material, while
being largely indifferent to sidechain density in the ionomer layer.
Conversely, at hydrophilic surfaces, oxygen is repelled by the
ordered water molecules and moves predominantly near the ionomer
backbone layer, away from the surface. In the case of PtO, the
surface is hydrophilic regardless of the partial oxide coverage, which
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Figure 6. (A) Lateral diffusion coefficient of molecular oxygen for Pt and graphite surfaces vs ionomer sidechain density. (B) Ionomer mobility as root mean
square fluctuations vs ionomer sidechain density. Water thickness d = 1.5 nm; oxygen coverage 50% for Pt(111) (black), 25% for graphite epoxide (red) and
hydroxyl (blue), and 0% for gr ghne (purple). (C) Lateral diffusion coefficient of molecular oxygen for Pt and graphite surfaces vs water layer thickness.

Sidechain density ¢° = 2.1 nm

results in oxygen moving predominantly along the ionomer layer. At
hydrophilic surfaces, a higher sidechain density results in hydro-
philic pockets of coordinated water molecules in the ionomer region,
preventing oxygen movement through it. This dependence is only
apparent at narrow pores (<1.5nm), as increasing the water layer
thickness leads to oxygen moving through the larger bulk-like water
region and away from both boundary regions. The insights obtained
in this work regarding the impact of surface hydrophilicity on local
transport properties, particularly local oxygen diffusion at the
interface, could aid the design of future catalyst / support systems
by manipulating the affinity of molecular oxygen for hydrophobic
surfaces, thus minimizing inefficiencies in oxygen supply to the
catalyst. Similarly, controlling the hydrophilicity of the support
material and the nature of the surface functional groups, can induce
shifts in hydronium ion density at the surface, with important
implications for the activity of the catalyst for the oxygen reduction
reaction.
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