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P
olymer electrolyte fuel cells1�5 are
complex devices constituted by soft
and hard materials, which are charac-

terized by heterogeneous nanostructure
and transport properties. In particular, the
membrane�electrode assembly has a strong
impact on the fuel cell performance. It is
formed, together with other components of
limited interest here, by the polymer electro-
lyte membrane and the catalyst layer. The
membrane must be an insulator against elec-
tron transport, promote proton conductivity
also in low-hydration and high-temperature
conditions, and be mechanically stable. The
most successful material used these days is
Nafion,6 which, upon hydration, phase sepa-
rates inhydrophobic andhydrophilic domains.
The formerprovidemechanical strength,while
the latter result in regions available for trans-
port of water and protons. While the macro-
scopic structure of Nafion has been probed in
depth, some details of the nanostructure still
remain controversial.7�9

The catalyst layer10 is the interface region,
whose complexity arises from the fabrica-
tion process. Here, carbon-supported plati-
num nanoparticles mix with the ionomer

and self-organize into extremely heteroge-
neous structures. Despite significant efforts
in the understanding of the bulk Nafion
morphology, only a few studies have been
devoted to the structure of the hydrated
ionomer ultrathin films formed at the inter-
faces with platinum and carbon. Indeed,
the ionomer is expected to self-organize in
different forms, depending on substrate
properties such as chemical composition,
geometry, and, ultimately, wetting beha-
vior. The features of the film have significant
impact on many processes including,
among others, the electrochemical double-
layer structure11,12 with the associated
charge distribution, proton conductivity,13

diffusion of reactants and products, and
degradation kinetics of platinum and car-
bon support, which, in turn, can impact the
effective electrocatalytic properties.14

Computer simulations have been used
for a better understanding of the catalyst
layer structure. Studies relevant in the present
context include coarse-grained molecular dy-
namics simulations of the self-organized struc-
ture of the catalyst layer;15,16 atomistic model-
ing of (a) ionomer and water adsorption on
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ABSTRACT The structure of polymer electrolyte membranes, e.g., Nafion, inside fuel cell catalyst

layers has significant impact on the electrochemical activity and transport phenomena that determine cell

performance. In those regions, Nafion can be found as an ultrathin film, coating the catalyst and the

catalyst support surfaces. The impact of the hydrophilic/hydrophobic character of these surfaces on the

structural formation of the films and, in turn, on transport properties has not been sufficiently explored yet.

Here, we report classical molecular dynamics simulations of hydrated Nafion thin films in contact with

unstructured supports, characterized by their global wetting properties only. We have investigated

structure and transport in different regions of the film and found evidence of strongly heterogeneous

behavior. We speculate about the implications of our work on experimental and technological activity.

KEYWORDS: Nafion thin films . fuel cell catalyst layer . molecular dynamics simulation . transport/nanostructure interplay .
water in confinement
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graphitized carbon sheets17 and (b) interfaces where
the ionomer is in contact with the vapor phase and
with the catalyst or the catalyst�support surfaces;18

and simulation of the effect of hydration of Nafion in
the presence of platinum nanoparticles.19 All these
works are based on very detailedmodeling of the solid
phase in contact with the hydrated ionomer, at the
level of both the nanostructure and the heterogeneity
of interactions.
Here we have chosen a different approach, which

focuses very little on chemical details but aims at
grasping the main general physical features. This
strategy has been successfully applied in studies of
molecular liquids, such as pure water in contact with
infinite structured walls20 or even simple atomic super-
cooled liquids.21,22 We have considered a mean-field-
like interaction of ionomer/substrate, which allows us
to precisely control the hydrophilic character of the
substrate by using a unique tunable control parameter.
By using classical molecular dynamics simulations, we
have explored self-assembly and thin film formation of
a detailed model for the Nafion ionomer when placed
in contact with unstructured infinite hydrophobic and
hydrophilic surfaces (supports), under high hydration
conditions. Also, we have focused on transport proper-
ties of water molecules and found evidence of strongly
heterogeneous behavior in different regions of the
film. Here we report our main findings; further details23

and more extended data sets will be included in other
publications (Damasceno Borges, D., unpublished).
In what follows, we describe the interaction model

between the hydrated ionomer and the support. Next,
we report and discuss our main results, including film
conformation and transport properties of water mol-
ecules in different regions of the film. We conclude
with a summary of our findings and perspectives of
our work. Details of the computer simulation proce-
dures and some calculations are given in theMethods
section.

RESULTS AND DISCUSSION

Model. The Nafion ionomer6 is composed of a hydro-
phobic poly tetrafluoroethylene backbone with inter-
calated perfluorinated side chains,which are terminated
by a hydrophilic SO3

� group. A united-atom description
is used for representing CFn groups in the polymer
chain. In contrast, sulfonic acids, water molecules, and
hydronium ions are described with all-atom resolution.
This hybrid modeling scheme is largely used to repre-
sent complex polymer systems. Intramolecular-bonded
interactions include bond, angle, and dihedral terms.
Nonbonded interactions are described in terms of
Lennard-Jones potentials and long-range Coulombic
interactions. Potential parameters are similar to those
of refs 24 and 25. Water molecules are described by the
rigid SPC/E model,26 while the flexible model for the
hydronium ion has been taken from ref 27.

All system units interact with a smooth unstruc-
tured wall (the support), placed at z = 0 and parallel to
the xy-plane, via a 9�3 Lennard-Jones potential. This
depends only on the distance, z, of the unit from the
support:

VR
w(z) ¼ εRw

2
15

σR
w

z

� �9

� σR
w

z

� �3
" #

θ(zc � z) (1)

where zc = 15 Å is a cutoff distance and θ is the
Heaviside function. The index R identifies complexes
(H2O, H3O

þ, SO3
�) with significant dipolar coupling to

the (hydrophilic) support (R = phyl) or units corre-
sponding to the hydrophobic sections of the polymer
(R = phob), which, in contrast, interact very mildly. The
energy well εw

phob = 0.25 kcal/mol, while εw
phyl = εw is our

control parameter. The typical interaction length scale
σw
R = 3.2 Å in all cases.
We have calculated for εw ∈ [0.25, 2] kcal/mol the

values of the contact angle, θc, of a droplet of water
molecules interacting with the support via eq 1 and
demonstrated that this range encompasses hydropho-
bic to strongly hydrophilic behavior (lower to higher
εw, respectively). Wehave used the technique described
in refs 28 and 29 based on a direct fit of the contour
shape of the droplet. These data are shown as symbols
in Figure 1a. A circular best fit through these points (solid
lines) is extrapolated to the wall surface where the

Figure 1. (a) Contour shape of droplets of water molecules
deposited on supports characterized by the indicated va-
lues of εw. These data can be directly fit (solid lines) to
determine the contact angles θc (b). Details of these calcula-
tions are given in the Methods section.
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contact angle, θc, is measured (Figure 1b). Details of
these calculations are given in the Methods section.

Thin Film Morphology. In Figure 2 we show typical
snapshots of the self-organized ionomer ultrathin film, for
interactions with the support of increasing hydrophilic
character (from top to bottom). We observe the hydro-
phobic character of the ionomer/air interface30 and the
formation of extended hydrophilic pools, separated from
the confining polymer matrix by an interface decorated
with the sulfonate groups. Significant reorganization of
the ionomer on increasing εw is also visible. In order to
quantify these changes,weplot in Figure3 thenormalized
mass probability distributions for (a) water, (b) polymer
backbone, and (c) sulfur atoms. For themost hydrophobic
cases we have found a sandwich structure, with a wide
water distribution centered at z = 20 Å and most of the
polymer in contact with the support and at the open
interface with air. The distribution of the sulfonate groups
coherently shows two peaks at the ionomer/water

interfaces. By increasing εw, the ionomer abruptly desorbs
from the support, inducing a significant reorganization of
water domains. Water completely floods the region close
to the support, where density layering is observed. A
substantial decrease of hydration in regions far from the
support is an expected consequence.

We have also investigated in detail the presence of
orientational order for thewatermolecules, at different
distances from the support. We have subdivided the
film in nonoverlapping slices with a thickness δz = 1 Å
and have calculated for each slice the probability
distribution of cos(θn,i) = ui 3 ẑ. Here θn,i is the angle
between the normalized vector normal to the molec-
ular plane of molecule i, ui, and the outward vector
normal to the support, ẑ. The results for the two limiting
cases εw = 0.25 and 2.00 kcal/mol are shown in Figure 4a
and b, respectively. Data have been shifted vertically
for clarity. At short distances (curves on the bottom) we
have observed a high degree of orientational order in
the hydrophobic case, Figure 4a, with a high probabil-
ity associated with water molecules with themolecular
plane parallel to the support (cos(θn) = (1). Note that
in these regions the presence of the ionomer is non-
negligible. In the hydrophilic case, Figure 4b, where the
ionomer is almost absent, a remarkable modulation is
present, with clearminima at cos(θn)=(0.5 for ze 4Å,
followed by an alternation of maxima and minima at
cos(θn)=(0.75, up to z=8Å . Similar resultswere report-
ed in ref 31,where the author studied the rotational order

Figure 2. Snapshots of hydrated Nafion ultrathin films, at
T = 350 K and λ = 22, for an interaction with the support of
increasinghydrophilic character (εw= 0.25, 1.0, 2.0 kcal/mol,
from top to bottom).We observe the formation of extended
water pools (blue), which are separated from the confining
polymermatrix (gray) by the charged sulfonic groups inter-
face (green); hydronium complexes are also shown (red).
For εw = 2.0 kcal/mol the ionomer is completely desorbed
from the substrate. Note the evaporated water molecules,
on the top of the films.

Figure 3. Mass probability distributions as a function of the
distance from the support, z, at the indicated values for εw.
We have considered (a) water oxygens, (b) polymer back-
bone units, and (c) sulfur atoms.
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of pure water in contact with a nanostructured (100)
platinum (hydrophilic) surface. This comparison confirms
the capability of our mean-field model for the support to
grasp features present in much more detailed descrip-
tions. Beyond the interfacial region, the probability of
planar configuration is still enhanced in the hydrophobic
case, up to the central region of the film (=15 Å), while
the hydrophilic case appearsmore isotropic. Closer to the
ionomer/air interfaces, the probability of molecular or-
ientations parallel to the support is again augmented, for
both values of εw. Beyond the differences evident in the
two cases, we can conclude an overall enhanced degree
of rotational order in the vicinities of the interfaces for the
more hydrophilic supports.

Tranport Properties. From the above observations we
can predict an impact of changes in morphology on
local mass transport properties of water molecules in
different regions within the film. These are, indeed,
expected to depend on the interplay between confine-
ment due to the hydrophobic matrix and support and
direct interaction with the sulfonate groups. To quantify
space-dependent transport, we restrict ourselves to the
xy-plane, slice the film in overlapping slabs of width
δz=4Åequally spacedby1Å, andconsider the following
generalized form of the mean-squared displacement:

Ær2(t, z)æ ¼ 1
N ∑

N

i¼ 1
Æjri(t) � ri(0)j2δ(zi(0) � z)æ (2)

Here Ææ is the thermodynamic average and ri(t) is the xy

projectionof the three-dimensional position vector of the
oxygenatomofwatermolecule i=1, ...,N. Onlymolecules
satisfying zi(0) = z give nonzero contribution to the
summation, and eq 2 corresponds to the dynamics of
molecules that, at time t = 0, were at a distance z away
from the support. Note that, at subsequent times, water
molecules will change their distance from the support;

therefore in general, zi(t) 6¼ zi (0) for t > 0. We are now in
the position to define a z-dependent in-plane diffusion
coefficient, D(z), via the Einstein relation

D(z) ¼ lim
t f ¥

1
4t
Ær2(t, z)æ (3)

This strategy has been demonstrated to properly char-
acterize space-dependent translational diffusion in con-
fined geometries.21,22

We first show in the inset of Figure 5a the total
diffusion coefficient for water molecules, integrated in
the entire film, compared to the analogous quantity
calculated in the membrane, far from any boundaries.
(The diffusion coefficient of our pure water model in
the same conditions is =7.9 � 10�5 cm2/s.) Interest-
ingly, we observe a diffusion in the film augmented (by
about 15%) compared to themembrane at all values of
εw. Note that, although some kind of modulation with
εw is observed, we cannot conclude any continuous
dependence of diffusion on the degree of hydrophili-
city of the support. Next, we plot our data as a function
of z in the main panel of Figure 5a. For εwe 1 kcal/mol,
D(z) is quite uniform across the film and everywhere
close to the average total value. This is consistent with
a picture where, at high hydration, water is embedded

Figure 4. z-Dependence of the probability distribution of
the cosine of the angle θn,i between the normalized vector
normal to the molecular plane of the water molecules and
the vector normal to the support. We have considered the
two extreme values εw = 0.25, 2.0 kcal/mol (a and b,
respectively). A few values for the distance from the support
are indicated by arrows, and the curves have been shifted
vertically for clarity. The same symbols and colors are used
at analogous distances in the two cases. A detailed discus-
sion of these data is included in the text.

Figure 5. (a) Water molecules' diffusion coefficient at the
indicated values of εw. Inset: Total diffusion coefficient, D
(circles), integrated on the entire film. D is almost constant
in the investigated range, but always higher than the value
calculated in the membrane (dashed line). Main panel: D(z),
as calculated from eq 2. (b) z-Dependent structural relaxa-
tion time for water molecules, extracted from the self-
intermediate scattering function.
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in a crowded confining environment that is anyhow
quite homogeneous within the film. In contrast, for εw
> 1 kcal/mol dramatic changes are visible, following
the accumulation of the ionomer at intermediate and
large distances, with the consequent formation of pure
water layers at small z. Diffusion becomes strongly
heterogeneous, steadily decreasing across the film
with a rate that increases with εw. In the region close
to the support, diffusion is enhanced compared to the
integrated value, as also reported in the case of simple
liquids confined by smooth boundaries.21 At inter-
mediate distances, D(z) is close to the integrated
values, becoming strongly suppressed at higher dis-
tances (z > 25 Å), where interactions with polymer
backbones and sulfonate groups are very strong.

We have checked the validity of these results by
extracting a space-dependent structural relaxation
time, τ(z), from a generalized one-particle intermediate
scattering function,

Fq(t, z) ¼ 1
N∑i

Æexp iq 3 [ri(t) � ri(0)]δ(zi(0) � z)æ (4)

where q is the wave-vector. We have considered the
smallest two-dimensional q compatible with the simu-
lation box, |q| = 2π/Lx= 0.08 Å�1. The relaxation time is
calculated from the often used relation Fq(τ(z),z) = 1/e.
Our findings are shown in Figure 5b and support our
interpretation of diffusion data. We note that the
apparent inversion of the two curves at largest εw's
can be ascribed to difficult sampling at large z, with no
qualitative impact on our conclusions.

Even more interesting is the effect of film nano-
structuration on orientational dynamics. In Figure 6 we
show the rotational relaxation time, τR(x), extracted
from the correlation function,

C2(t, z) ¼ 1=N∑
i

ÆP2(ui(t) 3ui(0))δ(zi(0) � z)æ (5)

ui is, as above, the vector normal to themolecular plane
of water molecule i, and P2(x) are the second-order

Legendre polynomials. This correlation function is
customarily used to characterize the orientational dy-
namics of molecular liquids and can be measured in
light-scattering experiments. Here the effect of the
interaction of water molecule dipoles with sulfonate
groups is striking, with a nonmonotonic modulation of
the rotational relaxation time that strictly follows the
SO3

�mass distributions of Figure 3c. We have checked
that other cases (in particular, l = 1) give very similar
qualitative results, showing different average relaxa-
tion times but consistent space-dependent behavior.

CONCLUSIONS

We have studied by classical molecular dynamics
simulation the formation of Nafion thin films at the
interface with unstructured supports, characterized by
their global wetting properties only. By tuning a single
control parameter, the strength of the interaction with
the support, εw, we have been able to investigate in a
unique framework a variety of environments peculiar
to the catalyst layer, ranging from hydrophobic to
hydrophilic (representative of carbon and platinum,
respectively).
We have found that an increase of the hydrophilic

character of the support has a strong impact on the
conformation of the film, which transforms from an
irregular lamellar phase (where an extended water
pool is sandwiched by ionomer sheets) to a phase-
separated configuration, where water floods the inter-
face with the support and polymers accumulate at the
top. Also, we have observed a well-developed orienta-
tional order forwatermolecules at short distances from
both the ionomer/support and ionomer/air interfaces,
especially in the more hydrophilic cases. This order is
suppressed in the middle of the film, as expected.
Intriguingly, these mutations do not have a strong
impact on average transport features of water mol-
ecules, as measured from the diffusion coefficient inte-
grated on the entire film. In contrast, by implying amore
involved analysis of diffusion at different distances from
the support, we have discovered that dynamics at large
εw is highly heterogeneous across the film. We have
shown that the diffusion coefficient is enhanced above
the average value in regions close to the support and
strongly suppressed close to the ionomer/air interface,
with a rate continuously controlled by εw. Moreover, a
very close correlation exists between rotational dy-
namics and spatial sulfonate group distribution.
We expect a significant impact of our work on the

interpretation of experimental results. Indeed, in our
molecular dynamics simulations we have access to all
available degrees of freedom of the system, at the
atomic level. This is in contrast with a large part of
modern experimental techniques, which measure
properties averaged onquite large real-space domains,
often providing wave-vector-dependent spectra. Our
data can therefore be, in some cases, directly compared

Figure 6. z-Dependent rotational relaxation time, extracted
from an appropriate time-correlation function of the unit
vectors normal to the water molecular plane. A strong
correlation with the sulfonate groups' mass distribution in
Figure 3c is clear.
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with experiments or, most importantly, be used to ratio-
nalize and clarify exceedingly coarse-grained information.
Note that, in the case of Nafion thin films, this possibility is
even more beneficial, due to a body of available experi-
mental data that is still quite limited. Experimental tech-
niques that have been employed for the characterization
of Nafion thin films include transmission electron micro-
scopy (TEM).32 This is able to provide a quite coarse-
grained picture of the existing ionic domains, possibly
qualitatively comparable with the snapshots of Figure 2.
Due to the well-extended wave-vector range available in
our simulation boxes, a more quantitative comparisons of
our data is possible with detailed information about the
topology of the ionic domains coming from neutron
reflectivity experiments33 or grazing-incidence small-an-
gle X-ray scattering (GISAXS).32�34 In this case, the mass
distributions of the different chemical species shown in
Figure 3 can be used for devising the structural fitting
models needed for the interpretation of experimental
data. Also, modern nuclear magnetic resonance tech-
niques35 provide information very similar to the rotational
observations considered in eq 5.

This work could also have implications on our under-
standing of the interplay of transport/nanostructure in
Nafion membranes (bulk). Details of proton and water
transport in the ionic domains confined by the Nafion
ionomer matrix are still an open issue.3 Recent quasi-
elastic neutron scattering (QENS) spectra36 have been
rationalized in terms of populations of water/hydro-
nium molecules with different (fast/slow) dynamics. It
is tempting to speculate about the possibility that
those populations could be the manifestation of the
inhomogeneous dynamical properties described in
this work. Indeed, we are convinced that configura-
tions as in the bottom snapshot of Figure 2 could be
considered as (regularized) models for the local mor-
phology of ionic domains in the membrane, with the
support constituting the symmetry plane of the channel
available for transport.Work is in progress to explore this
conjecture by directly probing inhomogeneous trans-
port in the membrane.
Finally, we believe that our observations provide

useful information to be taken into account in the
optimization of actual fuel cell catalyst layers.

METHODS
Simulation Details. We have simulated by classical molecular

dynamics simulation systems formed by 20 polymer chains,
containing 10 pendant side-chains each. Electroneutrality was
kept by adding 200 hydronium molecules. We have considered
the high hydration condition λ = 22, where λ is the number of
water molecules per sulfonic acid group. Periodic boundary
conditions were imposed in the xy-plane containing the sup-
port, while open boundaries were kept in the z-direction. We
have fixed a temperature T = 350 K and determined the box size
(Lx = Ly = 80 Å) by matching a pressure P = 0 atm. Standard
Berendsen thermostat and pressostat have been used.

Less conventional computing details include calculation of
long-range Coulomb interactions in slab geometry; a thermo-
stat coupled to the xy-components of velocities only; and
detection and deletion in subsequent data analysis of mol-
ecules evaporated during the molecular dynamics trajectory
(a molecule is considered as evaporated, and therefore disre-
garded, if at any time the z-coordinate exceeds zmax 50 Å, which is
the typical thinfilm thickness). Forproduction runswehaveused the
large-scale parallel molecular dynamics simulation tool LAMMPS.37

System Preparation. The impact of the fabrication process on
morphology and properties of Nafion thin and ultrathin films,
both free-standing and supported, is a very investigated pro-
blem (see, among others, ref 38). Although these issues are not
considered in this work, we were confronted with the choice of
the initial preparation procedure to follow. We decided to
initialize the system by randomly placing in the entire available
simulation box volume both solvent molecules (water and
hydronium) and the ionomer. We followed the system evolu-
tion at high temperature and ambient pressure, for a time
sufficient to solve all initial overlaps and lose any memory of
the initial configuration. Next, we gently annealed the system to
ambient temperature, letting it self-organize and deposit on the
substrate. The production runs were started when a stable
morphology was reached, as checked by controlling the statio-
narity of the main observables. The same preparation proce-
dure was performed for all systems investigated. We are
convinced that this protocol minimizes any bias onmorphology
formation, which is therefore exclusively controlled by the
interplay of the different interaction forces. Compared to our

present results, we expect only quantitative discrepancies in the
case of any other preparation protocol where the different
chemical species are mixed with no evident initial order or
symmetry. We obviously anticipate qualitative differences in the
case of any other biased preparation, e.g., adding separately
and/or at different times the ionomer and solvent molecules.

Contact Angle Calculations. For selected values of εw ∈ [0.25, 2]
kcal/mol we have calculated the values of the contact angle of a
droplet of water molecules interacting with the support via eq 1
and demonstrated that this range encompasses hydrophobic
(θc > π/2) to strongly hydrophilic (θc < π/2) behavior. In order to
determine the values of the contact angle corresponding to
different εw's, we have performed an additional series of
simulations of spherical clusters formed by 3500 SPC/E water
molecules in vacuum conditions, in the NVT ensemble. After
formation the cluster was put in contact with the support and
the contact angles have been estimated by directly fitting the
contour shape of the droplets.28,29 We have therefore consid-
ered a cylindrical region, normal to the support and encom-
passing the entire droplet, with the principal axis passing
through its center of mass. Next we have considered bins in
the z-direction with a width of 5 Å and separated by 2 Å. For
each bin we have calculated the horizontal mass density profile,
i.e., the water density in the slab as a function of the local drop
radius Rdrop parallel to the support. Rdrop is the distance from the
center of the cylinder at which the density falls below 0.2 g/cm3.
Theseprofiles are shown in Figure1a. Toobtain thewater contact
angle from these data, we assume that the curves form a
segment of the circumference and perform a circular fit to the
data. Anextrapolation to the support surface provides uswith the
values of θc.

28,29
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