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ABSTRACT: In this work, we elucidated the nanostructure and dynamics of 7[5 Stuctured Nafion|” T
Nafion-doped graphene-oxide (GO) systems from molecular dynamics simulations j=——hydronium |
at varying hydration levels and temperature. It was found that the presence of GO water
resulted in the formation of Nafion layers along a direction normal to the GO
surface. Chain conformations in the Nafion layers close to the GO interface were
characterized by a backbone preferably oriented parallel to the GO plane, whereas
the size of the formed nanochannels was found to be commensurate to the average
dimensions of the Nafion side chains. The mechanism of water cluster growth was
found to change drastically upon introduction of Nafion chains, although addition
of GO in the membranes did not impart further measurable changes at the
examined temperatures. Hydronium ions were found to adsorb partly onto the GO
surface, whereas the pertinent adsorption/desorption rate increased significantly
with hydration. Translational dynamics of water molecules was much slower close
to the GO surface compared to that at distances far from GO. In the temperature
range examined, the dynamics of the effectively confined water molecules was found to follow an Arrhenius-like dependence.
Water retention at the Nafion/GO interface appears only at high hydration levels of Nafion.
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1. INTRODUCTION

Polymer electrolyte membrane (PEM) fuel cells have
continued to generate a lot of attention because of their
ability to generate electricity with minimal emissions." A lot of
work on PEMs have focused on perfluorosulfonic acid (PFSA)
membranes as they offer high proton conductivity and high
chemical and thermal stabilities with low permeability for fuel
crossover. The effect of humidification on PFSA membranes
has been explored by a variety of experimental techniques such

and dynamics of hydrated PFSA membranes. Among the PFSA
class of membranes, the noteworthy and the most widely
investigated is the Nafion membrane. Several key findings on
the structure and dynamics of a hydrated Nafion membrane
from computer simulations have been reported. Vishnyakov
and Neimark'' studied microphase segregation in the Nafion
membrane from molecular dynamics (MD) simulations and
concluded that the proton conductivity of the membrane
depends on hydration. Paddison,'” using density functional

as contact angle measurements,z_4 atomic force microsco-
py,”~* electrochemical mass transport measurements,” and X-
ray studies.'” Experimental investigations were used to
understand several properties such as surface morphology,
membrane deformation, structure factor, scattering intensity,
micelle orientation, and water uptake.

Complementary to experimental investigations, computa-
tional methods have provided several physical insights into the
molecular level interactions, which influence the nanostructure
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theory calculations, showed that proton transfer from the
sulfonic acid group in Nafion to water requires a minimum of
three water molecules. In another work,'® the authors showed
that structural diffusion (Grotthuss diffusion'*) can occur even
with strong sulfonate—water interactions. The effect of
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monomeric sequence on phase segregation and dynamics in
hydrated Nafion was studied by Jang et al. using MD
simulations. The authors concluded that transport of water
molecules depends on the structural differences imposed by
the monomeric sequence, and the diffusion of water molecules
is larger in the dispersed sequence as compared to that in the
blocky sequence.”” Urata et al.'® employed MD simulations
and concluded that water preferably interacts with the
sulfonate group of the side chain of PFSA membranes. The
authors also reported an orientation of pendant side chains
that is perpendicular to the polar/nonpolar backbone interface.
Devanathan et al.'”~'? employed MD simulations to under-
stand the nanostructure of Nafion membranes and the
dynamics of water and hydronium ions. The authors
concluded that hydronium ions play a significant role in
modifying the hydrophilic phase near the pendant groups.'” In
another work, the authors have mentioned that water mainly
interacts with the sulfonate groups and not with the ether or
hydrophobic backbone of Nafion.'® Further, the authors
reported the diffusion coefficients for hydronium ions to be
in close agreement with a quasi-elastic neutron scattering
experimental study.'” Cui et al.* explored hydrated Nafion
using MD simulations and concluded that the system consists
of hydrophobic domains due to the nonpolar backbone and
hydrophilic regions with a heterogeneous distribution of water.
Sunda and Venkatnathan investigated the effect of hydration
and temperature on the side chains of three PESA membranes
(Nafion, Dow, and Aciplex). The authors noted that the
presence of an extra ether oxygen in Nafion provides extra
flexibility to the sulfonate groups, which assists in an enhanced
interaction with the hydrophilic phase.”'

Voth and co-workers” demonstrated the limitations of the
classical description of the proton as hydronium by performing
multistate empirical valence bond (MS-EVB) simulations. The
authors also used the self-consistent iterative (SCI) MS-EVB
method” to examine the solvation and transport properties of
the sulfonate-hydronium ion pair in hydrated Nafion
membranes. In another SCI-MS-EVB simulation study, the
authors showed that sulfonate groups affect the direction of
proton hopping.”* The authors varied water from lower to
higher content and observed a transition from undissociated
sulfonic acid to localized hydronium ions and to delocalized
hydronium ions (H;O,") at higher water content. Ilhan and
Spohr” employed ab initio MD simulations to explore the
structure and dynamics of water in two narrow cylindrical
pores consisting of CF;-CF; and sulfonic acid groups to mimic
hydrated Nafion membranes.

The humidification of Nafion membrane is critical, as it
affects the conductivity of a fuel cell. At temperatures above 80
°C or at low hydration levels, the conductivity reduces, and
hence the membrane must be sufficiently hydrated to achieve
high proton conductivity.”® In a typical fuel cell, the supplied
hydrogen gas is often humidified to enhance proton
conductivity. However, the external humidification results in
an increase in the size of the fuel cell, which is not desirable for
portable applications.”” To avoid external humidification, self-
humidifying membranes have been explored, which utilize
inorganic fillers. These inorganic fillers such as silica, titania,
zirconia, iron oxides, carbon nanotubes, zeolites, and clay assist
in water retention and enhance the proton-conducting
properties and mechanical and thermal stabilities of the
membrane.”® Recently, Nafion/graphene-oxide (GO) compo-
sites have been explored as potential electrolytes. The choice of

GO stems from properties such as large surface area,
hydrophilic functional groups, mechanical strength, and
chemical stability, which makes it an ideal candidate to form
composite membranes.”” Hayami et al.’> demonstrated that
the conductivity of GO could reach 107> S cm™ and
concluded that the hydrophilic groups of GO interact with
the protons, which are propagated through the hydrogen-
bonding network formed with the adsorbed water. Zarrin et
al.*' observed that the conductivity is enhanced when a Nafion
membrane is doped with functionalized GO particles.

Water retention enhances proton conduction by the
formation of proton transport channels, which also depends
on the hydrophilic functional groups of the membrane. GO is
known to assist in water retention because of the presence of
epoxy and hydroxyl groups, which can form hydrogen bonds
with water molecules. Devanathan et al.’ investigated water
interactions with GO at various hydration using MD
simulations. The authors concluded that the diffusion of
water molecules in GO is slower because of hydrogen-bonding
interactions between the water molecules and hydroxyl groups
of GO. Liu et al.** showed that the transport of water and
other small molecules through graphene-based membranes
depends on interlayer channels and functional groups.

Choi et al.** examined Nafion/GO composites for direct
methanol fuel cell applications and concluded that the
transport properties of the Nafion membrane were improved
by the incorporation of GO. Enotiadis et al.”> investigated
Nafion/GO composites with GOs functionalized with hydro-
philic groups such as —SO;H, —OH and —NH,. The authors
concluded that such hydrophilic groups in GO improved
proton transgort and water retention capability in Nafion.
Wang et al.>° measured the tensile strength, water retention,
swelling of the membrane, and conductivity of the composite
membranes and concluded that the composite membranes
perform better than Nafion in terms of mechanical properties.
GO has been incorporated in several other composite
membranes, such as sulfonated polyether ketone,®” poly-
benzimidazole,”® and polyvinyl.*”” Bayer et al.*’ studied the
electrical and mechanical properties of GO membranes and
provided a comparison with the conventional Nafion
membrane. The authors reported water retention to be higher
in GO as compared to Nafion, which is desired for higher
conductivity. Kumar et al.*! characterized several Nafion/GO
composites by scanning electron microscopy and transmission
electron microscopy. The authors attributed the enhanced
proton conductivity to interactions between the different
functional groups in GO and Nafion. Also, the authors
concluded that the incorporation of GO enhances the
mechanical stability without affecting the swelling properties
of the membrane.

The study of the ion and water diffusion characteristics
under confined conditions formed in porous polymeric
materials attracts the interest of academic society and industry
from different scientific perspectives.*” The formation of the
experimentally observed Nafion nanochannels can be pro-
moted in simulations by the presence of GO. Although there
have been several experimental investigations on Nafion/GO
composites, to our knowledge, there has been no computa-
tional study reported so far. Hence, in the present study, we
employ classical MD simulations to examine the nanostructure
of Nafion/GO composites at various hydration levels and also
the diffusion of water molecules and hydrated protons.
Although classical MD simulations cannot describe the
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Grotthuss diffusion of protons, these simulations can reveal the
interplay between the two hydrophilic centers, Nafion and GO,
and the surface polymer dynamics at different distances from
the nanosheet. In this study, we calculated various properties
such as (a) density profiles along the GO sheet, (b) density
distribution of different species normal to the GO plane, (c)
average dimensions and shape characteristics of Nafion chains,
(d) orientational order of Nafion, water, and hydronium, (e)
intermolecular radial distribution functions (RDFs), (f) cluster
analysis of water molecules, (g) non-Gaussian parameter
(NGP) of water and hydronium ions, (h) desorption
autocorrelation functions of hydronium ions from GO, and
(i) mean square displacement (MSD) of water and hydronium
ions. The computational details are presented in Section 2.
The results and discussion are presented in Section 3. A
summary of key findings concludes this paper.

2. SIMULATION PROTOCOL

Each of the simulated Nafion GO nanocomposites (referred to
as NAFGO henceforth) contains 100 polymer chains of 10
monomers each (Figure 1a), (m = 10 and n = 7, where m

(©) ()

Figure 1. (a) One 10-mer fully ionized Nafion chain with respective
hydronium ions, (b) GO with epoxy and hydroxyl groups (red points
represent oxygens and white represents hydrogens), (c) equilibrated
Nafion/hydronium/GO system at 4 = 10 (water is not shown for
clarity), and (d) the same as in (c) but showing only GO and water
molecules. The origin of the coordinates system used [low left side of
pictures (c,d)] was the GO CM.

describes the degree of polymerization and n stands for the
length of a monomer, see Figure 1b in ref 43) and 1 sheet of
GO. The parameters and charge distribution for Nafion and
hydronium were based on the optimized potentials for liquid
simulations all-atom (OPLS-AA) force field*"**** and are
shown in Table S1 and Scheme S1 of the Supporting
Information. GO had lateral dimensions of 8.5 X 8.1 nm’
(initial/energy-minimized configuration shown in Figure 1b)
and was surface modified to attain a carbon-to-oxygen ratio of
5:1 and a hydroxyl-to-epoxy group ratio of 3:2."> The GO
sheet was constructed using basic unit flakes with dimensions
of 1.5 nm X 2 nm as shown in ref 46, where the hydroxyl and
the epoxy groups were placed randomly (in numbers
commensurate to the target carbon-to-oxygen ratio) in each
side of the flake. These units were repeated (with varying
orientations and occasionally flipped over) to form the final
GO sheet. In this way, the correct carbon-to-oxygen ratio is

maintained while the level of randomness increases with
respect to that of the basic unit. Hydrogen atoms were added
to the edge carbon atoms. The partial charges and atomic
interaction parameters were derived from the OPLS-AA force
field.***” The force field parameters of GO are shown in Table
S2 of the Supporting Information. The inclusion of the
nanosheet resulted in a Nafion membrane of 3.4 wt % in GO,
which is close to the experimental values (of ~4.0 wt %).*'
The choice of one large nanosheet allowed a ratio of GO
lateral dimensions to Nafion dimensions closer to the
experimental values.

The water concentration (hydration level) is defined by the
parameter A, which is equal to the number of water molecules
per side chain pendant of Nafion. The water concentrations
chosen in this study are 4 = 10, 4 = 15, and 4 = 20. At these
water concentrations, all sulfonate groups are fully ionized, and
to maintain charge neutrality of the system, corresponding
equal number of hydronium ions was added*’ (see Figure 1a).
As a reference, we have performed simulations in the absence
of GO, with 15 Nafion chains and the respective hydronium
and water molecules (referred to as NAF from now on).
Moreover, we have also simulated as the reference system (of
two different sizes) pristine water, parametrized using the
extended simple point charge (SPC/E) model.**

The initial configurations of the NAFGO and NAF systems
were initially equilibrated for 80 ns at 1000 K to allow an
efficient sampling in the adsorbed Nafion layer.”' At this
temperature, water molecules were not included, where as in
the NAFGO system, GO was kept frozen (the thermostat was
only applied to Nafion chains and hydronium ions). Then, the
system containing the Nafion/hydronium ions was cooled to
600 K. At this temperature, a common thermal treatment was
adopted for all molecules, by subjecting them to a cooling of
50 K/30 ns to reach the target temperature of 350 K. At 350 K,
water molecules were introduced in the system, depending on
the choice of water concentration. Similar cooling rates were
used for systems to reach temperatures of 300 and 250 K. For
all target temperatures (250, 300, and 350 K), an MD
equilibration of 30 ns and a production run of several hundred
ns were performed to allow the calculation of the diffusion
coeflicients of water molecules and hydronium ions. Gromacs
software 5.1.4 package®” was utilized for the creation of initial
configurations and MD runs. The simulations were performed
with the isobaric—isothermal (NPT) ensemble, using the
isotropic Berendsen barostat,” with a target pressure of 1.0
bar, the compressibility parameter equal to 4.5 X 107> bar™,
and the time constant for coupling equal to 0.5 ps. The
temperature was controlled by the v-rescale thermostat®' with
a time constant equal to 0.2 ps. For the NAFGO systems, the
short (vertical to the GO plane) z-dimension of the simulation
box was almost 9 nm. This length is almost 75% of the length
in the other two dimensions and represents the interplate
distance. In the NAF systems, a cubic box was used with
periodic boundary conditions. For the nanocomposite systems,
after the insertion of the water molecules, the number of atoms
are 105 804, 120 804, and 135 804 for A equal to 10, 15, and
20, respectively. A typical run on 120 cores in a computing
cluster in SURFsara (Amsterdam) produced 47 ns/day.
Comparison of the translational mobility of water, at 350 K,
between the reference NAF system with 15 Nafion chains and
an additional larger one with 100 Nafion chains showed
insignificant finite size effects.
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3. RESULTS AND DISCUSSION

3.1. Structural Properties. In Figure 1c,d, snapshots of an
equilibrated NAFGO system at 4 = 10 and T = 300 K are
depicted. As shown, Nafion forms cavities through which a
continuum phase of liquid water is formed (Figure 1d),
whereas GO assumes a slightly curved conformation. Curved
GO nanosheets have also been observed in other computa-
tional and experimental studies.*”*

The density profile of the entire NAFGO system at 300 K
and A = 15 is presented in Figure 2 as a function of the distance
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Figure 2. Density profiles along a direction perpendicular to the GO
sheet as functions of the distance from the GO surface, for the
NAFGO systems. The overall density, along with the contributions of
Nafion and water, at T = 300 K and 4 = 15 is presented. Additionally,
for water, we also present the cases of 4 = 10 (blue dot line) and A =
20 (blue dash line).

from the GO plane. Only for water, we also compare with the
cases of the other two hydration levels equal to 10 and 20. The
bin size was set to 1 A. The density of the respective NAF
system, at the same temperature and hydration level, is
denoted with a horizontal black dashed line. The vertical
dotted line is a guide for the eye and determines the first
adsorbed layer.

In all cases, the distance of a moiety (atom or molecule)
from GO was taken as the magnitude of the projection of the
vector connecting the moiety [or its center of mass (CM) if
this was a molecule] and the GO CM to the vector normal to
the GO plane (z-axis). Because the fluctuation in the GO
shape can be realized in a statistical manner from both sides of
the GO sheet (ie, sometimes slightly overestimating and
others underestimating the distances from the GO plane), it is
expected that the GO curvature results, on average, only in a
minor error in the estimated distances. At each time frame, a
local coordinate system based on the gyration tensor of the
GO sheet was utilized for the determination of the GO
orientation. Moreover, to avoid the influence of the outer
regions of GO, we present results taking into account atoms
with X and Y coordinates lying within a rectangle with
dimensions not exceeding 80% of the X and Y dimensions of
GO. This treatment can be considered to represent the case of
a macroscopic-sized GO sheet. Also, it allows the exclusion of
the outer regions, which may assume a different curvature.

A depletion layer in the total density profile can be observed
at distances shorter than 7.5 A, where a peak in the density is
present. Ensuing this maximum, a minimum close to 10 A
distance is clearly seen in the total and in the NAF profiles.
Similar density profiles were also observed in the previous MD
study>® for low hydrophilicity substrates. This behavior
remains essentially the same for all A levels examined, depicting
only somewhat stronger fluctuations for 4 = 10. The peak at
7.5 A is augmented by the increase in the concentration of
water, as implied by the water profile, and is verified for all 4, as
shown in the same figure. This peak should not be mistaken to
represent a universal behavior of water near GO, but, as will be
explained later, is related to the structure of Nafion chains
close to the GO surface. For 4 equal to 20, an increase in the
concentration of water close to the GO is observed.

The number densities of the CMs for the three types of
molecules, normalized by the corresponding overall averages,
as functions of the distance from the GO plane, are depicted in
Figure 3. The results refer to A = 15 and T = 300 K, as shown
in Figure 2.
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Figure 3. Normalized number density distributions of the CMs in the
direction normal to the GO plane for the three molecular types in the
NAFGO system at A = 15 and T = 300 K.

The behavior concerning water follows closely those
described by the density profiles in Figure 2. Close to the
GO surface, water exhibits a value below unity, followed by a
minimum at a distance of approximately 2.5 A. Hydronium, on
the other hand, shows on average an almost constant profile
along the direction normal to GO. The fluctuations in the
number density of hydronium close to GO were more intense
at the lower hydration level examined. Concerning the CMs of
the Nafion chains, a depletion region close to GO is observed.
The existence of layers parallel to GO with zero concentration
in Nafion is consistent with the immobilization of the
backbone of the chains at temperatures below 350 K, at least
within a time window of about 300 ns that was explored here.
The discontinuity in the distribution of the CMs of Nafion
reveals the formation of channels of average size equal to
almost 6 A. The sharp peaks reaching intensities up to 6.5
attest to the increased heterogeneities in the distribution of the
Nafion chains within the composite membranes.

In Figure 4 we examine the shape characteristics and the
average dimensions of the Nafion chains, through the
evaluation of the principal moments of the gyration tensor of
the Nafion chains, as a function of their distance from the GO
plane. The results presented refer to the system at A = 15 and
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Figure 4. Radius of gyration (black circles) of the Nafion chains as a
function of the distance from the GO plane. The eigenvalues of the
gyration tensor in descending order (X,/red squares, Y,/green
triangles, and Zg/ blue stars) are shown as well. The horizontal
dashed line denotes the radius of gyration of the Nafion chains in the
reference bulk NAF system. The standard deviation compared to the
values is presented in Figure S1 in the Supporting Information.

T = 300 K; we note that the results are representative for the
other hydration levels and temperatures as well. It is shown
that the chains are characterized by average radii of gyration
(Rg) >* somewhat smaller compared to those in the bulk (this is
more prominent at layers close to GO).

Because the number of counts of each eigenvalue in each
layer is the same, the standard deviation may give us a rough
estimate regarding the size of the fluctuations in each direction
of the Nafion shape ellipsoid as a function of the distance from
the GO plane. As depicted in Figure S1 in the Supporting
Information section, the fluctuations in slabs close to GO are
somewhat higher for the two smaller eigenvalues (Y,, Z,). This
picture is consistent with the rather immobilized, adsorbed
backbones of Nafion chains with more mobile side groups.
Moreover, the asphericity (Figure S2 in the Supporting
Information) calculated based on the difference between the
highest eigen value and the average of the two smaller ones>”*
supports the idea that in layers close to GO, the shape of the
chain tends to have reduced values of R, and is more spherical.
The small curvature of the GO nanosheet (Figure 1c,d), may
also have affected the shape of the adsorbed Nafion chains. At
longer distances from GO, the highest eigenvalue, X, takes
values that trigger an increase of the asphericity and the
dimensions of the polymer coil.

The magnitude of the Nafion backbone end-to-end vector
and that of the side chain vector are depicted in Figure S3 in
the Supporting Information. Comparison of the lengths of the
backbone and the side chains of Nafion with the average R,
values may offer information concerning the most common
conformation of the adsorbed Nafion layer. Close to GO, the
polymer chains exhibit an extended backbone, reaching values
close to 40 A, whereas the side chains take values lower than 7
A. Only the length of the side chains does show a significant
standard deviation. In the neighboring layers, until the distance
of about 15 A from the GO surface, the observed values imply
reduced backbone dimensions. The length of the side chain
was found to be between 6.8 and 7.0 A in agreement with
previous works.***> Moreover, this length is comparable to the
distance at which the depletion layer was observed in Figure 3.
This picture suggests that part of the hydrophilic side chains
adsorb on GO excluding the Nafion backbone, whereas the

remaining associated with water molecules give rise to the peak
in the water number density at 7.5 A (as can be seen in Figures
2 and 3). These results support a picture of structured layers of
the Nafion backbone parallel to the GO surface,’® with the
hydrophilic mobile side chains contributing to the formation of
the water channels.

To examine the degree of backbone and side chain
orientational ordering, we calculated the second-order
Legendre polynomial of the backbone and side chain vectors,
taking as reference axis (6 = 0) the direction vertical to GO.

By(cos 0) = ((3 cos” 6 — 1)/2) (1)

A zero value describes the case of no orientational order, a
value of 1 represents the case of parallel to the reference axis
orientation, and a value of —0.5 describes vertical to the
reference axis orientation. The results are presented in Figure
S.
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Figure S. Orientational order parameter of the backbone/end-to-end
vector (CT—CT, black circles) and the side chain vector (SY—CT,
blue triangles) at 4 = 15 and T = 300 K.

The backbone vector is defined as the end-to-end vector
between the backbone carbons, CT—CT, whereas the side
chain vector is defined as the vector between the backbone
carbon and sulfur, CT—SY (see Table S2 for the list of the
different atom types). It is shown that the Nafion backbone
vector is almost parallel to GO at distances up to about 15 A,
whereas at longer distances, the orientation of the Nafion chain
backbone is on average lower. On the other hand, the hydrated
side chains are less ordered™ probably due to their coupling to
the more mobile water molecules. Small negative values are
only present in the region of 0—15 A from the surface. The
overall picture described in Figures 3—5 implies the presence
of a partial structure/order rather than the semicrystallization
of the Nafion chains.”’

An important characteristic of the Nafion membrane
structure is the sulfur—sulfur (SY—SY) RDE.>> Properties
such as channel width and conductivity are related to this RDF.
Figure 6 depicts the SY—SY pair RDF at 300 K at three
different hydration levels.

The results for the NAFGO systems (solid lines) are
compared with the respective NAF reference systems (dashed
lines). At 4 = 10, both NAF and NAFGO systems show a clear
peak at approximately 5.3 A. At higher hydration levels, the
intensity of this peak drops significantly at the NAF systems,
probably due to an increased mobility induced by the higher
water percentage. This argument is supported by the picture
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Figure 6. Pair RDF for the sulfur—sulfur atoms of the Nafion chains
at 300 K at the three studied hydration levels. The inset shows a
magnification of the main panel.

characterizing the NAFGO systems; the intensity drop at the
main correlation peak at the higher 4 values is lower compared
to that in the respective NAF systems. The behavior observed
in the NAFGO systems can be rationalized by the hydro-
philicity of GO. Although the nanofiller does not trigger
extensive adsorption of water, it does attract hydronium ions
that are solvated by water and also adsorbs a few percentage of
water molecules, thereby inhibiting the delocalization of the
sulfur groups.

Next, we examine the orientation of the hydronium and
water molecules utilizing an order parameter analogous to that
described by eq 1. In this case, from the gyration tensor of each
molecule/ion, we calculate the eigenvalues and the respective
eigenvectors. The orientational order parameter of the
eigenvectors related to the higher eigenvalues of the hydro-
nium ions and water molecules, with respect to the direction
normal to the GO surface, is shown in Figure 7.
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Figure 7. Orientational order parameter of the eigenvectors of the
highest eigenvalues with respect to the vector normal to the GO
plane, for the hydronium (red solid line) and water (blue dash line)
molecules at T = 300 K and 4 = 18.

It is shown that the hydronium ions assume negative order
parameter values, which correspond to an orientation parallel
to GO. At distances higher than 15 A, the hydronium ions
become less affected by the nanofiller and the structure of the
Nafion backbone, exhibiting no orientational order. Therefore,
it follows closely the behavior shown by the backbone vector
(Figure S). On the other hand, water molecules exhibit a rather

low orientational order even close to GO. The lowest value of
—0.1 is attained just after the adsorbed layer of the hydronium
ions (Figure 3). The behavior remains the same in the other
two cases of hydration levels, whereas the fluctuations in the
order parameter of hydronium become more intense at T =
250 K and A = 10. The adsorbed hydronium ions are affected
by the concentration and mobility of water, whereas water
molecules that solvate the adsorbed hydroniums follow the
ordering of the latter close to GO.

3.2. Water Cluster Analysis. The clustering behavior of
water is directly related to the morphology of the channels
formed in the Nafion-based membranes. It is therefore of
interest to study certain aspects of this behavior as a function
of the hydration level and the temperature. For this purpose,
we have carried out a cluster formation analysis utilizing the
DBSCAN algorithm,”® which is a density-based algorithm that
detects clusters with an arbitrary shape and in the presence of
noise. Each water molecule was considered as a single point
represented by its CM. The basic idea of this cluster detection
algorithm is that for each particle in a cluster, the
neighborhood of a given radius ¢ (the so-called e&-
neighborhood) has to contain at least a minimum number of
objects, Np;,. In other words, the e-neighborhood of a water
molecule, p, is defined by N,(p) = {q € Dl distance (p,q) < ¢},
where D denotes the database of the objects (here the set
formed by the CM of water molecules in the simulation box).
If for an arbitrary water molecule p, N,.(p) > N, then this
molecule can be considered as a “core point” from which the
cluster growth can be initiated. In our case, we have taken N,;,
= 2, whereas £ was determined from the location of the first
peak of the water—water pair correlation function (see Figure
S7 in the Supporting Information) to be 2.8 A. Although
several variations of this method have been described in the
literature (see ref 59), we believe that the main features of the
clustering behavior of water molecules can be captured by the
basic algorithm.®” For comparison purposes, we have used as a
reference for each temperature the behavior of the
corresponding pure water systems.

Figure 8 shows the size distribution of water clusters formed
in the examined systems at a hydration level of 1 = 15. The
clustering behavior of pure water at the same temperatures is
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Figure 8. Number of formed clusters, n(s), normalized by the total
number of water molecules, N, included in each system as a
function of the cluster size, s, at A = 15 for the NAFGO and NAF
systems. Corresponding distributions for pure water systems are
shown for comparison. The solid straight line denotes a power law
behavior with an exponent of —2.2 (see text).
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also shown for comparison. Clearly, the clustering behavior of
water molecules in the Nafion membranes at all temperatures
deviates significantly from its behavior in the corresponding
pristine water systems. This picture also characterizes the
behavior in the other two hydration levels examined (see
Figure S8 in the Supporting Information). At high temper-
atures, the cluster distributions in pure water follow a power
law, which is in close agreement with the universal exponent of
—2.2, predicted by the Fisher droplet model®" in the subcritical
region. As temperature lowers and the percolation threshold of
the water network is approached, the cluster distribution in
pristine water deviates progressively from this power law. To
check for finite size effects, we have also examined much larger
water systems (about 10 times larger box volume). No
significant changes in the observed behavior were noted (see
Figure S9 in the Supporting Information).

The behavior in the Nafion-based systems, however, does
not follow a single power law even at the highest temperature
examined, indicating that the water cluster growth mechanism
changes drastically once Nafion is introduced. The presence of
GO does not seem to alter appreciably the characteristics of
the cluster distributions observed in the NAF systems. In the
latter systems, the distributions drop faster as the temperature
increases compared to the behavior in pure water, resulting in a
drastically smaller number of large-sized clusters. This
practically means that the interconnectivity of water molecules
(which would have led to the formation of a higher number of
larger-sized water clusters) is hindered as the temperature rises.
This, in turn, indicates that the water-percolated structure,
which promotes conductivity in the membranes,”** is
deteriorated rapidly as the temperature increases. If we take
into account all of the formed clusters (independently of their
size), the general trend is that the number of clusters decreases
with temperature (with or without the presence of GO, see
Figure S10 in the Supporting Information).

On the other hand, at a constant temperature, the curves of
the water cluster distributions exhibit a somewhat stronger
drop when decreasing the hydration level, as shown in Figure
9. The effect of hydration on the distributions is more
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Figure 9. Dependence of the water cluster distributions (defined as in
Figure 8) on the hydration level at constant T = 300 K. The main
panel describes the behavior of the NAF membranes and the inset
that of the NAFGO systems.

pronounced at the larger-sized clusters for all temperatures and
becomes less important as the temperature increases (see
Figure S11 in the Supporting Information).

3.3. Dynamic Properties. Dynamic properties of the
examined models were resolved at different distances (layers)
with respect to the GO platelet. The CM of a molecule
participated in the layer analysis only if the latter resided within
that layer, both at the time of origin (f = 0) and at time t. In
addition, only CMs of hydronium ions and water molecules
whose X and Y projections were located within the X-Y
boundaries of the GO sheet were taken into account.

Figure 10 displays the MSD of the CMs of water and
hydronium ions, at A = 15 and T = 300 K. We distinguished

v:/ater hydron|ium
10*4{Layer[0-8 A]
Layer[8-40 A] — ——
Bulk R

T T T T
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Figure 10. Planar component of the MSD of water and hydronium
CMs in the two first layers adjacent to GO for the NAFGO system at
A =15 and T = 300 K. Blue thick, thin, and dashed lines describe the
results for water, whereas the red thick, thin, and dashed lines refer to
hydronium ions. The black dashed line denotes the 3D Fickian
behavior.

the two layers based on the first maximum in the density
profile, as shown in Figure 2. In the first layer, the molecules
are considered adsorbed as they are located in-between the
GO and the first Nafion layer, whereas in the second layer,
they are expected to move through the Nafion channels. The
displacement was projected to the coordinate system of GO.
We have focused on the X and Y (planar) components of the
MSD; to be able to compare with the three-dimensional (3D)
diffusion in the NAF systems (where all X, Y, and Z
components participate in the MSD), the planar components
were appropriately scaled (the average of the two components
of the in-plane diffusion was multiplied by a factor of 3 to
account for the difference in dimensionality*).

A general trend is that the dynamics in the Nafion/GO
interface becomes slower compared to the corresponding NAF
systems.’>** Examination of the analogous behavior at A = 10
and 4 = 20 (not shown here) confirms a layer close to GO with
decelerated dynamics. This is the case not only for the heavier
hydronium ions but also for the water molecules residing in the
first layer close to GO. In the second layer, both water
molecules and hydronium ions restore part of their mobility
that was lost in the first layer, but the degree of speed-up is
lower for the hydronium ions. The reason for this slowdown in
the Nafion channels at the second adsorption layer might be
related to the presence of the GO surface because hydronium
ions taken to belong to the second layer could have visited the
first layer (where dynamics is slower) at intermediate times.
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Nevertheless, the average MSD in the whole NAFGO systems
depicts that the dynamics tends to restore at high A.

To quantify the mobility contrast between the components
at different hydration levels, the diffusion coefficients (D) of
the CMs were evaluated at T = 300 K for the nanocomposite
and reference systems. For the hydronium ions, the calculated
values for the NAFGO (and NAF) systems were 0.03 (0.04),
0.07 (0.08), and 0.12 (0.16) in units of 10™° cm?/s for A levels
equal to 10, 15, and 20, respectively. For water molecules at
the NAFGO (and NAF) systems, the diffusion coefficients of
the CM were evaluated to be 0.17 (0.31), 0.35 (0.52), and 0.53
(0.68) in units of 107> cm?/s for hydration levels equal to 10,
15, and 20, respectively. Previous studies of the motion of a
penetrant molecule in a porous media have demonstrated an
“anomalous” behavior at short times.* This makes the
identification of the Fickian regime ambiguous and might
result in discrepancies in the estimation of D.°* In our case, the
diffusion coeflicient of water under bulk conditions at T = 300
K was calculated to be 2.9 X 10~ cm?/s."

Figures 11 and 12 depict the results of hydronium and water
related to the NGP, a,(t), of the CMs, defined as
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Figure 11. NGP of the CMs of hydronium ions at 4 = 10 and 20 and
T = 300 K for both nanocomposite and bulk.
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Figure 12. NGP of the CMs of water molecules at 4 = 10 and 4 = 20
and T = 300 K in the nanocomposite, in the Nafion/water, and in the
pristine (bulk) water systems.

Parameter a,(t)® takes the minimum theoretical value
(—0.4) when all CMs travel the same displacement; value 0

22871

describes Brownian diffusion, whereas values greater than 0
appear when the distances traveled after time t by the particles
under examination are not Gaussian distributed.

In the case of hydronium ions, at 300 K in the NAFGO
systems, the NGP is higher compared to the respective
reference systems and increases as A drops. The curve for the
NAFGO systems at 4 = 10 exhibits a maximum value, which is
shifted toward longer times compared to the behavior in NAF.
This indicates a higher degree of confinement of hydronium
ions in the composite systems, in line with their partial
adsorption onto the GO surface, as discussed earlier. On the
other hand, as shown in Figure 10, water undergoes
significantly less heterogeneous diffusion at the same temper-
ature. The trend for an increase in the degree of motional
heterogeneity in the nanocomposite systems compared to the
reference systems and a decrease of a,(t) as A increases is also
present. Nevertheless, the values of @, (t) for water are an order
of magnitude lower compared to the values of hydronium ions.
This notion corroborates the differences observed in the
diffusion coefficients quoted earlier.

Next, we focus on the dynamics related to the adsorption/
desorption mechanism of the hydronium ions from the GO
surface, as this procedure is important for the apparent
conductivity of the nanocomposite membrane. To this end, we
have evaluated the appropriate dynamic correlation functions
described by the equation™

(g(t) g(0))
) 3)

We have taken as the adsorption criterion the critical
distance of 3.7 A between the hydroxyl hydrogen of GO and
the oxygen of hydronium, which corresponds to the first peak
of the respective pair RDF function (not shown here). In this
context, g(t) assumes a value of 1 for any examined pair, if this
pair satisfies the criterion at time ¢, and 0 otherwise. The angle
brackets denote averaging over all pairs and time origins. The
critical distance is practically the same as in the case of the
sulfur—hydronium interaction.

To describe the results and make an extrapolation to longer
times, we have fitted the correlation functions describing the
desorption dynamics by means of the modified Kohlrausch—
Williams—Watts (mKWW) expression®®

s
t
a

+ (1 — o)) exp —[—

2

h(t) =

t

P(t) = exp[
! 4)

The mKWW fitting function assumes a Debye (first term)
and a stretch exponential relaxation (second term) that is in
agreement with the idea™ of the existence of both Arrhenius
and non-Arrhenius components in complex dynamics. On the
basis of the fitting parameters and the expression for the

decorrelation time, 7. = a;7; + (1 — aJ(%)F(%) where I is

the gamma function and the desorption times are evaluated to
be 5 X 107, 6 X 10% and 1 X 10° ns for hydration levels 1 = 10,
A =15, and A = 20, respectively. The results (Figure 13)
emphasize the significance of the hydration level on the
hydronium interfacial dynamics. At A4 = 10, the desorption time
is an order of magnitude larger compared to those at higher
hydration levels. Only at A = 20, the cations desorb from GO at
times close to 1 ms. We mention that the average residence
time of the water and hydronium ions on the sulfur group of
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Figure 13. Desorption autocorrelation function (eq 3) of the oxygen
(Oh) of hydronium ions from the hydrogen (hO) of the GO
hydroxyl.

the Nafion is of the order of picosecond and nanosecond,
respectively,”” although cases of hydronium bound to SO, for
longer times (approximately 1 ms) have also been detected."’
The deviation in desorption times between GO and Nafion
sulfur groups should be attributed to the low concentration of
water near GO, especially at the hydration levels of 4 = 10 and
A = 15. Because the hydronium ion undergoes restricted
diffusion close to the nanosheet, it seems as if the Nafion side
chains retain the necessary water for diffusion to take place.
Nevertheless, a stricter comparison of the dynamics between
the NAF membranes and the nanocomposites with GO would
require the definition of an equivalent A" hydration parameter
that would also take into account the hydrophilic centers on
GO.

Structural relaxation processes related to the translational
motion of molecules, which take place within specific spatial
dimensions can be described by the self-part of the
intermediate scattering function as®®

E(q, t) = (exp(ig-[7(t) — 7(0)])) ©)

In Figure 14, we present the results based on the motion of
the CM of water molecules in pristine water and in the two
extreme hydration levels studied. As the evaluation of the
dynamics close to the Fickian regime at T = 250 K is rather
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Figure 14. Decorrelation times of the incoherent dynamic structure
factor (eq 5), ¢ = 0.22 A™!, for water molecules (see text) at 300 K
and 1 bar. The different symbols refer to the bulk state in the
NAFGO/Z = 20 system and the NAFGO//A = 10 system.

ambiguous, especially for the NAFGO systems, we have
chosen to probe the water translational dynamics at a wave
vector representing a length scale commensurate with the
dimensions of the simulation box, that is, ¢ = 0.22 ALY

Evidently, water becomes significantly slower in the Nafion
nanocomposite membranes. The differences in the decorrela-
tion times (always evaluated through eq 4), compared to the
NAF reference systems, follow trends similar to those observed
in the behavior of the CM diffusion coefficients. These results
indicate that the channels formed by Nafion obstruct the
diffusion of water with or without the presence of GO. The
fitting to the Arrhenius part of eq 4 was better for the
NAFGO/A = 10 systems, whereas the activation energies were
calculated to be 7.3, 10.0, and 11.3 kJ/mol for pure water,
NAFGO/A = 20, and NAFGO/A = 10 systems, respectively.

In previous work,"” it has been argued that highly confined
conditions may promote diffusion with Arrhenius character-
istics for the ions in the center of the pore. This kind of
confinement could be realized in the mobile regions of
semicrystalline polymer membranes or due to the presence of
nanoparticles. In this study, although the partial structure of
the Nafion backbone close to the GO nanosheet and an
Arrhenius-like diffusion of water at short time scales were
verified, no indications of crystallization were observed.’” It is
possible that an even larger GO sheet could allow the
observation of such well-structured Nafion channels even
within the time window that can be probed with fully atomistic
MD simulations. Recent simulational studies on Nafion
membranes®>®® supported the idea of accelerated dynamics
at the interface. According to that work, a highly attractive
surface under capped/confined®” conditions could create less
tortuous water paths and in-plane hydronium ion diffusion.
The particles forming the wall were represented by a crude
Lennard-Jones 9/3 potential that does not introduce the
roughness of the surface. Nevertheless, the introduction of wall
forces 6parallel to the plane reduces the mobility at least at short
times.”” ™"

Comparing our work, where a fully atomistic representation
of the GO nanosheet was adopted, with the previous study of
Nafion confined by wall potentials,”” it can be concluded that
except for the attraction strength of the wall, another
parameter that drastically determines the hydrophilicity of
the nanosheet is the surface roughness. Conditions that can
promote a bound form of water or just restrictions in the
mobility of the adsorbed water are not favorable at room
temperature. Besides, high water adsorption levels on GO
would dehydrate Nafion inhibiting diffusion in the formed
channels while resulting in a large reduction in the entropy of
the entire system. So, the introduction of hydrophilicity by
hydroxyl and epoxy groups that restrict in-plane diffusion may
explain with thermodynamic arguments the decreased water
adsorption compared to other simulated systems.”® A
smoother nanosheet with less surface roughness and the
same interaction strength may also exhibit higher degree of
water adsorption. Finally, the study supports the idea that GO
in the NAFGO systems starts to withhold water only when
Nafion is well-hydrated (4 > 15), accelerating the hydronium
ion adsorption/desorption process.

4. CONCLUSIONS

In this work, we have examined for the first time by means of
fully atomistic molecular dynamics simulations, nanocomposite
membranes comprised by Nafion and GO at different
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hydration levels of the Nafion chains and at different
temperatures. The same membranes without the presence of
GO as well as pristine water models were used as reference
systems.

From the structural analysis of the composite systems, it was
found that close to the GO surface, layers of Nafion were
formed with the chain backbones oriented parallel to the GO
plane. Close to the interface, Nafion assumes somewhat
smaller chain dimensions with different shapes compared to
those in the GO-free systems. The hydrophilic side chains, on
the other hand, assume an average size and orientation, which
essentially facilitate the formation and determine the spatial
dimensions of the water channels through their hydrated sulfur
groups. Part of the hydronium ions were found to adsorb onto
the GO surface, exhibiting an enhanced orientational order.
The degree of localization of the hydronium ions close to the
GO sheet increased with the decreasing hydration level, which
resulted in longer time scales of the relevant adsorption/
desorption process.

The mechanism for water cluster formation was strongly
affected upon introduction of Nafion (with or without the
presence of GO), compared to that in the pristine water
systems. More specifically, the number of larger-sized water
clusters dropped dramatically, and the cluster growth
mechanism deviated strongly from the single-exponent power
law characterizing the pure water systems at high temperatures.
Upon increasing the temperature, the number of large-sized
clusters decreased significantly. At a constant temperature, the
effect of hydration level on the cluster size distribution was
rather small, but anyhow more important for the larger-sized
clusters.

From the dynamic point of view, the structural relaxation
due to the translational motion of water in the composite
systems was found to slow down compared to that realized in
pristine water, apparently due to the presence of the
hydronium ions and the higher degree of confinement of the
water molecules. The degree of slowing down was considerably
higher in the layer immediately adjacent to GO. The increase
of the hydration level resulted in the speed-up of water
dynamics because the degree of confinement decreased. At all
hydration levels examined, the water translational motion
exhibited Arrhenius-like behavior with increasing activation
energies as the hydration level dropped. This behavior will be
explored in more detail in a future work where dynamics inside
the formed channels will be described with spatial and
temporal resolutions.

The aforementioned detailed structural and dynamic
characteristics of the different components forming the
Nafion-based composite membranes can be used as a first
step toward a better understanding of the processes related to
the formation of the interconnected channels, which essentially
determine the conductivity of such membranes as well as other
physical properties (such as structural integrity, water retention
capacity, etc.) associated with their overall performance.
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