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Elucidating the morphological aspects and proton
dynamics in a hybrid perfluorosulfonic acid
membrane for medium-temperature fuel cell
applications†

Saeed Akbari, a Mohammad Taghi Hamed Mosavian,*a Fatemeh Moosavi b and
Ali Ahmadpour a

A perfluorosulfonic acid (PFSA) membrane, i.e. Nafions 117, was doped with the heteropoly salts (HPS)

Cs3PW12O40, Rb3PW12O40, and (NH4)3PW12O40. Also, composite membranes with CsxH3�xPW12O40

(x = 1, 2, and 3) as dopants were investigated, which were rendered insoluble by substituting protons

with larger cations. Morphological assessment and a detailed analysis of the hopping events via SAXS

measurement and analysis of the hydrogen bond networks were performed using classical and quantum

hopping molecular dynamics simulation. The phase segregation decreased by increasing the extent

proton substitution in HPA. HPS containing cations with a larger ionic radius induced smaller phase

segregation in the membrane, as confirmed by the RDF plots. SAXS simulation revealed that the

hydrophilic phase domains in the HPS-doped Nafions membrane were spaced further apart than that

in the HPA-doped membrane. Although there was a greater number of isolated clusters for the

Cs3PW12O40-doped Nafions, the average number of cluster decreased with an increase in the

substitution cation/proton ratio and ionic radius of the cation. The analysis of the H-bond network

stability revealed that the proton hops slower when the membrane contains HPS particles and the mean

residence time of a proton on water molecules increases with an increase in the extent of proton

substitution in H3PW12O40. Indeed, for the HPA-doped membrane, the diffusion of water molecules is

lower than that in the HPS-doped system.

Introduction

Improving the performance of perfluorosulfonic acid (PFSA)
membranes at elevated temperature has attracted considerable
research interest in the last decade.1–5 The most general
investigated route is the synthesis of new polymeric membrane
as alternative materials as well as the modification of existing
membranes via the incorporation of doping agents. Herein, we
present the results of our work aimed exclusively at investigating
the former route. Among the various doping agents investigated,
those employing heteropoly acids (HPA) seem to be the most
attractive due to their ability to increase the local proton
concentration. Suitable dopants must possess certain characteristics
such as low solubility and high intrinsic ionic conductivity.
Although different types of HPAs have been experimentally

investigated as dopants,6,7 Keggin structure HPAs such as
phosphotungstic acid, i.e. H3PW12O40, has been shown to be
the most widely used, primarily because of its exceptional
ionic conductivity in the solid state (up to 0.18 S cm�1 at room
temperature8).

The a-Keggin structure has the general formula [XM12O40]n�,
where X is the heteroatom and M is the addendum atom. This
structure consists of four center-sharing trimers, M3O13, which
surround a single central MO4

3� unit (Fig. S1, ESI†). One of the
first studies proposing the use of H3PW12O40 as a proton
conducting electrolyte was presented by Giordano et al.9

Malhotra and Datta10 investigated soaked Nafions in PWA
solution at a temperature above 100 1C. Staiti et al.11 fabricated
HPA-based Nafions membranes and obtained the best electro-
chemical performance with the H3PW12O40-based membrane.
Tazi and Savadogo12 developed different new cation exchange
membranes from Nafions solution and various HPAs such as
H3PW12O40, silicotungstic acid (H4SiW12O40) and phosphomolybdic
acid (H3PMo12O40). They found that the ionic conductivity increased
in the order: pristine Nafions o H3PMo12O40/Nafions o
H3PW12O40/Nafions o H4SiW12O40/Nafions. Ramani et al.13
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recast a Nafions/inorganic composite membrane with a membrane
precursor solution containing different HPA additives for high
temperature (120 1C) and low relative humidity (35%) operation.
They found that the adsorption of molybdenum-containing additives
onto the carbon support of the cathode electrode has a detrimental
effect on the performance of the cell due to the H3PMo12O40 leaching
out from the membrane matrix in aqueous media. Their results
showed that the additives containing tungsten appeared to be more
stable in the membrane than that containing molybdenum. To the
best of our knowledge, the high solubility of HPA in aqueous media
limits its application as a promising inorganic filler and thereby has
an unfavorable effect on the endurance of PSFA/HPA composite
membranes. It is well known that ion exchange can provide an
effective tool for solving this problem and improves the long-term
stability of soluble additives in the membrane matrix for extended
time periods. Peculiar changes have been observed on the surface
area going from H3PW12O40 to Cs3PW12O40 (B6 to 156 m2 g�1).14

The surface area and pore structure are closely related; thus,
adsorption studies with different probes (e.g., nitrogen and
benzene) determined the pore sizes for Cs2.2H0.8PW12O40

and Cs2.5H0.5PW12O40 to be 6.2–7.5 Å and 8.5 Å, respectively.15

Water insoluble acid salts can be made by ion exchanging
the exchangeable protons of the HPA with large monovalent
cations.16,17 Fenton and co-works18 fabricated composite
membranes with H3PW12O40 additive, which were rendered
insoluble by proton substitution with a monovalent cation.
The XRD patterns of the modified H3PW12O40/Nafions revealed
an improvement in the stability of HPA in comparison with
H3PW12O40/Nafions due to the insolubility of the modified
additive. Xiang et al.19 obtained the highest power density for
a CsxH3�xPW12O40-anchored Nafions membrane, which was
26% higher than the cell performance of pristine Nafions.
Besides, they reported the selective factor (defined as the ratio
of conductivity to methanol permeability for proton exchange
membranes used in direct methanol fuel cells) of 3.6 �
104 S cm�3 s for CsxH3�xPW12O40/Nafions, which is significantly
higher than that of pure Nafions (0.6 � 104 S cm�3 s). Generally,
the prepared CsxH3�xPW12O40/Nafions membrane achieved a
much higher performance in methanol-blocking and cell output.
Rhoden et al.20 also reported improved membrane performances for
sulfonated poly(ether ether ketone)/CsxH3�xPW12O40. Considering
these results, the addition of the cation-substituted HPA was carried
out to prevent HPA leaching from the membrane matrix. However,
molecular-level understanding of the change in the performance of
membrane can clarify the reasons for this improvement in cell
output. Thus, the influence of substitution of a selected number
of HPA protons on the performance of PFSA membranes is
discussed herein.

Computational details
1. Molecular models

We performed all-atomistic MD simulation of the heteropoly
salt (HPS)-doped Nafions membrane. All sulfonate groups were
ionized by protons in the form of H3O+. Our simulation cubic

cell contained 40 polymer chains of Nafions 117 with an F
atom at each end. Each chain consisted of 10 monomers
(10SO3

+ and 682 atoms). Fig. S2 (ESI†) represents the considered
polymer chain with partial charges.

To investigate the influence of doping on the morphology
and dynamic properties of the PFSA membrane, the systems
were doped with approximately 15 wt% of HPS particles. The
membrane was loaded with neutral salts of MxH3�xPW12O40,
where M is a cation such as Cs+. Three salts with different cation/
proton ratios were incorporated in the membrane matrix, i.e.,
CsH2PW12O40, Cs2HPW12O40, and Cs3PW12O40. The H3PW12O40-
doped Nafions 117 system was considered as the control system.
Ammonium ((NH4)3PW12O40) and rubidium (Rb3PW12O40) salts
were also used for further investigation. The hydration level of the
PFSA membranes was quantified by factor l, where l is defined
as the ratio of water molecules to the number of SO3

+ groups. In
this study, the membrane was hydrated with 4.3, 7.1, 9.7, 15.5,
and 23.4 wt% of water molecules, which correspond to l = 3, 5, 7,
12, and 20, respectively. The simulated Nafions chains were
based on the recent modified DREIDING Force Field, as developed
by Mabuchi et al.21 The partial charges for Nafions and classical
hydronium model for hydronium ions were taken from Jang
et al.22 The water molecules were simulated according to the
flexible three-centered (F3C) model.23 Our choice of the F3C model
for H2O was due to the good agreement of the water diffusion
coefficient in Nafions 117 with experiment.24,25 The Lennard-
Jones parameters for NH4

+, Rb+, and Cs+ were taken from Jensen
et al.26 The intermolecular interactions were calculated according
to the Lorentz–Berthelot mixing rule.

2. Classical simulation

Prior to the MD simulations, the polyoxometalate (POM, i.e. the
anion of HPA) particles were optimized by DFT at the B3LYP/
LANL2DZ level of theory using Gaussian 09.27 The ChelpG
method28 was used to assign the partial charges (Table S1,
ESI†). The force field parameters for the POM particles were
taken from ref. 29. For each value of l, the energy of the system
was minimized using the steepest descent algorithm and the
procedure implemented by Mabuchi et al.21 was applied to
obtain the initial configuration. Briefly, the annealing procedure
was implemented as follows: (i) simulation in NPT ensemble
at T = 600 K and P = 1 MPa with a reduced e value of Nafions to
1/100 magnitude. (ii) Simulation NPT ensemble for 100 ps at
T = 300 K and P = 1 atm, in which the Lennard-Jones (LJ) potentials
were returned to their normal value. (iii) NPT MD simulations with
temperature variation between 300 K and 600 K for 250 ps, and this
step was repeated four times. (iv) Equilibrium simulation in NPT
ensemble for 300 ps with the temperature reduced from 600 K
to 300 K. When the system reached stable equilibration, the
simulation density was calculated.

Long-range electrostatic interactions were calculated from
the Ewald summation30 with a cutoff distance of 12 Å. The
tolerance factor for the Ewald summation was 1 � 10�6.

The equations of motion were integrated with the leapfrog
algorithm31 for 2 ns. The simulation time-scale of the present
simulation was sufficient to robustly compute the simulated

Paper PCCP

Pu
bl

is
he

d 
on

 0
5 

N
ov

em
be

r 
20

18
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

id
ad

 A
ut

on
om

a 
de

 S
an

 L
ui

s 
Po

to
si

 o
n 

12
/1

2/
20

18
 3

:4
0:

46
 P

M
. 

View Article Online



29780 | Phys. Chem. Chem. Phys., 2018, 20, 29778--29789 This journal is© the Owner Societies 2018

density of systems. Nonetheless, our previous studies on
Nafions 11732,33 showed excellent agreement with experimental
data in regard to density, which provides validation for the
models and methods used.

The pressure was maintained constant with the Berendsen
barostat with 0.1 ps as the relaxation time and the Nosé–Hoover
thermostat with a relaxation time of 0.1 ps was used for
temperature control. All MD simulations were conducted using
the DL_POLY package34 in the canonical NVT ensemble with
periodic boundary conditions and cutoff distance of 15 Å for
the Coulomb potential. The simulation time step was 1 fs and
the cutoff distance for van der Waals interaction was 12 Å. To
visualize the structures, the Visual Molecular Dynamics (VMD)35

software was used.

3. Q-HOP MD simulation

Classical MD simulation was designed to model the vehicular
diffusion of protons and is not suitable to directly probe the
hopping mechanism of proton transport. Thus, to model
the structural transport or proton hopping by the Grotthuss
mechanism, further particular simulations have to be performed
using theoretical approaches that incorporate quantum chemical
methods into MD simulations. In the present work, quantum
hopping molecular dynamics (Q-HOP MD) simulation was used
to study the Grotthuss mechanism in the proton transport
process.36 To construct a favorable configuration for the Q-HOP
MD simulation, seven model systems were produced using the
final configuration from classical MD simulations. Two Nafion
chains (20 SO3

�), 2 doping particles, and 400 SPC/E37 H2O
molecules were fully protonated by H3O+ ions (or the considered
cations) and initially annealed using the annealing procedure,
as described in the previous section. The implemented procedure
by Devanathan et al.38 was exactly used to create the input
configuration for Q-HOP MD simulation. To generate a template
for the first configuration that varies in the l level, all the
hydronium ions were removed. Several configurations were
created using the template, and then water molecules were
added to the configuration. Each configuration differed in the
number of water molecules corresponding to the considered
hydration level. In terms of weight percentage, the system
corresponded to 4.1, 6.9, 9.1, 15.2, and 22.9 wt%. The final
systems contained 8 doping particles approximately corres-
ponding to 15 wt% of POM. All the simulations were carried
out with the NWCHEM39,40 code and the AMBER force field was
used. It should be mentioned that the general features of the
Nafion morphology and H2O/H3O+ transport are approximately
independent of the force fields and codes used.38 The cutoff
distance for non-bond interactions was 10 Å and the Particle
Mesh Ewald30 method was used to calculate the long-range
electrostatic interactions. The equations of motion were solved
using the leapfrog Verlet algorithm41 with a time step of 1 fs.
After a 200 ps equilibration run, a 2 ns production run was
performed using the NVT ensemble at 300 K. Scanning for
proton transport events was carried out every 10 steps and the
trajectories and proton transfer information were also recorded
to track all hopping events.

Results and discussion

Fig. 1 displays a 3D representation of the first configuration for
the MD simulation. After the annealing procedure, we found
that each system reached a stable equilibrium and then the
production runs were carried out for 2 ns. Since we did not
observe significant changes in the total energy of the system
upon increasing the simulation length beyond 2 ns, we concluded
that this length is sufficient to robustly compute the diffusion
coefficients of these systems. The simulated density of the
hydrated Nafions and the composite membranes for all the
considered l are found in ESI,† Table S2, which are in good
agreement with other simulation and experimental studies
(see Fig. S3, ESI†).

The interaction between pairwise atoms can be investigated
using the radial distribution function (RDF). The RDF curves
for the sulfonic groups of the side chain and oxygen of H2O/
H3O+ for undoped Nafions are presented in Fig. S4 (ESI†). The
interaction between H2O molecules/H3O+ ions and the side
chain for the undoped system was reported in detail in our
previous work,32 and also see the ESI.† Fig. S5 and S6 (ESI†)
depict the RDF curves for the sulfur atom of the side chain and
oxygen of the water molecules/oxygen of hydronium ions for the
composite systems. It can be concluded that the phase segregation
in the composite membrane decreases with an increase in the
extent of substitution of the proton in HPA. This is due to the
high ionic radius and higher hydrophilic feature of cesium in
comparison with the proton. On the other hand, the phase
segregation for the HPS-doped Nafions decreases in the following
order: (NH4)3PW12O40 4 Rb3PW12O40 4 Cs3PW12O40 (see Fig. S7,
ESI†). The improved phase segregation in the composite
membrane may cause larger hydrophilic domains, as reported
by Wu et al.42 Therefore, morphological changes in the
membrane are known to affect the proton transport process,
which are induced by the dopants. Thus, to prove the hypothesis,
the morphological assessment of the HPA/HPS composite
membrane and the well-known effective proton transport
mechanisms were investigated.

1. X-ray scattering study

To further quantify the phase-separated morphology of the
composite membranes, the scattering intensity, I(Q), was computed

Fig. 1 Three-dimensional representation of the first configuration for MD
simulation. SO3

� group (blue), Nafion chain (cyan) and water molecule (red
and white).
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at all considered hydration levels using the Materials Studio 6.0
software. The general scattering equation is:

IðQÞ ¼
X
j

X
k

fj Qð Þfk Qð Þ exp irjk �Q
� �

(1)

where, Q is the scattering vector and fj (Q) and fk(Q) are the
Q-dependent atomic scattering factors for atoms j and k,

respectively. rjk is the interatomic vector. Fig. 2 shows the
simulated scattering profiles for the Nafions 117 membrane.
For the membrane control, three distinct features were observed
from the SAXS experiment: the ionic clusters formed the ionomer
peak at Q = 0.1–0.4 Å, the crystalline peak at Q = 0.01–0.15 Å by
the hydrophobic backbone and an ultra-small angle upturn at
Q r 0.01 Å (see ref. 43). Usually, in the SAXS experiment, a
membrane with a thickness below 50 mm does not show a clear
crystalline feature, while the ionomer peak is almost independent
of thickness.44

For l = 3, the ionomer peak was observed at B0.30 Å, which
shifted to a lower Q as the water content increased. This change
can be due to increase in abundance and size of the hydrophilic
region and expansion of the distance between the ionic domains.
In agreement with the study by Sunda and Venkatnathan,45 a low
intensity peak at a higher Q was observed, which corresponds to
the solvation of water molecules around the hydronium ions.

From the simulated scattering pattern of the HPA- and
HPS-doped membranes, which were hydrated from l = 3 to
l = 20 (Fig. 3a–d), the hydrophilic ionomer peaks can be seen in
the Q range between 0.2112 and 0.1873 Å, 0.2150 and 0.1936 Å,
0.2216 and 0.1969 Å, and 0.2474 and 0.2220 Å for the H3PW12O40,
CsH2PW12O40, Cs2HPW12O40, and Cs3PW12O40 doped systems,
respectively. It was observed that the ionomer peak shifted to a lower
Q as HPA particles were implemented in the membrane matrix.

Fig. 2 log–log representation of the scattering intensity for Nafions

obtained for Ow–Ow atoms.

Fig. 3 log–log representation of the scattering intensity for Cs-substituted HPA doped Nafions.
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This change means the water channels are more interconnected
to reduce the so-called dead-pockets. In comparison with the
HPA-doped membrane, the HPS-doped membranes presented
the ionomer peaks at a higher Q. For instance, we saw a
displacement of the ionomer peak from Q = 0.2147 Å for the
CsH2PW12O40-doped membrane to Q = 0.2350 Å for the
Cs3PW12O40-doped membrane at l = 5. Therefore, the ionomer
peak position also shifts to a higher Q with an increase in the
extent of proton substitution with Cs in HPA.

Fig. 4 represents the simulated scattering pattern for (NH4)3PW12,
Rb3PW12, and Cs3PW12 doped Nafions 117 at l = 7. The position of
the ionomer peak for the (NH4)3PW12, Rb3PW12, and Cs3PW12

doped membrane is located at Q = 0.216 Å�1, Q = 0.233 Å�1, and
Q = 0.236 Å�1, respectively.

It appears more likely that these results may be due to the
lower solubility of the salts of HPA. Thus, to confirm the
aforementioned results, the formed water clusters in the composite
membranes were investigated. The H2O molecules were considered
to be part of the same cluster if the distance between their
oxygen atoms was less than 3.5 Å. The 3.5 Å distance roughly
includes all water molecules in the first solvation shell. It
should be mentioned that an isolated water molecule would
be considered as a cluster when counting clusters. The range of
the maximum cluster and the average number of clusters from
20 000 collected configurations are represented in Table 1 and
Fig. 4, respectively. The average number of clusters decreased
as water uptake increased. When Nafions 117 was doped with
HPA/HPS particles, an order of magnitude decrease in the
number of water clusters was observed (Table 2).

As shown in Fig. 5, the average number of clusters for
the H3PW12-doped Nafions is lower than that of the HPS-
doped membranes for the same hydration level. Among the
Cs-substituted HPA doped membranes, the lowest average
number of clusters was obtained for the CsH2PW12-doped
Nafions. This decrease in the number of clusters when the
Cs substitution decreases is attributed to the better solvation of
the POM particles with a proton as the cation. Specifically, the
solvation of HPS particles decreases in the following order:
Cs3PW12 o Cs2HPW12 o CsH2PW12, and hence, the average
number of water clusters decreases with an increase in the
substitution cation/proton ratio.

The spacing between the water domains was calculated from
the Bragg relationship, d = 2p/Qpeak. Plots of d as a function of
water content for the composite membrane are shown in Fig. 6.
The Bragg spacing of the water domains range from 2 to 4 nm
and increase with an increase in hydration. This result is
consistent with the study of Wu et al.42 The HPS-doped
membrane has a smaller separation, which is consistent with
the substitution cation/proton ratio; thus, the Bragg spacing at
all considered hydration levels decreases in the following order:
Cs3PW12 o Cs2HPW12 o CsH2PW12 o H3PW12. It was also
found that the separation of the water domain is greater in
the (NH4)3PW12-doped than the Cs3PW12-doped Nafions (see
Fig. 6b). The center-center distance between the water domains
(i.e., the Bragg spacing) slightly increases across the entire
range of hydration, where the Cs+ cation substitutes with Rb+.
Thus, it was concluded that the membrane with HPS particles
exhibits more isolated water domains than the membrane with
HPA particles, which results in a decrease in the Bragg spacing.

Perspective snapshots of the water domains and POM
particles in the simulated Nafions 117 are shown in Fig. 7. It
is clear from Fig. 7 that in the HPS-doped system, the hydro-
philic domains consist of isolated clusters, while in the HPA-
doped system there is a relatively continuous water domain.

With respect to the relationship between morphology and
conductivity of the PFSA membrane, the formation of inter-
connected water domains explains the high proton conductivity

Fig. 4 log–log representation of the scattering intensity obtained for the
HPS-doped Nafions 117 at l = 7.

Table 1 The range of maximum cluster sizes from 20 000 collected configurations, where N is the total number of water molecules

l (N) Undoped H3PW12 CsH2PW12 Cs2HPW12 Cs3PW12

3 (1200) 110 to 340 329 to 569 281 to 455 221 to 430 183 to 396
5 (2000) 720 to 1312 996 to 1514 862 to 1441 791 to 1401 749 to 1352
7 (2800) 2478 to 2778 2511 to 2800 2501 to 2800 2471 to 2794 2488 to 2791
12 (4800) 1989 to 4800 4012 to 4789 3323 to 4889 3188 to 4799 3011 to 4800
20 (8000) 7266 to 8000 7259 to 8000 7226 to 7967 7244 to 8000 7112 to 8000

Table 2 The range of maximum cluster sizes from 20 000 collected
configurations, where N is the total number of water molecules

l (N) (NH4)3PW12 Rb3PW12 Cs3PW12

3 (1200) 211 to 434 202 to 408 183 to 396
5 (2000) 814 to 1394 786 to 1372 749 to 1352
7 (2800) 2522 to 2794 2521 to 2790 2488 to 2791
12 (4800) 3055 to 4798 3031 to 4789 3011 to 4800
20 (8000) 7211 to 7998 7222 to 8000 7112 to 8000
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of the HPA-doped Nafions. Furthermore, the ionic conductivity of
the POM particles may affect the hydrogen bond network in the
hydrophilic domains to influence the proton transport mechanisms.

2. Hydrogen bond network

Qualification of the proton hopping process in each of the
composite membranes was evaluated by Q-HOP MD simulation.

The H-bond network was analyzed by three geometric criteria,
which were discussed in our previous study.30 To quantify the
lifetime of the H-bonds (tHB), an autocorrelation function was
considered as follows:

tHBðtÞ ¼
nijðtþ t0Þ � nijðtÞ
� �

nij2ðt0Þ
� exp

�t
tHB

� �
as t!1ð Þ (2)

where, nij is a Boolean variable, which possesses a value of 1 if
the proton resides on the jth water molecules at time t, and 0
otherwise. The tHB for the undoped and HPS-doped Nafions at
l = 3 and l = 5 are compared in Fig. 8.

Evidently, at the lowest water content, where l = 3, the decay
of the lifetime of the H-bonds is slower. As the degree of
hydration increases, the persistence of the H-bonds decreases
and the proton hops faster. These plots reveal that the decay

Fig. 5 Average number of clusters in the undoped and HPA/HPS-doped
Nafions 117.

Fig. 6 Bragg spacing calculated from the ionomer peak.

Fig. 7 Snapshots of the water clusters in the HPA/HPS composite
Nafions 117 membranes for l = 5 obtained at the end of production
phase MD simulations. (a) H3PW12, (b) CsH2PW12, (c) Cs2HPW12, and
(d) Cs3PW12 doped Nafions 117. Water clusters, HPA particles, and Cs+

cation represented by the red surface, cyan, and gray color, respectively.
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time for the HPA-doped Nafions is lower than that of the
HPS-doped Nafions. The decay time increased as the extent
of proton substitution with Cs in the HPA particle increased;
thus, the proton hops faster when the system is doped with
Cs2HPW12O40 particles than Cs3PW12O40.

Fig. 9a compares the half-life of the H-bonds for the
HPA- and HPS-doped systems. The half-life of the H-bond of
the HPS-doped membrane is greater than that of the HPA-doped
membrane.

In comparison with the other considered HPS, the decay
time decreases in the sequence Cs3PW12O40 4 Rb3PW12O40 4
(NH4)3PW12O40, which is shown in Fig. 10. The reason for this
observation is the relatively smaller water clusters formed in
the membrane containing HPS with the larger cation (note that
proton transport by hopping mechanisms through the membrane
needs continues aqueous media). It should be mentioned that
HPS, which contain a cation with a larger ionic radius such as Cs+,
have a larger surface area and their solubility in water dramatically
decreases. For instance, the potassium salt of HPA is partially
soluble in water although the Rb+ and Cs+ salts are insoluble.46

Due to their greater solubility and better solvation, the formation
of larger water clusters is more likely when the membrane contains

HPS with a smaller cation such as NH4
+. This is not unreasonable

since any decrease in the hopping events of the HPS-doped
membranes will result primarily due to an increase in the number
of discontinuous hydrophilic domains.

In an effort to shed more light on the hopping process, the
mean residence time (MRT) of a proton on a given site was also
calculated. Fig. 8b, d and 10 represent a linear fit to the plot of
�ln(tHB) versus time, where the MRT values were obtained from
the slope of these plots. Fig. 9c and d represent the MRT values
for all the considered systems. As is clear from Fig. 9, the MRT
values decrease with an increase in the hydration level. Thus,
it was concluded that the protons on average do not remain
attached to the H2O molecules for a very long time in the
HPA- and HPS-doped Nafions, while they do for a longer time in
the case of pure Nafions. Moreover, the MRT values increased
by increasing the extent of proton substitution in H3PW12O40

at all hydration levels, which decreases in the following order:
Cs3PW12O40 doped Nafions 4 Cs2HPW12O40 doped Nafions 4
CsH2PW12O40 doped Nafions. With regard to the slope of the
plots in Fig. 10b and d, the MRT values for the HPS-doped
membranes change with an increase in the ionic radius of the
cation in the dopants. Consistent with that discussed above,

Fig. 8 Correlation function [tHB] and logarithm of the correlation function [�ln(tHB)] for the residence time of a hopping proton at (a and b) l = 3, (c and d)
l = 7, respectively.
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at all hydration levels, the structural hopping process for the
HPA-doped membrane is faster and seems to be affected by
changes in the extent of proton substitution and the ionic
radius of the cation.

3. Self-diffusion coefficient

The self-diffusion coefficients of H2O molecules (Dwater) and
H3O+ (Dhydronium) ions were obtained from the linear regime
of the mean square displacement (MSD)47 according to the
Einstein relationship,31 as follows:

D ¼ lim
t!1

1

6t
rðtÞ � rð0Þð Þ2

D E
(3)

where, r(t) and r(0) are the center of the mass positions of any
particles at time t and zero, respectively. Fig. 11a represents
the Dwater and Dhydronium for the composite membranes in
comparison with the experimental data as a function of hydration
level (lines are drawn to show trends). In both the theoretical and
experimental values, Dwater increases with the hydration level
and the calculated data for the undoped Nafions is in good
agreement with the NMR experimental values.48 Due to the
tendency of water molecules to accumulate around hydrophilic

HPA particles, Dwater decreases as the doped Nafions was loaded
with HPA particles. One can see that the fastest diffusion of H2O
molecules was obtained for the Cs3HPW12O40-doped membrane
although the lowest was recorded for the H3PW12O40-doped
Nafions. In general, water diffusion decreases with a change in
the extent of proton substitution in the H3PW12O40 due to the
variation in the solvation of the HPS particles. The solubility of
the HPS particles decreases with an increase in the ionic radius of
the cation.49 Thus, the (NH4)3PW12O40-doped membrane resulted
in less mobility for water molecules in comparison with the
other HPS-doped system. For instance, at l = 12, the diffusion
of water is 43.1 � 10�7, 44.8 � 10�7, and 45.8 � 10�7 cm2 s�1

for the membranes containing (NH4)3PW12O40, Rb3PW12O40, and
Cs3PW12O40, respectively. Therefore, the cation with the greatest
ionic charge achieved the highest water diffusion coefficient. It
can be concluded that the HPA and HPS particles can cause
slower vehicular transport through the membrane by decreasing
the H2O diffusion.

Fig. 11b compares the Dhydronium in the Nafions and com-
posite membranes. The discrepancy between the experimental
and simulated data was due to the inability of classical
MD simulation to probe the structural hopping mechanism.

Fig. 9 (a and b) Average half-life of the hydrogen bonds for the HPA/HPS-doped Nafions 117, respectively. (c and d) MRT of the proton on an H2O
molecule in Nafions for the HPA/HPS-doped Nafions as a function of hydration level, respectively.
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Inconsistent with the study by Meng et al.,50 incorporating HPA
particles into the Nafions membrane increased the mobility of
hydronium ions. The negatively charged anion overcomes the
steric hindrance from the sulfonic groups and the participation
of hydronium ions in the conducting domain increases. On the
other hand, the barriers for proton transport through the Grotthuss
mechanism become diminished by incorporating HPA particles
into the membrane, as reported in our previous study.32

The mobility of the hydronium ions decreases with an
increase in the extent of proton substitution in the dopant;
therefore, the minimum Dhydronium was observed for the
Cs3PW12O40-doped Nafions. The proton mobility for the
Cs-substituted HPA doped systems decreases in the following
sequence: CsHPW12O40 4 Cs2HPW12O40 4 Cs3PW12O40. On
the other hand, the Dhydronium for the composite membrane
decreases with an enhancement in the cation radius of the
HPS particles as follows: (NH4)3PW12O40 4 Rb3PW12O40 4
Cs3PW12O40. For instance, at l = 7, Dhydronium is 11.49 � 10�7,
10.90 � 10�7, and 10.39 � 10�7 cm2 s�1 for the (NH4)3PW12O40-
doped Nafions, Rb3PW12O40-doped Nafions, and Cs3PW12O40-
doped Nafions, respectively.

Thus, HPA particles with high intrinsic ionic conductivity
are good additives for PFSA membranes. The water-insoluble salts

of HPA are used to avoid leaching of HPA from the membrane
during the fuel cell operation. However, the incorporation HPS
with a larger cation results in a decrease in proton mobility
although the proton conduction of HPS compounds is higher
than that of neutral salts. As reported by Ukshe et al.51 the intrinsic
conductivity of (NH4)3PW12O40�11H2O, Rb3PW12O40�11H2O, and
Cs3PW12O40�11H2O at 237 K is 0.011, 0.017, and 0.017 O�1 cm�1,
respectively. These values are significantly higher than that of
H3PW12O40�11H2O, i.e. 0.0013 O�1 cm�1. However, the results of
this study reveal that incorporating HPS particles into Nafions

decreases the ionic conductivity of the membrane compared with
the HPA-doped membrane. Previous experimental studies have
shown that membranes containing HPS particles present an
approximately 20–30% decrease in ionic conductivity compared
with membranes containing HPA.52,53 Additionally, the water
uptake of the HPS-doped membrane had no change with a
variation in the extent of proton substitution in H3PW12O40 or
with a change in the cation used to exchange the protons.18

As can be seen from the molecular level investigation, the
proton conductivity of PFSA membranes should depend on the
continuous hydrophilic domain and size of water clusters.
Thus, it can be concluded that HPS particles increase the
conductivity in the conducting domains of the membrane

Fig. 10 (a and c) Correlation function [tHB] or the lifetime of proton-water oxygen hydrogen bonds for the different HPS-doped Nafions membranes at l = 3 and
l = 7, respectively. (b and d) Logarithm of the correlation function [�ln(tHB)] for the residence time of a hopping proton at l = 3 and l = 7, respectively.
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due to their intrinsic conductivity. However, HPS particles have
less impact on the performance of the membrane than HPA
particles due to their smaller water clusters and discontinuous
hydrophilic domains.

Conclusion

Classical and Q-HOP MD simulations were performed on
composite Nafions 117 membranes to elucidate the proton
hopping process and system morphology of pure Nafions and
HPS-doped ionomer systems. The SAXS simulation revealed
the different morphologies for Nafions 117 with HPSs and
the hydration levels. From the simulations, larger and more
contiguous water networks were observed in the HPA-doped
membrane at all hydration levels. The substitution of proton
of HPA shifted the ionomer peaks to higher Q values,
which indicates the native hydrophilic domains are disrupted
with higher substitution of cations. Moreover, the decrease in
isolated water domains upon the addition of HPS containing a
cation with a smaller ionic radius indicated to the formation of
a more homogeneous water domain morphology. This data
also confirmed that HPA particles are promising materials as

inorganic fillers to improve the formation of continuous water
clusters in the membrane matrix. The analysis of the proton
transport phenomena in the HPS-doped Nafions membrane
revealed that the proton hopping events decrease with an
increase in the extent of proton substitution with cesium. In
addition, the hopping process depends on the solubility of the
HPS particles and the ionic radius of the HPA cation. Thus, a
decrease in the barrier for proton hopping was observed for the
more soluble HPS-doped membrane. Also, it was observed that
the HPS composite membranes have lower vehicular proton
transport (lower self-diffusion of water molecules) than that of
pure Nafions. In addition, the mobility of hydronium ions for
the HPS-doped membrane was lower than that of the undoped
Nafions. Increasing the extent of proton substitution in the
dopant and also increasing the ionic radius of its cation
decreased the proton conductivity of Nafions 117.

Despite the reported advantage of HPS particles in experi-
mental studies to prevent HPA leaching from the membrane
matrix; this study demonstrates that HPS particles have a lower
impact on the performance of the membrane than HPA particles.
Although a membrane based on Cs derivatives of H3PW12O40 was
successfully demonstrated, its performance was relatively low in
comparison with the HPA-doped membrane. Therefore, further

Fig. 11 Diffusion coefficients of (a and b) water molecules, Dwater, and (c and d) hydronium ions, Dhydronium.
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investigation is necessary for the realization of membranes
employing HPS particles.
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