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1. Introduction

Over the last decade, polymer electrolyte fuel cell (PEFC) sys-

tems have been considered a promising energy source to sub-
stitute fossil energy because of their high efficiency and low

pollution. PEFCs directly convert the chemical energy of fuel
into electrical energy, in which the protons, as a product of hy-

drogen oxidation reaction (HOR) at the anode chamber, per-
meate through a proton exchange membrane (PEM) to form

water by the oxygen reduction reaction (ORR) at the cathode

chamber.[1, 2]

Among the large family of perfluorosulfonic acid (PFSA)
polymers, Nafion is noteworthy for its excellent conductivity
and exceptional chemical, thermal, and mechanical stability.[3, 4]

PEMs are known to be a key component of PEFCs. Adequate
water saturation is recognized as an integral part of PEM and it

plays a vital role in practical proton conductivity.

To prevent anode-catalyst poisoning by CO and to improve
the kinetics of fuel oxidation, the PEFCs can be operated at

higher temperatures (above 80 8C).[5, 6] Due to the lack of water
retention at elevated temperature operation, the proton con-

ductivity of PEMs is still unsatisfactory. Therefore, it is an im-

portant and challenging task to develop an appropriate mem-
brane that offers both suitable water uptake and high proton

conductivity for PEFC applications.
To improve the proton-conducting characteristics of PEMs,

inorganic superacids, for example, heteropoly acids (HPA) and
zirconium phosphonate, have been incorporated into the

membrane, developing a composite polymer electrolyte.[7–12]

Remarkably, the exceptional ionic conductivity, as well as the
ability of HPA to increase local proton concentration, afford po-
tential applications as doping agents to enhance the conduc-
tivity of PEMs under drier conditions.[13]

An example of a well-known structure of HPA is the a-
Keggin with the general formula [XM12O40]n@, where X indicates

the heteroatom, which is usually a main-group element (P, Si,
Al, etc.) and M represents the addenda atoms, which are com-
monly tungsten or molybdenum elements (Figure 1).[14] Phos-

photungstic acid [H3PW12O40] (hereafter noted PW12) has been
the subject of intensive experimental studies as, for instance,

an inorganic additive for PFSA membrane.[8, 15–18] Malhotra
et al.[19] have investigated Nafion 117 impregnated with HPA

particles and obtained a dramatic improvement in fuel cell

output for composite film as compared with pure ionomer
film. Ramani et al.[16] have studied Nafion/HPA composite film

with various concentration of HPA in the fuel cell. They con-
cluded that the proton conductivity and thermal stability of

Nafion improve because of HPA addition. The authors also re-
ported that the water uptake of HPA doped Nafion was greater

The use of a Nafion/phosphotungstic acid composite mem-
brane and the impact of varying concentration of heteropoly
acid (HPA) on the well-known effective mechanisms of proton

transport were investigated by using classical and quantum
hopping molecular dynamics simulation. Our simulations dem-
onstrated that the HPA particles have a favorable influence on
the Grotthuss mechanism in proton transportation at low hy-
dration levels. From radial distribution function examinations,
it was found that HPA particles were solvated with water and

also exhibited stronger affinity toward hydronium ions. It can
be concluded that addition of hydrophilic particles such as
HPA improved proton conductivity. To assess this effectiveness,
lifetime and half-life of the hydrogen bond (H-bond) network

in the formed water clusters were investigated at different HPA
concentrations. The analysis of H-bond network stability re-

vealed that the lifetime of H-bonds between water molecules

and protons decreased with increasing HPA concentration.
Moreover, we found that the H-bond network between water

molecules was more stable, and the mismatch between simu-
lated bulk water and those formed water clusters in the con-

sidered systems decreased upon HPA addition. Indeed, for HPA
doped membrane, the activation energy of proton transfer

process from a hydronium ion to a water molecule was lower

than for the undoped system. The water diffusion coefficient
decreased and that of the hydronium ion enhanced with an

increase in HPA doping level.
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than for the undoped film at high temperatures. However, de-

tails of how the improved performance of the membrane by

such hydrophilic particles is brought about must be investigat-
ed.

To our knowledge, vehicular and Grotthuss mechanisms are
the two predominant mechanisms that establish the character-

istics of proton conduction for PEM through hydrophilic do-
mains. The self-diffusion coefficient of the vehicle (in this case,

water) is determinative in the rate of proton transfer through a

vehicular mechanism. On the other hand, a full understanding
of the Grotthuss mechanism requires a deep analysis of hydro-

gen-bonding networks.[20]

More recently, an experimental and theoretical study of 3 m
ionomer containing PW12 was conducted by Liu et al.[21] In fact,
they performed PGSE-NMR spectroscopy to obtain the diffu-

sion coefficient of water molecules with different hydration

levels in 3 m ionomers. When ionic conductivity of the mem-
brane was measured and the Nernst–Einstein equation was

used, the discrepancy between measured and calculated con-
ductivity was assigned to the impact of Grotthuss hopping on

proton transportation. In addition, they conclude that the
higher ionic conductivity of composite membrane at higher

doping levels is due to Grotthuss hopping mechanism im-

proved by PW12 anions. However, no detailed molecular-level
understanding of the mechanism has been provided.

To our knowledge, in both experimental and theoretical
studies,[8, 15, 19, 21, 22] there seems to be a common consensus
about the domination of the Grotthuss mechanism when the
PFSA is doped with HPAs, but no definitive proof is available.

Clarifying the molecular details of how this dopant enhances
ionic conductivity is not easy with current experimental tech-
niques; nevertheless, theoretical and computational studies
such as molecular dynamics (MD) simulations and ab initio
computations can be used to directly probe the proton dy-

namics and provide more quantitative information about the
transportation mechanism. One of the prerequisites for proton

transport through the Grotthuss mechanism is H-bond break-
ing and forming, and ab initio MD simulation would capture
this process. The multistate empirical valence bond (MS-EVB)

method[23, 24] and the recently developed self-consistent MS-
EVB (SCI-MS-EVB) methodology[25] are particular versions of re-

active MD for determining the mechanisms affecting proton
transport in PFSA membranes. Likewise, the quantum hopping

(Q-HOP) MD method has been somewhat successful in describ-
ing the proton transport process. This method is frequently
used to study dynamic proton equilibria in condensed
phases.[26–28] Groot et al.[29] performed Q-HOP simulations for

Aquaporin-1 to study the mechanism of proton exclusion.
More recently, Devanathan et al.[30] investigated proton hop-
ping in PEMs by using the Q-HOP MD method. They character-
ize the intrinsic nature of the hydrated excess protons in hy-
drophilic Nafion domains. In principle, Q-HOP MD can be ap-

plied to many different systems such as protein and polymer
systems because of its general parameterization scheme, and

simulation of large systems for longer time periods (i.e. several
nanoseconds) is feasible with this method.

In this study, the impact of PW12 on some of the require-
ments of Grotthuss and vehicular mechanisms inside the

Nafion 117 will be investigated by using classical and Q-HOP

MD simulations. Analysis of the static features and transport
dynamics is also performed, together with a detailed investiga-

tion of the hydrogen bond networks. Furthermore, the diffusiv-
ity of hydronium ions and water for Nafion/PW12 composite

membranes with different doping levels is studied for various
water contents. The global aim of this study is to explore the

effect of HPA on membrane properties and to provide a defini-

tive proof for previous experimental studies on HPA doped
PFSA membranes.

2. Simulation Details

2.1. Classical MD Simulations

Nafion polymer chains include two components: the backbone
and the side chain. The former constitutes the hydrophobic

domain, and the latter forms the hydrophilic domain of the
membrane. Figure 2 shows the chemical structure of the

Nafion monomer with EW = 1148 employed in the present

study. The ratio of the weight of Nafion (in terms of molecular
mass) to sulfonic acid group is defined as equivalent weight

(EW).
The simulation cubic boxes contain 40 polymer chains (400

SO3
@) located randomly in the box. Each chain consists of 682

atoms, with an F atom at each end. To investigate the influ-
ence of adding PW12 on the structural and dynamical proper-
ties of Nafion, the systems were approximately doped with 0,
2, 8, and 15 wt % PW12. The water molecules were then added.

Figure 1. The simulated a-Keggin [PW12O40]3@ anion and definition of termi-
nal Ot and bridging Ob1 oxygen atoms.

Figure 2. Chemical structure of Nafion 117 used in the present study (C
atoms in gray; F atoms in purple; O atoms in red; and S atom in yellow).
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Based on the study of Paddison and Elliott,[31] all sulfonate
groups for l+3 are ionized by protons in the form of H3O+ .

The l parameter is defined as the ratio of water molecule
number to number of SO3

@ groups.[32] The membrane was sol-

vated by water contents of l= 1, 3, 5, 7, 12, and 20. It is worth
mentioning that, according to the ab initio modeling results of

Paddison and Elliott[31] and the limitations on the proton trans-
fer from sulfonic groups to water at l= 1, this value of l is
merely considered for investigating a classical benchmark.

The DREIDING force field recently modified by Mabuchi
et al.[33] was used for the fluorocarbon part and the torsion po-
tentials for Nafion. The partial charges for Nafion and the clas-
sical hydronium model for hydronium ions were taken from

Jang et al.[32] Given that PFSA ionomers are macromolecules,
the flexible three-centered (F3C) model was applied to de-

scribe water molecules.[34]

Prior to the MD simulations, the PW12 molecule was opti-
mized by using Gaussian 09[35] software, and the ChelpG

method[36] was used to assign partial charges. For this purpose,
DFT calculations at the B3LYP/LANL2DZ level of theory were

performed.
The force field parameters for PW12 were taken from

Ref. [37] . To calculate the intermolecular interactions, the Lor-

entz–Berthelot mixing rules, sij = 1/2(si +sj) and eij = (eiej)
1/2,

were implemented.

In addition to the separate minimization of each system by
using the steepest descent algorithm,[38] the following steps

were implemented to obtain the initial structures and thus
final density at each hydration level : 1) NPT MD simulation

with T = 600 K and P = 1 MPa. It should be noted that the

value of e for Nafion is reduced to 1/100 magnitude at this
step. 2) NPT MD simulation in which the Lennard–Jones (LJ)

potential parameters were returned to the normal values at
T = 300 K and P = 101.325 kPa for 100 ps. 3) NPT MD simula-

tions with temperature variation between 300 K and 600 K and
P = 101.325 kPa for 250 ps. This step was repeated four times.

4) Equilibrium NPT MD simulation at T = 300 K and P =

101.325 kPa for 300 ps. For each water content, the simulation
density was calculated when the system reached stable equili-

bration.
To compare the results with respect to density, the experi-

mental correlation with l proposed by Morris and Sun[39] was
applied. They estimated the experimental density of the mem-

brane (EW = 1148) using Equation (1):

1
g

cm3

0 /
¼ 63:7þ l

31:1þ l
ð1Þ

The leapfrog algorithm[40] was used for integration of the

equations of motion with timestep 1 fs. The production run

within the canonical ensemble (NVT) was carried out for 2 ns
at 300 K and 1 atm for each l, and the trajectory of molecules

was collected every 0.1 ps (20 000 configurations). All the MD
simulations were conducted using the DL_POLY package[41]

with periodic boundary conditions and cutoff distance of 15 a
for the Coulomb potential. The pressure was maintained con-

stant by using Berendsen barostat[42] and the Nos8–Hoover
thermostat[43] for temperature control was applied.

Long-range electrostatic interactions were computed by
using the Ewald summation method[44] with a tolerance factor

1 V 10@6 (known as Ewald sum precision). Scheme 1 represents
the simulation procedure step by step.

2.2. Q-HOP MD Simulation

Given that classical MD simulations are not suitable for directly
probing the hopping mechanism of proton transport, further

particular simulations had to be made using theoretical ap-

proaches that incorporate quantum chemical methods into
MD simulations. In the present work, the Grotthuss mechanism

in proton transport process was studied by using Q-HOP MD
simulation. To construct a favorable configuration for the Q-

HOP MD simulation, three model systems were produced
using final configuration from classical MD simulations. Two

Nafion chains (20 SO3
@), 26 H3O+ ions, 2 PW12 particles, and

400 SPC/E[45] H2O molecules were initially annealed by using
the annealing procedure as described in Section 2.1. To create
the input configuration for the Q-HOP MD simulation, the im-
plemented procedure described by Devanathan et al.[30] was
used. The final systems contained 8, 4, and 2 PW12, which cor-
responds to approximately 15.7, 8.5, and 2.5 wt %, respectively.

All the simulations were carried out with NWCHEM[46, 47] code
and the AMBER 99/GAFF[48, 49] force field was used. It should be
noted that the general features of Nafion morphology and

H2O/H3O+ transport is essentially independent of force fields
and codes used.[30] The cutoff distance for non-bond interac-

tions was 10 a and the Particle Mesh Ewald (PME)[44] method
was used to calculate long-range electrostatic interactions. The

equations of motion were solved by using the leapfrog

Verlet[40] algorithm with a time step of 1 fs. After 200 ps equili-
bration run, 2 ns production run was performed using the NPT

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.

Scheme 1. The stepwise simulation procedure.
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3. Results and Discussion

The experimental and simulation densities at each l for un-
doped Nafion are listed in Table 1. The differences between

1exp and 1sim were found to be less than 0.5 %, except for l,3.

For undoped systems, the lengths of the simulation box are

also listed in the last column of Table 1. After the annealing

procedure, we found that each system reached a stable equi-
librium and then the production runs were carried out for 2 ns.

Given that we did not observe significant changes of the diffu-
sion coefficients upon increasing the simulation length beyond

2 ns, we conclude that this length is sufficient to robustly com-
pute diffusion coefficients of these systems.

In agreement with other studies,[34, 50] by increasing water

uptake, the value of calculated density gradually decreases.
The density fluctuations after adding 2, 8, and 15 wt % PW12

are shown in Figure 3. The 1sim values for all of doped systems
were larger than for the undoped systems. It can be seen that,

at higher concentrations of PW12, an enhancement of the cal-
culated densities was observed. This feature might be due to

morphological changes of membrane caused by the interac-
tions between the polyoxometalate (POM) anions and polymer

chains. In what follows, this issue will be discussed comprehen-
sively.

3.1. Radial Distribution Function (RDF)

Pair distribution function, also known as pair correlation func-
tion, because of their spherical symmetry, represents the prob-
ability of finding atoms of A in a shell Dr at distance r of

atoms of B in a system containing N particles and volume V, in
accordance with Equation (2):

g rð ÞA@B¼
nB

4 pr2Dr

E C
nB

V

E C ð2Þ

In other words, this function displays the arrangement of
one type of atom around another type of atom in spherical

shell with radius of r and thickness of Dr. Indeed, the RDF
curves represent quantitative information about interactions

between two kinds of atoms. All RDFs are obtained from classi-
cal MD simulation.

3.1.1. Interactions between SO3
@ and SO3

@

Figure 4 depicts RDF curves for sulfonic groups of the side

chain; the legend indicates corresponding coordination num-

bers (CN). It is noticeable that by increasing l, the separation
between these groups increases (CN decreased); therefore, the

broad peaks with smaller height develop (Figure 4 a). Due to
the progressive SO3

@ solvation by H2O molecules, eventually at

l= 20, the first peak approximately disappeared and the
second one is only observed. In an undoped membrane, these

trends are in good agreement with those reported by Mabuchi
et al.[33] and by Devanathan et al.[50]

Subsequent to addition of 2 wt % PW12, a similar trend was

observed by increasing the hydration level, while the height of
the peaks dwindled. At all hydration levels, by increasing the
weight percent of the anion, the peak heights continuously
decrease, affected by repulsion between the charged PW12

anions and sulfonic groups. Due to the mediation of water
molecules, especially at l>5, this repulsion is reduced with en-

hancing water content. The reduction of the height of the

peak in RDFs means a decrease in the interactions between
sulfonic groups. In other words, upon adding HPA, the distance

between sulfonic groups increases because of electrostatic re-
pulsion between the POM anions and the SO3

@ groups. Ac-

cordingly, the calculated density for doped systems is slightly
larger than for undoped systems.

Given that PW12 is highly hydrophilic, water molecules accu-

mulate around POMs, which diminishes the repulsion between
sulfonic groups and PW12 particles, and, naturally, the height of

the peaks gradually changes at higher l values. Figures 5 a–d
represent snapshots of both doped and undoped membranes

after 2 ns. It is immediately apparent from Panel b or Panel d
that water molecules mainly surround the POM anions. Hence,

Table 1. Calculated density of hydrated Nafion membrane at different hy-
dration levels. Simulation results are compared with experimental data[39]

and other simulated results.

l 1sim [g cm@3] 1exp

[g cm@3>]
Box length
[a]

Our
study

Ref. [41] Ref. [29] Ref. [42]

1 1.96 1.76 1.99 – 2.02 176.65
3 1.92 1.80 1.93 – 1.96 177.48
5 1.90 1.82 – – 1.90 178.06
7 1.85 1.78 – – 1.86 178.97
12 1.75 – 1.75 1.67 1.76 181.00
20 1.64 1.62 – 1.56 1.64 183.88

Figure 3. The simulated density of hydrated PFSA membranes as a function
of hydration level (l) (^) 0 % PW12 (*) 2 % PW12 (~) 8 % PW12 (&) 15 % PW12.
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the hydrophilic character of POMs makes the forma-
tion of water clusters along the membrane more

likely.

3.1.2. Interactions between SO3
@ and H2O/H3O++

In Figure 6 and Figure 7 a–d, the coordination of sul-

fonic groups by H2O and H3O+ is characterized by S-
Ow RDF and S-Oh RDF, respectively (Ow, oxygen of

water and Oh, oxygen of hydronium). In the case of
undoped membrane, dominant peaks appear at a
distance of 3.97 a. In addition to reducing the
heights, their broadening also decreases with in-

creasing water uptake. The reduced peak heights
are caused by the solvation of sulfonic groups at
higher water content; in other words, the solvation
of sulfonic groups increases by increasing water
density. As a result, the SO3

@–H3O interactions de-

crease. The presence of water weakens the SO3
@ and

H3O+ interactions. Such consequence can be easily

implied from reductions in peak heights associated

with SO3
@–H3O RDFs (Figure 6 a).

On the other hand, reduced peak broadenings re-

flect a lower number of oxygen of H3O+ within a
sphere of radius 4.34 a centered in a sulfur atom.

The legends of plots in Figure 6 represent the CNs
of H3O+ at first solvation shell of sulfur atoms, as dis-

cussed later.

For H2O, the variations in the height and width of
the peaks are similar to the RDFs of H3O+ (Fig-

ure 7 a). It should be mentioned that the area under g(r)S-Ow at
first minimum cannot be used for calculating the CN of H2O at

first solvation shell. The number of water molecules changes
from 0 to 7600, but the number of hydronium ions is constant

for all the hydration levels. For this purpose, the average

number of oxygen atoms from water molecules within a
sphere of radius 4.5 a of centered in sulfur atoms (first mini-

mum of g(r)S-Ow) was calculated from 20 000 configurations.
Not surprisingly, whenever the presence of water increases,
not only does the CN of H3O+ around SO3

@ decrease, but the
CN of H2O at the first solvation shell of SO3

@ also increases.
The main object of the present study is to probe the role of

HPAs in the system and the influence of the presence of POM

anions. For this aim, Figure 6c–d and Figure 7 c,d, respectively,
illustrate g(r)S-Oh and g(r)S-Ow at the considered concentration of
PW12 particles. As deduced from Figure 6, the addition of POM

leads to a weakening of the interactions of the sulfonic groups
with hydronium ions. The decrease in the height of the peaks

is an indicator of a reduction in such interactions as the
doping level changes from 2 to 15 wt %. However, it should be

remembered that diminishing the number of hydronium ions

at first solvation shell cannot be deduced from the reduction
of peak broadenings, because the number of hydronium ions

in the system is not constant upon adding HPA particles.
With regard to negatively charged POM anions, it is expect-

ed that the anions attract more hydronium ions with an en-
hancement in concentration of HPA and thus decrease the in-

Figure 4. Radial distribution functions of a sulfur-sulfur pair at various hydration levels.
a) 0 % PW12, b) 2 % PW12, c) 8 % PW12, d) 15 % PW12.

Figure 5. Snapshots of the doped and undoped membranes. Oxygen of
water molecules, HPA particles, and the rest of the membrane are represent-
ed in red, cyan, and gray, respectively. a) 0 % of PW12 at l= 5. b) 8 % of PW12

at l= 5. c) 0 % of PW12 at l= 20. d) 8 % of PW12 at l= 20.
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teractions between SO3
@ and H3O+ as compared with the un-

doped state. This hypothesis is confirmed by RDF curves. The
average number of H2O and H3O+ closer than 4.34 and 4.5 a

to sulfur atoms of the SO3
@ were calculated for all considered

concentrations of HPA. For example, at l+3, the CNs of the
first solvating shell increase upon doping 2 wt % POM in com-
parison with the undoped Nafion. Under increasing concentra-

tion of POM, this descending tendency is maintained. Further-
more, the average CN of water molecules is reduced when the

levels of POM doping increase. Based on the aforementioned

results, generally, a higher amount of HPA in the PFSA mem-
brane decreases the number of both H3O+ and H2O in the vi-

cinity of SO3
@ .

3.1.3. Interactions between PW12 and H2O/H3O++

We then analyzed whether the H3O+ ions or H2O molecules

are pushed away from the POM anions or are more likely to be
coordinated around POM anions when the PW12 concentration

is increased. In other words, the question is how the average
CNs of H3O+ and H2O around POM anions change.

The most accessible atoms in POMs to interact with H2O
molecules or H3O+ ions are terminal oxygen atoms (Ot) ;

toward this end, g(r)Ot-Oh and g(r)Ot-Ow are given in Figure 8. At
all POM concentrations, the interactions between H3O+ and Ot

are diminished by increasing l, as shown in Figure 8 a–c. As re-

ported in the legend box of the figures, there will be less H3O+

at the first solvation shell of Ot when increasing the hydration

level.
The interactions between Ot and H2O at given hydration

levels are investigated. The g(r)Ot-Ow represents a broad peak at
distance of 2.8 a and both heights and broadening were di-

minished by increasing l (Figure 8 d–f). This means that inter-
actions between the terminal oxygen of POM and oxygen of
water decrease. As reported by Chaumont et al. ,[51] the interac-

tion between POM anions and water molecules is reduced by
enhancing the concentration of the anion.

In the case of the doped membrane, when the concentra-
tion of HPA increases from 2 to 15 wt %, the average Ot–Ow CN

decreases at a distance of 3.2 a from Ot (Figure 8). The interac-

tions between Ot and Oh also decrease with increasing concen-
tration of POM, as clearly observed in Figure 8. In other words,

at specific l, for diluted states of HPA, the interactions be-
tween cations and anions are stronger than in the case of the

concentrated states of HPA, which is in good agreement with
the results of Chaumont et al.[51]

Figure 6. Radial distribution functions of sulfur-hydronium oxygen pair at various hydration levels. The coordination numbers are indicated by the legends.
(a) 0 % PW12, (b) 2 % PW12, (c) 8 % PW12, (d) 15 % PW12.
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The interactions between POM and H3O+ are water-mediat-
ed and consequently indirect; therefore, few H-bonds will be

formed between POM and H3O+ . On the other hand, building
upon the work of Lopez et al. ,[37] the bridging oxygen of

Type 1 of POM (Ob1, see Figure 1) exhibits stronger hydrogen
bonds than the other ones when the MD simulation is carried

out using calculated partial charges from the ChelpG method
at the B3LYP/LANL2DZ level of theory.[37] Therefore, it can be

concluded that the bridging oxygen of Type 1 of POM exhibits
stronger interaction with water molecules in comparison with
the terminal oxygen. Hence, investigating the behavior of

H3O+ and H2O around POM anions through the g(r)Ot-Oh and
g(r)Ot-Ow is questionable. Therefore, to verify and validate the

aforementioned results, the solvation of a given particle was
considered. In the POM anion, the radial distance of Ot from

heteroatom (P) is approximately 5.29 a (Figure 1). Since the

outermost atom of POM is Ot and the distance of the first sol-
vation shell for Ot is 3.2 a, we have considered the hydration

of particles at a distance of 8.49 a. The average number of co-
ordinated H3O+ and H2O around the heteroatom of the POM,

namely, phosphorus, is reported in Table 2. For all the hydra-
tion levels considered, the number of coordinated water mole-

cules around POM anions decreases by increasing weight per-
cent of HPA and, instead, the hydronium ions are more coordi-

nated around POM anions.

3.1.4. Interactions between H2O and H3O++

In an effort to shed more light on the properties of the formed
water clusters, interactions between H2O and H3O+ ions have

also been investigated. As expected, the interactions between
H2O and H3O+ decreased by increasing l ; consequently, the
number of water molecules surrounding hydronium ions in-

creases, in agreement with Devanathan et al.[50] and Cui et al.[52]

(data not shown).

Next, Ow–Oh RDFs are presented in Figure 9, in which the
membrane is loaded with given concentrations of HPA. The

RDF curves show a sharp peak at 2.8 a and the peak heights

increase by increasing HPA concentration. It can be also found
that increasing the doping level would lead to an increase in

interactions between H2O and H3O+ .
Based on Figure 9, the first neighbor cutoff distance was

chosen as 3.25 a to calculate average CNs. It can be observed
that higher HPA concentration reflects more solvation of hy-

Figure 7. Radial distribution functions of sulfur-water oxygen pairs at various hydration levels. The coordination numbers are indicated in legends. a) 0 %
PW12, b) 2 % PW12, c) 8 % PW12, d) 15 % PW12.
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dronium ions, which is essential for the development of

proton transport.

As noted above, because the steric hindrance of the sulfonic
groups do not affect the accessibility of hydronium ions con-

siderably, hydronium ions take part more easily in forming of
hydrogen bond networks at higher doping levels. To investi-

gate the H-bonds between protons and water molecules, the
Q-HOP MD simulation was used.

3.2. Hydrogen Bonds

To investigate the dynamic behavior of H3O+ ions or H2O mol-

ecules around each other, three geometrical criteria were ap-
plied, which were sufficient to analyze the lifetime of the H-

bond. In the event that (i) distance between a given hydrogen
bond donor and acceptor (all water molecules are proton ac-

ceptors) is less than 3.6 a (the first minimum of g(r)O-O in pure
water[53]), (ii) distance between a given hydrogen bond donor
and hydrogen of H3O+ is less than 2.0 a, and (iii) the angle

]H-O···donor is less than 308, the H-bond has been formed be-
tween a given molecule and corresponding donor such as

water molecules.
We consider the autocorrelation function to evaluate the

lifetime of an H-bond from all the trajectories (20 000 configu-

rations) of each system [Eq. (3)[42]]:

tHB tð Þ ¼ uij t þ t0ð Þ ? uij t0ð Þ
6 5

u2
ij t0ð Þ & exp

@t
tHB

. -
ðas t !1Þ ð3Þ

Figure 8. (top) Radial distribution functions of POM terminal oxygen-hydronium oxygen pairs at various hydration levels. a) 2 % PW12, b) 8 % PW12, c) 15 %
PW12. (bottom) Radial distribution functions of POM terminal oxygen-water oxygen pairs at various hydration levels. d) 2 % PW12, e) 8 % PW12, f) 15 % PW12.
The CNs are indicated by legends.

Table 2. The averaged coordination numbers (CN) of hydronium ions
and water molecules around POM for systems with different HPA load-
ings at different hydration levels.

15 wt % 8 wt % 2 wt % l

H2O H3O+ H2O H3O+ H2O H3O+

– 9.78 – 9.18 – 9.06 1
14.6 7.92 14.83 7.76 17.04 7.37 3
20.64 7.12 21.52 6.62 37.19 6.51 5
30.14 6.49 34.58 6.37 46.16 6.00 7
32.21 6.19 37.84 5.67 50.32 5.56 12
37.08 7.17 45.30 6.42 56.76 5.78 20
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where the uij is a Boolean variable that possesses a value of 1
if the proton resides on the jth acceptor site and fulfills the

above three conditions at time t, and 0 otherwise.
Figure 10 shows the autocorrelation function tHB(t) for the

relatively electronegative proton acceptor, that is, H2O, for the

case of undoped Nafion at various water content. As the figure
clearly reveals, a longer persistence of the H-bond is observed

between H2O and protons under drier conditions. The lifetime
and accordingly the half-life of H-bonds are reduced by in-

creasing water content.
Persistence of H-bonds is a prerequisite of rapid proton

transfer through the Grotthuss-type mechanism. Short and
strong H-bonds may decrease diffusion rate and reorientation
of solvent molecules.[54, 55]

The strength of H-bonds is difficult to describe by using clas-
sical MD simulations, but the decrease in the lifetime of hydro-

gen bonds may have positive effects on proton transfer and

reorientation of solvent molecules. Therefore, it can be con-
cluded from Figure 10 that increasing the water content en-

hances proton transfer by the vehicular mechanism and seems
to favor structural diffusion.

A similar tendency to tHB and half-life of H-bond for doped
membrane was observed when compared with the undoped

Figure 9. Radial distribution functions of water oxygen-hydronium oxygen pairs at various hydration levels. The coordination numbers are indicated in leg-
ends. a) 0 % PW12, b) 2 % PW12, c) 8 % PW12, d) 15 % PW12.

Figure 10. Lifetime of proton-water oxygen hydrogen bonds for undoped
Nafion at various hydration levels. Inset represents the corresponding aver-
aged half-life of hydrogen bonds.
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state by increasing l (the data is not shown). However, notable
variations were observed for different loadings of HPA.

Figure 11 illustrates tHB and the half-life of H-bond for various
doping levels at l= 5. No dramatic change was seen for either

tHB or the half-life of the H-bond upon addition of 2.5 wt %
HPA, whereas upon further addition of HPA (8.5 and 15.7 wt %)

both tHB and the half-life of the H-bond decreased. In general,
these results reveal that the structural diffusion in proton
transport is more affected by higher concentration of HPA.

It is interesting to note that more H-bonds were established
when POM anions exist in the membrane and the tendency of

H-bond formation continues to rise by further addition of HPA.

An optimum proton conductive aqueous phase should con-
tain moderate or weak H-bonds.[54] Actually, these particles

(POMs) make the H-bond networks unstable and consequently
improve proton hoping.

It is easy but wrong to deduce that these hydrophilic parti-
cles are generally added to systems as water reservoirs. In our

opinion, such an explanation is not very convincing. In fact,
the loosely bonded waters accumulate around HPA particles
during the interaction with the surface of particles and facili-

tate the formation of water clusters. Then the larger water
clusters enhance the mobility of water molecules and conse-

quently the proton transfer would be sufficiently rapid through
the membrane. As evidence, orthographic projections of

doped and undoped Nafion at l= 5 and l= 20 are shown in
Figure 5 visualized using VMD.[56] The accumulation of water

molecules around the HPA particles is clearly depicted in Fig-
ure 5 b,d.

It is believed that the proton-hopping process occurs faster

in HPA doped membrane than in undoped systems. In light of
this, to evaluate the potential effects of HPA on the primary

mechanism of proton transfer, the mean residence time (MRT)
of the proton from tHB was calculated. Actually, MRT of the

proton on a water molecule (tHB) can be obtained from the
slope of a linear fit to the plot of @ln(tHB) versus time.[35]

Table 3 represents the calculated MRTs of the proton for all

considered membranes at 300 K. The MRT decreases when l is
increased from 3 to 20. A similar observation was also ob-

tained for the HPA doped membranes. For HPA doped mem-
brane, the protons on average do not remain attached to

water molecules for a very long time, whereas they remain for
longer times in the case of the undoped membrane. Moreover,

the MRT values also decrease by increasing HPA concentration

at all hydration levels.
According to the relationship k = 1/tHB, the rate constants (k)

for proton hopping between water molecules are inversely re-
lated to MRTs. The values of rate constants are represented in

Table 3. The experimental k for proton transfer in bulk water at
300 K is 0.63 ps@1, which has been obtained by NMR tech-

niques.[57] The rate constants increase with increasing hydration

level and gradually the difference to the value reported for
bulk water decreases.

Indeed, we believe that the activation energy of the process
of proton transfer from H3O+ ions to H2O molecules changes

when the system is loaded with HPA particles. For illustration
purposes, the variation of apparent activation energy was com-
puted by using Arrhenius equation in accordance with Equa-

tion (4):

k1

k2
¼ Ae@

E1

RT

Ae@
E2

RT

ð4Þ

where E1 corresponds to the activation energy of undoped
membrane at specific l and E2 is the activation energy of the
system with specific HPA at the same l (T1 = T2). Given the con-

Figure 11. Lifetime of hydrogen bond of proton-water oxygen for doped
Nafion at various HPA doping levels (l = 5). The inset represents the corre-
sponding averaged half-life of hydrogen bonds.

Table 3. Proton mean residence time on H2O molecule (tHB), rate constants for proton hop between water molecules (k) and variations of activation ener-
gies for Nafion with different HPA loadings at different hydration levels.

l tHB [ps] k [ps@1] DE = E2@E1 [kcal mol@1]
0 % 2 % 8 % 15 % 0 % 2 % 8 % 15 % 2 % 8 % 15 %

3 128 122 112 100 0.007 0.008 0.009 0.010 @0.03 @0.08 @0.15
5 98 87 69 60 0.010 0.012 0.014 0.017 @0.07 @0.21 @0.29
7 24 20 15 11 0.042 0.050 0.067 0.091 @0.11 @0.28 @0.47
12 5 4.5 3.3 2.9 0.200 0.222 0.303 0.345 @0.06 @0.25 @0.32
20 3 3 2.3 2.1 0.333 0.333 0.435 0.476 0.00 @0.16 @0.21
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stant temperature, the difference between the levels of HPA
loading (DE = E2@E1) has been reported in Table 3. For instance,

at l= 5, the activation energy 0.07 kcal mol@1 decreases as the
membrane is loaded with 2 % HPA (DE = 0.07 kcal mol@1). How-

ever, the activation energies computed at 8 % and 15 %
doping levels decrease 0.21 and 0.29 kcal mol@1, respectively;
hence, a faster hopping process can be achieved at higher

concentration of PW12. Thus, it can be concluded that the PW12

particles attract the protons; meanwhile, because of the hydro-

philic character, the activation energy for proton hopping pro-
cess reduces in the water clusters.

3.3. Self-Diffusion Coefficients

Predictably, the presence of PW12 particles will affect the diffu-
sion coefficient of the solvent molecules. Self-diffusion coeffi-

cients of hydronium ions and water were evaluated from the
mean square displacement (MSD) and Einstein relationship

using classical MD simulation. This procedure is in accordance
with the method outlined in Ref. [58].

In practice, we can directly compare the theoretical and ex-

perimental values of the diffusion coefficient of water. Both
our calculated diffusion coefficients and the experiment values

(taken from Ref. [59] and Ref. [60] for hydronium ions and
water, respectively) are plotted in Figure 12 (lines are drawn to

show the trend). Note that DH2O increases by hydration. Closer
inspection of the data demonstrates that increasing water

uptake assists water diffusion. The agreement with the experi-

mental values achieved from NMR study[59] is acceptable.
The calculated DH2 O for composite membranes is consistently

lower than those for the undoped membrane across the entire
range of hydration; however, the general trend in diffusion co-

efficients was reproduced as seen in Figure 12 a. This could be
due to the superior propensity to retain water near HPA parti-

cles. It is clear that at the minimum hydration, HPA doped

membranes exhibit a slight decrease in water diffusion coeffi-
cients and that the differences become larger as the water

content increases. As discussed in Section 3.1.3, increasing the
level of l leads to additional waters to solvate the POM parti-

cles, thereby slowing the diffusion of water.
Figure 12 b displays the DH3 Oþ obtained from QENS experi-

ments[59] together with the calculated diffusion coefficients.
Due to the relative limitation of classical MD simulations in

probing hydronium dynamics, a discrepancy between experi-
mental values and simulated values is observed. Proton diffu-
sion rate is higher in bulk water than in other water phases;
hence, a similar internal structure to that of bulk water can be
achieved in the hydrophilic domains as the membrane uptakes

more water content.
Intuitively, one would imagine that the presence of HPA

might disrupt the proton diffusion rate through negatively
charged particles that attract hydronium ions; however, this
point of view is not consistent with the current results. Upon

more loading of HPAs, the proton diffusion, as a whole, in-
creases at various hydration levels. For instance, the computed

DH3Oþ increases from 3.4 V 10@7 cm2 s@1 to 6 V 10@7 cm2 s@1 at l=

5 for 2 wt % doped membrane and 9 V 10@7 cm2 s@1 and 10.2 V

10@7 cm2 s@1 for 8 %, and 15 % HPA doped membranes, respec-
tively.

Four water molecules surround each proton associated with
HPA particles in the solid state. Two of them form a hydrogen

bond between proton and water molecules and hydrogen
bonding also exists between the water molecules and Ot

atoms of HPA.[61] Therefore, increasing the percentage of PW12

could cause more hydronium ions and water molecules to co-
operate in the proton transport process.

With this in mind, the variations of lifetime of the H-bonds
(as discussed earlier) are hypothesized to destabilize the diffu-

sion of hydronium ions because rapid breakup of H-bonds
leads to alterations in the mobility of hydronium ions. Addi-

Figure 12. Variation of diffusion coefficients at different hydration levels for
a) water molecules and b) hydronium ions. (*) experiment [43, 44] (^) 0 %
PW12 (*) 2 % PW12 (~) 8 % PW12 (&) 15 % PW12.
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tionally, Herring et al.[21] addressed another possible cause
based on ATR-FTIR measurements that showed easier forma-

tion of Zundel ions (H5O2
+) and Eigen ions (H9O4

+) in the hy-
drophilic domains brought on by the presence of HPAs. There-

fore, we think that the role of the HPA in the composite mem-
brane is to accelerate dissociation of protons by rapid cleavage

of H-bonds as well as to reduce resistance of transport through
hopping by facilitating the formation of Zundel and Eigen ions

in hydrophilic domains.

4. Conclusions

Using classical MD and Q-HOP MD simulations, we investigated
the Nafion 117 membrane with different loadings of HPA (2, 8,

and 15 wt %) at 300 K. The major issue that is considered in

this study is the role of POMs in morphology alternation and
the changes created by them in two key proton transport

mechanisms; namely, vehicular and hopping (Grotthuss) mech-
anisms.

From RDFs and coordination numbers, we first illustrated
the morphological features of the membrane and described

the behavior of solvent water and hydronium ions in the vicini-

ty of sulfonic groups and around PW12 particles. It was con-
cluded that fewer hydronium ions and fewer water molecules

solvate the sulfonic groups for a higher concentration of PW12

and that the separation distance between sulfur atoms increas-

es. Instead, larger water clusters, at a given water uptake, were
formed by more solvation of hydrophilic PW12.

As a major asset of our Q-HOP MD simulations, the effects

of HPA doping level on the vehicular and hopping transports
in hydrophilic domains of the Nafion were examined based on

the lifetime of H-bonds. There are stronger hydrogen bond
networks between water molecules and protons in pure

Nafion 117 but the network stability is comparable with that of
PW12 doped membrane at the same hydration level.

The self-diffusion coefficient of water was found to decrease
and the proton diffusion increased with the addition of HPA at
all the hydration levels, in agreement with other simulations
models and experimental studies. The proton transport mecha-
nism is found to be dependent on the hydration and the HPA

concentration; furthermore, the high hydrophilicity of HPA
causes less vehicular transport. In general, the results indicate

that HPA particles significantly influence the proton transport

in a hydrophilic pocket of Nafion 117 through proton hopping
enhancement. Finally, this study demonstrates that raising the

concentration of HPA leads to increased proton conductivity in
the membrane of the fuel cell, in agreement with other experi-

mental studies.
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