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A molecular dynamic model based on Lennard-Jones Potential, the interaction force between two particles, molecular diffusion,
and radial distribution function (RDF) is presented. The diffusion of the hydrated ion, triggered by both Grotthuss and vehicle
mechanisms, is used to study the proton transfer in Nafion 117. The hydrated ion transfer mechanisms and the effects of the
temperature, the water content in the membrane, and the electric field on the diffusion of the hydrated ion are analyzed. The
molecular dynamic simulation results are in good agreement with those reported in the literature. The modeling results show that
when the water content in Nafion 117 is low, H

3
O+ is the main transfer ion among the different hydrated ions. However, at higher

water content, the hydrated ion in the form ofH+(H
2
O)
2
is themain transfer ion. It is also found that the negatively charged sulfonic

acid group as the fortified point facilitates the proton transfer in Nafion 117 better than the free water molecule.The diffusion of the
hydrated ion can be improved by increasing the cell temperature, the water content in Nafion, and the electric field intensity.

1. Introduction

There is no doubt that fuel cell technologies have reached a
point in the commercialization stage in which they started
to replace conventional sources to power automobiles and
mobile devices. However, there are still challenges that need
to be addressed, namely, the resistance to cation transfer
in proton exchange membranes (PEMs) that contributes
significantly to the impedance of the cell. For low temperature
PEM fuel cells (PEMFCs), perfluorosulfonate membrane
(Nafion) is commonly used as a proton exchange membrane.
Understanding the proton transfer mechanism in Nafion
membranes is very important in order to achieve solutions
that can mitigate the electrolyte resistance.

There are twomain mechanisms that are used to describe
the proton transfer in a proton exchange membrane, namely,
the Grotthuss mechanism (hopping mechanism) and the
ordinary en masse diffusion (vehicle mechanism). In the
Grotthuss mechanism, a proton hops from one point to the
next along the hydrogen-bond network. For example, in a
Nafion membrane, a proton hops from a donor acid site to

a nearby acceptor water molecule. In contrast, in the vehicle
mechanism, a proton transfers by the diffusion of carrier
species in the electrolyte in the formof a hydrated ion. Both of
the two mechanisms were studied in the literature and other
mechanisms were also proposed.

Karo et al. [1], based on theGrotthussmechanism, investi-
gated the residence times for water molecules around the end
groups in Nafion and Hyflon. The group found that Hyflon
displays a lower degree of phase separation than Nafion.
Moilanen et al. [2] found via ultrafast infrared spectroscopy
that the hydrophilic domains of Nafion grow with increased
hydration. Based on the Grotthuss mechanism, it has been
found [3] that an environment that is favorable for the
Grotthuss-like effective proton transport process is favorable
for water transfer in the presence of a homogeneous electric
field. The water bridges developed by free water molecules
are considered as the passage for proton transfer from one
sulfonic group to its adjacent sulfonic group in perfluorinated
sulfonic acid polytetrafluoroethylene by dissociation and
separation of proton from the sulfonic acid group [4–6]. Choi
et al. presented a comprehensive pore transport model to
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Figure 1: The structure of fuel cell and chemical structure of Nafion 117 membrane.

study various proton transfer mechanisms, specifically pro-
ton hopping along surface, Grotthuss diffusion, and ordinary
mass diffusion of hydronium ions [7].

An example of a work done to explore the vehicle
mechanism of proton transfer in aqueous phase structure is
the molecular dynamic simulations done by Keffer et al. [8]
onNafion polyelectrolytemembrane. Additionally, the vehic-
ular transport of hydronium ions and water molecules was
investigated using classical molecular dynamics simulations
in [9]. Jayakody et al. [10] studied the self-diffusion of water
in Nafion 117 as a function of pressure and found that the
transportmechanism in amembranewith highwater content
is similar to that in liquid bulk water. Jinnouchi and Okazaki
[11] suggested that the low diffusivity in theNafionmembrane
is due to polar particles forming a disordered heterogeneous
structure of the hydrophilic region.

No matter what kind of proton transfer mechanism is
used or proposed, it is always of importance to understand
the factors that affect the dynamics of the water molecules,
the carriers. Han et al. [12] found via ab initio simulations that
H5O2

+ with high mobility in water plays a significant role in
proton transfer. Intharathep et al. [13] concluded that H9O4

+

frequently converts back and forth into H5O2
+. Kaledin

et al. [14] investigated the prominent spectral feature of
H5O2

+ by calculating the infrared spectrum. To study proton
salvation and proton mobility in water, the hydration shells
of H3O

+ were investigated by using the multistate empirical
valence-bond methodology in [15]. H3O

+ is considered as
another carrier of proton; it has been found [16] that the
diffusion coefficient of a H3O

+ cation increases with increase
of the hydration level. For hydrated Nafion, it has been
demonstrated that the average lifetime of H3O

+ is close to the
lowest limit; furthermore, –SO3H directly and indirectly aids
in the formation of proton, –SO3

− and –SO3H2
+ [17].

The cell temperature, the water content in the membrane,
and the electric field are the main factors that influence

the proton transfer. The increases of the operating temper-
ature and the water content in Nafion improve the proton
transfer [18–23]. Spry and Fayer [24] investigated the proton
concentration in the center of the water pools in Nafion
by HPTS. For lower starting water contents in Nafion 117,
the low temperature conductivity decreases rapidly with
water contents [25]. In the Nafion 112, 115, 1110, and 1123
membranes, water sorption did not scale with the membrane
thickness; it was found that the rate of water desorption was
an order of magnitude higher than that of water sorption
[26]. In addition to temperature and water content, platinum
and electric field have their effect on proton transfer as
well. At lower water contents, water is strongly attracted
to platinum, resulting in increasing the density near the
surface of platinum nanoparticles [27]. The proton carried
by the hydronium transfers in the direction of the applied
electric field [28]. Brandell et al. [29] found that the structural
differences among Nafion, Dow, and Aciplex membranes
affect the proton mobility at high hydration levels.

In this work, a molecular dynamic model with Lennard-
Jones Potential, the interaction force between two particles,
molecular diffusion, and radial distribution function (RDF)
is presented. The diffusion of the hydrated ion, triggered by
both Grotthuss and vehicle mechanisms, is used to describe
the proton transfer in Nafion 117. The RDF is used to study
the proton’s carrier and its fortified point. The canonical
(NVT) system, Andersen hot bath method, and Verlet leap-
frog algorithm are used in the computations. The effects of
the temperature, the water content, and the electric field on
the diffusion of the hydrated ion are analyzed.

2. Model Description

Before proceeding with the model, the structure of PEM fuel
cell and the chemical structure of Nafion 117 are depicted
in Figure 1. The PEM fuel cell in Figure 1(a) consists of
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electrodes and proton exchangemembrane.Nafion 117 is used
as the proton exchange membrane.The chemical structure of
Nafion 117 is shown in Figure 1(b), where 𝑥 varies from 6 to
10, 𝑦 = 1, and 𝑧 = 1.

In this work, the molecular system consists of 2 long
Nafion 117 chains, 20 hydronium cations, and several water
molecules. The number of water molecules is determined by
the water content (𝜆) in the membrane defined as

𝜆 =

𝑛H2O

𝑛SO3
−

, (1)

where 𝑛H2O is the number of the water molecules and 𝑛SO3
− is

the number of the sulfonate groups.
The energy of interaction (V𝑖𝑗) between two particles, 𝑖

and 𝑗, in a molecular system can be evaluated by Lennard-
Jones Potential:

V
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= 4𝜀
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Based on the Lennard-Jones Potential, the force acting on
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A similar expression can be used for the interaction forces in
the 𝑦 and 𝑧 directions.

Because of the dynamic molecular system, the position
of particle 𝑖 changes continually. In this model, the mean
square displacement (MSD) is used to describe the position
of a particle with respect to time:

MSD (𝑡) = ⟨

𝑟
𝑖
(𝑡) − 𝑟

𝑖
(0)





2
⟩ , (4)

where 𝑟
𝑖
(0) is the initial position and 𝑟

𝑖
(𝑡) is the position at

time 𝑡.
To describe the diffusion in this system, Einstein’s law of

diffusion is used as follows:

lim
𝑡→∞

MSD (𝑡) = 6𝐷
𝑖
𝑡, (5)

where 𝐷
𝑖
is the self-diffusivity of a particle. In equilibrium

molecular dynamics, 𝐷
𝑖
is calculated using the slope of the

MSD at sufficiently long time:

𝐷
𝑖
=

1

6𝑁

lim
𝑡→∞

𝑑

𝑑𝑡

𝑁

∑

𝑖=1

MSD (𝑡) , (6)

where 𝑁 is the total number of particles in the system.
Setting 𝑎 as the slope of the mean square displacement, (5)
is simplified as follows:

𝐷
𝑖
=

𝑎

6

. (7)

Table 1: Values of the operating conditions used in the simulation.

Temperature (K) Water content (𝜆) Electric field intensity
(×103 Vm−1)

293 3 1
313 8 3
333 15 5
353 22 7

The radial distribution function (RDF) gives the ratio
between the local density and the total average density in a
system. It also describes the probability of finding a particle
in the vicinity of a reference point.Themaximum value of the
RDF indicates the highest probability of finding a particle at
the corresponding distance 𝑟. The RDF (𝑔(𝑟)) is given by

𝑔 (𝑟) =

1

𝜌4𝜋𝑟
2
Δ𝑟

∑
𝑇

𝑡=1
∑
𝑁

𝑗=1
Δ𝑁 (𝑟 → 𝑟 + Δ𝑟)

𝑁 × 𝑇

, (8)

where 𝑇 is the total time of computation and Δ𝑁 is the
number of particles 𝑗 around 𝑖 within a shell from 𝑟 to 𝑟 +Δ𝑟.

The molecular model was developed in Materials Studio
(Accelrys Inc.). The COMPASS (Condensed-phase Opti-
mizedMolecular Potentials for Atomistic Simulation Studies)
force field was applied to the cell and Ewald Summation
Methodwas adopted to compute the electrostatic interactions
between two particles. In this simulation, the effects of
temperature, water content, and electric field intensity on
proton transfer in a Nafion 117 membrane were studied. The
simulation conditions/parameters are given in Table 1. Please
note that when the effects of temperature and 𝜆were studied,
the electric field intensity was set to 0. When the effect of the
electric field intensity was simulated, 𝜆 and the temperature
were set to 8 and 333K, respectively.

To minimize the energy of this molecular system, an
optimization of the cellular structure was carried out by the
Smart Minimizer Method. Figures 2 and 3 show the change
of energy and temperature during the optimization process.
In these figures, 𝜆was set to 15. Once the temperature and the
energy of the system reached the desired stability, the system
was considered as optimal system. The dynamic computa-
tions were performed with the canonical (NVT) ensemble,
Andersen Thermostat method was employed to control the
system’s temperature, and Verlet leap-frog algorithm was
used to numerically integrate the equations of motion.

3. Results and Discussions

3.1. Proton Transfer Mechanism in Nafion 117. The distribu-
tions of different pairs of particles in the system are shown
by the RDF in Figure 4. In this figure, the oxygen atom in
the free water molecule is marked as O

2
, the oxygen atom

in the hydrated ion is labeled as O
3
, F denotes the fluorine

atom, and S refers to the sulfur atom. It can be seen that
the distance of the most probable appearance between the
sulfur atom in the sulfonate group and the oxygen atoms
in the free water molecule (S–O

2
), as well as the hydrated

ion (S–O
3
), is 0.375 nm and 0.370 nm, respectively. Figure 4



4 Journal of Chemistry

0 5000 10000 15000 20000 25000 30000
150

200

250

300

350

400

t (fs)

Te
m

pe
ra

tu
re

 (K
)

Figure 2: Temperature with the system optimization.
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Figure 3: Energy with the system optimization.

also shows that the probability of oxygen atom in the free
water molecule to appear around the fluorine atom in the
side chain of Nafion 117 membrane has no maximum value
because fluorine is hydrophobic and, therefore, it repels the
watermolecule. On the other hand, the sulfonate group in the
membrane is hydrophilic; that is, it attracts water molecules.
When a hydrogen atom separates from the sulfonic acid
group, the group will carry a negative charge. Because of the
negative charge, the hydrated ion with the positive charge is
more attracted to the sulfonate group when compared to the
free water molecule. As a result, the hydrogen atom in the
hydrated ion forms a weak bond with the oxygen atom in the
sulfonate group. Therefore, the hydrated ion is closer to the
sulfonic acid group than the free water molecule.

It is also shown that the distance of the most probable
appearance between two adjacent free water molecules (O

2
–

O
2
) is 0.275 nm and that between hydrated ion and its

adjacent free water molecule (O
2
–O
3
) is 0.255 nm. It is well

known that, for proton transfer in Nafion 117, a proton from
the anode side that is close to a water molecule forms a
hydrated ion by a weak hydrogen bond with an oxygen atom.
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Figure 4: The RDFs of different pairs of particles (see legend) at
𝜆 = 8 and 𝑇 = 333K.
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The lesser distance of O
2
–O
3
than that of O

2
–O
2
shows

that the hydrated ion forms a group with its adjacent water
molecule by the hydrogen atom with the positive charge
called proton. Therefore, this positively charged hydrogen
atom (proton) forms two weak hydrogen bonds with its two
adjacent oxygen atoms in the free water molecules. And
then, the structure of H(H2O)2

+ is considered as one of the
elementary particles for the hydrated ion transfer in Nafion
117 [12–14].

3.2. Effects of Temperature on the Transfer of the Hydrated
Ion. The operating temperature plays a significant role in
the transfer of protons through proton exchangemembranes.
Figure 5 displays the effects of changing the cell temperature
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on the diffusion of proton in Nafion 117. It is clear from
the figure that the diffusion coefficient of the hydrated ion
increases with the increase of the temperature. The reason
for this is that higher temperatures promote the movements
of the hydrated ions, leading to higher diffusion coefficients.
These simulation results have a similar trend to the ones
reported in literatures [22, 25].

To further elaborate on the effects of temperature on the
diffusion of hydrated ion, the effects of temperature on the
structures of all mobile groups in Nafion 117 are depicted in
Figure 6. In this figure, 𝜆 is set to 8, the electric field intensity
is zero, H

2
is the hydrogen atom in the free water molecule,

and H
3
is the proton diffusing from the anode. It can be seen

in Figure 6 that the RDFs of all pairs of particles except for
that of O

3
–H
2
decrease with the increase in temperature.This

is because the moving field of these particles gets enlarged
with the increase of the moving speed, resulting in the
decrease of the local density of the particle. The RDF is
the rate of the local density and the total average density.
When its numerator decreases and its denominator keeps
constant, the RDF value decreases. However, in the free water
molecule, the RDF of its hydrogen atom around its oxygen
atom hardly changes due to the strong bond between the two
atoms. It is also displayed in Figure 6 that the distances of the
most probable appearances (the RDF peak) of O

2
–O
3
, O
3
–

H
3
, O
3
–H
2
, and S–O

3
barely change with the temperature,

while that of O
2
–O
2
increases because higher temperatures

accelerate the movements of the particles. When the kinetic
energy of a free water molecule is greater than the exerted
binding energy by another free water molecule, its moving
field enlarges causing the distance between two adjacent
particles to increase. This shows that O

2
–O
3
, O
3
–H
3
, O
3
–

H
2
, and S–O

3
are probably contained within their respective

groups by some internal binding force because of the greater
stability shown by these groups when compared to O

2
–O
2
.

3.3. Effects ofWater Content (𝜆) on the Transfer of theHydrated
Ion. The effects of varying the water content on the diffusion
coefficient of the hydrated ion in Nation 117 at different oper-
ating temperatures are presented in Figure 7. It is revealed
that the hydrated ion diffusion coefficient increases with the
increase of the water content. Since water is the carrier of
proton transfer in Nafion membranes, increasing the water
content provides more proton carriers to the cell, which
leads to the decrease of proton transfer resistance in this
membrane. These results are similar to those reported in the
literatures [19–21].

The RDFs of different pairs of particles at different water
contents were calculated in order to further understand
the effects of varying the water content on the diffusion
coefficient of the hydrated ion; the results are shown in
Figure 8. The calculations were done at a temperature set at
333 K and an electric field intensity fixed at zero. It can be
seen that the maximum RDF values of O

2
–O
2
, O
2
–O
3
, and

S–O
3
decrease with the increase of the water content. When

the water content in Nafion 117 increases, the total average
density increases, while the local density hardly changes; this
leads to the decrease of the maximum value of the RDF.
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Figure 7: The variations in the diffusion coefficient of the hydrated
ion with water content at different cell temperatures.

It is also shown in Figure 8 that the corresponding
distances of the maximum RDF values of O

2
–O
3
and S–O

3

barely change with the increase of the water content, while
that of O

2
–O
2
decreases. High water content compresses the

space between the particles; however, it does not compress the
internal space of the group with the binding force. For the
free water molecule, the force between the water molecules
may be too small to overcome the exerted force caused by
increasing the water content; this results in the decrease
of the distance between the two free water molecules. On
the other hand, the internal forces of O

2
–O
3
and S–O

3
are

enough to overcome the external force exerted by increasing
the water content. It is worth noting that the corresponding
distance of the maximum RDF values of O

3
–H
3
increases

slightly with the increase of the water content from 3 to 15.
The possible explanation is that when the water content is
low, each proton combines with one free water molecule and
formsH3O

+; with the increase of the water content, more and
more protons combinewith two ormore free watermolecules
and form H+

(H2O)𝑛. Due to the addition of another free
water molecule into H3O

+, the bond energy of O
3
–H
3
in

H3O
+ is more than that in H+

(H2O)𝑛, and the bond length
of O
3
–H
3
in H3O

+ is shorter than that in H+
(H2O)𝑛.

3.4. Effects of the Electric Field Intensity on the Transfer of the
Hydrated Ion. Generally, there is an electric field between
the anode and the cathode in a PEM fuel cell due to the
faster rate of electron transfer through the external circuit
when compared to that of proton transfer through the Nafion
membrane. To study the effects of the electric field on the
performance of a fuel cell, an external electric field was
applied between the anode and the cathode. Figure 9 shows
these effects on the diffusion coefficient of the hydrated ion
in Nafion 117 at different cell temperatures and a fixed water
content of 8. It is revealed that the hydrated ion diffusion
coefficient increases with the increase of the electric field
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Figure 10: The RDFs of different pairs of particles at different electric field intensities with 𝑇 = 333K and 𝜆 = 8.
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intensity. It is well known that an electric field generates a
driving force on a charged particle. Therefore, the electric
field drives themovement of the hydrated ion in the direction
of the imposed electric field. The larger the electric field
intensity is, the greater the diving force on the hydrated ion is
and the faster the hydrated ion movement is.

To further analyze the effects of the electric field on the
transfer of the hydrated ion in the Nafion 117 membrane,
the RDFs of O

2
–O
2
, O
2
–O
3
, O
3
–H
3
, O
3
–H
2
, and S–O

3
were

calculated and the results are presented in Figure 10. In this
figure, the temperature was fixed at 333 K and the water
content was set to 8. It is clear from this figure that the
maximum value of the RDF and its corresponding distance
were not affected by the imposed electric field for all pairs
of particles, regardless of the amount applied. Since the free
water molecule is electroneutral, imposing an electric field
on the cell did not generate a driving force to move these
molecules. For O

2
–O
3
, O
3
–H
3
, O
3
–H
2
, and S–O

3
, these

groups have enough internal force to overcome the external
force exerted by the externally applied electric field.

By comparing and analyzing the results shown in Figures
4, 6, 8, and 10, it can be seen that the interaction force
between two free water molecules is very small and the
distribution of a free water molecule is affected by the
operating temperature and the water content in the Nafion
membrane; the internal forces in O

2
–O
3
, O
3
–H
2
, and S–O

3

groups are enough to overcome the external forces exerted by
the high temperature, higher water content, and the imposed
electric field; increasing the cell temperature and applying
an electric field barely have an effect on the distance of O

3
–

H
3
. Moreover, the corresponding distance for the maximum

RDF value of O
3
–H
3
increases slightly with the increase of

the water content from 3 to 15, while it does not change with
the increase of the water content from 15 to 22.

Therefore, a very important conclusion can be obtained
that when the water content in the Nafion 117 is low, the
hydrated ion of H3O

+ is the main transfer particle; when
the water content increases, the hydrated ion of H+

(H2O)2
is the main transfer particle, while the H+

(H2O)𝑛>3 is not
considered as hydrated ion group because of the very weak
bond energy between the two free water molecules [13].

4. Conclusions

This paper presented a molecular dynamic model on the
transfer of hydrated protons in Nafion 117 membranes. This
model incorporated Lennard-Jones Potential, the interaction
forces between two particles, molecular diffusion, and the
RDFs of the mobile groups. In this simulation, NVT system,
Andersen hot bath method, and Verlet leap-frog algorithm
were used. The mechanisms involved with the transfer of
the hydrated ion and how it is affected by the operating
temperature, the water content, and the electric field were
analyzed. The following conclusions can be made from the
molecular simulation results.

(1) When the water content in Nafion 117 is low, among
the different hydrated ions, H3O

+ is the main transfer

particle.When the water content is high, the hydrated
ion of H+

(H2O)2 is the main transfer particle.

(2) High temperature promotes the diffusion of the
hydrated ion in Nafion 117 due to enhancing of the
movement and the vibration of the proton and its
carrier.

(3) High water content also improves the diffusion of the
hydrated ion owing to an increase in the number of
proton carriers.

(4) The electric field drives the transfer of the hydrated
ion by exerting a force on it and does not affect the
radial distribution of all particles.

(5) The negatively charged sulfonic acid group as the
fortified point facilitates the proton transfer in Nafion
117 better than the free water molecule.
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