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ABSTRACT ARTICLE HISTORY
In this paper, the process of water permeation through Nafion membrane is Received 22 April 2016
investigated in the atomistic scale. Classic molecular dynamics (MD) Accepted 9 August 2016

simulation is carried out to determine the diffusion of water through the
Nafion membrane. Interfacial transport is investigated with non-equilibrium
MD simulation. Results indicate that the self-diffusion coefficients increase
linearly with water content and agree well with the nuclear magnetic
resonance (NMR) experimental results. The interfacial transport coefficients
weakly depend on the water contents for high hydration levels and the
interfacial resistance can be neglected compared with the diffusion
resistance.

1. Introduction

Polymer electrolyte membrane (PEM) fuel cells are investigated by many investigators during the past
decades as a promising type of energy conversion device [1-14]. The permeation of water through the
membrane is essential to optimize the operation and design of fuel cells. The permeation of water
consists of the transfer across the fluid-membrane interface at the wet side, and the diffusion across
the membrane as well as the transfer across the membrane—fluid interface at the dry side. In the past
decades, the diffusion of water in the Nafion membrane was studied with molecular dynamics (MD)
simulation by many investigators, but the interfacial transport received little attention. Different
methods including mass uptake, NMR relaxation, and permeation experiments are used to determine
the water transport. But differences in the water diffusivities from those methods vary three orders of
magnitude. The dependence of the self-diffusion coefficient on water content is investigated with
pulsed field gradient NMR by Zawodzinski et al. [13]. Majsztrik et al. [15] measured the water
permeation as a function of water activity and temperature and interfacial mass transport resistance
is separated from diffusion resistance by testing different membrane thicknesses.

As a powerful technique in the micro-scale, MD simulations are also used to explore the detailed
information about dynamical and structural properties of water molecules in Nafion membrane
[16-27]. Jang et al. [22] investigates the effect of monomeric sequence of Nafion chain on their
structure and ionic transport. Selvan et al. [23] studied the structural and transport properties
of water and hydronium ions at the Nafion-vapor interface and found that the perpendicular
component of the vehicular diffusivity of water is large due to the density gradient at the interface
where the parallel component is almost the same as the bulk hydrated membrane.

In the present study, equilibrium and non-equilibrium MD simulations are performed to
investigate the water diffusion in the bulk hydrated membrane and the interfacial transport at the
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Nomenclature
a water activity Subscripts
j molar flow rate [mol/cm? - s m membrane
k interfacial transport coefficient mL membrane/vapor interface at the wet side
[mol/cm® - 5] mg membrane/vapor interface at the dry side

N number of molecules F Fickian diffusion
s slope of the graph g dry side
A water content i atom position

L wet side

S self-diffusion

Nafion-vacuum interface, respectively. The one-dimensional model of water permeation and details
about the MD simulations are presented in the next section. In Section 3, the results of the MD
simulation and its application for the permeation model are discussed. Finally, some conclusions
are drawn in Section 4.

2. Analysis and modeling
2.1. Permeation model

The one-dimensional model of water permeation through Nafion membrane is shown in Figure 1.
The membrane is in equilibrium with saturated water vapor at the wet side and in equilibrium with
vacuum at the dry side.

The mass transfer rates of water across the interfaces are calculated by Eq. (1) and Eq. (2) for the
wet and dry side, respectively.

jL=ky (aL — amr) (1)
Jg = kg (amg — ag) (2)

For simplicity, the transfer resistance at the wet side is neglected here as the water activity a;, equals

to anmL.
Water diffusion is driven by the water gradient across the membrane and the diffusion rate can be

represented by Fick’s law as
acm

jm = —Dg (7\') ? (3)
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Figure 1. Model of water permeation through the Nafion membrane.
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At steady state the permeation rate of water is equal to the mass transfer rate across the
membrane-fluid interfaces as well as the water diffusion rate across the membrane.

j:jL:jm:jg (4)

As illustrated in Egs. (1)-(4), the diffusion coefficients and mass transfer coefficients are needed

to determine the permeation across the membrane. Here, the Nafion membrane is separated as
representative volume elements (RVEs) [28] with different water contents in the thickness direction

(see Figure 1). With the RVEs, MD simulations are performed to investigate the diffusion coefficients
and transport across the interface in the following sections.

2.2. Water diffusion in membrane

Classical MD simulations are performed to investigate the self-diffusion of water in Nafion
membrane. As the diffusion coefficients of water are not independent of the water content in the
Nafion membrane, 7 cells with different water contents A (water molecules per SO5 group) of 2, 4,
6, 8, 10, 12, and 14 are investigated, respectively, through MD simulation.

The initial structure of Nafion membrane containing nine polymer chains is constructed with
Amorphous Cells modules of Materials Studio 6.1 from Accelrys Software Inc. The molecular
structure of each polymer chain consisting 682 atoms is shown in Figure 2. After the Nafion
membrane structure is obtained in cells, 90 H;O™ molecules are added to make the system electrically
neutral and 180-1,260 water molecules are added for different water contents with GROMACS 4.5.4
[29]. Then energy minimization with a steepest descent algorithm is performed for simulation cells to
obtain a stable configuration.

After minimization of energy for each cell, the structure is relaxed by applying multiple annealing
processes between 300 and 600 K. Each annealing procedure is followed by a 10 ns NPT MD at 0.1 MPa
to fully equilibrate the structures at different target temperatures (300 and 340 K). For each equilibrium
structure, production simulation run containing 20 ns NVT MD simulation is performed and the con-
figurations are saved every 1 ps for subsequent analysis of structural and dynamics properties.

GROMACS 4.5.4 [29] is used to perform the MD simulations. The DREIDING force field [30]
including recent modifications to the fluorocarbon part by other investigators [31] is used to describe
inter- and intramolecular interactions of polymer chains of Nafion, and the flexible three-center
(F3C) force field [32] is used for water and H;O™.

With the results of classical MD simulations, the structural and thermodynamics properties, such
as the density and diffusion coefficient, can be extracted. The self-diffusion coefficients of water
molecules in Nafion can be estimated by studying its mean square displacement (MSD):

MSD(1) = <2 7i(0) - 7i<o>]2> 5)

F F F F
F—EC—(|;—(I‘—ZI;CI‘—(|?—]FF
R
F—(|3—F F F O
F—t—0—d—t—3—o
F—e—r 110
l

Figure 2. Molecular structure of a polymer chain of the Nafion membrane.
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where 7;(¢) and 7:(0) denote the location of particle i at time ¢ and the initial location, respectively. N
is the number of particles in system and the angular brackets denote an ensemble average of system.
For large time separation, the MSD scales linearly as t. So according to the Einstein expression:

Dy = fim o <Z ile) - a<o>]2> ©

i=1
The self-diffusion coefficients can be calculated as:

Ds = lim MSD(1) _ s (7)
t—oo 6 6
where s represents the slope of the MSD linear fitting with ¢.
In the present study, the diffusion of water molecules with water concentration gradient is
described by Fick’s law (see Eq. (3)). The relation between the Fickian and self- diffusion coefficients
can be represented as [33]:

(8)

e =)

where a represents the water activity, and its relationship with water content A used in the present
study is given by

A = 0.043 + 17.81a — 39.85a* + 36.0a° (9)

Eq. (9) represents the water content of a Nafion membrane in contact with water vapor measured
at 303.15 K by Zawodzinski et al. [3]; it is assumed to be valid at other temperatures [12]. The water
content varies from 0.043 to 14 as the water activity changes from 0 to 1 according to Eq. (9).

Figure 3. Snapshot of the simulation box of the Nafion membrane with water content A = 14: red, G gray, F; yellow, S; blue, O;
cyan, H.
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Figure 4. Snapshot of the non-equilibrium MD simulation of water transport across the membrane-vapor interface.

2.3. Water transport across the membrane-vapor interface

Non-equilibrium MD simulations are performed to investigate the water transport across the
membrane-vapor interface. As shown in Figure 4, the simulation model is a box with an RVE in
the middle of the z-axis. In this section, RVEs with water contents A of 2, 4, 6, 8, 10, 12, and 14 at
300 and 340 K are investigated, respectively. The length in z-direction is 150 A and the dimension
in x-y plane is different for RVE with different water contents. The periodic boundary condition
is applied for x and y directions, and the boundaries in z-directions are treated as fixed walls.

The large-scale atomic/molecular massively parallel simulation (LAMMPS) [34] with the force
field described in the previous section is used on a computing cluster system. To model the
membrane equilibrium with vacuum at the dry side, as shown in Figure 4, a deletion zone between
140 and 150 A in z-direction of the simulation box is defined where water molecules are removed. In
order to model a steady-state transfer process, an insertion zone between 0 and 10 A is defined where
the same number of water molecules are inserted once removed in deletion zone. The water transfer
rate j, defined as the number of water molecules removed or inserted per unit time and area, is
calculated as

. dNw

where Ny represents the total number of water molecules removed in the deletion zone and A
denotes the area of x—y plane in the simulation box. Before the transfer process is initiated, the system
is in equilibrium with its vapor for a 10 ns simulation.

3. Results and discussion
3.1. Diffusion

Figure 5 shows the MSD of water molecules in Nafion with water content from 2 to 14 at temperature of
300 K. The MSD of water molecules scales linearly as the simulation time ¢ and the slope increases with
hydration level. With the MSD of water molecules, self-diffusion coefficients can be calculated with
Eq. (7) for different hydration levels and compared with the pulsed gradient NMR experiment [13]
(see Figure 6). The results of MD simulations at 300 K are agreed well with the experiment at
303.15K and the diffusion coefficients of MD simulation at 340 K are larger than that at 300 K for
the same hydration level. The diffusion coefficients increase linearly with hydration levels and here
we fit these values to linear expressions in Eq. (11) and Eq. (12) for 300 and 340 K, respectively.

Ds = (—0.899 + 0.522) x 107¢ (11)
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Figure 5. MSD of water molecules in Nafion at different hydration levels.

Ds = (—1.328 +1.023)) x 10°° (12)

Note that Eq. (11) and Eq. (12) are applied with X ranging from 2 to 14. For 0 <A < 2, Ds is
assumed to linearly increase from 0 to Ds(A =2). With Dg from Eq. (11) and Eq. (12), the Fickian
diffusion coefficients Dy can be obtained with Eq. (8) and Eq. (9) (see Figure 7).

3.2. Interfacial transport coefficient

With the water density profile across the transfer direction, the water transport characteristics can be
obtained and determined whether the water transport reaches steady state or not. In Figure 8, water
density profiles of Nafion for different hydration levels and temperatures are shown. When the
membrane is in equilibrium with water vapor after a 10 ns simulation, the water density near the
interface decreases to a vapor density due to the dehydration of membrane contact with vapor.
The water density increases in the half of membrane near the deletion zone, whereas decreases in
the other half due to the migration of water molecules along the z-direction during the water transfer.
Figure 9 shows the Ny, for different A and temperature during the transfer.

The Nyy increases linearly with time and the transfer rate j can be estimated with Eq. (10) by linear
fitting the Ny with time. Table 1 shows the transfer rate j for different hydration levels at different
temperatures.

The interfacial transport coefficients can be estimated with the transfer rate j by Eq. (2). Note that
the water activity in membrane an, is estimated by Eq. (9). The vapor activity a4 is zero for water

- T T - T T ;
= Experiment (303.15 K)
F O MD (300 K) 7
2 MD (340 K) A
—— Linear fit of MD (300 K) -
- = Linear fit of MD (340 K) &

-
w

-
o
T

w
T

(=]
T

Diffusion coefficient {10'6cm2 5'1)

Figure 6. Diffusion coefficients of water molecules at different water hydration levels from the present MD simulation
and experiment.
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Figure 8. Water density profile across the permeation direction: (a) A = 14, T = 340 K; (b) A = 2, T = 300 K. The short dash-dot line
represents the membrane-vapor interface.

transfer into vacuum. Figure 10 shows the interfacial transport coefficients for different water
contents at different temperatures.

The interfacial transport coefficients at 340 K are an order of magnitude larger than that at 300 K
and the transport coefficients weakly depend on the water contents for high hydration levels. The

500 ; : '
0 =2 (300 K) .
400 3 =14 (300 K) o ]
4 A=2 (340K)
A=14 (340 K)
300 ]
=
= 200 i
100 | 1
a Ly ’\-'\{"‘Mme‘;'\r'.\’.‘rwrﬁﬂ-
1 " 1

0 10 20
Time (ns)

Figure 9. The total number of water molecules removed in the deletion zone.
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Table 1. Transfer rate for different water contents and temperatures.

Water content Temperature (K) Transfer rate (mol/cm? - s)
2 300 6.72E —04
340 8.45E —03
4 300 4.48E —03
340 2.25E —02
6 300 8.06E —03
340 5.49E —02
8 300 1.06E —02
340 6.70E - 02
10 300 1.09E —02
340 9.21E —02
12 300 1.37E —02
340 7.28E —02
14 300 1.31E —02
340 1.02E —01
0.10 |- 4

k, (mol cm’s”
o o o
g & 2

o
(=]
53
T
1

0.00 L 1 1 1 L 1

Figure 10. The interfacial transport coefficients for different water contents at different temperatures.

interfacial transport coefficients are extraordinarily larger than the results from the experiment [15].
It is because in the permeation experiment, an N, flow is maintained on the dry side of membrane
and a gas phase boundary layer and Teflon-like surface is formed at the vapor-membrane
interface [10], which takes the main contribution of interfacial resistance. Whereas for our
non-equilibrium MD simulation, the interfacial resistance decreases rapidly without the gas phase
boundary layer, and the Teflon-like surface as the membrane is in contact with vacuum.

T T T T T

14t i
P —0— Model (300 K)

12l —O—Model (340 K) i
hai —— Experiment (303.15 K)

g 10 1 —7— Experiment (353.15 K)
s Vs

T8 \ i
L -

C 6t e i
S I o K“‘*-x_..

T 4r ﬂ\ﬁ—\ﬂ i
® |

E 2r \ 1
a | D\D)—___'_—_‘——'—-————___

0 L L —

50 100 150 200 250
Thickness (um)

Figure 11. The permeation rate for water activity a_ = 0.8 and a; = 0.2.
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Figure 12. Water activity profile across the Nafion membrane with different thicknesses.

3.3. Permeation rate

With the Fickian diffusion coefficient and interfacial transport coefficient obtained in the previous
sections, the permeation rate can be estimated by Eqs. (1)-(4) for given water activities in the two
sides of membrane. The predicted permeation rates through Nafion membranes are compared with
the experimental rates [15] in Figure 11.

Figure 12 shows the water activity distribution across the membrane predicted by model with the
water activity a; = 0.8 and a; = 0.2. We can see that the water activity in the membrane near the dry
side (amg) is almost equal to 0.2. That means the interfacial resistance can be neglected compared
with the diffusion resistance. In other words, the permeation is limited by water diffusion and the
permeation rates scale inversely with membrane thickness, as shown in Figure 11.

4. Conclusions

Water permeation through the Nafion membrane is controlled by the characteristics of water
diffusivity and interfacial mass transport. These characteristics of water are investigated separately
by MD simulations.

The predicted self-diffusion coefficients increase linearly with water content and agree well
with the NMR experimental results. The interfacial transport coefficients at 340 K are an order of
magnitude larger than that at 300 K. The interfacial transport coefficients weakly depend on the water
contents for high hydration levels, and the interfacial resistance can be neglected compared with the
diffusion resistance. The permeation is limited by water diffusion in membrane as the membrane is in
contact with vapor water.
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