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Abstract : We analyzed the effect of cerium ions, which are added to improve the chemical durability of a polymer

electrolyte membrane (PEM), on the membrane structure and proton transport properties using molecular

dynamics simulations. We found that at low water content the water cluster connectivity is enhanced by the

addition of a small amount of cerium ions (0.6-1.8 wt%) that attract the surrounding water molecules. Hence,

better proton diffusion pathways are formed, leading to an increase in the proton diffusion coefficient. At high water

content, however, because the water clusters are well connected, regardless of the cerium ion content in the PEM,

the presence of cerium ions hinders proton transport, resulting in a decrease in the proton diffusion coefficient.
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1. Introduction
|

Polymer electrolyte fuel cells (PEFCs) are highly re-
garded as a promising technology for stationary power
generation and automobiles. To expand the wider use
of PEFCs, improvements in the power density of unit
cells are necessary”. Proton transport in the membrane
electrode assembly (MEA) is closely associated with
achieving improved power density. Hence, clarifying the
correlation between the structure of the membrane and
proton transport at the molecular level is important. In
particular, when considering proton conductivity, it is the
polymer electrolyte membranes (PEMs) that require op-
timization®’. A perfluorosulfonic acid membrane having a
sulfonic acid group (-SO,H), such as Nafion, Flemion, or
Aciplex, is mainly used as a PEM. In PEMs, high proton
conductivity is required to improve the power genera-
tion efficiency. Protons are transported in a PEM by two
different mechanisms: ie., vehicle and Grotthuss mecha-
nisms. A proton typically exists as a hydronium ion,
which is the smallest stable hydrated form of an excess
proton in water, upon combination with a water mol-

ecule. In the vehicle mechanism, protons are transported

by the molecular motion of hydronium ions. In the Grot-
thuss mechanism, protons move by the connecting and
disconnecting of the O-H bond between the hydronium
ion and the water molecule. Protons diffuse much faster
by the Grotthuss mechanism than by the vehicle mecha-
nism, but the effect of Grotthuss mechanism on proton
conductivity is reduced without an abundance of water
molecules around the hydronium ions. The proton trans-
port properties in a PEM are greatly influenced by the
structure of the water clusters® %, One of the factors
affecting the structure of a water cluster is the water
content of the PEM. Experimental and computational
studies have reported that an increase in the water con-
tent leads to improvement in the connectivity of clusters
and an increase in the diffusivity of protons in a PEM
due to the increased diffusivity by both transport mecha-
nisms.

An improvement in the durability of PEFCs is clearly
required, therefore, it is important to clarify the causes
of deterioration and take the necessary remedial action”’.
Chemical degradation of PEMs is considered to be one of
the causes of deterioration®’. An hydroxyl radical (OH-)

is generated by the decomposition of hydrogen perox-
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ide, generated by an oxygen reduction reaction during
PEFC operation. This OH has high reactivity and it will
degrade the polymer membrane®’ 'V, Based on this deg-
radation mechanism, the method of adding a substance
that inactivates OHs before they react with the polymer
(ie, a radical scavenger) has been put into practical use.
One of the most useful radical scavengers is the cerium
ion'? ™ However, previous studies have reported that
cerium ions in a PEM migrate during operation and the
distribution becomes nonuniform. At points where there
are only a few cerium ions in the membrane, the effect as
a radical scavenger is lost and degradation occurs™ '®.
Therefore, it is important to elucidate the transport
mechanism of the cerium ion in a PEM. Furthermore,
the cerium ion is a trivalent ion, hence its large charge
probably affects proton transport and water distribution
in the membrane'”. Tt is very difficult to investigate the
structure in a PEM experimentally and the mechanism
that determines the relationship between structure and
transport in a PEM has not yet been elucidated. There-
fore, analysis by numerical simulation is considered effec-
tive.

Mabuchi and Tokumasu used molecular dynamics
(MD) simulations to analyze proton transport properties
in a Nafion bulk membrane and elucidated the relation-
ship between the cluster structure and the contributions
of the vehicle mechanism and the Grotthuss mechanism
in electro-osmosis and proton transport“ % Kawai et al.
used MD simulations to analyze the structure and proton
transport in a Nafion bulk membrane containing ferrous
ions and elucidated that clusters will bind and proton
diffusivity probably improve when a certain amount of
ferrous ions is added at low water contents'”. Endoh et
al. experimentally clarified the increase in durability of
a membrane upon the addition of cerium ions under low
temperature and low humidity conditions'”. Wong et
al. developed a comprehensive chemical decomposition
model for the ceria—added MEA. They indicated that
the cerium ions will be transported to the cathode cata-
lyst layer side at low cell voltages and the degradation
rate of the membrane probably increases'®. However,
molecular analysis of water cluster structure and mass
transport of PEMs containing cerium ions is insufficient.
In this study, we modeled PEMSs containing cerium ions

using MD simulations and analyzed the effects of chang-

es in water content and cerium ion addition on the water
structure, ion distribution, and mass transport properties

in the membrane.

2 . Simulation methods
|

We constructed a Nafion bulk membrane system
containing cerium ions and analyzed the effects of the
water content and cerium ion addition rate (CAR) on
the structure, molecular distribution, and mass transport
properties of the membrane using MD simulation. Fig.
1 shows the chemical structure of Nafion model with
the equivalent weight of 1146 used in the present study.
The all-atom DREIDING force field was adopted for

)

the molecular interaction of Nafion,” and the particle

mesh Ewald method was used to calculate the Coulomb

2
force.”

-[(CF2-CF2)7-CF-CFz2] 10"

|
0-CF2-CF-CFs3
|
O-CF:2-CF2-SOsH'

Fig. 1 Chemical structure of the Nafion polymer.

The cutoff distance of the Lennard-Jones and Coulomb
potentials was set at r, = 12A. The anharmonic two-
state empirical valence bond (¢TS-EVB) model was
used for water molecules and hydronium ions?. Using
this model, we can perform simulations incorporating
the Grotthuss mechanism (one of the proton conduction
mechanisms, mentioned earlier). The positive charge of
the hydronium ion and the cerium ion was balanced with
the negative charge of the sulfonic acid group in the sys-
tem. The number of water molecules was determined by

the water content, A, as shown in equation (1),
A= (NHZO+NHSO+) /Nso3-, (1)

where Ny,0, Nyso+ and Ngos- represent the numbers of
each of the molecules. The water content was set at 4
= 3,6, 9, and 12, which correspond to the water content
in the bulk Nafion membrane at approximately RH =
20%, 60%, 80%, and 85%, respectively®. The CAR was
determined to correspond to 0-15% of the total number
of sulfonic acid groups in the membrane. Three-dimen-

sional periodic boundary conditions were applied to the
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simulation system. This simulation system is shown in
Fig.2 The construction procedure of the simulation sys-
tem is as follows. First, Nafion chains, water molecules,
hydronium ions, and cerium ions were randomly placed
in a simulation system (x X y X z = 200 x 200 x 200
A?).

Fig.2 Snapshot of the simulation system : A = 12 and CAR.
= 10%. (White beads: Nafion, red beads : sulfur, green
beads : cerium ions, blue beads : water, orange beads:
hydronium ions.)

Table1 shows the number of molecules in the system.
Next, annealing was performed. Temperature was con-
trolled by the Nosé-Hoover method® and pressure was
controlled by the Andersen method?”.

Table 1 Number of molecules in the calculation system.

Water | Nafion ce?* H,0 H,0"
content A

3 4 0-6 80-98 22-40

6 4 0-6 200-218 | 22-40

9 4 0-6 320-338 | 22-40

12 4 0-6 440-458 | 22-40

The annealing procedure was as follows (where the
following abbreviations apply: N is the number of mole-
cules, V' is the volume of the system, T is the tempera-
ture of the system, and P is the pressure of the system):
[ 1] Simulation system was compressed by the NPT en-
semble at 350 K and 1 MPa for 190 ps.

[2] NVT ensemble at 800 K for 40 ps.

[ 3] NPT ensemble at 350 K and 0.1 MPa for 40 ps.

[4] Step [2] and step [3] were repeated five times.
Since the densities of the system were almost the

same after the fourth and fifth steps, the system

was judged to have reached the most stable state.
[5] NPT ensemble at 350 K and 0.1 MPa for 100 ps.
[6] NVT ensemble at 350 K for 1500 ps.

After annealing, the production run was performed for
24 ns using the NVT ensemble. The time step was set
at 1 fs and the sampling interval was 10,000 steps. The
simulation was performed once under each condition,
and two times additional simulations were performed for
the A = 3 with different diffusion coefficient trends. The
temperature and density applied during the annealing
process are shown in Fig.3 In the fourth and fifth NPT
ensembles of Step 4, to reach equilibrium state the sys-

tem was judged because there was almost no change in

density.
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Fig.3 Relaxation process for annealing.

3. Result and discussion

|
3.1 Diffusion coefficient

The self-diffusion coefficient was calculated from the
mean square displacement (MSD) using Einstein's equa-
tion (2),

nggﬁw(t)—r(to)m, @

where ( ) is the time average, t is the diffusion time,
r is the atomic position vector, and D is the self-diffusion
coefficient. The self-diffusion coefficient was calculated
from the liner regime of MSD curves from 0.2 to 0.3
ns. The self-diffusion coefficient was converted to the
membrane resistance and compared with the experi-

5 The conductivity was obtained using the

mental value
Nernst-Einstein equation (3) and converted into a mem-

brane resistance using equation (4),
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where ¢ is the elementary charge, n is the number
density, kg is the Boltzmann constant, and T is the tem-
perature. Fig.4 and Fig.5 show the proton diffusion coef-
ficient and membrane resistance, respectively. The diffu-
sion coefficient value at CAR = 0% and the decrease in
proton conductivity with increasing CAR at high water
content are well consistent with previous experimental
researches® . Therefore, we believe that the simulated
system reproduces reasonable physical properties. The
diffusion coefficient increases with increasing water con-
tent regardless of the CAR. The membrane resistance
tends to increase as the CAR increases due to a decrease
in the diffusion coefficient of protons or a decrease in

the proton concentration in the membrane'”. In particu-
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Fig.5 Membrane resistance at various water contents.

lar, a decrease in the diffusion coefficient is dominant,
compared to the decrease in the proton concentration,
at low water content. However, at 4 = 3 and CAR = 5,
10%, the increase in the membrane resistance is reduced
because the diffusion coefficient of proton increases,
compared with when no cerium is added. Therefore, in
the next section (3.2), we will compare the structures
when A = 3 and 1 = 12, and consider the causes of the
increase in diffusivity.

Fig.6 shows the self-diffusion coefficient of cerium
ion. The diffusion coefficient increases with increasing
water content. This is in agreement with experimental

results®

. There was no clear relationship between the
CAR and the diffusion coefficient. The mass transport
characteristics described above are probably greatly af-
fected by a change in the membrane structure, upon an
increase in water content; therefore, in the next section

(3.2), we will discuss these reasons, based on structural

analysis.
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Fig.6 Self-diffusion coefficient of cerium ions.

3.2 Structural analysis

The dependence of the molecular structure in a PEM
on the water content and the CAR was analyzed using
the radial distribution function (RDF). Because the mem-
brane resistance, depending on the presence or absence
of cerium ions, differs between at low water content and
at high water content, the analysis was performed focus-
ing on the structural change inside the PEM with an in-
crease in the water content. Fig.7 shows the RDF g c.(r)
between the sulfonic acid group and the cerium ion
with an increase in the water content when the CAR =
10%. The first peak emerges at r = 4.1 A, the height of

which decreases as the water content increases. There-
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Fig.8 RDF of sulfur-water oxygen:
(a) when A =3 and (b) when A =12.

fore, the indications are that the distribution of cerium
ions in the membrane is concentrated around the sul-
fonic acid group and spread out into the solvent, away
from the sulfonic acid group, as the number of water
molecules increases. This also occurs, even when there is
a change in the CAR.

Fig.8 (a), (b)shows the RDF gq o, (r) between the sul-
fonic acid group and the water molecules when 1 =3
and A = 12. Fig.9 shows the RDF gs., () between the
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Fig.10 RDF of cerium ion-water oxygen (CAR 10%).

sulfonic acid group and the hydronium ions when A =
3. The first peak is observed at r = 4.1 A in both the
water molecule and the hydronium ion, indicating that
these are concentrated around the sulfonic acid group
as well as the distribution of cerium ion. In addition, the
second peaks appear at r = 6.2 A in the 8 (a), (b)due to
the addition of cerium ions. This indicates that the ceri-
um ions that are around the sulfonic acid groups attract
water molecules, hence the water distribution changes.
The second peak is more apparent because the water
content is lower. From the above, we observed that ce-
rium ions, water molecules, and hydronium ions exist
around the sulfonic acid group, and at low water content,
more water molecules are attracted by the addition of
the cerium ions. This is probably related to the decrease
in membrane resistance at low water content due to the
small amount of cerium addition (described in the previ-
ous section) because the cerium ions would bind water
clusters. This point will be examined in the later cluster

analysis (see Section 3.3).

No.2 2020



Fig.10 shows the RDF gc.o. () between the cerium
ion and the water molecules with an increase in the wa-
ter content when CAR = 10%. There is a peak at r = 2.7
A | and the position of the peak does not change with
the water content. Figs 11 and 12 show the coordination
numbers of cerium ions to sulfonic acid groups and wa-
ter molecules to cerium ions, respectively. As the water
content increases, the coordination number of the cerium
ion around the sulfonic acid group decreases, and the co-
ordination number of water molecules around the cerium
ion increases. Furthermore, the coordination number of
water molecules around the cerium ion is sufficiently
large (5.5-8.2), regardless of the water content. This
implies that there are normally many water molecules
around the cerium ion, indicating that the cerium ion
exists inside the water cluster. From the above, we con-
sidered that the cerium ions are concentrated around
the sulfonic acid group at low water content but as the
water content increases the cerium ions move away

from the sulfonic acid group into the water cluster and
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Fig.11 Coordination number of cerium ions around sulfonic
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Fig.12 Coordination number of water oxygens around cerium
ions.

are distributed throughout the whole membrane. This
change in the distribution of cerium ions is thought to be
related to the increase in the diffusion coefficient of ce-

rium ions with increasing water content.

3.3 Cluster analysis

Next, we analyzed the number of clusters and the
cluster size. In this calculation, a water cluster is defined
as a water and hydronium ion aggregate in which the
intermolecular distance of the oxygen atom of the water
molecule is within 3.4 A. This distance of 3.4 A is the
terminal value of the first peak in the RDF between oxy-
gen atoms of water molecules in the Nafion bulk mem-
brane (see Fig.13). This value is consistent with the
value used for cluster analysis in the previous study.6> In
this study, the number of water molecules contained in a
cluster is defined as the cluster size.

Fig.14 shows the average number of clusters of each
CAR value at 4 = 3 and 12 and Fig.15 shows the aver-
age cluster size of each CAR value at A = 3 and 12. At
A = 3, the number of clusters decreases and the aver-
age cluster size increases with an increase in CAR. At 1
= 12, however, no significant change was observed in the
number of clusters and the average cluster size at each
CAR. Furthermore, upon comparing the results accord-
ing to water content, we observed that the number of
clusters decreases and the average cluster size increases
as the water content increases.

From the above, we deduced that the cerium ions
gather around the surrounding water molecules by elec-
tric charges and bind clusters at low water content, as
shown in Fig.16 (a). At low water content, CAR = 15%,
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Fig.13 RDF of water oxygen-water oxygen.
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the connectivity of clusters is enhanced, but the proton
diffusivity is considered to have decreased because the
increase of Ce ion concentration increases the hindrance
of proton transport by the electric charge of Ce ion.
Then, because the clusters have already connected suffi-
ciently at high water content (Fig.16 (b)), we considered
that the cerium ion has almost no effect on the cluster

structure.

4 . Conclusion
]

In this study, we analyzed in the effects of the cerium
ion addition rate and the water content on the proton
and cerium ion transport properties and the structural
properties in a PEM using MD simulations that takes
into account the Grotthuss mechanism.

At low water content, upon the addition of a small
amount of cerium ions in the membrane, an improve-
ment in the proton diffusion coefficient was found. The

cerium ions around the sulfonic acid group attract sur-

Fig.16 Schematic of the structure of the sulfonic groups and
water clusters : (a)when A =3 and (b)when A =12,

rounding water molecules and the clusters are connect-
ed. Hence, the proton diffusion pathways were improved.
At the water content of 3 and CAR = 5, 10%, although
the proton number density decreases and the membrane
resistance increases with the increase CAR, the change
is significantly small because the diffusion coefficient of
proton increased.

At high water content, the diffusion coefficient of
protons decreased due to the addition of cerium ions be-
cause water clusters are already well connected, and ce-
rium ions have negligible effect on the cluster structure.
In this case, the positive charge of the cerium ion repels
the protons and prevents proton diffusion, resulting the
increase in the membrane resistance.

The diffusion coefficient of cerium ions increases with
increasing water content because the water molecules
gathering around the sulfonic acid group shield the
charge as the water content increases and the cerium

ions diffuse into the water cluster and move freely.
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