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rmal expansion properties and
mechanism of interaction between ions of
a Nafion-based membrane electrode assembly†

C. Feng a and P. F. He *b

Amembrane electrode assembly (MEA) is a multi-layer composite material. The different water and thermal

expansion properties in MEA layers easily lead to delamination and electrode cracks, greatly decreasing the

cell performance. Based on commonly used materials, we establish molecular models, investigate the

coefficients of moisture and thermal expansion, and explore the diffusion mechanism and interaction

behaviors of various particles. The effects of system size, oligomer chain length, and catalyst size and

content are discussed. The moisture expansion properties of the membrane are verified by experimental

results obtained with Nafion® 117. The differences in moisture and thermal expansion between layers

can be reduced by decreasing the chain length of the oligomer and the size and content of Pt in the

catalyst layer; increasing the chain length of the oligomer in the membrane; and controlling the working

temperature at approximately 320 or 358 K. The introduction of Pt and graphene is also found to

prevent the diffusion of water molecules and decrease water connectivity.
1. Introduction

With the increasing demand for clean energy technology and
research, polymer electrolyte membrane fuel cells (PEMFCs)
have undergone rapid development in recent years. Although
related products have been put into production, poor durability
remains a major obstacle limiting their commercialization.
The membrane electrode assembly (MEA) is the most important
part of a PEMFC, and its system updates at the transfer process
of electrons, protons, and water, determining the electro-
chemical reactions and cell performance.1,2 During the long-
term moisture-heat cyclic loading process, the interior of the
MEA is easily subjected to mechanical damage, greatly affecting
the durability of the PEMFC.3 The delamination of the elec-
trodes and proton-exchange membrane is the main reason for
MEA failure.4–6 MEA durability is affected by the preparation
method7,8 along with the contents of the catalyst support,
binder and ionomer.9 Some studies considered that the elec-
trodes and proton-exchange membrane have different water
and thermal expansion properties, and the unsynchronized
bending and stretching of the materials in the MEA layers cause
the uneven distribution of internal stress and stress
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concentration, leading to the splitting of the membrane from
the electrode.10–12 However, to our knowledge, further studies on
the water and thermal expansion properties have not been re-
ported. Therefore, it is worth exploring the mechanism of
damage and methods to eliminate or reduce the differences in
expansion properties between layers.

With the complexity of the work environment and limita-
tions on MEA size, it is difficult to directly and precisely
measure MEA properties using conventional macroscopic
techniques and methods. In recent years, microscopic obser-
vation has become an important research tool for membranes
and electrodes.13–17 For example, Shi et al. studied the tensile
stress–strain response and change in microstructure of
a membrane (Naon® 212) in water-immersed conditions; they
found that with increasing temperature and water uptake, the
domains of the membrane became ordered and remained
stable at approximately 60 �C.14 Further, Friedmann and
Nguyen reported that PEMFC performance can be improved by
optimizing the microstructure and composition of the cathode
catalyst layer; they found that a certain amount of Naon was
needed to create a continuous ionic phase, while excessive
Naon led to poor oxygen diffusivity or particle insulation.15 Xie
et al.17 found that platinum particles aggregated easily during
the early period of PEMFC operation, and ionic polymers were
prone to network reconguration in the late stage, both of
which decreased PEMFC durability. These experimental studies
provide a clear understanding of the microstructures of MEA
and each of its layers. Computational and modeling methods
are another type of accessible analysis tool, particularly for
materials that are hard to measure directly. Based on the
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) Schematic of three-layer MEA; (b) chemical structure of one
monomer of Nafion oligomer; (c) Pt cluster with a size of 1.2 nm and
80 atoms; and (d) Pt cluster with a size of 1.6 nm and 139 atoms.
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experimental data of polarization curves under controlled
temperature, gas back pressure and humidity, Guarnieri et al.
explored stochastic optimizers for the identication of multiple
physical parameters via in situmeasurements; the results can be
used in the performance evaluation and optimization of fuel
cells.18 Molecular dynamics (MD) simulation can also elaborate
effective factor calculation to compare distinct designs and
compositions of MEA layers in terms of performance effects.
MD has the great advantages of predicting the time evolution of
the system involving interacting atoms and providing insights
intomicroscale structural correlations. This technique has been
applied to study the thermo-mechanical properties of polymer-
based compounds,19,20 the microstructure of a hydrated per-
uorosulphonic acid (PFSA) membrane,21–23 and composite
catalyst layers.24–26 The results provide signicant insights for
comparing the designs and compositions of active layers in
terms of their effects on performance.

This work employs MD simulations to study the moisture
and thermal expansion properties of MEA layers and aims to
supply a theoretical basis for understanding their effect mech-
anism. The main components of the study are: (1) establishing
the model of an MEA, which is composed of an anode catalyst
layer, a membrane, and a cathode catalyst layer; (2) investi-
gating the coefficients of moisture and thermal expansion of
each MEA layer; (3) verifying the simulation results through
a membrane layer experiment; and (4) studying the interaction
mechanism of various ions in MEA layers by analyzing their
dynamic diffusion processes and relative concentrations.

2. Methods and background
2.1 Model establishment

Based on commonly used materials, the models of MEA layers
are established. Naon is considered as the membrane sample
owing to its excellent proton conductivity, water uptake, and
mechanical characteristics. It is currently the most successful
commercially applied membrane and it is oen used for
comparison with new membrane materials.27–29 Platinum (Pt) is
used as the catalyst and graphene (GN) as the catalyst support.
Compared to carbon black, GN can greatly increase the dura-
bility and Pt-extended electrochemical surface area.30–32 Naon
solution is used as the binder, and its compound with Pt/GN is
used as the electrode (catalyst layer, CL) material. The nanoscale
structures of the membrane and CL have been well docu-
mented.17,33–35 Based on these reports, we construct a molecular
model of each MEA layer, as shown schematically in Fig. 1a.

Naon oligomer, consisting of ve or ten monomers, is used
for the membrane model. The chemical structure of the olig-
omer is shown in Fig. 1b. The CL has a multi-layer structure in
which each layer is formed by GN-supported platinum and
Naon oligomers; two Pt nanoparticles with sizes of 0.2 and
1.6 nm are chosen (see Fig. 1c and d) with contents of 20–30
wt%. A four-layer GN support is used to enhance the binding
strength with Pt particles compared to a support with fewer
layers. The choices of Pt size, structure, and number of GN
layers are explained in our previous work.36 The parameters of
our models are listed in Table 1. These models are in a dry state.
This journal is © The Royal Society of Chemistry 2017
To differentiate these models from those in a wet environment,
they are marked with the subscript ‘dry’. The effects of different
sizes (Memdry I, II, and III), chain lengths (Memdry IV and CLdry
IV with ten monomers), and Pt contents (CLdry I and I* for 20.3
wt%, CLdry II and II* for 29.2 wt%, and CLdry III for 25.1 wt%)
are considered. The ratio of Naon to GN-supported Pt catalyst
was attributed to the ionomer/carbon weight ratio (I/C).

The initial conguration of the CL system is obtained from
the following procedure. Pt nanoparticles are initially placed
onto the GN support, and the distance between each pair of
adjacent particles is set within the cut-off distance. Energy
minimization is performed to allow some deformations on the
GN surface and close combination with Pt particles. Subse-
quently, various components such as Naon oligomers, water,
and hydronium ions (in wet environment) are mixed randomly
in a tetragonal lattice with different individual contents. Each
system has similar thickness in the z direction (i.e., the lattice
parameter c). Thus, the system size mainly depends on the other
two directions (x and y). The thickness of the membrane (85 Å)
is approximately two times that of the CL thickness (43 Å for CL
I and 52 Å for CL II). In general, the length scales of the MEA
layers are on the order of ten micrometer in the experiments. In
the present study, smaller length scales are used so that the
ratios of thickness between each layer are similar to those of the
experimental analogue. The effect of length scale is discussed in
Section 3.1.

In a wet environment, all oligomers in each MEA layer are
considered to be completely ionized, and hydronium ions
(H3O

+) are used as the counterion to sulfonate ions (SO3
�) for

the sake of electroneutrality. Different hydration levels l (H2O/
HSO3) are examined to reect various water contents. The
detailed compositions are listed in Table 2. Water contents
ranging from 1.6 wt% (l ¼ 1) to 21.1 wt% (l ¼ 17) are modeled
for the membrane system, 1.6–12.1 wt% for CLwet I (DPt ¼ 1.2
nm), and 0.9–16.2 wt% for CLwet II (DPt¼ 1.6 nm). These models
are indicated by the subscript ‘wet’. A minimum hydrated state
of l ¼ 2–3 is known to be necessary for proton to be dissociated
in Naon membrane.37 In our model with smaller length, the
proximity of SO3

� groups is reduced; thus, proton dissociation
can be viewed as starting as low as l ¼ 1. This assumption was
also used in an MD study of 3 M PFSAs.38
RSC Adv., 2017, 7, 34556–34566 | 34557
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Table 1 Structural parameters and compositions of the MEA layers used in the dry-state models

Type Model Nc Nm DPt (nm)
Thickness
(nm) Naon (wt%) Pt (wt%) Carbon (wt%) I/C Atom number

Memdry I 16 5 8.5 100 0 0 5552
II 32 5 8.5 100 0 0 11 104
III 64 5 8.5 100 0 0 22 208
IV 16 10 8.5 100 0 0 11 072

CLdry Ia 16 5 1.2 4.3 67.3 20.3 12.4 2 4003
I 32 5 1.2&1.2 4.3 67.3 20.3 12.4 2 8006
II 32 5 1.6&1.6 5.2 55.9 29.2 14.9 1.3 8828
IIa 16 5 1.6 5.2 55.9 29.2 14.9 1.3 4414
III 32 5 1.2&1.6 5.2 61 25.1 13.9 1.6 8417
IV 16 10 1.6&1.6 5.2 55.8 29.2 15 1.3 8810

a Nc is the number of oligomer chains, Nm is the number of monomers in each chain, and DPt is the diameter of the Pt particles.

Table 2 Parameters of MEA layers at different hydration levels

l H2O (n) H3O
+ (n) Water (wt%) Pt (wt%) Naon (wt%) Atom number

Memwet 1 0 160 1.6 No Pt 98.4 11 584
4 480 160 6 No Pt 94 13 024
7 960 160 10 No Pt 90 14 464
10 1440 160 13.6 No Pt 86.4 15 904
14 2080 160 18.1 No Pt 81.9 17 824
17 2560 160 21.1 No Pt 78.9 19 264

CLwet I 1 0 45 1.6 20.1 66.5 4138
4 135 45 4.1 19.4 64.5 4543
6 225 45 5.9 19.1 63.2 4813
9 360 45 8.7 18.5 61.4 5218
13 540 45 12.1 17.8 59.1 5758

CLwet II 1 0 45 0.9 29.0 55.3 4549
5 180 45 4.2 28.0 53.5 5089
8 315 45 6.6 27.3 52.2 5494
12 495 45 9.5 26.4 50.5 6034
17 720 45 13 25.4 48.6 6709
22 945 45 16.2 24.5 46.8 7384
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2.2 Simulation details

Classical MD simulations are conducted using the commercial
soware Materials Studio. The Dreiding39 force eld (FF) is used
to describe the interactions between atoms in the membrane
system. It is a generic FF and useful for predicting the dynamic
and transport properties of proton-exchange membranes.40–42

However, the Dreiding FF is not appropriate for describing the
interactions between Pt atoms and other atoms. The universal
force eld (UFF)43 is also a generic FF and has yielded satis-
factory results in many systems, including Pt–carbon,36,44 Pt
acetylide complex,45 metal–organic,46 and organic compound
systems.47,48 In the present study, UFF is employed in the CL
system. Similar to the Dreiding FF, UFF also uses general force
constants and geometric parameters based on simple hybrid-
ization, and they both have approximate energy expressions and
corresponding parameters for the interactions between atoms
of the same type. The main difference is that UFF does not
include a hydrogen-bonding term when describing the
nonbonded interactions; the contribution of this term to the
energy of our MEA systems is low compared to those of the
34558 | RSC Adv., 2017, 7, 34556–34566
valence, van der Waals and electrostatic interaction terms.
Moreover, the difference between the two FFs has a negligible
impact on the properties of moisture and thermal expansion,
which are calculated from relative values, such as the changes
in energy and volume (DE and DV, respectively), for the same
system at different moisture levels or temperatures.

The charge equilibration (QEq) algorithm is applied to
assign partial atomic charges for H3O

+ and SO3
�. The cut-off

distance for the calculation of van der Waals interactions is
set to 18.5 Å, and coulombic interaction is evaluated using the
Ewald method with a convergent criterion of 10�5 kcal mol�1.
All systems are in the NPT ensemble with an external pressure
of 0.1 GPa. For the systems in a dry environment, the Andersen49

thermostat method is used to control temperature and pres-
sure, whereas the Nose thermostat and Berendsen barostat
methods are applied for wet systems. GN substrates are held
rigid. The hydronium ions are dissociated in both the
membrane and CL systems.

Aer the initial congurations are constructed, energy
minimization and cell optimization are performed under
This journal is © The Royal Society of Chemistry 2017
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a pressure of 0.1 GPa. A 600 ps quench simulation is performed
following by a geometric optimization step for each saved
intermediate structure in the entire dynamic process. This
combination can greatly accelerate the system equilibrium time
compared to simple MD simulation. The data generated in the
last 100 ps (for the last 40 saved optimized structures) are used
for further analysis. The convergence criteria for judging
a system to be in equilibrium are as follows: (1) the standard
deviation (SD) of potential energy is less than 0.15%; and (2) the
error in temperature, density and pressure are less than 1 K,
0.01 g cm�3 and 0.01 GPa, respectively, in comparison with the
target values. If the above convergence conditions are not
satised, the simulation continues until the data of the last 100
ps meet the conditions. Generally, the second simulation time
is less than 200 ps. Finally, we choose the structure with the
lowest potential energy as the equilibrated one.

Preliminary simulations with different times (500 ps, 1 ns, 2
ns, 4 ns, and 5 ns) and time steps (0.1, 0.2, 0.5, 1, and 2 fs) are
rst performed. The optimal time step is found to be approxi-
mately 0.5 fs, and the total simulation time is approximately 600
ps for the optimal computational efficiency and accuracy. These
values are used in subsequent simulations. The computation
time varies with the system size and hydration level. A system
with high water content requires a signicant amount of
computation time, reaching 10 days in some cases. At least 10
congurations for each case are constructed, and we then
choose one as the initial conguration as follows: (1) the
potential energy has a lower value; (2) the density gradually
decreases with water content, and its value falls in the range of
the literature; (3) the thickness gradually increases with water
content; (4) GN and Pt have a larger binding energy. The
simulation technique, including FF, methods of pressure and
temperature control, system conguration and equilibrium
criteria, is chosen and conrmed according to the membrane
experiment in this work and reports in the literature.
2.3 Model analyses and property calculations

The coefficient of thermal expansion (CTE), gV, is a function of
temperature:

gV ¼ (1/V0)*(DV/DT)P, (1)

where V0 is the cell volume of the equilibrium structure at 273 K;
DT is the change of temperature between T and 273 K; DV is the
change in volume of the equilibrated structure at temperature T
and 273 K (V0); and subscript P represents a constant-pressure
process. For an isotropic material, the coefficient of volume
thermal expansion is generally more than three times that of
linear thermal expansion.

The coefficient of moisture expansion (CME) was obtained
by

a ¼ (1/V0)*(DV/DM)PT, (2)

where V0 is the cell volume of the equilibrium structure in the
dry state; DM is the difference in moisture betweenM and 0 (dry
state; i.e., its value is equal toM); DV is the difference between V
This journal is © The Royal Society of Chemistry 2017
(in moistureM) and V0 (dry state,M ¼ 0) and subscripts P and T
represent constant-pressure and constant-temperature
processes, respectively.

The mean square displacement (MSD) is calculated based on
the following equation:

MSD ¼ 1

N

XN
i¼1

D�
riðt0 þ tÞ � riðt0Þ

�2E
; (3)

where N is the number of atoms, ri(t) is the position vector of
atom i at time t, and t0 is the initial time step.

The relative concentration (RC) is calculated by computing
the prole of atom density within evenly spaced slices along
each axis:

rc ¼ (Nslab/Vslab)/(Nslab/Vsystem), (4)

where Nslab and Nsystem are the number of atoms in a slab and in
the entire system, respectively, and Vslab and Vsystem are the
volumes of the slab and system, respectively. The relative
concentration indicates the presence of rc times the number of
atoms in the slab if all atoms are distributed homogeneously
across the system. The sum of the rc values of all slabs is equal
to the number of slabs.
2.4 Experimental measurement of membrane

The commercial product Naon® 117, produced by Du Pont
Company, has an equivalent weight (EW) of �1100 g mol�1,
similar to that of our oligomer model (1143 g mol�1); thus, it is
used to examine our simulation results in the wet environment.
The experimental procedure is as follows.

The membrane lms were dried at 100 �C in a vacuum oven
for 24 h. The dimensions (length, width, and thickness) and
weights of the dry membranes were then accurately measured.
The sample lms were soaked in deionized water for different
times (1 m, 3, 1 h, 3 h, and 24 h) at room temperature (298 K).
Before measuring the lengths and weights of the hydrated
membranes, the water was removed from the membrane
surface. According to the recorded data, we calculated the cor-
responding water content, volume, density, CME and swelling
ratio (volume). Three samples of Naon 117 with the same
length scale are measured, and the average values are used.
3. Results and discussion
3.1 Validation of membrane system

The density, swelling ratio and CME are investigated. The
measured density of the Naon® 117 dry sample is 1.95 g cm�3.
The membrane models of Memdry I, II, III, and IV have densities
of 1.88, 1.89, 1.89 and 1.87 g cm�3, respectively. The experi-
mental value is slightly higher than the simulate value, which is
mainly due to the discrepancy in oligomer number in the
models. The simulation results also indicate that decreasing the
chain length of the Naon monomer and increasing the
number of oligomer chains can enhance the system density.
Fig. 2a depicts the relationship between system density and
water content. Although the experimentally measured water
RSC Adv., 2017, 7, 34556–34566 | 34559
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Fig. 2 Relationships between water content and (a) density, (b)
swelling ratio, (c) CME in the membrane system.
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contents are around 2.5% higher than the simulated values,
both the experimental and simulated results indicate that the
system density gradually decreases with increasing water
34560 | RSC Adv., 2017, 7, 34556–34566
content. Moreover, Fig. 2b and c show that the simulated
swelling ratio and CME agree well with the experimental values.
The model can better control the water content at the very low
value (1.6 wt%) and the high value (21.1 wt%) compared to the
experimental sample. CME is high (3.2 is10�2) in the initial wet
stage, then decreases, and nally greatly increases with
increasing water content, ranging from 1.1 i10�2 to 1.5 to10�2.
At room temperature, Naon® 117 has a minimum water
uptake of approximately 4.2 wt% and a saturated water uptake
of approximately 18.7 wt%. The saturated water uptake of the
membrane corresponds to a swelling ratio of 28% in volume
and 10.3% in length, similar to the results reported in the
literature.27

Based on the above results, the membrane models with
smaller length scales have less effect on the swelling ratio and
CME (relative values), except for a slight effect on the system
density. This result agrees well with the work of Kusoglu and
Weber on the difference between thin (nm-thick) and thick
lms for PFSA ionomers.50
3.2 CL system

3.2.1 Moisture expansion. Fig. 3 presents the density,
swelling ratio and CME at various water contents in the CL
system. Like in the membrane system, with increasing water
content, the density decreases, and swelling ratio increases.
Because of the increase in Pt content, CLwet II has a higher
density than CLwet I (Fig. 3a), and the CL system has a higher
density than the membrane one. Furthermore, Pt nanoparticles
have a much stronger attraction to water molecules compared
to the sulfonic acid group and hydronium ion;33,39 thus, the CL
with a large Pt content (CLwet II) has a higher swelling ratio and
CME compared to the CL with lower Pt content (CLwet I) at the
same moisture level (Fig. 3b and c). In addition, comparing
Fig. 2c to 3c indicates that with increasing water content, the
CME gradually becomes stable for both the membrane and CL.
Furthermore, because of the contribution of Pt particles, the
CME of the CL system is signicantly higher than that for the
membrane system, with a difference of approximately 100–
147%. Therefore, to reduce the difference in CME between the
membrane and CL, one should decrease the Pt size and content
in the CL system or use other catalysts (having the similar CME
value as Naon membrane) to substitute for Pt particles.
Furthermore, at the same Pt loading, the decrease in Pt size is
expected to increase the number of Pt particles and the CME.

3.2.2 Binding energy of GN and Pt. One factor that inu-
ences catalyst utilization is the combination strength of GN and
Pt particles, which can be represented by the binding energy. A
strong binding energy can increase the degree of dispersion of
Pt, thereby preventing the aggregation of Pt particles,
promoting the formation of small-sized Pt particles and the
conductive path of electron, and increasing catalyst utilization.
Therefore, it is important to investigate the binding energy of
GN and Pt aer the establishment of the initial CL model. The
binding energy in this work is contributed from van der Waals
force between Pt particle and GN. Table 3 shows that large Pt
particles (1.6 nm in diameter) have a greater binding energy
This journal is © The Royal Society of Chemistry 2017
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Table 3 The binding energy of GN and Pt for CL systems in the dry
state

Type Eb (kcal mol�1)

CLdry I* 8.8 (Pt1.2)
CLdry I 16.84 (Pt1.2) 18.12 (Pt1.2)
CLdry II* 13 (Pt1.6)
CLdry II 23.18 (Pt1.6) 25.27 (Pt1.6)
CLdry III 16.87 (Pt1.6) 12.26 (Pt1.2)
CLdry IV 24 (Pt1.6) 24.7 (Pt1.6)

Fig. 3 Relationships between water content and (a) density, (b)
swelling ratio (c) CME in CL layers.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Ju

ly
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 5
:2

4:
46

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
with GN (Eb) compared to small Pt particles (1.2 nm in diam-
eter). In general, large Pt particles have a relatively high binding
energy because they can achieve a large contact area with the GN
support. However, the binding energy cannot be increased only
by increasing the Pt size. For the same Pt loading, large Pt size
This journal is © The Royal Society of Chemistry 2017
will decrease the performance of the oxygen reduction reaction.
Furthermore, the systems with two Pt particles (CLdry I and II)
have a larger binding energy between GN and Pt than the
systems with only one Pt particle (CLdry I* and CL II*) for similar
chemical compositions, particle structures, and particle
proportions. Combined with the observation of the micro-
structures (Fig. 4) of CLs, the larger system with two Pt particles
shows a more even distribution of Naon oligomer. Currently,
Samsung Company is working on increasing catalyst utilization
to ensure that the ionomer homogeneously distributes around
Pt/carbon nanoparticles.51 Naon ionomer binder is known to
contribute to the formation of the three-phase interface of the
CL; thus, a high degree of Pt dispersion can promote the
uniformity of the ionomer nanodispersion, thereby improving
the three-phase connectivity and utilization of Pt. Therefore,
increasing the binding energy of GN and Pt is crucial for
increasing catalyst utilization.

For the hydrated system, we investigate the effect of water
content on the binding energy. As shown in Fig. 5, the binding
energy of GN and Pt is calculated from the CL equilibrium
structures at different water contents. The binding energy
exhibits non-monotonic behavior as a function of water content
(i.e., the humidity has a small effect on the binding energy
compared to the initial congurations, where CLwet II has
a larger binding energy than CLwet I at the same water content).
This results demonstrate that compared to a humid environ-
ment, the initial conguration of the CL system, which mainly
depends on the preparation method, has a larger inuence on
the binding energy of GN and Pt and also the catalyst efficiency
and stability.
3.3 Coefficient of thermal expansion

The CTEs of the membrane and CL systems are shown in Fig. 6.
The CTE of the membrane system decreases linearly with
increasing temperature and has a signicant dependence on
the chain length and system size. The membrane with the
largest chain length (Memdry IV) has the lowest CTE value, and
the membrane with the largest size (Memdry III) has the second-
lowest CTE value. The CTE values (170 h10�6 to 310 to10�6 K�1

at 298 K) and decreasing trend are both similar to those of
polytetrauoroethylene.52 Nevertheless, the CTE of the CL
shows a different trend. At the initial stage, it is lower than that
of the membrane. It continuously increases with temperature
up to 343 K and then decreases. In this process, the CTE values
for the membrane and CL are similar at two temperatures:
RSC Adv., 2017, 7, 34556–34566 | 34561
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Fig. 4 Molecular structures of (a) CLdry I*, (b) CLdry I, (c) CLdry II*, and (d) CLdry II. The points of view in the images are intended to provide a clear
observation of the binding situation between GN and Pt.

Fig. 5 Relationship between water content and the binding energy of
GN and Pt particle.

Fig. 6 Relationships between CTE and temperature for membrane
and CL systems.
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approximately 320 K (cross point) and 358 K, where the CLs
have slightly larger values. This phenomenon is caused by the
addition of Pt and GN, which have extremely low CTE values at
low temperature. In particular, GN has a negative CTE value at
298 K, and the CTE values of GN increase steadily but slowly
with temperature in the range of 298–400 K.53,54 However, the
34562 | RSC Adv., 2017, 7, 34556–34566
continuous decrease in the CTE of the Naon oligomer resulted
in a decrease in the CTE of the CL aer 343 K. Thus, the CTE
decreases with temperature in the range of 343–358 K. This
result is similar to that reported in the literature55 for
a temperature distribution of 343–350 K inside the MEA under
a current of 0.3–0.7 V. It is also worth noting that for the CL
This journal is © The Royal Society of Chemistry 2017
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Fig. 7 MSD curves of the (a) Memwet, (b) CLwet I, and (c) CLwet II
systems.
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system, the larger the Pt size and content, the smaller the CTE.
Furthermore, the CL system with a long chain has a lower CTE
and a at change trend of CTE-temperature curve.

The simulation results show that the differences in CTE
values and inconsistent trends in the CTEs of the membrane
and CL can be reduced by (1) decreasing the membrane CTE
value and its change with temperature by increasing the chain
length of the Naon oligomer; (2) increasing the CTE values of
CL layers by decreasing the Pt size, Pt content, and the oligomer
chain length; (3) keeping the working temperature at approxi-
mately 320 or 358 K with little variation; and (4) using a novel,
high-efficiency catalyst with a similar CTE curve as the binder in
place of Pt/GN. The results also demonstrate that the changes in
volume caused by differences in moisture content will have
amuch greater impact than temperature on the durability of the
interface between the CL and the membrane.

3.4 Mean square displacement

The dynamic properties of H3O
+ and H2O particles in the

membrane and CL systems at different hydration levels are
investigated based on the MSD curve, as shown in Fig. 7. Fig. 7a
shows that in the membrane system, the slopes for water
molecules (line with the plus symbols) are consistently greater
than those for hydronium ions (colored line) across the entire
range of hydration, and both increase with water content. These
trends are similar to those obtained by Cui et al.23 The diffusion
coefficients are calculated within this period (40–500 ps). At
a water content of 18 wt% (l¼ 10), the diffusion coefficients are
2.3 ¼ 10�6 cm2 s�1 for water molecules and 1.2 fo10�6 cm2 s�1

for hydronium ions. These values are less than the experimental
values for Naon 117,56 in agreement with a past study indi-
cating that a thinner lm ionomer exhibits lower diffusion.50

The MSD curves for water molecules and hydronium ions in
the CL systems are presented in Fig. 7b and c, where line with
the plus symbol denotes the hydronium ions, and the colored
line denotes water molecules. A large slope of the MSD curve is
known to reect high ion mobility. The MSD of the hydronium
ions at low moisture (l ¼ 1) is larger than those of the others in
the CL systems. This indicates that the mobility of the hydro-
nium ions does not increase with increasing water content. In
addition, the hydrophobicity of GN, which prevents the diffu-
sion of water molecules and hydronium ions and decreases
water connectivity,57,58 causes the slopes of the MSD curves of
water molecules and hydronium ions in the CL systems to be
considerably less than those in the membrane systems.

3.5 Concentration distribution

The RC distributions of various components are investigated to
better understand their diffusion mechanism and interaction
principle. The distributions of water molecules and hydronium
ions in three axial directions are rst investigated. The results
demonstrate the directional consistency, and the distribution is
more even in the membrane systems than in the CL systems,
where special high peaks are shown. This is induced by the
contribution of the Pt particles. In the following, the direction
(001) is used. Fig. 8a presents the distribution of hydronium
This journal is © The Royal Society of Chemistry 2017
ions in the membrane at three different hydration levels. With
increasing hydration level, the uctuation in rc is relatively
small (i.e., the hydronium ions distribute more evenly). The
distribution can be also observed from the corresponding
microstructures in the z direction (see Fig. 8b–d). This trend
agrees well with the MSD result and indicates that increasing
water content provides an excellent channel of water
RSC Adv., 2017, 7, 34556–34566 | 34563
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Fig. 9 Relationship between relative concentration and distance in the (001) direction for the (a) CLwet I system and (b) CLwet II system. The circle
with grey shadow indicates the highest peak and the corresponding equilibrium structures of (c), (a) and (d), (b).

Fig. 8 (a) Relative concentration of hydronium ion in the membrane in the (001) direction and the corresponding microstructures for hydration
levels of (b) 1, (c) 7, and (d) 14. The green balls are oxygen atoms of the hydronium ions, the white balls are hydrogen atoms, and the red balls are
oxygen atoms.

34564 | RSC Adv., 2017, 7, 34556–34566 This journal is © The Royal Society of Chemistry 2017
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connectivity, which makes the hydronium ions migrate more
smoothly (i.e., with a higher diffusion coefficient).

To determine the interactions among particles (Pt, H2O,
H3O

+ and SO3
�), we specically examined the rc distributions

of CL systems at similar hydration levels (l ¼ 9 for CLwet I and
l ¼ 12 for CLwet II). Fig. 9a and b show that the highest peak of
the water molecule and hydronium ion occurred at a similar
position, and they basically appear near the highest peak of Pt
particles at a distance of �0.9 nm. This value may be the best
adsorption distance between Pt and H2O/H3O

+. In addition,
the distribution of hydronium ions is similar to that of
sulfonate ions but with a certain shi in distance, which
represents the electrostatic equilibrium position for the
hydronium and sulfonate ions. In combination with the
microstructure (Fig. 9c and d), less hydronium ions and water
molecules are found around the Pt/GN catalyst (i.e., the cata-
lyst plays a role of blocking the water connectivity). It is worth
noting that the morphology of phase separation between the
hydrophilic and hydrophobic domains is not evident in Fig. 9;
this is because the degree of phase separation decreases with
ionomer thickness and almost disappears for an ultrathin
ionomer (less than 20 nm).50
4. Conclusion

This work investigated the moisture and thermal expansion
properties of Naon-based MEA layers along with the interac-
tion mechanisms between various ions in MEA. The simulation
results for the CME, swelling ratio, CTE, and diffusion coeffi-
cient of the membrane agree well with our experimental results
and the results in the literature. Because of the special prepa-
ration method of the CL, it is difficult to directly measure the
expansion properties of CL systems, and further verication is
required. This work provides a theoretical support: (1) the
catalyst utilization (proton and electron transmission) can be
enhanced by ensuring that the ionomer is homogeneously
distributed around the catalyst particles; (2) the difference in
CTE and CME between the membrane and CL can be reduced
by decreasing the Pt content and size, controlling the working
temperature range, and changing the chain length of the olig-
omer; and (3) the catalyst Pt/GN greatly decreases the water
connectivity and slows the diffusion of water molecules and
hydronium ions.
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