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a b s t r a c t 

The O 2 permeation barrier across the nanoscale ionomer films on electrocatalysts contributes to a major perfor- 
mance loss of proton exchange membrane (PEM) fuel cells under low Pt loading. Enhancing O 2 transport through 
the ionomer films is essential for developing low Pt loading catalyst materials in high-performance PEM fuel cells. 
This study found that adding an ionic liquid (IL) can effectively mitigate the dense ionomer ultrathin sublayer 
formed on the Pt surface, which severely hinders O 2 transport to the catalyst sites. The molecular dynamics sim- 
ulation results show that adding the IL significantly alters the ionomer ultrathin sublayer structure by inhibiting 
its tight arrangement of perfluorosulfonic acid chains but scarcely impacts the ultrathin sublayer thickness. Ad- 
ditionally, the IL addition provides a larger free space for O 2 dissolution in the ultrathin sublayer. Consequently, 
due to IL molecules’ presence, the O 2 density in the ultrathin sublayer on the Pt surface is improved by an order 
of magnitude, which will benefit the catalytic efficiency, and the O 2 permeation flux across the ionomer film is 
increased by up to 8 times, which will reduce the O 2 transport loss of the catalyst layer. 
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. Introduction 

Energy crisis and environmental pollution are two major global prob-
ems in the 21 st century. Developing renewable energy and green power
evices are active research topics [ 1 , 2 ]. The proton exchange membrane
PEM) fuel cell, with high efficiency and low pollution, is regarded as
ne of the most promising green power devices, attracting considerable
ttention for many applications, especially the transportation sector [3-
] . In recent years, fuel cell vehicles (FCVs) have successfully been com-
ercialized with a stack power density as high as 4.4 kW L − 1 [1] . How-

ver, the stack power density is still much less than the target, i.e., 9.0
W L − 1 by 2040, according to the New Energy and Industrial Technol-
gy Development Organization (NEDO) of Japan [1] . Meanwhile, cost
s also a major limitation for further FCV commercialization, mainly due
o the platinum (Pt) usage in the catalyst layer (CL) [5] . Thus, signifi-
ant progress on the stack power density under a low Pt loading needs
o be made to improve stack performance. The transport loss, especially
he oxygen transport loss in the cathode CL under low Pt loading, is a
ajor limiting factor in stack power density improvement [ 6 , 7 ]. There-

ore, reducing the oxygen transport loss in CLs is critical to further FCV
tack advancement. 

In the PEM fuel cells cathode, O 2 molecules are delivered in the gas
ow channel and permeate through the gas diffusion layer (GDL) and
∗ Corresponding authors. 
E-mail addresses: yunw@uci.edu (Y. Wang), kjiao@tju.edu.cn (K. Jiao). 
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L to the Pt surface for the oxygen reduction reaction (ORR). A high
 2 transport resistance was observed, resulting in a considerable per-

ormance loss under low Pt loading [8] . The O 2 transport resistance in
EM fuel cells can be experimentally obtained via the limiting current
easurement. In measurement, Wang et al. [9] found that the O 2 trans-
ort resistance in the ionomer film is much larger than that in the porous
tructure of CLs and plays a dominant role in fuel cell performance loss
nder low Pt loading. Nonoyama et al. [10] indicated that the O 2 trans-
ort resistance in the CL’s ionomer film is significant at low operating
emperatures. Choo et al. [11] revealed that the low water uptake in
he ionomer film might cause a considerable O 2 transport resistance in
he film. Moreover, Owejan et al. [12] found that the ionomer film’s O 2 
ransport resistance depends on both Pt surface area and particle dis-
ersion. Besides, several molecular dynamics (MD) studies investigated
he O 2 permeation phenomena in the ionomer film on the Pt surface
13-15] , showing that there exists a dense ionomer ultrathin sublayer
ear the Pt surface, which is the primary cause for the observed high
 2 transport resistance. For polyhedral Pt nanoparticles, it was shown

hat O 2 molecule permeation in the ionomer film is much easier near
he particle corners and edges than that on the particle facets due to the
ess dense structure near the corners and edges [16] . 

Adding ionic liquid (IL) to the Pt electrocatalyst surface was re-
orted to enhance the ORR activity, thus attracting much research
ttention [17-19] . The observed improvement is found to be likely
Ai Communications Co. Ltd. This is an open access article under the CC 
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Fig. 1. Schematic of the processes to establish the simulation system . 
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ue to the inhibition of the Pt oxidation and the adsorption of
on-reactive species [20-22] by using the rotating disk electrode
echnique. [MTBD][beti] ([7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-
ne][bis(perfluoroethylsulfonyl)imide]) is a protic and hydrophobic IL,
hich has a large O 2 solubility relative to other ILs. Li et al. [23] found

hat the [MTBD][beti] addition in CLs can improve electrocatalyst dura-
ility by suppressing the decrease of the electrochemical surface area
ue to Pt nanoparticle growth and dissolution. They also indicated that
MTBD][beti] could suppress the specific adsorption of the sulfonate
roups in Nafion® to the Pt surface, which mitigates the detrimental
mpact of Nafion® on the ORR activity [24] . Huang et al. [21] com-
ared several types of ILs and found that the [MTBD][beti] IL shows
etter improvement in the ORR activity. However, excess IL will block
he CL pores, affecting reactant transport and reducing the ORR activity
n CLs [ 21 , 23 ]. Thus, a thin IL layer coating on the electrocatalyst may
e preferable to enhance the ORR activity and electrocatalyst durability
ithout blocking the reactant transport in CL pores [23] . Moreover, Sny-
er et al. [25] fabricated a CL with [MTBD][beti] addition, and found
hat the [MTBD][beti] addition increases the reactant concentration and
esidence time on the catalytic surface and thus enhances the attempt
requency and probability of reaction, resulting in a higher cell perfor-
ance. 

Although several groups have attempted to investigate the impacts
f ILs on the electrocatalyst performance, few have proposed MD stud-
es, a powerful tool to investigate nanoscale processes, to explore the
undamentals regarding the IL’s effects, such as IL’s impacts on the film
tructure and O 2 density and permeation in the ionomer film of CLs,
roviding that the O 2 transport resistance in the ionomer film can be
 significant limiting factor in CL performance under low Pt loading.
n this study, we carried out one of the first MD studies to investigate
he film structure and O 2 transport in CL’s ionomer film when adding a
ypical IL, [MTBD][beti], to the catalyst-ionomer interface. 

. Methods 

.1. Molecular structures and models 

The chemical structures of perfluorosulfonic acid (PFSA), [MTBD],
beti], water, and hydronium molecules are shown in Fig. 1 . Each side
hain of PFSA molecule has a negative charge, while the hydronium ion
as a positive charge. [MTBD] is a cation with a positive charge, while
beti] is an anion with a negative charge. Six layers of Pt (111) with
 distance of 2.27 Å between each Pt layer are adopted, as shown in
ig. 1 . The simulation box sizes are set as 6.66 and 6.73 nm in the X and
 directions, respectively, to maintain Pt layers’ perfect structure under
he periodic boundary condition. The PFSA molecules are modeled by
he modified DREIDING force field [26] , while the [MTBD][beti] by the
PLS-AA force field [27-29] . The models of the water molecules, hy-
ronium ions, O 2 molecules, and Pt atoms are taken from [30-33] . The
otential energy of the bond stretching, bond angle bending, dihedral
orsion, van der Waals, and long-rang electrostatic potentials is consid-
red in this study. The model parameters are listed in Tables S1-S3. All
D simulations are performed using the large-scale atomic/molecular
assively parallel simulator (LAMMPS) package [34] with a time step

f 1.0 fs (see more details in Supplementary Materials). The models of
he PFSA molecules, water molecules, hydronium ions, and Pt atoms
ave been validated in our previous work on O 2 transport in the bulk
FSA and the PFSA film on the Pt surface [13] . Moreover, [MTBD][beti]
odels are validated by comparing the IL density, O 2 diffusivity, and O 2 

olubility in ILs with experimental results (see Supplementary Materi-
ls). 

.2. Simulation procedures 

The dense ionomer ultrathin sublayer on the Pt surface contributes
ignificant O transport resistance [13-15] . Moreover, the IL coating on
2 

231 
he electrocatalyst may be preferable to enhance the CL performance
 21 , 24 ]. Therefore, this study focuses on the IL’s impacts on the ionomer
tructure and O 2 permeation in the region close to the Pt surface. In MD
imulation, several [MTBD][beti] molecules are first placed on the Pt
urface. Then 8 PFSA molecules, 80 hydronium ions, and several water
olecules determined by the water content are randomly inserted into

he region above the ILs to obtain the original configuration. After ob-
aining the original configuration, a series of processes are carried out to
et the equilibrium configuration of the ionomer film (see more details
n Supplementary Materials). Afterward, 1800 O 2 molecules to ensure
nough statistic samples are randomly inserted into the gas region above
he equilibrium ionomer film, as shown in Fig. 1 . When an O 2 molecule
eaches a region within 0.31 nm from the Pt surface, it will be removed
rom the simulation box, and a new O 2 molecule will be added at the
op of the gas region to maintain a constant number of O 2 molecules. A
0 ns NVT simulation at 353 K is performed first to get a steady-state
ermeation process, followed by another 15 ns NVT simulation at 353
 for analysis. 

.3. Analysis methods 

The O 2 solubility ( S , cm 

3 (standard temperature and pressure,
TP) cm 

− 3 atm 

− 1 ) is computed following Widom’s test-particle insertion
ethod [35] : 

 = 

𝑇 0 
𝑇 𝑃 0 

⟨ 

exp 
( 

−Δ𝐸 

𝑘 B 𝑇 

) ⟩ 

(1)

here P 0 and T 0 are the pressure and temperature at the standard con-
ition ( P 0 = 1.0 atm, T 0 = 273.15 K), respectively; T is the simulation
emperature ( T = 353 K); ΔE is the total potential energy between a
est O 2 molecule and other atoms; and k B is the Boltzmann constant. To
btain the O 2 solubility distribution, the region is divided into 40 × 40
rids in the X and Y directions, and the distance between two adjacent
rids in the Z direction is 0.2 Å. Moreover, 150 configurations are col-
ected from the 15 ns NVT simulation to compute the average solubility.

The free space ( d P , Å) in a point P is defined as the maximum radius
f the sphere with point P as its center without overlapping any other
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 P = MIN ⟨𝑙 i − 0 . 5 𝐷 i ⟩ (2)

 i = 2 1∕6 𝜎i (3) 

here l i is the distance of the point P to the atom i; D i is the atom diam-
ter that is assumed to be the critical distance where the L-J interaction
f two atoms transforms from attraction to repulsion; 𝜎i is the atom
-J parameter in Eq. 1 . Computation of the free space distribution is
chieved by dividing the region into grids as many as the O 2 solubility
istribution. 

The radial distribution function (RDF) is the probability of fining B
articles at the radius r from A particles, which is expressed as: 

 A−B ( 𝑟 ) = 

( 

𝑛 B 
4π𝑟 2 d 𝑟 

) 

∕ 
( 

𝑁 B 
𝑉 

) 

(4)

here n B is the number of B particles in the spherical shell with a thick-
ess of d r at the radius r from A particles, 4 𝜋r 2 d r is the shell volume,
 B is the number of B particles in the whole computation region, and V

s the volume of the computation region. The data are collected every 2
s from the 15 ns NVT simulation to compute the RDFs. 

The O 2 permeation flux ( J , mol s − 1 m 

− 2 ) across the ionomer film is
efined as: 

 = 

𝑁 O 
𝑁 A 𝐴 Δ𝑡 

(5)

here N O is the number of oxygen molecules across the ionomer film
uring the permeation process, A is the area of Pt surface, t is the perme-
tion time (15 ns in this simulation), and N A is the Avogadro constant.
he O 2 flux is obtained by computing the curve slope of the O 2 number
cross ionomer film as a function of permeation time. 

. Results and discussion 

.1. Morphology of ionomer film 

The total density distributions in the thickness direction are plotted
n Fig. 2 a, showing that a dense ionomer ultrathin sublayer (the orange
rea at ∼0-6.8 Å) is present in the ionomer film near the Pt surface due
o the strong interaction between Pt and ionomer film. Such a dense
ltrathin sublayer was experimentally observed in other studies on the
ater-metal and electrolyte-metal interface [36-38] . When adding the

L, it becomes less dense with a similar thickness. Moreover, the PFSA
nd water density distributions in the thickness direction are plotted
n Fig. 2 b, which shows that when adding the IL, the PFSA density in
he ionomer ultrathin sublayer becomes lower, and the water density
emains low for both cases with and without the IL. Additionally, the
FSA and water densities are uniform in the middle of the ionomer film,
here the interaction strengths significantly decrease due to the longer
istance between the Pt and the PFSA and water molecules. The IL ad-
ition results in the shift of some PFSA molecules from the ultrathin
ublayer to the middle film region, thereby increasing the film thick-
ess. The PFSA density rapidly decreases in the transition region from
he ionomer to the gas region, where the water density is almost zero,
s shown in Fig. 2 b. The [MTBD] and [beti] density distributions in
he thickness direction are plotted in Fig. 2 c, which shows that the
MTBD][beti] IL mainly exists within the ionomer ultrathin sublayer,
nd the [MTBD] density is nearly zero at the distance r > ∼4.3 Å. Overall,
he ionomer film with the IL additives is composed of three regions: the
onomer-Pt interface region (ultrathin sublayer), bulk-like ionomer re-
ion (middle film region), and ionomer-gas interface region (upper film
egion), which is similar to that without the IL [13] . Adding the IL has
ittle impact on the ionomer-Pt interface region’s thickness but increases
hat of the bulk-like ionomer region, as shown in Fig. 2 a. The ultrathin
onomer’s snapshots with and without the IL are shown in Fig. 2 d and
232 
, respectively. It can be found that the presence of the IL in the ultra-
hin sublayer mitigates the close arrangement of the PFSA chains on the
t surface, as shown in Fig. 2 e, which will likely affect O 2 permeation.
oreover, the density distributions in the ionomer films’ thickness di-

ection with 10 and 30 IL molecules at the water content 𝜆 = 7 and 20
L molecules at the water content 𝜆 = 11 are illustrated in Fig. S3, which
hows similar structural properties. 

To investigate the atom arrangement in the ionomer ultrathin sub-
ayer, the density distributions of the different types of atoms in the
FSA, [beti], and [MTBD] molecules in the thickness direction are com-
uted and plotted in Fig. 3 a-c. As shown in Fig. 3 a, the C atoms’ density
eak location is in the middle of that of the F atoms in the CF x groups
or the PFSA molecules. Similarly, the S atoms’ density peak location
s in the middle of that of the O atoms in the SO x groups for the PFSA
olecules. The [beti] molecules show similar atom distribution charac-

eristics as the PFSA molecules, as plotted in Fig. 3 b. As for the [MTBD]
olecules, the C atoms’ density peak location is in the middle of that

f the H atoms in the CH x groups, as shown in Fig. 3 c. The schematics
f the atom arrangements for these molecules are shown in Fig. 3 d-f.
oreover, the H atoms in the [MTBD] molecules are closer to the Pt

urface than the F atoms in the PFSA and [beti] molecules due to the
maller radius of H than that of F. [MTBD] is a conjugated molecule
ith coplanar backbone. The C/N atoms in [MTBD] backbone show
 significant density peak as shown in Fig. 3 c, which means that the
oplanar backbone of [MTBD] is nearly parallel to the Pt surface. How-
ver, the C atoms in [beti] show two density peaks as shown in Fig. 3 b,
eaning that the [beti] chain is not aligned closely on the Pt surface.
he C atoms in [MTBD] backbone are closer to the Pt surface than that

n [beti] and PFSA backbone according to the density distribution as
hown in Fig. 3 a-c, due to the stronger interaction between [MTBD]
nd Pt. Consequently, the [MTBD] density is nearly zero at ∼4.3-6.8 Å,
here the PFSA and [beti] densities are well above zero mainly due to

he presence of F atoms. Moreover, the atom density distributions in the
hickness direction of the ionomer films with 10 and 30 IL molecules at
he water content 𝜆 = 7 and 20 IL molecules at the water content 𝜆 = 11
re illustrated in Figs. S4-S6, which show similar results. 

.2. O 2 density 

The O 2 density distributions in the thickness direction of the ionomer
lms with 0, 10, 20, and 30 IL molecules are plotted in Fig. 4 a. An
 2 density peak is present at ∼20-30 Å from the Pt surface, where the

onomer density is low, as shown in Fig. 2 , for all the ionomer films due
o the interaction between the ionomer and O 2 molecules. The density
eak location moves away from the Pt surface as the IL number increases
ue to the increased ionomer film thickness, as shown in Fig. 2 . The O 2 
ensity decreases when approaching the Pt surface due to the rapid in-
rease of ionomer density, and it becomes extremely low in the ionomer
ltrathin sublayer due to the relatively highly dense structure, thereby
esulting in a high O 2 transport resistance as indicated in previous stud-
es [13-15] . The IL mainly exists within the ionomer ultrathin sublayer
s shown in Fig. 2 c, where the O 2 density distribution is more likely
ffected. When adding the IL, the O 2 density in the ultrathin sublayer
ecomes higher and increases as the IL number increases, as shown in
ig. 4 b, with the average O 2 density an order of magnitude higher than
hat without IL additives. Furthermore, the O 2 density distributions in
he ultrathin sublayers with 10, 20, and 30 IL molecules at the water
ontent 𝜆 = 11 are plotted in Fig. S7. The figure also shows an increas-
ng trend as the IL number increases. Moreover, the average O 2 solu-
ility and free space at the 4.3-6.8 Å distance from Pt surface are also
omputed, where the O 2 density is higher as shown in the subfigure in
ig. 4 a. Fig. 4 c shows that the O 2 solubility in the ultrathin sublayer
ith IL additives increases with the increasing IL number and is signifi-

antly higher than that without the IL. Similarly, the free space shown in
ig. 4 d also increases with the increase of IL number. Therefore, the IL
dditives migrate the close arrangement of PFSA molecules and provide
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Fig. 2. (a) Total, (b) PFSA and water, (c) [MTBD] and [beti] density distributions in the thickness direction of the ionomer films with 20 IL molecules and without 
the IL at the water content 𝜆 = 7; and snapshots of the dense ionomer ultrathin sublayer (orange area in a-c) with (d) 20 IL molecules and (e) without the IL. The 
water content is the number ratio of the water molecules and hydronium ions to the sulfonic acid groups in PFSA. 

Fig. 3. Density distributions of the different types of atoms in the (a) PFSA, (b) [beti], and (c) [MTBD] molecules in the thickness direction, and schematics of the 
atom arrangement of (d) PFSA, (e) [beti], and (f) [MTBD] molecules in the ionomer ultrathin sublayer with 20 IL molecules at the water content 𝜆 = 7. 

233 
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Fig. 4. (a) O 2 density distribution in the thickness direction, (b) average O 2 

density in the ultrathin sublayer, (c) average O 2 solubility, and (d) free space at 
4.3-6.8 Å from the Pt surface in the ionomer films with 10, 20, 30 IL molecules 
and without the IL at the water content 𝜆 = 7. 

Fig. 5. O 2 permeation fluxes across the ionomer films reaching the region 
at a distance of less than 5.5 Å from the Pt surface for the cases with 10, 
20, 30 IL molecules and without the IL at the water content 𝝀 = 7 . 
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Fig. 6. Two-dimensional density distributions of the (a) PFSA, (b) water, (c) 
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Å from the Pt surface for the ionomer film with 20 IL molecules at the water 
content 𝜆 = 7. The red and green lines represent the O 2 density contours at 0.1 
and 0.5 g cm 

− 3 , respectively. 
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t 2  
 larger free space for O 2 dissolution in the ionomer ultrathin sublayer,
hereby increasing the O 2 density significantly. 

.3. O 2 permeation 

The O 2 permeation fluxes across the ionomer film are also computed.
hen adding the IL, the O 2 flux across the ionomer film becomes higher

nd increases with the increasing IL number, as shown in Fig. 5 . The O 2 
ux is increased by 4.1, 5.8, and 8.1 times by adding 10, 20, and 30

L molecules, respectively, in comparison with the case without the IL.
he O 2 permeation routes are the small cavities at low water contents
nd the interfacial area between water clusters and PFSA frameworks at
igh water contents in the middle of the ionomer film (bulk-like region)
s indicated in a previous study on the ionomer film without IL addi-
ion [13] . The IL additives alter the structure of the ionomer ultrathin
234 
ublayer. Therefore, the O 2 permeation routes in the ultrathin sublayer
ith IL additives are further investigated. 

The ionomer ultrathin sublayer is divided into three regions, includ-
ng the regions at a distance of 0-1.8 Å, 1.8-4.3 Å, and 4.3-6.8 Å from the
t surface based on the density characteristics. The ionomer density at
-1.8 Å is nearly zero due to Pt atoms’ repulsion, as shown in Fig. 2 . The
 2 density at 1.8-4.3 Å is much lower than that at 4.3-6.8 Å, as shown

n Fig. 4 . The two-dimensional density distributions of the PFSA, water,
beti], [MTBD], and O 2 molecules at a distance of 4.3-6.8 Å from the Pt
urface are plotted in Fig. 6 . The red and green lines in Fig. 6 represent
he O 2 density contours at 0.1 and 0.5 g cm 

− 3 , respectively. As shown
n Fig. 6 a, c, the O 2 molecules are mainly in the areas of low PFSA and
beti] density, indicating that the O 2 molecules are difficult to dissolve
n the PFSA and [beti] domains of the ionomer ultrathin sublayer. A por-
ion of O 2 molecules is present in the high-water-density area, as shown
n Fig. 6 b, which was also observed in the previous study [13] . The wa-
er sites provide the main paths for O 2 permeation through the ionomer
ltrathin sublayer in the IL’s absence. Additionally, the [MTBD] density
s nearly zero at 4.3-6.8 Å, as shown in Fig. 6 d, which possibly provides
he paths for O 2 transport. 

The two-dimensional [MTBD] density distribution at a distance of
.8-4.3 Å and O 2 density distribution at the adjacent location, a distance
f 4.3-6.8 Å from the Pt surface, are shown in Fig. 7 a. The red and green
ines in Fig. 7 a represent the O 2 density contours at 0.1 and 0.5 g cm 

− 3 ,
espectively. It can be found that most of the O 2 molecules at the 4.3-
.8 Å distance exist in the area right above that most [MTBD] molecules
re present at the 1.8-4.3 Å distance, where the ionomer density is low
s shown in Fig. 6 . Furthermore, the O 2 solubility and free space distri-
utions at the 4.3-6.8 Å distance from the Pt surface are computed and
lotted in Fig. 7 b, c. The red lines in Fig. 7 b, c represent the O 2 solubil-
ty contour at 0.77 cm 

3 (STP) cm 

− 3 atm 

− 1 and the free space contour at
.25 Å, respectively. It can be inferred that, in the region right above the
rea where most [MTBD] molecules exist, the larger free space due to
he lower ionomer density results in a higher O 2 solubility, thereby in-
reasing the O 2 density in the ionomer ultrathin sublayer. Moreover, the
DFs in the ionomer ultrathin sublayer between the O 2 molecules and

he C atoms of the PFSA, [MTBD], and [beti] molecules or the O atoms
f the water molecules are plotted in Fig. 7 d. The peak of the RDF be-
ween the O molecules and the C atoms of the [MTBD] molecules is
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Fig. 7. Two-dimensional [MTBD] density distribution (a-c) in the region at a 
distance of 1.8-4.3 Å from the Pt surface, (a) two-dimensional O 2 density distri- 
bution, (b) O 2 solubility, and (c) free space in the region at a distance of 4.3-6.8 
Å from the Pt surface, and (d) RDFs in the ionomer ultrathin sublayer (0-6.8 
Å from the Pt surface) for the ionomer film with 20 IL molecules at the water 
content 𝜆 = 7. The red and green lines in (a) represent the O 2 density contours at 
0.1 and 0.5 g cm 

− 3 , respectively, while the red lines in (b) and (c) represent the 
O 2 solubility contour at 0.77 cm 

3 (STP) cm 

− 3 atm 

− 1 and the free space contour 
at 0.25 Å, respectively. The red, orange, purple, and green lines in (d) represent 
the RDFs between the O 2 molecules and the C atoms in PFSA, O atoms in water, 
C atoms in [MTBD], and C atoms in [beti], respectively. 
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he highest, while that between the O 2 molecules and the C atoms of
he PFSA molecules is the lowest, indicating that the O 2 molecules in
he ultrathin sublayer are closer to the IL than PFSA molecules. There-
ore, the main permeation route of oxygen molecules in the ionomer
ltrathin sublayer is inferred to penetrate the IL domain instead of the
FSA domain, thereby enhancing the O 2 transport across the ionomer
lm when adding the IL. Moreover, the two-dimensional density, O 2 
olubility, and free space distributions and the RDFs for the ionomer
lms with 10 and 30 IL molecules at the water content 𝜆 = 7 and 20

L molecules at the water content 𝜆 = 11 are illustrated in Figs. S8-S10,
hich also show similar results. 

. Conclusion 

In this study, all-atom MD simulations were performed to investi-
ate the impacts of the [MTBD][beti] IL additives on the film structure
nd O 2 density and permeation in the ionomer film on the Pt surface.
he simulation results showed that adding the IL mitigates the forma-
ion of the dense ionomer ultrathin sublayer in the ionomer film near
he Pt surface with an overall density less than that without IL addi-
ion. The IL addition has little impact on the ultrathin sublayer’s thick-
ess but increases that of the bulk-like ionomer region in the middle
f the ionomer film. Additionally, adding the IL significantly alters the
onomer ultrathin sublayer structure, i.e., the molecules in the ultrathin
ublayer are rearranged upon the IL presence, effectively mitigating the
lose arrangement of PFSA molecules on the Pt surface. By investigat-
ng the atom arrangements of PFSA, [beti], and [MTBD] in the ionomer
ltrathin sublayer, we found that the [MTBD] molecules are closer to
he Pt surface than the PFSA and [beti] molecules due to the copla-
ar conformation and stronger interaction with Pt layers. The [MTBD]
ensity was found to decrease to nearly zero near the upper region of
he ultrathin sublayer, where the PFSA and [beti] densities subject to
ittle change. Therefore, the O 2 molecules were found to be mainly lo-
ated above the area where most [MTBD] molecules are present in the
235 
ltrathin sublayer because the low local ionomer density results in the
elatively large free space and high O 2 solubility. And the O 2 perme-
tion route is inferred to penetrate the IL domain instead of the PFSA
omain. Consequently, the O 2 density in the ionomer ultrathin sublayer
s improved by an order of magnitude and the O 2 permeation flux across
he ionomer film is increased by up to 8 times due to the IL’s presence.
hese results indicate that adding the IL to a Pt surface can effectively
itigate the formation of the closely arranged PFSA molecules, making

he ionomer ultrathin sublayer more accessible for O 2 molecules, which
s likely the main reason for the mitigation of the detrimental impact
f PFSA on the ORR activity as experimentally observed. These findings
re valuable for the fundamental understanding of the IL’s roles in CLs
nd advanced CL fabrication. 
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