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1. Introduction

PEMFCs have been extensively studied in recent dec-
ades and are currently considered to be a mature technol-
ogy.1 Despite the enormous scientific effort, current fuel 
cells have only yielded moderate success; there are several 
aspects of the operation of fuel cells that are still inaccessi-
ble from an experimental point of view and lack a clear 
description, as in the case of the so-called               
‘‘triple-phase boundary’’ (TPB) region.2,3 The triple-phase 
boundary is the region where the ionomer (liquid, usually 
Nafion), catalyst (solid, usually platinum) and fuel (H2   
gaseous) interact and is the most important region in a fuel 
cell, as it is where the electrochemical reaction occurs with 
the adsorption of the fuel (or oxygen) on the catalyst sur-
face, electron transfer to form H+ and subsequent conduc-
tion of the generated ions to the ionomer for transport 
across the membrane. This is because experimentally only 
a few very general parameters, such as temperature, hu-
midity or fuel flow rate, can be modified, and each of these 
parameters affects all components of the fuel cell and not 
just the three-phase region so it is impossible to separate 
the contributions corresponding to the three-phase 
boundary from the effects occurring, for example, in the 
membrane or from the kinetic effects in catalysis. There-
fore, understanding, characterizing, and optimizing the 
variety of factors that affect the TPB content in fuel cells 
provide excellent opportunities for performance enhance-
ment.  In the last few years, many scientific works have 
focused on trying to elucidate what is happening in the 
TPB, and although it is mentioned in many studies,4,5 most 
of these investigations obtain information from electro-
chemical studies of macroscopic electrodes and single fuel 
cells. From those systems, it is very difficult to acquire at-
omistic information, which is important to make conclu-
sions separating the contributions of the different parame-
ters that affect the TPB.  

In this work, we use molecular dynamics simulations 
and electrochemical experiments on a Nafion/Pt/C system. 
We perform a systematic analysis, at an atomistic level, to 
evaluate the effect of several fundamental factors and 
their intercorrelation in the ECSA (electrochemical surface 
area) of the catalysts. Besides, we evaluate the diffusion 
and structuring processes of water at different system in-
terfaces. Overall, this investigation allows us to rationalize 

how the catalyst utilization is affected, which is an im-
portant step in establishing the relationship between the 
environment and the effectiveness and durability of the 
PEMFC system. It is important to consider that when exper-
imentally analyzing the changes originating from the differ-
ent experimental parameters in the operation of a fuel cell, 
only the average effect of the catalyst, flow field and mem-
brane as a whole can be measured, and it is not possible to 
separate the corresponding contributions, even less from a 
region as complex as the TPB. Thus, computational studies 
provide the appropriate tools for studying each of the pa-
rameters separately and in sufficient detail to understand 
the effects found experimentally. 

2. Experimental

2.1. Computational details 
To study the morphology of graphene-supported Pt na-

noparticles (NPs) in the presence of hydrated Nafion, 
molecular dynamics (MD) simulations were performed as 
implemented in the large-scale atomic/molecular massively 
parallel simulator (LAMMPS). We used the velocity Verlet 
algorithm to integrate the equations of motion with a time 
step of 1 fs, in the canonical (NVT) ensemble, using the 
Nose–Hoover thermostat at several operative tempera-
tures. Starting from relaxed Pt/C structures the hydrated 
Nafion was placed over the Pt/C system and equilibrated 
for 5 ns. 

2.2 Model preparation 
A model of hydrated Nafion membrane (composed of 

Nafion, water, and hydronium) was prepared before its 
deposition on a Pt/C surface, as follows. The monomeric 
unit of Nafion was repeated 10 times to form an oligomer 
to describe a Nafion 117 model which corresponds to an 
equivalent weight (EW) of 1100. EW is defined as the 
weight of the polymer divided by the number of sulfonic 
acid groups. EW of 1100 is the most commonly used varie-
ty of Nafion; it has been used in other simulations with a 
good description of the main properties, such as water 
diffusion in the membrane or density;6 10 hydronium ions 
were added to a single chain to maintain charge neutrality. 
In the initial configurations, the hydration level λ = n 
H2O/SO3

- (number of water molecules per sulfonic acid 
groups) was set to 0, 15 and 43, from a dry until fully hy-
drated Nafion membrane. These models were built to 
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evaluate how the rearrangement of the Nafion structure 
due to the hydration level can affect the ECSA. Besides, full 
hydrated models were used to evaluate the water behavior 
in different regions of the system. Equilibration was per-
formed for 1 ns, and after that, production runs of the 
equilibrated system were performed for 4 ns at tempera-
tures consistent with the operational conditions of fuel 
cells (in 273, 300, and 350 K). To correctly describe the 
Nafion system the General Amber Force Field (GAFF)7 was 
implemented to compute the forces between atoms. Par-
tial charges, Lennard-Jones, bonding, angle, and torsion 
parameters were taken from the previous studies in the 
literature. 8 The SPC/E model was used to represent water 
molecules. To describe metal-metal interactions we used 
the Embedded Atom Method (EAM) 9. To simulate the gra-
phene sheet, we employed the AIREBO potential. 10 The 
interactions of the molecular species in the system with Pt 
were taken into account by implementing a Morse poten-
tial, with parameters obtained from Brunello et al. 11 

 
2.3 Electrochemical measurements 

In order to analyze the changes in the electrochemical-
ly exposed area of the Pt NPs, ECSA measurements were 
performed utilizing hydrogen adsorption/desorption by 
cyclic voltammetry (CV) in 0.5 M H2SO4 (98%, Cicarelli, PA 
grade) solution as the electrolyte. Ultrapure Milli-Q water 
was used for all the solutions. The CVs were performed in a 
conventional three-electrode cell at 298 K at a scan rate of 
5 mV s-1 using a large area platinum sheet and a saturated 
calomel electrode (-0.243 VRHE) as the counter and the 
reference electrode, respectively. The working electrodes 
consisted of 3 mm diameter glassy carbon electrodes 
(CHI104, CH Instruments) mirror polished and degreased 
with acetone (Cicarelli PA grade), which were coated with 
catalytic inks formed by 30 mL of isopropyl alcohol           
(Cicarelli, PA grade), 10 mg of commercial Pt/C (20% w/w 
Pt on Vulcan Carbon XC-72, E-Tek, Inc.), and variable 
amounts of Nafion 0.5% dispersion in isopropyl alcohol/    
water mixture (Ion power Inc.) in order to maintain the I/C 
ratio used for the experimental calculations. The 20% w/w 
Pt/C was selected to have a catalyst with the Pt nanoparti-
cles as dispersed as possible trying to avoid agglomerates 
that can generate underestimates in the area. For this pur-
pose, 6, 12, 18, 28, and 55 mL were placed in the 30 mL of 
Pt/C dispersion, which can be compared to the simulations 
with 4, 8, 12, 24, and 36 oligomers, respectively. Five 15 mL 
aliquots of the catalytic inks were placed on the vitreous 
carbon electrodes, so as to have 0.07 mg cm-2 of Pt/C, and 
they were left to dry at room temperature before being 
used. 

3. Results 

 
We studied the catalyst utilization in our system. The 

catalyst utilization measures the proportion of metallic 
atoms involved in an electrochemical reaction. To estimate 
it from our simulation, we define the active area as the 
number of Pt atoms in contact with water molecules and 
hydronium ions. In Fig. 1 we present some typical snap-

shots taken from the MD simulations of systems with dif-
ferent hydration levels after equilibration.   

 
Fig. 1. Hydrated-Nafion/Pt/C structures. Colour code: blue:  Pt, 
grey: carbon, green: hydrophobic chain (Nafion), yellow: sulfonic 
group (Nafion), red: oxygen and white hydrogen. 

 
Our results show that the percentage of catalyst 

utilization in the nanoparticles is affected due to the iono-
mer content and the hydration level (Fig. 2).  
 

 
Fig. 2. a) Comparison between theoretical and experimental per-

centages of the catalyst utilization for different content of Nafion 

and hydration levels. 

On the other hand, we studied the water behavior 
in full hydrated systems (Fig. 3). The segmented analysis of 
the water regions shows that the presence of Nafion and 
the metal nanoparticle (NP) affects the water structure and 
its dynamic behavior (Table 1). 

 

 
 
Fig. 3. Segmented analysis of the water regions. A) hydrated-
Nafion /Pt/Graphene (12 oligomers) and B) Full hydrated- Gra-
phene. Colour code: blue: Pt, grey: carbon, green: hydrophobic 
chain (Nafion), yellow: sulfonic group (Nafion). Water regions: 
red, orange, yellow, cyan, blue.  
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Table 1. Water diffusion (Å²/ps) at 300 K in full hydrated systems.  
 

Distance from 
Graphene (Å) 

Pt/Graphene/Nafion Graphene 

140 0.248 0.253 

80 0.239 0.252 

60 0.201 0.253 

40 0.185 0.246 

20 0.159 0.216 

 

4. Discussion 

In Fig. 2 we present the ECSA and percentages of the catalyst 
utilization for different contents of Nafion and hydration levels. 
Our results show that the percentage of catalyst utilization in the 
nanoparticles is affected due to the ionomer content. When the 
ionomer content increases, the sulfonic groups, due to their 
strong interaction with the Pt NP, occupy part of the platinum 
surface, increasing the coverage of the hydrophobic chains of 
Nafion, affecting the ECSA and making the adsorption of water 
molecules difficult, which would also diminish the proton 
transport. At low ionomer contents, the active area is higher, and 
water molecules occupy almost all the accessible sites on the 
nanoparticle surface. Additionally, the hydration level is an im-
portant factor in catalyst utilization. We observe in our simula-
tions that at low hydration levels NPs surface is covered by hy-
drophobic chains. The regions where the NP surface is exposed to 
the hydrophobic backbone of Nafion are considered inactive. This 
poisoning decreases the active area.  

In that sense, comparisons were made of the ECSA obtained 
from theoretical calculations with the experiments and also with 
results reported in the literature, and it was found that the behav-
ior of the electrochemically active area is strongly dependent on 
the catalyst mass used in the electrode. The trends found in the 
ECSA as a function of the I/C ratio in the theoretical calculations 
coincide with those found when low quantities of ink are used on 
the electrodes. Our results allow us to infer that the behavior 
found numerous times in the literature, in which a maximum of 
catalytic activity is observed as the mass of Nafion used increases, 
is generated by a combination of the effect of the thickness of the 
catalytic layer and the interaction between Nafion and platinum 
nanoparticles. In this way, our calculations reveal at an atomistic 
level how the utilization of the catalyst can be affected due to 
Nafion content and hydration level. 

On the other hand, in full hydrated systems (Fig. 3) our stud-
ies reveal that the presence of Nafion and the metal nanoparticle 
(NP) affects the structure of the water and its dynamic behavior. 
In the vicinity of the metal nanoparticle, the water has a higher 
structuring and lower diffusion. 

5. Conclusions 

In this work, we report theoretical/experimental studies on a 
hydrated-Nafion/Pt/C system to evaluate the Nafion content,        
hydration levels that could affect the electrochemically active 
area of the metallic NPs, and also evaluate the water behavior in 
the TPB. The results obtained reveal that at high Nafion contents, 
the catalyst utilization is affected due to the strong interaction 
between the sulfonic groups of Nafion and the surface of the Pt 
NPs. The catalyst utilization was below 70 wt% when the Nafion 
content was greater than 20 wt%. However, the catalyst utiliza-
tion was greater than 80% when 7 wt% to 14 wt% of Nafion con-
tent was used, being the optimum Nafion content. On the other 
hand, when the hydration level of the membrane decreases, the 

sulfonic groups have a higher occupation on the NP surface, cov-
ering the active area with hydrophobic Nafion chains, and increas-
ing the inactive area. The trend found in electrochemical experi-
ments is the same as that presented in the results of the compu-
tational studies. Using a much lower catalyst loading than in most 
of the experimental studies, the possible diffusional problems 
present when the catalyst layer is thick are considerably reduced. 
We also observe that the water behavior in our system is affected 
by the presence of Nafion and the Pt nanoparticle. 
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