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Abstract 
 The high production cost and low performance at high potentials are the major barriers preventing 
Polymer Electrolyte Fuel Cells (PEFCs) from wide-scale use. Many researches have been carried out in 
order to overcome those barriers. For example, the effect of platinum particle size on catalyst oxygen 
reduction reaction (ORR) activity that is a very popular issue in electrochemistry. In previous studies, 
there were contradictory conclusions whether the Pt particle-size affects the ORR activity or not. 
Nevertheless, the recent studies showed that no Pt particle-size effect on ORR activity was observed. In 
this study a modeling approach, which is inexpensive and less time-consuming as compared with the 
experimental approach was employed to verify the result of Pt particle-size effect. The model was 
developed based on cylindrical secondary pore structure of the catalyst layers for gas-phase PEFC 
Membrane Electrode Assemblies (MEAs). The simulation was carried out with the assumption that ORR 
activity was identical, regardless of Pt particle size. The simulation results coincided well with 
experimental results for the Pt particle sizes of 2–8 nm. Thus, it implied that the model was successfully 
developed to verify the results in previous studies that there was no Pt particle-size effect on ORR activity 
of gas-phase PEFC MEAs.  
Keywords: PEFCs; ORR activity; Modeling; Pt particle-size. 
 
1. Introduction 

Since Polymer Electrolyte Fuel Cells 
(PEFCs) have major advantages in high energy 
efficiency and low pollution emissions, they are 
considered as one of the most promising 
renewable energy technologies for future power 
generation. However, to apply PEFCs in wide-
scale use, problems on their performance and 

production cost still needs to be improved. There 
are various ways to overcome these problems 
like improving metal catalyst. The selection of 
catalyst is one of the most important issues, 
which leads to increase the reaction rate and to 
reduce the cost of PEFCs. The understanding 
on the effect of particle size of platinum (Pt) 
catalyst in oxygen reduction reaction (ORR) 
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activity would be useful for identifying an optimal 
Pt particle size, which provides high efficiency 
at low production cost.  
 However, contradictory conclusions were 
reported in previous studies. The first conclusion 
indicated that ORR activity decreased as the Pt 
particle size is decreased [1-2], whereas the 
second conclusion indicated that the optimum 
value of Pt particle size was in the range of 2-5 
nm for the best value of ORR activity [3]. 
Nevertheless, the recent studies carried out 
under liquid-phase systems by Yano et al. [4] 
and gas-phase systems by Limjeerajarus et al. 
[5] showed the other conclusion which is no Pt 
particle-size effect on catalyst ORR activity. 

By using electrochemical nuclear 
magnetic resonance (EC-NMR) spectroscop, 
Yano et al.[4] concluded that there is an 
insignificant difference in the electronic 
properties of the surface of Pt/C catalysts due to 
the variation of Pt particle size ranging from 1 to 
5 nm. Consequently, the ORR activities are not 
affected by the Pt particle size.  

Moreover, according to the work by 
Limjeerajarus et al.[5], experimental results of Pt 
particle size of 2-8 nm can be demonstrated that 
ORR activity was constant at each cell 
temperature of 25 - 80oC and irrespective of the 
Pt particle size. This can also be implied that 
there was no change in the ORR activity due to 
the Pt particle size variation.     

To clarify this contradiction, the use of 
experimental approaches is time-consuming and 
costly. Thus, in this study, a modeling approach, 
which is less-time consuming and inexpensive, 
has been employed so as to investigate the 

effect of Pt particle size on catalyst ORR activity 
under gas-phase conditions. 

2. Model Description 
As stated in previous section, this work 

has studied the effect of Pt particle size on ORR 
activity by modeling approach, thus the present 
model was focused on catalyst layers at which 
the electrochemical reactions occurred. The 
catalyst layers have three main components; 
noble metal (normally refers to Pt), carbon 
particles, and the polymer electrolyte. Fig. 1a 
represents the major structures of catalyst layers 
like primary pores and secondary pores. A 
primary pore, which has a dimension of about 
20 - 40 nm, is the gap surrounded by each 
carbon particle. A Secondary pore is the gap 
surrounded by agglomeration of carbon particles, 
which has a wide range of pore sizes between 
40 – 1000 nm. 

 
(a)                                       (b) 

Fig. 1 Schematic illustration of the structural 
model considered in (a) the typical model and 

(b) the cylindrical secondary pore model. 

This study has improved the previous 
model developed by Limjeerajarus et al. [6] 
which was developed based on cylindrical 
secondary pore structure, as shown in Fig. 1b. 
The model was considered as one-dimensional 
(sandwich) model in which reaction and 
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transports can be clearly investigated, especially 
in catalyst layers.   
2.1 Model assumptions 

As presented in Fig. 2, the major 
assumptions of model are described below.  

  
Fig. 2 Schematic illustration of the structural 

model of the physic-electrochemical phenomena 
considered in the cylindrical secondary pore 

model. 

 Diffusion and reaction phenomena in primary 
pores inside catalyst agglomerate are not 
taken into account since these phenomena in 
primary pores are more limited than those in 
secondary pores [6]. 

 The developed model is based on cylindrical 
secondary pore structure. According to previ-
ous assumption, utilizable Pt particles are as-
sumed to exist only at the surface of second-
ary pores, thus, cylindrical structure can be 
applied in this model. 

 The model is considered in gas phase, which 
is the practical condition of PEFCs. 

 The temperature distribution across the layers 
in sandwich one-dimensional model is basi-
cally uniform (around 1oC). Thus, isothermal 
assumption is valid and applied in this study. 

2.2 Model equations 

The overall transport and reaction 
phenomena taken place in secondary pores 
inside catalyst layers can be derived as the 
model equations referred to previous study[6] 
described as 5 processes.  
2.2.1 Gas diffusion into secondary pores 
inside catalyst layers, which can be described 
by Fick’s law. The reactant gas concentration Ci 
in a secondary pore is governed by mass 
balance equation as follow: 
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where iJ  is the reactant gas flux of species i 
diffusing in a secondary pore (mol/m2.s), iC  is 
the reactant gas concentration of species i in a 
secondary pore (mol/m3). x  is the thickness of 
catalyst layer. porer  represents radius of a 
secondary pore. sA  is the specific surface area 
of Pt (m2/g). PtU  stands for Pt utilization 
measured by cyclic voltammetry. poreN  and S  
stand for number of secondary pores within one 
layer of secondary particles and Pt loading, 
respectively. ν  is the reaction rate (A/m2). z  
refers to number of electrons transferred per 
reaction. F  is Faraday’s constant. 
2.2.2 Adsorption of the diffused gasses (i.e. 
H2, O2, H2O) onto electrolyte at the gas 
electrolyte film interface, which can be 
expressed by Henry’s law.  
2.2.3 The adsorbed gases diffuse into proton-
conducting polymer described by Fick’s law. 
2.2.4 Electrochemical reaction phenomena on 
the surface of Pt particle at three-phase 
boundary described by Tafel equation. Diffusion 
fluxes in process 2.2.3 are assumed to be 
completely consumed by reaction. Thus, 
diffusion fluxes of dissolved gases in the earlier 
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process are equal to the fluxes of gases used in 
electrochemical reaction, the mass balance 
equation in the polymer phase can be expressed 
as follow: 
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where polyl  is the thickness of polymer. Pt,0i  and 
  represent the ORR activity per unit active Pt 
surface area (A/cm2-Pt) and charge transfer 
coefficient, respectively. polyL

O2
C  is oxygen 

concentration at interface between electrolyte 
and Pt particle surface at three-phase boundary 
and refC is the reference of oxygen 
concentration.  
2.2.5 The migrations of protons in the polymer 
and electrons in the carbon are described by 
Ohm’s law. 

Note that other details of the model and 
parameters can be found in the previous study 
[6, 7].                                    

3. Simulation 
The model was developed by using an 

implicit method on Microsoft Visual C++ has 
three sub-models, i.e. cathode, anode, and 
electrolyte membrane. To clarify the effect of Pt 
particle size, the structural parameters, which 
depend on Pt particle size, were varied 
according to experimental results obtained in 
previous study [5] at a cell temperature of 60oC, 
as presented in Table 1. Afterward, the cell 
performance curves were predicted from model 
and the simulation results were compared with 
the experimental results. 

Table. 1 Structural and reaction parameters 
obtained from experiment in previous study [5] 
                    Pt size (nm) 
Parameters 

2.1 4.5 7.9 

Structural Parameters 
Pt catalyst loading (S), 
mg/cm2-electrode 

0.41 0.41 0.49 

Specific surface area ( sA ), 
m2-Pt/g-Pt 

132.2 75.9 55.4 

Pt/C mass ratio of the 
catalyst (m), wt% 

46.5 50.6 70.1 

Electrochemical surface 
area (ESA),  
cm2-Pt/cm2-electrode 

227 132 129 

Reaction Parameter 

Pt,0i
  , µA/cm2-Pt 2.6 2.6 2.6 

 
4. Results and discussion 

4.1 Model validation 
The validation of the model was carried 

out by comparing the results of I-V performance 
curves obtained from simulations with those 
obtained from experiments in our previous study 
[5]. As presented in Fig. 3a-3c, the simulation 
results coincided with experimental results for all 
Pt particle sizes, i.e. 2.1 nm, 4.5 nm, and 7.9 
nm. These correspondences can verify that 
there was no Pt particle-size effect on catalyst 
ORR activity, since the ORR activity ( Pt,0i ) of 
each Pt particle size used in the simulations is 
identical (equals to 2.6x10-6 A/cm2-Pt, see Table 
1.)  

Considering the comparison of I-V cell 
performance curve in Fig. 3a-3c, the developed 
model can satisfactorily predict the PEFC 
performance curve. However, in the case of 7.9 
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nm, there were slight discrepancy between the 
simulation and experimental results (Fig. 3C) in 
high potential region (above 0.7 V) and low 
potential region (below 0.7 V) which may be 
caused by two assumptions.  

Firstly, the discrepancy at high potentials 
may be caused by the error of experimental 
results of 7.9 nm, whereas the cell performances 
obtained from experiment of 2.1 nm and 4.5 nm 
are clearly coincide with those obtained from 
simulation (Fig. 3a-3b).  

Secondly, the discrepancy in low 
potential region could be explained by the effect 
of secondary pore size, porer . Since porer  can be 
derived by Eq. (4) 
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where CLε is the porosity of the catalyst layer.  
By considering Eq. (2) and (4), the 

reaction rate, ν , will decrease as the reaction 
site (number of pore) decreases, which occurs 
when pore size is larger. The decrease in 
reaction rate results in the rapid drop of potential 
in the low potential region. 

To verify this assumption, the secondary 
pore size was reasonably assumed to be 
increased with increasing Pt particle size by 
considering the model’s structure. The I-V cell 
performance curves for Pt particle size of 7.9 nm 
were plotted by varying secondary pore sizes 
from 100 nm to 200 nm.  

As expected, the results of I-V 
performance curve show more correspondence 
with increasing porer  as shown in Fig. 4.  

 

 

 

Fig. 3 Comparison of I-V cell performance curve 
obtained from simulations and experiment for Pt 
particle sizes of (a) 2.1 nm, (b) 4.5 nm, and (c) 

7.9 nm. 
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Fig. 4 Comparison of I-V cell performance curve 
obtained from experiment and simulations for Pt 
particle size of 7.9 nm, with secondary pore size 

of 100 nm, 150 nm and 200 nm. 

However, due to limitation of experiment 
results used in developing the model, the 
secondary pore size of 2.1-nm-Pt catalyst (100 
nm) was used and assumed to be constant for 
all other Pt sizes in the simulations. This was 
the reason why the discrepancy existed in the 
low potential region. This explanation shows that 
in fact, the secondary pore size used in the 
simulations should be different for each Pt 
particle size. Thus, to archive more accurate 
result, the structural parameters like secondary 
pore size used in the simulation need to be 
collected correctly in the future work.  

5. Conclusion 
In this study, the simulation model that 

can predict cell performance of PEFC MEAs, 
which consists of different Pt particle sizes in the 
range of 2-8 nm, has been successfully 
developed. More importantly, the effect of Pt 
particle size on catalyst ORR activity was 
verified using the developed model by which no 
Pt particle-size effect was observed. The result 

obtained by modeling approach in this study 
concurs with that obtained by experimental 
approaches reported in previous study[5]. 
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