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Abstract—Polymer electrolyte fuel cells (PEFCs) have 

recently attracted considerable attention as a promising clean 

energy source. In the present study, we develop a theoretical 

model for the overpotential in PEFCs. Protons with sufficient 

kinetic energy to overcome the potential barrier can pass 

through the interfaces. They then converge to a constant 

current, dissipating their kinetic energy. In particular, inelastic 

collisions of protons at electrode–electrolyte interfaces are 

considered to be the dominant cause of overvoltage. This model 

based on the assumptions above differs from conventional 

continuum models. The effects of potential barriers at interfaces, 

proton concentrations, temperature, and mass on the voltage 

loss are clarified by a parameter study. To verify this model, we 

prepare two different membrane electrode assemblies (MEAs) 

that have different interface conditions and measure their 

current–voltage characteristics. As a result, substantial voltage 

losses from the MEA with the poorer quality interfaces are 

observed. Theoretical evaluations of the overvoltage are in good 

agreement with the experimental results. The present results 

imply that it is essential to control interface conditions to 

achieve high proton conduction.  

 
Index Terms—Polymer electrolyte fuel cell (PEFC), 

overpotential, membrane electrode assembly (MEA), interfaces. 

 

I. INTRODUCTION 

Polymer electrolyte fuel cells (PEFCs) are especially 

attractive because they have relatively low operating 

temperature, are portable, and are safe to use. Therefore, such 

an energy conversion system is expected to be used as 

efficient power sources in the near future. Many experimental 

and theoretical studies have been conducted on PEFCs with 

the aim of developing them for practical applications [1], [2]. 

On the other hand, several problems have remained to be 

solved, including overpotential at high-load operation, 

humidification, and the need to achieve efficient activation of 

H2 and O2.  

To increase the energy conversion efficiency, it is 

important to determine the overpotential generation 

mechanism and to develop effective solutions for suppressing 

the energy losses. In previous studies, proton conduction 

mechanisms in PEFCs were modeled using continuum 

models based on fluid mechanics, mass transport, and 

electrodynamics [3], [4]. These theoretical models can 

explain the current–voltage characteristics of PEFCs. These 

models have been emphasized by some groups [5]–[7]. 
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However, their complexity makes it difficult to propose ways 

to overcome the problems in PEFCs.  In addition, those 

models disregard atomistic-scale phenomena. On the other 

hand, recent reports [8]–[11] have emphasized the 

importance of understanding proton conduction mechanisms 

by focusing on the behavior of discrete charged particles. 

Atomistic-scale investigations that exploit recent advances in 

nanoscale fabrication techniques are expected to clarify the 

mechanisms of various phenomena in PEFCs, resulting in 

breakthroughs.  

In the present study, a theoretical model is developed to 

explain the nature of overpotentials in PEFCs from a 

viewpoint of atomistic-scale phenomena. The carrier 

conduction mechanism is treated based on proton kinetics. 

Inelastic collisions of protons at electrode–electrolyte 

interfaces are considered to be the origin of overpotential. 

The overpotentials depend on the transports of carriers 

distributed between the two layers. As a first step, our model 

assumes a Maxwell distribution of protons in local 

equilibrium. Nonequilibrium relaxation processes are then 

taken into account to represent the energy dissipation caused 

by inelastic collisions at the interfaces. 

This theoretical model successfully explains the results 

from experimental measurements. In particular, different 

interface conditions in artificial preparations can be 

represented and the voltage drop is attributed to inelastic 

collisions of protons at interfaces. The barrier heights and 

proton concentrations in each layer are found to critically 

affect the overpotential. Consequently, the energy dissipation 

at electrode–electrolyte interfaces is the main source of 

overpotential in PEFCs; thus, fabricating seamless interfaces 

are suggested to be the most important way to improve the 

performance of PEFCs. 

 

II. THEORETICAL MODEL AND METHOD OF SOLUTION 

In conventional models, overpotentials in PEFCs are 

usually explained in terms of continuum models in which 

proton diffusion, mass transport, and electric conduction are 

taken into account [3], [4]. However, in recent decades, 

microscale analyses have been conducted in which proton 

behavior is modeled by atomic interactions. First-principles 

electronic-structure calculations have been performed to 

investigate proton transfer through electrolyte membranes 

[11]. Herein, overpotentials in PEFCs are evaluated using a 

theoretical model in which inelastic collisions of protons at 

electrode–electrolyte interfaces give rise to energy losses. We 

suppose an idea to treat the overpotential due to proton 

transport in non-equilibrium current condition. Fig. 1 shows a 

schematic illustration of this model. The proton number 

densities in the anode, electrolyte, and cathode layers are 
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represented by nA, nE, and nC, respectively. The number of 

protons that collide with the anode–electrolyte interface from 

the anode side per unit area per unit time, that is number flux, 

is represented by fA
+
 and that from the electrolyte side is 

represented by fE
−
. In the same manner, the number of 

protons that collide with the cathode–electrolyte interface 

from the cathode side is represented by fC
−
 and that from the 

electrolyte side is represented by fE
+
. Protons that have 

sufficient kinetic energy to overcome the potential barriers at 

the interfaces pass through the anode–electrolyte or cathode–

electrolyte interface. The inelastic collision processes can be 

expressed as follows:  
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and then 

  EEE fff ,                                  (5) 

where k1f, k1r, k2f, and k2r are respectively the transition 

probabilities from the anode to the electrolyte, from the 

electrolyte to the anode, from the electrolyte to the cathode, 

and from the cathode to the electrolyte. The proton 

distributions are assumed to be in local equilibrium so that 

the transition probabilities kif and kir can be represented as  
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where i = 1 or 2, vif, vir > 0, γi is the collision frequency at the 

interfaces, m is the proton mass, vμ and vν are respectively the 

mean proton velocities in the forward and backward direction 

in the anode vA, the cathode vC, or the electrolyte vE, and β is 

1/kBT where kB and T are the Boltzmann constant and 

temperature, respectively. In the steady state, the proton flow 

is considered to be predominately one-dimensional. The 

velocity threshold vif is determined from the potential barrier 

heights at the electrode–electrolyte interfaces: vif = mi /2 , 

where i is the barrier height at the ith interface, as shown in 

Fig. 1. In this study, the potential barriers are assumed to be 

the same for forward and backward flow of protons (i.e., vir = 

vif). According to (6) and (7), the proton flux in each layer 

depends on the mean velocities, which are given by 
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where nA, nE, and nC are the number density of protons in the 

anode, electrolyte, and cathode, respectively. These 

distributions are used in (8)–(11) together with the 

assumption that protons in each layer frequently collide with 

each other and they form local Maxwell distributions, the 

centers of which are shifted by the mean velocities. In this 

study, we focus on momentum space because energy 

dissipation is dominated by momentum transfer through 

inelastic collisions at interfaces. Spatial distributions are 

assumed to be uniform very near the interfaces. However, the 

molecular structures in the interfaces should be determined in 

future studies and this information should be incorporated in 

a theoretical model to enable more realistic situations to be 

simulated. In experiments, the current–voltage characteristics 

are measured for a constant current density. Thus, the current 

density j can be expressed by 

CCEEAA vqnvqnvqnj  ,                      (12) 

where q is the charge of proton. Based on (8)–(11), the 

left-hand sides of (1)–(4) can be expanded as follows: 
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Fig. 1. Schematic illustration of proton transfer in MEA. The model assumes 

potential barriers and inelastic collisions at interfaces.  
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Substituting (13)–(15) into (1)–(4), they result in the 

first-order reaction equations. When these equations are 

solved numerically, vA, vC, and vE converge to the terminal 

velocities, enabling the distributions in (8)–(11) to be 

determined. Protons that overcome a potential barrier at an 

interface transfer to the adjacent layer and settle into local 

equilibrium. The energy dissipation at each interface can be 

evaluated from the relaxation process in proton transfer. For 

example, the energy dissipation of protons that pass through 

the anode to the electrolyte is defined as 
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and that caused by reverse flow is written as  
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The dissipation at the cathode–electrolyte interface is 

expressed in the same manner as (16) and (17). The 

overpotential from these interfaces is estimated by dividing 

the energy dissipation by the proton flux through the 

interfaces: 
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where nI is the charge and the number density of protons at 

the anode–electrolyte interface, respectively. Protons at an 

interface are assumed to be affected by the interface 

conditions and temperature. However, discussion about the 

details of the interface is beyond the scope of this study and is 

left for future work because these parameters seem to depend 

on the electronic structures of the interface and should be 

determined using quantum chemical methods. In the present 

study, these quantities are replaced by the parameter I. The 

overvoltage at the cathode–electrolyte interface is similarly 

given by 
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where nI' is the charge and the number density of protons at 

the cathode–electrolyte interface, respectively. The interface 

condition is represented by I'. Thus, in the present study, the 

overpotential from the interfaces is given by 

ECCEEAAEI VVVVV  .                   (22) 

Overpotentials caused by the proton transfer from the 

anode to the cathode are evaluated using (22). In a practical 

system, these interfaces will have structures that are more 

complex and further incident events should be taken into 

account. However, as a first step, our model assumes simple 

interface structures and parameterizes the potential barriers at 

the interfaces. The energy dissipation in the bulk phases of 

electrodes and electrolyte membranes, VR, is assumed to be 

much smaller than that at the interfaces. That is, the 

overpotential caused by proton transfer is dominated by VI so 

that the condition VR << VI is satisfied. In addition, the 

present model does not take into account the effects of 

activation overpotential caused by chemical reactions on 

activating H2 and O2 gases and generating protons at the 

electrodes. Therefore, in accordance with the conventional 

procedure, the Butler–Volmer equation is used to evaluate 

the activation overpotential [12]:  
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where a is the transfer coefficient. Using (23), VBV can be 

numerically determined by the Newton–Raphson method. 

Therefore, in the present study, the total overpotential is 

simply given by 

RBVItot VVVV  .                          (24) 

 

III. RESULTS AND DISCUSSION  

Fig. 2 shows a schematic illustration of proton transfer 

together with the parameters used to compute the 

overpotential from (18)–(21). In particular, it shows the 

initial conditions and potential barrier heights at the 

electrode–electrolyte interfaces of a reference state. The 

parameters of this reference state are: nA = 2.00 × 10
14

 cm
−3

, 

nE = 1.00 × 10
14

 cm
−3

, nC = 1.00 × 10
14

 cm
−3

, 1 = 1.20 eV, 2 

= 1.20 eV, T = 303 K, 1 = 2 = 1.27 × 10
−15

 A/cm
2
, and m = 1 

(in mass numbers), where nA, nE, and nC are given for 

equilibrium. Fig. 3 shows the overpotential computed using 

 

Fig. 2. Schematic diagram and parameters used to compute the reference 

state for results shown in Fig. 3. nA, nE, and nC are set to 2.00 × 1014, 1.00 

× 1014, and 1.00 × 1014 cm−3, respectively; 1 and 2 are set to 1.20 eV; 

proton conduction consists at the anode–electrolyte 1 and cathode–

electrolyte 2 interfaces are set to 1.27 × 10−15 A/cm2. 
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the parameters. The voltage losses presented are relative to 

the ideal output voltage of a PEFC: 1.23 V. Fig. 3(a) shows 

the influence of nA on the overpotential. Compared with the 

reference state of 2.00 × 10
4
 cm

−3
, the limiting current density 

tends to decay as the proton concentration decreases. In 

particular, there appears to be a significant difference in the 

maximum current densities for number densities of 1.00 × 

10
14

 and 2.00 × 10
14

 cm
−3

. When the concentration is lower 

than 2.00 × 10
14

 cm
−3

, insufficient proton supply is predicted 

to cause serious degradation. In membrane electrode 

assemblies (MEAs), dilute protons are accelerated (thereby 

increasing the mean velocity) so as to maintain a constant 

 

 

 

Fig. 3. Current–voltage characteristics resulting from (18)–(21) depending on (a) nA, (b) nE, (c) 1, (d) 2, (e) T, and (f) m. 
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current density. Consequently, the energy dissipation caused 

by inelastic collisions at the anode–electrolyte interface is 

critical. On the other hand, the current–voltage characteristics 

seem to converge at a proton concentration of 3.00 × 10
14

cm
-3

. Fig. 3(b) shows the effect of nE on the overpotential. As

shown in Fig. 3(a), the electrical characteristics improve as nE

increases. However, in this case, protons are supplied by the 

anode and they move to the cathode. Depending on the proton 

flow, the extreme decay observed at low proton 

concentrations can be avoided. Fig. 3(c) shows the effect of 

1 on the overpotential. The power generation efficiency 

decreases as 1 decreases. This result seems to differ from the 



 

behavior of real systems because potential barriers against 

conducting protons are the main cause of voltage losses. In 

this case, the proton concentrations in the anode and cathode 

are fixed at 2.00 × 10
14

 and 1.00 × 10
14

 cm
−3

 respectively. 

These quantities must be optimized for steady states. In 

addition, the interface conditions need to be determined more 

precisely by experimental and theoretical evaluations. 

However, the purpose of the present study is to develop a 

theoretical model that explains the overpotential caused by 

inelastic collisions of conducting protons in a PEFC. 

Therefore, the detailed interface conditions are left for future 

study. Fig. 3(d) shows the effect of 2 on the overpotential. 

The current–voltage characteristics are similar to those for 1.  

The overpotential increases as the potential barrier decreases. 

Fig. 3(e) shows the effect of T on the overpotential. As the 

temperature increases, the output voltage decays remarkably 

due to the overpotential. This is because the energy 

dissipation of protons at the electrode–electrolyte interfaces 

generates a large voltage loss as the number of thermally 

excited protons increase. Accelerated protons collide 

inelastically with the interfaces and are decelerated, losing 

their kinetic energies. Eventually, they converge at stationary 

conditions in the adjacent layer, being frequently accelerated 

and decelerated in the interface regions. Fig. 3(f) shows the 

effect of m on the overpotential. In the present model, the 

overpotential is also influenced by the carrier mass according 

to (18)–(21). The power supply efficiency decreases with 

increasing carrier mass. For example, there is a very large 

difference in the overpotential obtained for protons (m = 1) 

and oxonium ions H3O
+
 (m = 19). This result means that the 

carrier conduction of oxonium ions (such as by the vehicle 

mechanism [13]) is expected to be inferior to that of protons. 

Increasing the carrier mass causes a large energy loss at the 

heterointerface. Fig. 4 shows the characteristics obtained 

using the Butler–Volmer equation (i.e., (23)). The activation 

overpotential for O2 molecules is larger than that for H2. 

Previous studies have estimated the binding energies of O2 

and H2 to be 5.115 eV (493.5 kJ/mol) and 4.478 eV (432.1 

kJ/mol) [14], respectively. This difference in binding 

energies explains the difference in the activation energies for 

dissociating these molecules. In the present case, a = 0.50 and 

j0 = 0.10 A/cm
2
 for H2; a = 0.30 and j0 = 0.0010 A/cm

2
 for O2. 

T is set to 333 K. As described above, the total of the 

overpotential in a PEFC is obtained by summing the 

parameters in (24). 

This theoretical model is used to analyze experimental 

results in terms of atomistic-scale phenomena. Fig. 5 shows 

the current–voltage characteristics measured at several 

temperatures. The data points represent experimental results 

and the solid lines represent the theoretical results. In this 

experiment, the current–voltage characteristics were 

measured using an electrochemical impedance meter 

(KFM2150 and PLZ1004W; Kikusui Electronics, Inc.) for a 

Nafion
®
 212 electrolyte membrane that was approximately 

50 μm thick. Each layer of the MEA was hot pressed and the 

electrode–electrolyte interfaces were tightly bound. The 

MEA was humidified at atmospheric pressure. The 

experimental results show that the output voltage decays as 

the temperature increases. The theoretical results can be fitted 

with the experimental results. Protons were assumed to be the 

carrier ions in the MEA so the carrier mass was set to m = 1 

(in mass numbers). The results for 333 K show that the 

voltage decreases steeply as the current density increases to 

near 0.3 A/cm
2
. This is caused by the activation 

overpotentials for H2 and O2. The voltage loss is linear 

between 0.3 and 1.0 A/cm
2
. In this region, the current–

voltage characteristics are considered to be ohmic. The 

output voltage decreases rapidly at current densities over 1.0 

A/cm
2
. This reduction is due to insufficient supply of protons 

in each layer. In the present model, this reduction is caused by 

 

Fig. 4. Activation overpotential as a function of current density resulting 

from the Butler–Volmer equation (23). a and j0 are set to 0.50 and 0.10 
A/cm2 for H2 respectively and are 0.30 and 0.0010 A/cm2 for O2, 

respectively. 

 

Fig. 5. Current–voltage characteristics measured at three different 
temperatures. Closed triangles, circles, and squares show the 

experimental results at 313, 333, and 353 K, respectively. The lines 

present the theoretical results for the three experimental results.  

TABLE I: PARAMETERS USED TO ANALYZE THE EXPERIMENTAL RESULTS IN FIG. 5 

        H2 O2 

T [K] 1 [eV] 2 [eV] nA [cm−3] nE [cm−3] nC [cm
−3] 1 [A/cm2] 2 [A/cm2] j0 [A/cm2] a j0 [A/cm2] a 

313 0.508 0.484 6.50×1013 5.50×1013 1.00×1013 1.29×10−6 1.29×10−6 0.100 0.50 0.020 0.40 

333 0.508 0.484 1.65×1014 1.12×1014 5.00×1013 2.27×10−6 2.27×10−6 0.100 0.50 0.020 0.40 

353 0.508 0.484 6.25×1014 2.05×1013 1.00×1013 2.20×10−6 2.20×10−6 0.100 0.50 0.020 0.40 
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protons passing through the potential barriers with high 

kinetic energies and then dissipating a lot of their energy due 

to collisions with the electrode–electrolyte interfaces. Table I 

shows the values of the parameters used in the theoretical 

model, where the temperatures (313, 333, and 353 K) are the 

experimental temperatures. In this computation, the potential 

barriers of 1 and 2 were set to 0.508 and 0.484 eV, 

respectively. To analyze the experimental results, the 

potential barrier heights, which depend on the interface 

structures, are parameterized; however, these quantities 

should be determined by first-principles computations. The 

experimental results reveal that output at 333 K is higher than 

those at 313 and 353 K. This high output is attributed to there 

being sufficient protons in each layer. That is, an appropriate 

distribution of proton concentrations enhances the 

performance. In this case, nA, nE, and nC are determined as 

1.65 × 10
14

, 1.12 × 10
14

, and 5.00 × 10
14

 cm
−3

, respectively. In 

addition, the current densities 1 and 2 that contribute to the 

voltage losses are estimated to be 2.27 × 10
−6

 A/cm
2
 in each 

layer. On the other hand, for 313 K, nA, nE, and nC are 

evaluated to be 6.50 × 10
13

, 5.50 × 10
13

, and 1.00 × 10
13

 cm
−3

, 

respectively. These values are less than those at 333 K. 

Insufficient proton supply greatly increases the voltage loss, 

as shown in Figs. 3(a) and (b). In addition, proton conduction 

across the electrode–electrolyte interfaces, 1 = 2 = 1.29 × 

10
−6

 A/cm
2
, is predicted to be lower than at the other two 

temperatures. At low temperatures, insufficient proton supply 

and inactivation of proton conduction at the interfaces 

reduces the output voltage. In the result for 353 K, the output 

voltage falls off rapidly at a low current density. In this case, 

there is a remarkable difference between the proton 

concentrations in the anode and the electrolyte (6.25 × 10
14

 

cm
−3

 and 2.05 × 10
13

 cm
−3

, respectively). The high proton 

concentration increases the amount of high-energy protons. 

Furthermore, a large velocity difference gives rise to great 

energy dissipation at the interface, according to (16) and (17). 

In addition, the velocity distribution becomes broader at 

higher temperatures. As a result, increasing the temperature 

increases the amount of high-energy protons.  

Fig. 6 shows the results of current–voltage and current–

power density measurements. The experimental results are 

represented by data points and the theoretical calculations are 

indicated by solid lines. The characteristics of two MEAs 

with different electrode–electrolyte interfaces are compared. 

One of them is the measurement results at 333 K shown in 

Fig. 5. In this MEA, the electrodes and the electrolyte 

membrane are hot pressed and the interfaces are physically 

adsorbed. The other MEA has simple interfaces in which the 

anode, electrolyte membrane, and the cathode are stacked 

without being hot pressed. The amount of Pt added as a 

catalyst and the quality of electrolyte membrane of Nafion
®
 

212 are the same as those in the hot-pressed MEA. In both 

cases, the temperature was 333 K. These two MEAs were 

used to investigate the effects of the interfaces on the 

overvoltage. Fig. 6 shows that the MEA with non-hot-pressed 

interfaces has poorer properties than that with hot-pressed 

ones. The maximum power densities obtained using the 

hot-pressed and non-hot-pressed MEAs are 0.435 W/cm
2
 at 

0.960 A/cm
2
 and 0.243 W/cm

2
 at 0.558 A/cm

2
, respectively. 

In particular, in the case of the non-hot-pressed MEA, a high 

activation overpotential is observed at low current densities 

and the output voltage decays drastically at slightly higher 

current densities. These differences are definitely related to 

the condition of the interfaces. Table II lists the parameters 

used in the theoretical computations. The potential barriers at 

the interfaces of the non-hot-pressed MEA are approximately 

0.1 eV higher than those of the hot-pressed one. This result 

demonstrates that poor interface conditions disrupt the proton 

transport. The proton concentrations in each layer are 

non-optimal due to degradation of the interface conditions. 

Consequently, the large differences in the proton 

concentration induce a significant overpotential. In particular, 

the proton concentration in the anode (1.70 × 10
15

 cm
−3

) is 

greater than that in the electrolyte (4.88 × 10
13

 cm
−3

). The 

interface degradation also reduces the parameters 1 and 2, 

which are evaluated to be 8.00 × 10
−8

 A/cm
2
. These quantities 

are much less than those for high-quality interfaces. In 

addition, the reduction in the current density in the Butler–

Volmer equation (i.e., (23)) is taken into account. As 

mentioned above, degradation of the interfaces greatly affects 

the current–voltage characteristics. Using the two MEAs 

with different interfaces it was possible to clarify the 

relationship between the overpotential and the electrode–

electrolyte interface conditions.  

 

Fig. 6. Comparison of current–voltage characteristics between the hot–
pressed and non-hot-pressed MEAs. Data points and solid lines show the 

experimental results and theoretical analysis, respectively. Closed circles 

and closed squares indicate the output voltage as a function of current density 
with and without interface treatments of MEAs; open circles and open 

squares show the power density with and without interface treatments, 

respectively. 

 

In a previous study [15], we supposed that collisions of 

charge carriers at surfaces namely cause the energy losses. 

The present results also confirmed the overpotential due to 

TABLE II: PARAMETERS USED TO ANALYZE THE EXPERIMENTAL RESULTS IN FIG. 6 

        H2 O2 

 1 [eV] 2 [eV] nA [cm−3] nE [cm−3] nC [cm
−3] 1 [A/cm2] 2 [A/cm2] j0 [A/cm2] a j0 [A/cm2] a 

Hot-pressed 0.508 0.484 1.65×1014 1.12×1014 5.00×1013 2.27×10−6 2.27×10−6 0.100 0.50 0.020 0.40 

Non-pressed 0.615 0.594 1.70×1015 4.88×1013 1.00×1013 8.00×10−8 8.00×10−8 0.080 0.50 0.010 0.40 
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inelastic collisions at interfaces. Our studies have contributed 

to theoretically reveal energy dissipations in nonequilibrium 

conditions.  In our future work, it is intended to combine the 

present model with first-principles methods [16], [17] and 

molecular dynamics simulations [18]–[20]. Such challenging 

topics will permit the interface conditions to be investigated 

quantitatively in more detail, following the dynamics of 

proton conduction.  

 

IV. CONCLUSION 

In the present study, we developed a novel theoretical 

model for an overpotential due to proton transport in PEFCs. 

This model predicted that energy losses in PEFCs were 

caused by inelastic collisions of protons at the electrode–

electrolyte interfaces. The proton kinetics were treated in 

terms of atomistic-scale phenomena. Effects of several model 

parameters on the overpotential were investigated. In 

addition, the current–voltage characteristics were measured 

for two different MEAs. The evaluations were in good 

agreement with the experimental results and they clearly 

revealed that the interface conditions affected the 

performance of PEFCs. In particular, the results suggest it is 

important to optimize the proton concentrations in the 

electrodes and the electrolyte membrane to realize good 

performance. Poor interface conditions increased the 

potential barriers for conducting protons and disrupted the 

favorable distribution of protons. Excess concentration and 

depletion of protons seriously degraded the output voltage, 

mainly due to the overpotential. Consequently, we suppose 

that electrode–electrolyte interfaces are a dominant factor in 

determining the overpotential in PEFCs as well as activation 

overpotentials. Furthermore, the results imply that it is 

essential to improve the interface conditions to obtain good 

proton conduction. 
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