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Abstract 
Degradation of electrode-membrane assembly of the low-temperature hydrogen fuel cells 
represents one of the main obstacles in wider adoption of these clean and efficient 
electrochemical sources of electrical energy. Chemical degradation of proton exchange 
membrane is initiated by hydrogen peroxide formation, which forms in the fuel cell as a by-
product to water in oxygen reduction reaction and decomposes to reactive radical species, 
damaging to the membrane chemical structure. Depending on the operating conditions of 
the fuel cell, the source of hydrogen peroxide can be either cathode, anode, or, as we argue 
in the paper, also the Pt particles in the membrane, which originate from the cathode 
catalyst dissolution, diffusion into the membrane and redeposition of Pt ions inside the 
membrane. In the paper we propose a mathematical model of intertwined physical 
processes in membrane and catalyst layer, aimed at unifying the description of hydrogen 
peroxide formation throughout entire membrane-electrode assembly at any fuel cell 
operating conditions. The model results, compared to experimental data, indicate that Pt 
particles inside the membrane can indeed be an important source of hydrogen peroxide in 
aged fuel cells. For a fresh fuel cell, numerical simulation using proposed model show that 
hydrogen peroxide can be formed at either cathode or anode, depending on the fuel cell 
operating condition, but with anode production being more prominent in standard fuel cell 
operating conditions. 
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Introduction 

The use of hydrogen-fueled low-temperature fuel cells with proton-exchange membrane 

(LT-PEMFC) represent an important step in fulfilling the future goals of decarbonization of transport 

and energy sector. Electricity is produced in the fuel cell by oxidation of hydrogen fuel in anode 

catalyst layer, resulting in protons which travel through proton-conducting polymer membrane to 
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the cathode catalyst layer, where they are recombined with oxygen in reduction reaction. The 

resulting electric potential between anode and cathode can be used to extract useful work. Since 

the reactants are supplied to the membrane-electrode assembly (MEA) from external tanks, the size 

scaling of LT-PEMFC is much better compared to batteries, which makes the fuel cells especially 

suitable for a heavy-duty transport applications, such as trucks and buses [1].  

Despite these clear advantages, LT-PEMFCs still suffer from several drawbacks. Among the most 

important ones is limited durability, caused by several degradation mechanisms of fuel cell 

components [2]. LT-PEMFC catalyst layer is typically composed of nanoscopic Pt particles, dispersed 

on a highly porous carbon matrix to provide both high specific surface area for electrochemical 

reactions and good diffusion properties for transport of reactants and products. Electrochemical 

oxygen reduction in the cathode catalyst results in high local electric potential, which, combined 

with relatively high temperatures of about 80 °C can lead to oxidation and corrosion of both Pt par-

ticles and carbon support, resulting in eventual loss of electrochemically active surface area [3-5]. 

Proton-exchange membrane, usually made from perfluorinated polymer materials such as Nafion, 

is also prone to degradation [6]. Most notably, the hydrogen peroxide, formed as a byproduct of 

oxygen-reduction reaction (ORR), can decompose in the presence of various metal ions into highly 

reactive radical species, which split chemical bonds in the membrane structure and result in loss of 

its proton conductivity and mechanical integrity [6,7]. 

While the basic electrochemical process of hydrogen peroxide formation is well understood [8], 

the specifics of its formation in fuel cell MEA are still a topic of debate. Since oxygen is one of the 

reactants in peroxide formation, the oxygen-rich cathode catalyst layer seems an obvious location 

of its origin. However, since hydrogen peroxide only forms when local electric potential between 

catalyst and adjacent ionomer (relative to RHE throughout the text) falls below 0.67 V compared to 

water, which is produced below 1.23 V [9], which is rarely encountered in cathode catalyst during 

normal fuel cell operation, the cathode peroxide formation might not be the main origin. Anode 

catalyst layer, on the other hand, features low electric potential (≳ 0 V), but low concentration of 

oxygen, which can only arrive to the anode by means of diffusion through the membrane, limits the 

rate of peroxide production in anode catalyst layer.  

The third option is a formation of hydrogen peroxide inside the membrane [10]. In this case, the 

formation takes place on the surface of Pt particles, formed in the membrane due to catalyst layer 

degradation. Pt ions, resulting from dissolution of Pt particles in cathode catalyst layer, diffuse into 

the membrane where they are reduced to crystallite Pt particles, so-called Pt band, when encount-

ering the hydrogen, which slowly diffuses from anode catalyst layer towards the cathode [11]. Raman 

spectroscopy measurements [12,13] of membrane chemical composition profile, published by Ohma 

et al. [10], show significant membrane degradation at the location of Pt band, which strongly indicates 

the formation of hydrogen peroxide inside the membrane and calls for better understanding of its 

relation to the formation rates in cathode and anode catalyst layer. We argue in this paper that Pt 

band particles in the membrane can feature appropriate electric potential to support the formation 

of hydrogen peroxide from the diffusive oxygen and protons, abundant inside the membrane. 

Since in situ measurements of spatial distribution of hydrogen peroxide concentration through-

out MEA are missing, it is difficult to conclude with high certainty which of the described peroxide 

formation processes is the most important. Experimental measurements show a strong dependence 

of formation rate on fuel cell operating conditions, such as fuel cell voltage, temperature and 

humidity [9]. These effects are well described by several existing models of peroxide formation. The 

first mathematical model was proposed by Sethuraman et al. [14], describing the peroxide 
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formation in both anode and cathode catalyst layer using Tafel equation describing the effects 

of voltage, temperature and humidity. The model was further developed by Chen and Fuller, 

which added a description of hydrogen peroxide decomposition in Fenton reaction [15], and in 

several papers by Wong et al. [16-18], in which they include the description of peroxide 

transport through the membrane, its decomposition in Fenton reaction and consequent 

chemical degradation. The model by Futter [19] is further expanded by adding the  effects of 

pressure on peroxide formation rate. 

Aforementioned models describe the rate of peroxide production in cathode and anode catalyst 

layer in various fuel cell operation conditions with good precision, but, to our best knowledge, no 

attempts have thus far been made to model the hydrogen peroxide formation on Pt band particles 

inside the membrane. The aim of this paper is therefore to propose a unified mathematical 

description of diffusion processes and electrochemical reactions involved in hydrogen peroxide 

production for all three components of MEA: cathode, membrane, and anode. This is achieved by 

combining the existing models of hydrogen peroxide formation, applicable in anode and cathode 

catalyst layer [15] and applying them to the Pt band particles inside the membrane [11]. The model 

thus allows direct comparison between peroxide formation rates in all there MEA components and 

enables elucidating causal relations of peroxide formation phenomena and comparison of formation 

rates at different locations at different fuel cell operating conditions. 

Experimental  

Modelling procedure 

The proposed model considers three species involved in electrochemical hydrogen peroxide 

formation: hydrogen (H2) and oxygen (O2) as reactants and hydrogen peroxide (H2O2) as a product. 

To consistently describe electrochemical reactions in all three relevant sections of MEA. Cathode 

and anode layer are composed of a mixture of ionomer, highly porous carbon support on which Pt 

nanoparticles are dispersed, and void space allowing the diffusion of gases. Membrane is composed 

of ionomer in which electrically insulated Pt band particles can reside, providing electrochemically 

active surface area. Each of three modelled species (H2, O2 and H2O2) is described by a single one-

dimensional concentration field in direction perpendicular to the MEA plane (x), describing the 

species concentration in the ionomer. The species concentration profiles are governed by a unified 

set of partial differential equations which apply throughout the entire modelling domain (cathode, 

membrane, and anode):  

( ) ( ) ( )
2 2 2H H H

dif EC

, , ,c x t c x t c x t

t t t

       
= +                 

 (1) 

( ) ( ) ( )
2 2 2O O O

dif EC

, , ,c x t c x t c x t

t t t

       
= +                 

 (2) 

( ) ( ) ( ) ( )
2 2 2 2 2 2 2 2H O H O H O H O

dif EC fent

, , , ,c x t c x t c x t c x t

t t t t

          
= + +                        

 (3) 

describing three contributions to the dynamics: diffusion (dif), electrochemical reactions (EC) and 

Fenton reaction (fent). Each of the terms will be described in detail in the following sections. 
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Additionally, the model describes the local electric potential difference between Pt catalyst particle 

surface and adjacent ionomer (electric double layer potential) UPt(x,t): 

( ) ( ) ( )Pt Pt Pt

EC cond

, , ,U x t U x t U x t

t t t

       
= +     

       
 (4) 

governed by electrochemical reactions and electron conduction (cond) through catalyst support 

structure. As for the treatment of chemical species, Eqs. (1)-(3), the same set of equations is applied 

throughout the entire modelling domain, with the rates of processes determined by specific spatially 

dependent properties of the domain. 

The processes described by the model are schematically presented in Figure 1. Note that the size 

and volumetric density of Pt particles in the membrane is not calculated by the model but taken as 

fixed initial condition.   

 
Figure 1. Schematic representation of modelled processes: concentrations of hydrogen, oxygen and 

hydrogen peroxide are governed by diffusion, Fenton reaction, and electrochemical reactions between 
species, with rates determined by local electric potential UPt 

Diffusion model 

Diffusion of species inside the membrane can be described by a diffusion equation with diffusion 

constant for each species Di = Di,ion, with i = H2, O2, H2O2. The description of diffusion process in 

anode and cathode is more challenging since the model needs to consider that species can diffuse 

through both ionomer (described by volume fraction εion) and void space (ε0) of the porous material. 

To address this challenge, we propose a diffusion equation with spatially dependent effective 

diffusion constant D̃i(x), describing parallel diffusion through both materials. To derive the 

mathematical expression D̃i(x), we first describe separately the species diffusion through each 

material. The molar flux through ionomer is described as 

( )
( )

( )

( )i,ion i,ioni,ion
i,ion i,ion

ion

, ,
,

c x t c x tD
j x t D

x x x

 
= − = −

 
 (5) 

where we consider the fact that the actual path through the ionomer x ̃ is longer than geometric 

path x by tortuosity factor τion: x ̃= τion(x) x. Similar expression is used for void fraction equation with 

diffusion constants Di,0: 
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( )
( )

( )

( )i,0 i,0i,0 i
i,0 i,0

0

, ,
,  

c x t c x tD H
j x t D

x x RT x

 
= − = −

 
 (6) 

Here we assume that species concentration in ionomer cion and in void c0 are always in 

equilibrium, determined by ionomer Henry constant H: c0=H/RT cion [17], which is reasonable 

considering that the ionomer film in catalyst layer is thin. 

Total flux per geometric area is obtained by summation of ionomer and void flux, weighted by 

their volumetric ratio: 

( ) ( ) ( ) ( ) ( ) ( )
( )i,ion

i ion i,ion 0 i,0 i

,
, , , -

c x t
j x t x j x t x j x t D x

x


= + =


 (7) 

with resulting effective diffusivity 

( )
( )

( )

( )

( )
ion 0 i

i i,ion i,0

ion 0

x x H
D x D D

x x RT 
= +  (8) 

which is similar to Bruggeman expression Deff = Dε/τ. Different relations between tortuosity and 

porosity are proposed in the literature [20], in our model we choose a simple relation τ = ε1-α  with  

α = 1.5. 

To determine the rate of concentration change in ionomer we again take into account that 

species accommodate prescribed volume in void and ionomer and that both concentrations are in 

equilibrium: 

( )

( ) ( )
( )

( )i

i

idif
ion 0

, ,1
= ic x t c x t

D x
Ht x x

x x
RT

    
   

      + 
 

 (9) 

In Eq. (9) we write ci(x,t)= ci,ion(x,t) as all the concentrations in the reminder of the paper will refer 

to the concentration in ionomer phase. The same equation can be used to describe the transport of 

all three species i = H2, O2, H2O2 using their respective effective diffusion coefficient. The difference 

in transport properties between cathode, membrane, and anode are described by spatial 

distribution of ionomer εion(x) and void volume fraction ε0(x).  

Electrochemical reactions 

Hydrogen, oxygen, and hydrogen peroxide are all involved in electrochemical reactions on Pt 

surface in cathode and anode catalyst layer, where the rates are determined by electric potential of 

the Pt/C matrix. However, the reactions can also take place on the surface of Pt particles in so-called 

Pt band inside the membrane, which are electrically isolated from the catalyst layers [11]. The 

reactions in Pt band follow the same principles as in the catalyst layer, but their rate needs to be 

determined by the local electric potential on Pt particles, determined in turn by the rates of 

electrochemical reactions on their surface [11], which will be described in the next section. 

In the model, we consider 4 electrochemical reactions [17]. If potential difference between 

catalyst and ionomer is larger than 0 V, the hydrogen reacts hydrogen oxidation reaction (HOR), 

producing protons [17]: 

H2  2H+ + 2e-, UHOR = 0 V (10) 

This reaction is most prominent in the anode where hydrogen concentration is high. Note that 

since electrons are deposited on catalyst, the reaction tends towards lowering the potential of the 

catalyst on which it takes place.  
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Oxygen is reduced on the catalyst surface in two similar reactions. 4-electron oxygen reduction 

reaction (ORR4) results in water [17]: 

O2 + 4H+ + 4e-  2H2O, UORR4 =1.23 V (11) 

and takes place when electric potential is lower than 1.23 V. 2-electron oxygen reduction reaction 

(ORR2) is similar, but results in hydrogen peroxide formation [17]: 

O2 + 2H+ + 2e-  H2O, UORR2 =0.67 V (12) 

and occurs only when electric potential is lower than 0.67 V. Since both reactions consume electrons 

and thus increase the electric potential on the catalyst, the resulting potential is typically closer to 

1.23 V then 0.67 V, suppressing the formation of hydrogen peroxide. 

Hydrogen peroxide can further react in peroxide reduction reaction (PRR) [17]: 

H2O2 + 2H+ + 2e-  2H2O, UPRR =1.67 V (13) 

which takes place when electric potential is lower than 1.67 V. 

The rates of electrochemical reactions, listed above, are calculated using modified Butler-Volmer 

equations which take into account concentrations and electric potential on the Pt particles, while 

they, in addition, consider also the diffusion limitations to species fluxes from bulk ionomer to the 

particle surface [11]. The equations for calculating the rates in [mol m-2 s-1] are [11,17]: 

( )

( )
( )( ) ( ) ( )( )

( )
( )( )

HOR Pt HOR HOR Pt HOR

+
2

HOR Pt HOR

2

2 , 2 1 ,

HOR H H

HOR 2 ,

Pt
HOR

H ref

,  

,

1

T T

T

U x t U U x t U

b b

U x t U

b

k a x t e a e

j x t
r x

k e
D c

 



− − − −

−

 
 −
 
 

=

+

 (14) 
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1
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T
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b
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−

=
−
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 (17) 

The rates of reactions jr (r = HOR, ORR4, ORR2, PRR) are proportional to the reaction rate 

constants kr. Species activities are calculated by dividing position- and time-dependent concentra-

tions with the reference values: aH2(x,t) = cH2(x,t)/cref , aO2(x,t) = cO2(x,t)/cref, aH2O2(x,t) = cH2O2(x,t)/cref. 

Time dependance and spatial profile of electric potential between Pt and adjacent ionomer UPt(x,t) 

will be further explained in the next section. The size of Pt particles rPt = rPt(x), affecting the limiting 

diffusion flux of species to Pt surface, can in general evolve with time due to degradation of catalyst 

layer and growth of Pt band in the membrane, but is assumed to be stationary in the proposed 
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model. The term bT = RT/F describes the temperature dependence, while the diffusion constants Di 

for all species refer to their values in the ionomer.  

To relate the reaction rates to the changes in species concentrations, we need to consider the 

spatial distribution of Pt surface on which the reaction can take place, and the volume in which the 

species can reside. We express these properties as volume specific Pt surface density 

( )
( )

( ) ( )
( )

2

Pt

Pt Pt

ion 0

4

i

r x
x n x

H
x x

RT


 =

+

 (18) 

where nPt(x) is volumetric density of Pt particles and effective volume modification is the same as 

for the case of diffusion equations. The spatial distribution of λPt(x) describes the differences in 

distribution of Pt catalyst throughout the entire MEA and thus allows the use of the same form of 

electrochemical reaction rates in all MEA components. The rates of concentration changes can 

therefore be calculated for entire MEA as 

( )
( ) ( )2H

Pt HOR

EC

,
,

c x t
x j x t

t


 
= −   

 (19) 

( )
( ) ( ) ( )2O

Pt ORR2 ORR4

EC

,
, ,

c x t
x j x t j x t

t


 
 = − +     

 (20) 

( )
( ) ( ) ( )2 2H O

Pt ORR2 PRR

EC

,
, ,

c x t
x j x t j x t

t


 
 = −     

 (21) 

It should be noted that the model does not describe the dynamics of water and proton 

concentration in the MEA, which are assumed to be constant and uniformly distributed.  

Electric charging of Pt surface 

The spatial distribution of electric potential on catalyst particles UPt(x,t) is crucial for adequate 

modelling of hydrogen peroxide formation. As seen from reaction rate Eq. (16), the formation of 

hydrogen peroxide is suppressed in the electric potential range between 0.67 and 1.23 V, where 

water production via ORR4 Eq. (15) is dominant. ORR2 only becomes significant at potential below 

0.67 V. Since cathode and anode are electrically connected to the external load of the fuel cell, their 

electric potential can be controlled and measured by electric current through the fuel cell, making 

it possible to estimate which EC reactions will take place. It is assumed that potential of the Pt band 

is determined by the rates of EC reactions on its surface, since particles inside the Pt band are not 

easily accessible. Therefore, potential of the Pt is in turn determined by local concentrations of 

species in the membrane. Reduction reactions, such as HOR, produce electrons, which are deposited 

on Pt particles and thus reduce the electric potential, while oxidation reactions consume electrons 

and consequently increase the potential. This process is modelled by equation [21] 

( )
( ) ( ) ( ) ( )Pt

HOR ORR4 ORR2 PRR

EC

,
-2 , 4 , 2 , 2 ,

DL

U x t F
j x t j x t j x t j x t

t 

 
 = + + +    

 (22) 

where ζDL = CDL/S is a surface specific double layer capacitance of the Pt surface [22]. In cathode and 

anode catalyst layer, the potential is also affected by electric conduction through carbon support 

structure, which causes the spatial distribution of potential to equilibrate to a constant value 

throughout the catalyst layer. This process is modelled by diffusion-like equation [21] 
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( )

( ) ( )
( )

( )Pt Pt

eff2

Pt Pt DLcond

, ,1

 4

U x t U x t
x

t x xr x n x


 

    
= −   

     
 (23) 

Volumetric capacitance of catalyst layer is calculated as a product of Pt surface capacitance and Pt 

surface density. Effective electric conductivity is determined from catalyst volumetric ratio εPtC(x) and 

bulk carbon conductivity σC as σeff(x) = σC εPtC(x)α. It should be noted that since the catalyst volumetric 

ratio inside the membrane is zero, electric conduction only affects the potential in the catalyst layers. 

Fenton reactions 

The hydrogen peroxide produced in electrochemical reactions reacts with metal ions in a series 

of reactions, resulting in formation of radical species. This process is typically modelled as a set of 

Fenton reactions with iron ions [6,17], which can be simplified to a single reaction, 

Fe2+/3+ + 2H2O2 → Fe2+/3+ + HO• + HOO• + H2O (24) 

Since we are only interested in the current model with spatial distribution of hydrogen peroxide 

formation, but not in further chemical membrane degradation processes [6,7], the Fenton-like 

consumption of peroxide is modelled by a simple equation 

( )
( )2 2

2 2

H O

fent H O

fent

,
- ,

c x t
k c x t

t

 
=   

 (25)  

where kfent is related to the effective reaction rate of Fenton reaction and to the concentration of 

relevant transition metal ions present in the ionomer, which are assumed to be uniformly dispersed 

through the MEA. 

Boundary conditions 

Boundary conditions for concentration profiles are applied at the boundary between cathode 

and gas diffusion layer (GDL) at x = 0, and between anode and GDL at x = dMEA. Hydrogen and oxygen 

boundary conditions are determined by diffusive flux of species through the gas diffusion layer (GDL) 

with effective diffusivity D̃i,GDL = Di,GDLHi/RT expressed in terms of ionomer concentration. 

( )
( )

( ) ( )2 2

2 2 2

2

O O ,GDL

O O ,ch O

GDL0

,
0,

Ox

c x t D RT
D x c t c t

x d H
=

  
= −        

 (26) 

( )
( )

( )2 2

2 2

H H ,GDL

H H
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,
0,

x

c x t D
D x c t

x d
=

 
= −   

 (27) 
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( )
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2 2 2 2
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H O H O
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,
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x

c x t D
D x c t
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=
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( )
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O MEA
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,
,O

x d

c x t D
D x c d t

x d
=

 
=   

 (29) 

( )
( )
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2
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H H MEA H ,ch

GDL H

,
,

x d

c x t D RT
D x c d t c t
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2 2 2 2
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H O H O MEA
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,
,
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c x t D
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A. Kregar and T. Katrašnik J. Electrochem. Sci. Eng. 13(5) (2023) 753-770 

http://dx.doi.org/10.5599/jese.1659  761 

Hydrogen concentration in anode gas feed channel cH2,ch(t) and oxygen in cathode gas feed 

channel is cO2,ch(t). We assume that hydrogen concentration in cathode channel and oxygen 

concentration in anode channel is zero. For hydrogen peroxide we assume that concentration in 

both channels is zero [17]. 

Boundary conditions for electric potential are determined from electric current density jEl drawn 

from the fuel cell: 

( )
( )Pt

eff El

0

,
-

x

U x t
x j

x


=

 
= 

 
 (32) 

( )
( )

MEA

Pt

eff El

,
-

x d

U x t
x j

x


=

 
= 

 
 (33) 

Note that negative sign in boundary condition at x = 0 describes electric current flowing out of 

the cathode, while at x = dMEA negative sign describes current flowing into the anode. 

Experimental data 

The model was tested and verified on the experimental data, obtained from the paper by Ohma 

et al. [10]. In their experiment, the durability of fuel cell membrane was related to the deposition of 

catalyst in the Pt band. The degradation experiment was performed for 48 hours in open-circuit 

voltage (OCV) operation fuel cell at T = 90 °C with pure hydrogen and oxygen at ambient pressure 

as a fuel. As indication of membrane degradation, the Raman spectrum of ionomer was measured 

at several locations across the aged membrane thickness. Additionally, the size and density of Pt 

particles in the membrane were measured using transmission electron microscopy. 

The aim of model verification is to determine whether the position of hydrogen peroxide production, 

determined by the proposed model, overlaps with the location of maximal membrane degradation, 

measured in the experiment. To reproduce the experimental conditions, the following model 

parameters need to be determined: spatial distribution of Pt particle size rPt(x), Pt particle density nPt(x), 

void volume fraction ε0(x), ionomer volume fraction εion(x), temperature T and boundary conditions. 

The thickness of cathode and anode, used in experiment, are dcat = dcat = 10 μm. The membrane 

thickness changed from initial 50 to 33 μm after degradation. In the model, we used the latter value 

for easier comparison with the Raman measurement, dmem = 33 μm. Particle size and density 

distribution were determined separately for cathode (0 < x < dcat), membrane (dcat < x < dcat + dmem) 

and anode (dcat + dmem < x < dMEA). 

For cathode and anode catalyst layer, rPt(x) and nPt(x) were assumed to be constant and were 

determined from the data on catalyst properties, namely Pt loading (PtLoad)= 0.35 mg/cm2 and 

electrochemical surface area ESA = 80 m2/g (deduced from the type of catalyst, TEC10E50E, TKK, [23]). 

Particle size and density are calculated as [24]: 

Pt

Pt

3
1.78 nm

1000 ESA
r


= =  (34) 

23 -3

3

Load

Pt Pt

Pt3
7.0×10  m

4
Ptn

r 
= =  (35) 

The paper [10] provides the detailed measurement of properties of Pt particles in the membrane, 

such as size distribution and spatial distribution of particles above certain threshold. Based on this 

data, the spatial distribution of Pt band particle size rPt(x) and density nPt(x) in the membrane, 

dcat < x < dcat + dmem was constructed. According to numerical study of Pt band growth in the 

membrane by Burlatsky et al., the volumetric density of particles in the membrane is determined by 
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agglomeration dynamics during Pt band formation and is homogeneous throughout the membra-

ne [11]. Based on estimated Pt ion flux to the membrane from [10], constant distribution nPt(x) = 

2.08 × 1018 m-3 was assumed. Size distribution rPt(x) was reconstructed from measured distribution 

of particles larger than 25 nm and was described in the model as a normal distribution 

( )
( )

a
2

2
band

b nd2(

Pt Pt,max

)

x x

r x r e 

−
−

=  (36) 

with mean value x̄band = dcat + 0.4 dmem, standard deviation band = 0.096 dmem and maximal size of particles 

rPt,max = 12.3 nm. Spatial distribution of particle size and density for entire MEA is plotted in Figure 2. 

 
Figure 2. Spatial distribution of particle size rPt(x) and density nPt(x) through the MEA, used in the model 

(constructed based on data from [10]) 

Ionomer volume fraction in the membrane was set to εion = 1, while in the catalyst layers, 

volumetric ratios were calculated from the data, provided in [10]. Catalyst volumetric ratio was 

determined from Pt loading and Pt/C ratio (50:50), εPtC = 0.191, and ionomer volumetric ratio was 

determined from Nafion to carbon mass ratio (mnaf/mC = 0.9), εion = 0.199. 

Since pure oxygen and hydrogen at ambient pressure and T = 90 °C were used in the experiment, 

their respective concentrations in the gas feed channels, used as boundary conditions, were 

calculated as cO2,ch(t) = cO2,ch(t) = p/RT = 33.6 mol m-3. Boundary condition for electric potential is 

determined from OCV operation to be jEl = 0. 

Diffusion constant in GDL was assumed to be proportional to void diffusion constant. GDL 

thickness, used in experiment (20BC, SGL Carbon), was dGDL = 235 μm and diffusivity was calculated 

from bulk diffusivity as Di,GDL = Q Di,0 with Q = 0.139 [25]. 

Material parameters used in diffusion model were obtained from two papers by Wong et. al [16,17] 

and are listed in Table 1. 

Table 1. Diffusion model parameters 

Species D / m2 s-1 Reference Species H / Pa m3 mol-1 Reference 

O2, gas phase 1.98×10-5 [17] O2 4.718×104 e-666/T [16] fit 

H2, gas phase 11.50×10-5 [17] H2 2.584×104 e170/T [16] 

H2O2, gas phase 1.88×10-5 [17] H2O2 6.830×107 e-7379/T [16] 

O2, ionomer phase 0.96×10-10 [17]    

H2, ionomer phase 2.08×10-10 [17]    

H2O2, ionomer phase 1.50×10-10 [17]    
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As explained in [26], the position of Pt band in the membrane is determined by the values of 

diffusion and Henry constants of oxygen and hydrogen. To ensure that values of this parameters are 

consistent with the measured position of Pt band, Henry constant of oxygen HO2 was reduced by a 

factor of 3.5 compared to the value, given in [16], designated by “fit” in Table 1. This could be 

justified by effects of humidity on HO2 [27], which are not taken into account by the expression, 

provided in [16]. 

Material parameters used in electrochemical reaction model were obtained from [17] and are 

listed in Table 2. Specific surface capacity of Pt particles ζDL = 40 μF cm-2 was obtained from [22]. 

Table 2. Electrochemical reaction parameters 

Reaction  k / A m-2 Reference Reaction α Reference 

HOR 105 [17] HOR 0.50 [17] 

ORR2 40 [17] ORR2 0.50 [17] 

ORR4 50 [17] ORR4 0.50 [17] 

PRR 10-13 [15] PRR 0.32 [17] 
 

The value of reaction rate constant for Fenton reactions was calculated according to [6] as  

kfent = k0cFe2+/3+ (37) 

with k0 = A e-Ea/RT = 845 M-1 s-1 at T = 363 K. Iron ions concentration was calibrated to obtain best fit 

between measured degradation profile and modelled peroxide concentration, resulting in value 

cFe2+/3+ = 600 ppm, which is consistent with the values, reported in [6]. 

Numerical simulations 

With the model parameters set up based on experimental data, three numerical simulations 

were performed using the model implemented in Python programming language. Differential 

equation Eq. (1)-(4) governing the equations were solved on computational grid with 10 control 

volumes in cathode and anode catalyst layer and 33 control volumes in the membrane (Δx = 1 μm) 

using Scipy solver “solve_ivp” using “BDF” integration method [28].   

In Simulation A, the model simulated operation of the fuel cell, described in section Experimental 

data, with already established and stationary Pt band. Since proposed model was not aimed to focus 

on chemical membrane degradation (this is covered in our previous publications [6,7]), but on the 

spatial distribution of hydrogen peroxide formation, the simulation time of 600 s was sufficient to 

achieve stationary MEA conditions and extract the results, which are compared to the experimen-

tally measured spatial distribution of chemical membrane degradation. 

After validation, the capabilities of the model were tested in two further simulations in fuel cell 

operating regimes where peroxide formation is expected to occur in either cathode or anode catalyst 

layer. As explained in Introduction, anode peroxide formation is expected from oxygen diffusing 

through the membrane to the anode, so Simulation B was performed with fuel cell in OCV operation 

with no Pt band present in the membrane (rPt(x) = 0). Cathode peroxide formation is expected at low 

electric potential on cathode, which is a result of high electric current, so Simulation C was performed 

at sufficiently high electric current density to reproduce this behaviour: jEl = 10 A cm-2. 
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Results and discussion 

Simulation A 

With the first simulation, we want to verify that the model predicts the formation of hydrogen 

peroxide in the membrane, consistent with the observed membrane degradation. The spatial 

distribution of species concentrations cO2(x), cH2(x), cH2O2(x) and electric potential UPt(x) in stationary 

conditions are shown in Figure 3. 

 
Figure 3. Spatial distribution of oxygen (red), hydrogen (blue), hydrogen peroxide (purple) and electric 

potential (green) in OCV fuel cell operation with aged membrane (Simulation A). Hydrogen peroxide forms 
mostly on Pt band as a result of oxygen reduction on Pt particles with low local electric potential 

Due to high gas diffusivity in porous catalyst compared to the membrane, the concentrations of 

oxygen and hydrogen (red and blue line in Figure 2, respectively) are uniform in the catalyst layer. 

Different concentrations of reactants despite the same concentrations in channels are a result of 

different Henry constants. Concentrations then fall linearly in the membrane towards zero, indicating 

a flux of reactants towards the Pt band, where oxygen and hydrogen are consumed in reactions ORR2, 

ORR4 and HOR. The electric potential UPt(x) (green line in Figure 2) is determined by the rates of these 

reactions, Eq. (22). Left of the Pt band, high concentration of oxygen results in ORR reactions being 

more prominent than HOR, leading to consumption of electrons and thus increasing the local electric 

potential to a value close to ORR4 equilibrium 1.23 V, shifted by the concentration-dependent Nernst 

term [29]. Right of the Pt band, high hydrogen concentration promotes HOR reaction, resulting in 

deposition of electrons on Pt particles, thus lowering their potential close to 0 V.  

At the location of oxygen-hydrogen mixing, the potential sharply transitions from one value to the 

other. This provides the conditions with sufficiently low electric potential (UPt < 0.67 V) and sufficiently 

high oxygen concentration which result in the formation of hydrogen peroxide (purple line in Figure 3). 

Hydrogen peroxide thus produced diffuses into the rest of the MEA, where it is consumed by peroxide 

reduction reaction and Fenton reaction. The concentration of hydrogen peroxide at its peak is about 

cH2O2,max ≈ 0.12 mM, which is consistent with the data, reported in [6]. 

Since Fenton reaction rate is proportional to the cH2O2(x) and since the reactions between radical 

species and the membrane structure are fast [6], we argue that the degradation rate of the membrane 

is proportional to the hydrogen peroxide concentration [6]. To verify this claim, we plot in Figure 4 the 

spatial profile of hydrogen peroxide concentration and spatial distribution of specific chemical bonds 
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in the membrane, measured by Raman spectroscopy [10]. The changes in relative intensity between 

SO bonds (red line in Figure 3) and CO bonds (orange line in Figure 3), found in sidechains of Nafion 

structure, compared to CF bonds, indicate the presence of chemical degradation phenomena. The 

spatial distribution of hydrogen peroxide concentration, predicted by the proposed model, coincides 

well with the observed degradation, confirming the validity of the modelling approach. 

 
Figure 4. Spatial distribution of hydrogen peroxide (purple), compared to the spatial distribution of specific 

membrane chemical bonds measured by Raman spectroscopy [10] 

Simulation B 

As demonstrated in Simulation A, the reactions of oxygen and hydrogen on Pt band particles play 

a crucial role in determining the rate and location of hydrogen peroxide formation. With the second 

simulation we want to explore the process of hydrogen peroxide formation in fresh MEA, where no 

Pt band particles are present in the membrane, in OCV conditions. The results of simulation for 

stationary conditions are shown in Figure 5.  

 
Figure 5. Spatial distribution of oxygen (red), hydrogen (blue), hydrogen peroxide (purple) and electric 
potential (green) at OCV fuel cell operation with fresh membrane (no Pt band, Simulation B). Hydrogen 

peroxide mostly forms at the anode from crossover oxygen flux through the membrane 

Similarly to the results of Simulation A, oxygen and hydrogen concentrations are constant in cata-

lyst layers and change linearly through the membrane, but now gases diffuse not to the position of 
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Pt band, but to their respective counter-electrode, where they immediately react due to large 

difference between equilibrium and local electric potential (green). In case of oxygen diffusing to 

the anode, this results in reaction at electric potential UPt ≈ 0 V < UORR2, which leads to the formation 

of hydrogen peroxide. Its concentration is somewhat lower compared to the case of Pt band 

formation (cH2O2,max ≈ 7 μM), which can be explained by slower diffusion of oxygen to the anode due 

to longer diffusion path. Note that since no Pt particles are present in the membrane, the values of 

electric potential in this region (light green) are a residual of the model and play no role in 

electrochemical reactions. 

Simulation C 

In the last simulation, we want to explore the conditions in which the peroxide formation would 

occur at the cathode catalyst layer. As explained in Introduction, this would require sufficiently low 

electric potential at the cathode, which is in a fuel cell a result of high electric current density. In 

Simulation C we again model a fresh membrane with no Pt band and with external electric current 

density jEl = 10 A/m2. Note that this value is unrealistically high for an actual fuel cell, so the results 

should be taken only as a demonstration of the model capabilities with no direct quantitative value. 

The spatial distributions, resulting from Simulation C, are shown in Figure 6. 

 
Figure 6. Spatial distribution of oxygen (red), hydrogen (blue), hydrogen peroxide (purple) and electric 

potential (green) in fuel cell with fresh membrane (no Pt band) operating at high electric current density 
(Simulation C). Hydrogen peroxide forms on both cathode and anode side, but with small overall 

concentration 

At the specified high current density, most of the oxygen is consumed in the cathode catalyst 

layer (note that oxygen and hydrogen concentration in Figure 6 are not plotted in the same scale), 

resulting in the lowering of cathode electric potential. The hydrogen peroxide (purple) formation 

now takes place both in cathode and anode catalyst layer but is more prominent in cathode due to 

higher concentration of oxygen. Note, however, that the overall hydrogen peroxide concentration 

(cH2O2,max ≈ 7 × 10-2 μM) is much lower compared to Simulation A or Simulation B. 

The results of Simulations A, B and C highlight the importance of both fuel cell operating 

conditions as well as its state of health in identifying the location and rate of hydrogen peroxide 

production in fuel cell MEA. Due to low electric potential, the anode is more prone to hydrogen 

peroxide formation, under the condition that oxygen is present in the anode, which might not be 

the case if the Pt band is formed in the membrane. Cathode, despite its abundance of oxygen, does 
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not seem to be an important source of hydrogen peroxide at moderate or normal current densities 

since high electric potential strongly promotes the reaction of oxygen to water (ORR4). 

Conclusion 

In the paper we present a one-dimensional model of coupled physical processes, contributing to 

the formation of hydrogen peroxide in the LT-PEMFC membrane-electrode assembly. The model 

describes spatial distribution of oxygen, hydrogen, and hydrogen peroxide concentration as well as 

spatial distribution of local electric potential between catalyst particles and adjacent ionomer. The 

diffusion of chemical species is governed by a unified set of equations, considering the material 

composition and porosity of different MEA components. Consumption and production of species in 

electrochemical reactions across MEA is described by a unified description of reaction rates in terms 

of contributions of local electric potential, available catalyst surface and diffusion limitations due to 

finite size of catalyst particles. Electric potential of active catalyst particles is calculated by 

considering both external electric currents through to the catalyst layer and charging of double layer 

on particle surface due to electrochemical reactions on catalyst particles. 

The validity of the model was confirmed by successfully reproducing the spatial distribution of 

hydrogen peroxide concentration in OCV degradation experiment, which coincides well with 

experimentally determined spatial distribution of membrane degradation, measured by Raman 

spectroscopy [10]. The results of this simulation reveal a rich interplay between intertwined physical 

processes incorporated in the presented model. Diffusion of oxygen and hydrogen through the 

membrane and their electrochemical consumption at Pt band results in non-trivial spatial 

distribution of local electric potential, which transitions from high value of UPt ≈ 1.23 V in oxygen 

rich environment to low value of UPt ≈ 0.0 V in hydrogen rich environment. The transitioning area 

inside the Pt band thus features appropriate electric potential and sufficient oxygen concentration, 

suitable for hydrogen peroxide formation. Further numerical simulations of fresh MEA without Pt 

band indicate that both position as well as rate of hydrogen peroxide formation depends strongly 

on fuel cell operating conditions via coupled dynamics of reactants spatial distribution and resulting 

electric potential on catalyst particles. 

Due to its strong explanatory power, the proposed model elucidates causal relations of peroxide 

formation phenomena and comparison of formation rates at different locations at different fuel cell 

operating conditions. The model, therefore, represents a solid background for further theoretical 

exploration of dynamics of hydrogen peroxide formation in LT-PEMFC systems. Since the results of 

the model can easily be related to the experimentally observed phenomena via Raman spectroscopy 

analysis of the membrane, the model also serves as useful tool in designing new experiments, 

exploring the detailed mechanisms of hydrogen peroxide formation, which might have not yet been 

sufficiently elaborated. After availability of more detailed experimental data and extensive model vali-

dation as well as calibration of its parameters, the proposed model can be characterized as a powerful 

toll for designing advanced fuel cell operation strategies and fuel cell designs, aimed at minimizing the 

degradation processes in the LT-PEMFC, improving its performance, and increasing its lifetime. 
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