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Abstract 

In this work, a one-dimensional mathematical model for a direct ethylene glycol fuel cell using 

hydrogen peroxide as oxidant is developed. This model considers the ethylene glycol crossover 

and the competitive adsorption between ethylene glycol molecules and hydroxyl ions at reaction 

sites, in addition to mass/charge transport and electrochemical reactions. In addition, the 

complicated co-existence of the hydrogen peroxide reduction reaction, the hydrogen peroxide 

oxidation reaction, and the oxygen reduction reaction in the cathode is also considered in this 

model. The mathematical model under the consideration of the above-mentioned 

physicochemical processes exhibits a good agreement with experimental results. In addition, the 

effects of various operating and electrode structural parameters on the cell performance are 

examined, including concentrations of various species, the exchange current density and the 

thickness of diffusion layer. The numerical results exhibit that the cell performance improves 

with the increasing concentrations of hydrogen peroxide and sulfuric acid. As for the ethylene 

glycol and hydroxyl ions, increasing the concentrations makes contribution to higher 
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performance, while the cell performance experiences a degradation at a high current density 

region due to the remarkable ohmic loss. The model also shows that increasing both the anode 

and cathode exchange current density leads to an improved cell performance, which indicates the 

significance of developing novel catalyst with superior catalytic activity. Moreover, the effect of 

the structural design parameters of the anode and cathode diffusion layer is also investigated, and 

the results show that increasing thickness of diffusion layers has a negative effect on the cell 

performance.  
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1. Introduction 

Direct alcohol fuel cells (DAFCs) have received ever-increasing attention as a propitious power 

source, primarily due to their high efficiency, simple design, quick refueling as well as low 

emissions [1-5]. Among various alcohol fuels, small molecule and short-chain alcohols, e.g., 

methanol and ethanol, are regarded as promising fuel candidates, because the rate of oxidation 

reaction is higher than that of large molecule and long-chain alcohols [6-9]. Although promising, 

direct methanol fuel cells (DMFCs) suffer from the severe performance decline derived from the 

serious methanol crossover and poisonousness of derivative to the catalyst [6]. In addition, direct 

ethanol fuel cells (DEFCs) exhibit a low electron transfer rate (33%) due to the hardly broken C-

C bond at low temperatures (generally < 60oC) [10, 11]. Recently, direct ethylene glycol fuel 

cells (DEGFCs) running on ethylene glycol (EG), which are regarded as an alternative DAFC, 

have attracted great attention for mobile, stationary, and portable applications, which is attributed 

to its intrinsic superiorities, including high theoretical energy capacity (4.8 Ah mL-1), high 

boiling point (198oC), and high electron transfer rate (80%) [12-16]. In addition, using hydrogen 

peroxide as oxidant in the cathode to replace the air or pure oxygen has been extensively studied 

[17-19]. The use of liquid hydrogen peroxide brings about the following advantages: (1) a 

substantial increase in the theoretical voltage; (2) low activation loss of the reduction reaction 

due to two-electron transfer; and (3) no water flooding problem [20]. Moreover, hydrogen 

peroxide is more favorable in air shortage situations, e.g., outer space and underwater. For 

instance, Pan et al. [19] developed a hybrid DEGFC using hydrogen peroxide as oxidant yielding 

an open-circuit voltage (OCV) of 1.41 V and a peak power density of 80.9 mW cm-2 at 60°C. It 

was reported that the hybrid DEGFC boosted the OCV by 62.1% and the peak power density by 

20.8% comparing to the same cell using oxygen. 
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In general, the fuel cell performance relies on various parameters, including the materials and 

electrode structures, species concentrations, as well as operating temperature [21-23]. However, 

investigating the effect of each parameter on cell performance via experimental approach is quite 

cost-ineffective and time-consuming. Thus, mathematical modeling, which is regarded as an 

economical and powerful tool, is essential for the detailed study and optimization of operating 

parameters of fuel cells, so that the performance can be maximized [24]. Jiao et al. [25] 

presented an excellent work on water transport in polymer electrolyte membrane fuel cells 

(PEMFCs) and comprehensively reviewed different models adopted for different purposes in 

water transport in PEMFCs. Bahrami et al. [26] proposed a one-dimensional, isothermal, single-

phase model to investigate the mass transport in a DEFC, but the addition of alkali was not taken 

into consideration. Recently, Guo et al. [27] developed a transient two-dimensional multi-phase 

model for passive vapor-feed DMFC fed with neat methanol to investigate the mass transport 

processes with different cell designs and operation conditions. Xie et al. [28] further studied the 

effects of open ratio, carbon dioxide exit length, micro-porous layer (MPL) and porous layer’s 

hydrophobicity on the cell performance. Wang et al. [29] developed a quasi-2D transient model 

of proton exchange membrane fuel cell with anode recirculation. Huo et al. [30] investigated the 

effect of various operating pressures on the water transfer mechanism in an alkaline electrolyte 

membrane fuel cell and studied the effect of operating behavior on the cell performance both 

experimentally test and analytically. 

It should be mentioned that the addition of alkali in the anode can improve the electrochemical 

kinetics of the EG oxidation reaction (EGOR), but the anode becomes a complex cation-anion 

co-existing compartment, which makes the physicochemical processes in the fuel cell system 

more complicated, including mass transport, electron transport, ion transport, as well as 
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electrochemical reactions [31]. Meanwhile, the involvement of hydrogen peroxide and acid in 

the cathode also entangles the physicochemical processes. On one hand, the mass transport, 

electron transport, and ion transport are more convoluted, which is similar to the situation in the 

anode. On the other hand, not only the hydrogen peroxide reduction reaction (HPRR) takes place 

in the cathode, but the hydrogen peroxide oxidation reaction (HPOR) also occurs simultaneously. 

Moreover, the oxygen derived from the HPOR also can participate in reduction reactions. 

Therefore, there are two reduction reactions and an oxidation reaction existing in the cathode, 

which may spontaneously establish an internal hydrogen peroxide fuel cell. To our best 

knowledge, there is no attempt to mathematically investigate the alkaline DEGFC with hydrogen 

peroxide as oxidant. In this work, a comprehensive one-dimensional steady-state isothermal 

mathematical model is developed to extensively investigate the operating parameters and 

electrode designs on the cell performance. 

2. Formulation 

As depicted in Figure 1, the DEGFC consists of the anode/cathode flow fields (FFs), the 

anode/cathode diffusion layers (DLs), the anode/cathode catalyst layers (CLs), and a cation 

exchange membrane (CEM). In the anode, the anolyte containing EG and NaOH transports from 

the anode FF through the anode DL to the anode CL, where the EG reacts with hydroxyl ions to 

produce electrons, oxalate and water. The EGOR reaction is shown as follows [11]: 

C2H6O2+10OH-→(COO-)2+8e-+8H2O         EEGOR=-0.69 V       (1) 

The electrons produced on the anode are transported through the external circuit to the cathode, 

where the HPRR occurs according to [32]: 

4H2O2+8H++8e-→8H2O                  EHPRR=1.78 V        (2) 
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Meanwhile, the sodium ions are transported from the anode to cathode through the membrane, 

which forms the internal ionic circuit. Consequently, the overall reaction of the passive DEGFC 

can be obtained by combining EGOR on the anode and HPRR on the cathode as follows: 

C2H6O2+4H2O2+8H++10OH-→(COO-)2+16H2O     E=2.47 V              (3) 

In the present work, the model equations are defined in one direction (x-axis) through the anode, 

CEM, and cathode. To simplify the complicated processes, the following assumptions and 

simplifications are made: 

(1) The fuel cell is assumed to operate under steady-state and isothermal conditions. 

(2) The mass/charge transport through the cathode DL is assumed to be a diffusion-predominated 

process, while both diffusion and convection are considered in the anode DL.  

(3) The CLs are too thin so that they are treated as interfaces. 

(4) The competitive adsorption on the active sites is assumed to be concentration-dependent. 

(5) The EG transporting through the membrane is completely oxidized in the cathode so that the 

EG concentration in cathode CL is zero. 

(6) The hydroxyl-ion crossover, hydrogen peroxide crossover, and oxygen crossover through the 

membrane are ignored. 

2.1. Anode 

2.1.1. Mass transport 

In the anode DL, where no chemical reaction occurs, the species flux (Ni
ADL) remains constant. 

The flux expression is developed based on the work of Pathak and Basu [33] and can be 

presented as: 

𝑁𝑁𝑖𝑖𝐴𝐴𝐴𝐴𝐴𝐴 = 𝐶𝐶𝑖𝑖
𝐹𝐹𝑒𝑒𝑣𝑣

𝐴𝐴𝐴𝐴𝐴𝐴/𝑘𝑘𝑖𝑖
𝐴𝐴𝐴𝐴𝐴𝐴

−𝐶𝐶𝑖𝑖
𝐴𝐴𝐴𝐴𝐴𝐴

𝑒𝑒𝑣𝑣
𝐴𝐴𝐴𝐴𝐴𝐴/𝑘𝑘𝑖𝑖

𝐴𝐴𝐴𝐴𝐴𝐴
−1

𝑣𝑣𝐴𝐴𝐴𝐴𝐴𝐴                                        (4) 
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where Ci
F is the feeding concentration (i: EG, OH-), vADL = kwΔP/µwlADL is the superficial 

velocity of water in the anode DL, ki
ADL = Di

ADL,eff/ld is the mass transfer coefficient in the anode 

DL, and CACL is the species concentration in the anode CL. The Di
eff is given by [34]: 

𝐷𝐷𝑖𝑖𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜀𝜀3/2𝐷𝐷𝑖𝑖                                                           (5) 

where ε is the porosity of the anode DL, and the Di is free-space diffusivity of species (i: EG, 

OH-). In the anode CL, since the mass transport is considered to be diffusion-predominated, the 

flux (Ni
S) can be obtained based on Fick’s law: 

𝑁𝑁𝑖𝑖𝑆𝑆 = −𝐷𝐷𝑖𝑖
𝑒𝑒𝑒𝑒𝑒𝑒 𝐶𝐶𝑖𝑖

𝐴𝐴𝐴𝐴𝐴𝐴−𝐶𝐶𝑖𝑖
𝑆𝑆

𝛿𝛿𝐴𝐴𝐴𝐴𝐴𝐴
                                                     (6) 

where Ci
ACL is the species concentration in the anode CL, the Ci

s is the species concentration on 

the catalyst, and δACL is the radius of the bulk. Through the membrane, the EG crossover (Ni
M) is 

in the same way as it transports through DL. Hence, it is given by: 

𝑁𝑁𝑖𝑖𝑀𝑀 = 𝐶𝐶𝑖𝑖
𝐴𝐴𝐴𝐴𝐴𝐴𝑒𝑒𝑣𝑣

𝑀𝑀/𝑘𝑘𝑀𝑀

𝑒𝑒𝑣𝑣𝑀𝑀/𝑘𝑘𝑀𝑀−1
𝑣𝑣𝑀𝑀                                                      (7) 

where vM = kwΔP/µwlM is the superficial velocity of water in membrane, kM = DM,eff/lM is the mass 

transfer coefficient in membrane. It is believed that the electrochemical reactions take place at 

the active sites on the catalyst, which implies that the actual reactant concentration participating 

in the EGOR does not equal to the species concentration on the catalyst surface. In other words, 

for a specific active site, the actual reactant concentration mainly depending on the species 

concentration on the catalyst surface is the result of the competitive adsorption between EG and 

OH-. It is clear that the reactant with higher concentration is more likely to be adsorbed on the 

active sites, thus the assumption that the competitive adsorption on the active sites is 

concentration-dependent is made. Based on this assumption, the actual reactant concentration 

can be given by: 
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𝐶𝐶𝐸𝐸𝐸𝐸𝑅𝑅 = 𝐶𝐶𝐸𝐸𝐸𝐸
𝑆𝑆

𝐶𝐶𝐸𝐸𝐸𝐸
𝑆𝑆 +𝐶𝐶𝑂𝑂𝑂𝑂−

𝑆𝑆 𝐶𝐶𝐸𝐸𝐸𝐸𝑆𝑆                                                       (8) 

𝐶𝐶𝑂𝑂𝑂𝑂−𝑅𝑅 = 𝐶𝐶𝑂𝑂𝑂𝑂−
𝑆𝑆

𝐶𝐶𝐸𝐸𝐸𝐸
𝑆𝑆 +𝐶𝐶𝑂𝑂𝑂𝑂−

𝑆𝑆 𝐶𝐶𝑂𝑂𝑂𝑂−𝑆𝑆                                                   (9) 

where Ci
R is the actual reactant concentration at the active sites (i: EG, OH-), and Ci

S is the 

reactant concentration on the catalyst surface. 

2.1.2. Electrochemical kinetics 

The EGOR is a multi-step and multi-pathway electrochemical process; therefore, its reaction 

mechanism has not been completely understood yet. Herein, a Tafel-form electrochemical model 

for the EGOR incorporating the mass transport effect is adopted: 

𝑗𝑗𝑎𝑎 = 𝑖𝑖0,𝑎𝑎( 𝐶𝐶𝐸𝐸𝐸𝐸
𝑅𝑅

𝐶𝐶𝐸𝐸𝐸𝐸
𝑟𝑟𝑟𝑟𝑟𝑟)𝛾𝛾𝑎𝑎𝐸𝐸𝐸𝐸(𝐶𝐶𝑂𝑂𝑂𝑂−

𝑅𝑅

𝐶𝐶𝑂𝑂𝑂𝑂−
𝑟𝑟𝑟𝑟𝑟𝑟 )𝛾𝛾𝑎𝑎𝑂𝑂𝐻𝐻

−
exp (𝛼𝛼𝑎𝑎𝐹𝐹

𝑅𝑅𝑅𝑅
𝜂𝜂𝑎𝑎)            (10) 

𝛾𝛾𝑎𝑎𝐸𝐸𝐸𝐸 �
0    𝐶𝐶𝐸𝐸𝐸𝐸𝑅𝑅 >  𝐶𝐶𝐸𝐸𝐸𝐸

𝑟𝑟𝑟𝑟𝑟𝑟

1    𝐶𝐶𝐸𝐸𝐸𝐸𝑅𝑅 ≤  𝐶𝐶𝐸𝐸𝐸𝐸
𝑟𝑟𝑟𝑟𝑟𝑟        (11) 

𝛾𝛾𝑎𝑎𝑂𝑂𝑂𝑂
− �

0    𝐶𝐶𝑂𝑂𝐻𝐻−𝑅𝑅 >  𝐶𝐶𝑂𝑂𝑂𝑂−
𝑟𝑟𝑟𝑟𝑟𝑟

1    𝐶𝐶𝑂𝑂𝑂𝑂−𝑅𝑅 ≤  𝐶𝐶𝑂𝑂𝑂𝑂−
𝑟𝑟𝑟𝑟𝑟𝑟                     (12) 

where Ci
R is the reactant concentration on the active sites, Ci

ref is the reference reactant 

concentration, and γ is the reaction order related to the species concentration. When the 

concentration is higher than a reference value, it is zero. Otherwise, it is one. 

2.2. Cathode 

In the cathode, the formation for the mass/charge transport and electrochemical reactions is 

based on our previous work [17]. Briefly, the species flux in the cathode DL (Ni
CDL) can be 

described according to: 

𝑁𝑁𝑖𝑖𝐶𝐶𝐶𝐶𝐶𝐶 =  −𝐷𝐷𝑖𝑖
𝑒𝑒𝑒𝑒𝑒𝑒 𝑑𝑑𝑑𝑑𝑖𝑖

𝐹𝐹

𝑑𝑑𝑑𝑑
                                                  (13) 
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where Ci
F is the feeding concentration (i: H2O2, H+). The superficial current density jc can be 

defined by three respective current densities, which are jHPRR derived from HPRR, jHPOR derived 

from HPOR, as well as jORR derived from oxygen reduction reaction (ORR): 

                       𝑗𝑗𝑐𝑐 = 𝑗𝑗𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 + 𝑗𝑗𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑗𝑗𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻

= 𝑖𝑖0,𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 �
𝐶𝐶𝐻𝐻2𝑂𝑂2
𝐶𝐶𝐶𝐶

𝐶𝐶𝐻𝐻2𝑂𝑂2
𝑟𝑟𝑟𝑟𝑟𝑟 �

𝛾𝛾𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻
𝐻𝐻2𝑂𝑂2

�
𝐶𝐶𝐻𝐻+
𝐶𝐶𝐶𝐶

𝐶𝐶𝐻𝐻+
𝑟𝑟𝑟𝑟𝑟𝑟�

𝛾𝛾𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻
𝐻𝐻+

exp �
𝛼𝛼𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐹𝐹
𝑅𝑅𝑅𝑅

(𝐸𝐸𝐻𝐻𝑃𝑃𝑅𝑅𝑅𝑅0 − 𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚)�

+ 𝑖𝑖0,𝑂𝑂𝑂𝑂𝑂𝑂 �
𝐶𝐶𝑂𝑂2
𝐶𝐶𝐶𝐶

𝐶𝐶𝑂𝑂2
𝑟𝑟𝑟𝑟𝑟𝑟�

𝛾𝛾𝑂𝑂𝑅𝑅𝑅𝑅
𝑂𝑂2

�
𝐶𝐶𝐻𝐻+
𝐶𝐶𝐶𝐶

𝐶𝐶𝐻𝐻+
𝑟𝑟𝑟𝑟𝑟𝑟�

𝛾𝛾𝑂𝑂𝑂𝑂𝑂𝑂
𝐻𝐻+

exp �
𝛼𝛼𝑂𝑂𝑂𝑂𝑂𝑂𝐹𝐹
𝑅𝑅𝑅𝑅

(𝐸𝐸𝑂𝑂𝑂𝑂𝑂𝑂0 − 𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚)�

− 𝑛𝑛𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐹𝐹𝐹𝐹exp [
𝛼𝛼𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐹𝐹
𝑅𝑅𝑅𝑅

(𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 − 𝐸𝐸𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻0 )]𝜃𝜃𝐻𝐻2𝑂𝑂2 

                                         (14) 

𝛾𝛾𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻
𝐻𝐻2𝑂𝑂2 �

0    𝐶𝐶𝐻𝐻2𝑂𝑂2
𝐶𝐶𝐶𝐶 >  𝐶𝐶𝐻𝐻2𝑂𝑂2

𝑟𝑟𝑟𝑟𝑟𝑟

1    𝐶𝐶𝐻𝐻2𝑂𝑂2
𝐶𝐶𝐶𝐶 ≤  𝐶𝐶𝐻𝐻2𝑂𝑂2

𝑟𝑟𝑟𝑟𝑟𝑟       (15) 

𝛾𝛾𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻+ �
0    𝐶𝐶𝐻𝐻+

𝐶𝐶𝐶𝐶 >  𝐶𝐶𝐻𝐻+
𝑟𝑟𝑟𝑟𝑟𝑟

1    𝐶𝐶𝐻𝐻+
𝐶𝐶𝐶𝐶 ≤  𝐶𝐶𝐻𝐻+

𝑟𝑟𝑟𝑟𝑟𝑟      (16) 

𝛾𝛾𝑂𝑂𝑂𝑂𝑂𝑂
𝑂𝑂2 �

0    𝐶𝐶𝑂𝑂2
𝐶𝐶𝐶𝐶 >  𝐶𝐶𝑂𝑂2

𝑟𝑟𝑟𝑟𝑟𝑟

1    𝐶𝐶𝑂𝑂2
𝐶𝐶𝐶𝐶 ≤  𝐶𝐶𝑂𝑂2

𝑟𝑟𝑟𝑟𝑟𝑟       (17) 

𝛾𝛾𝑂𝑂𝑂𝑂𝑂𝑂𝐻𝐻+ �
0    𝐶𝐶𝐻𝐻+

𝐶𝐶𝐶𝐶 >  𝐶𝐶𝐻𝐻+
𝑟𝑟𝑟𝑟𝑟𝑟

1    𝐶𝐶𝐻𝐻+
𝐶𝐶𝐶𝐶 ≤  𝐶𝐶𝐻𝐻+

𝑟𝑟𝑟𝑟𝑟𝑟      (18) 

where i0,HPRR is the exchange current density of HPRR, i0,ORR is the exchange current density of 

ORR, Ci
CL is the reactant concentration on the cathode CL, Ci

ref is the reference reactant 

concentration, γ is the reaction order based on the concentration of different species, E0 is the 

theoretical potential,  k is the rate constant, α is the transfer coefficient, 𝜃𝜃𝐻𝐻2𝑂𝑂2is the coverage of 

H2O2 on the catalyst, Emixed is the mixed potential. 
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2.3. Boundary conditions 

In the anode, 

x = x1: Ci = Ci
F (i: EG, OH-)                                                                                                         (19) 

x = x2: 𝑁𝑁𝑖𝑖𝑆𝑆 = 𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑆𝑆𝑖𝑖
𝑛𝑛𝑎𝑎𝐹𝐹

 (i: EG, OH-)                                                                                                   (20) 

Through the membrane, 

x = x3: Ci, x3 = ci, x2 (i: EG, OH-)                                                                                                    (21) 

x = x4: Ci, x4 = 0 (i: EG)                                                                                                                 (22) 

In the cathode, 

x = x5: 𝑁𝑁𝐻𝐻2𝑂𝑂2 = 𝑆𝑆𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻
𝐻𝐻2𝑂𝑂2𝑗𝑗𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻
𝑛𝑛𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐹𝐹

+ 𝑆𝑆𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻
𝐻𝐻2𝑂𝑂2𝑗𝑗𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻
𝑛𝑛𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐹𝐹

                                   (23) 

𝑁𝑁𝐻𝐻+ = 𝑆𝑆𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻
𝐻𝐻+ 𝑗𝑗𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻
𝑛𝑛𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐹𝐹

+ 𝑆𝑆𝑂𝑂𝑂𝑂𝑂𝑂
𝐻𝐻+ 𝑗𝑗𝑂𝑂𝑂𝑂𝑂𝑂
𝑛𝑛𝑂𝑂𝑂𝑂𝑂𝑂𝐹𝐹

− 𝑆𝑆𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻
𝐻𝐻+ 𝑗𝑗𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻
𝑛𝑛𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐹𝐹

                                              (24) 

𝑁𝑁𝑂𝑂2 = 𝑆𝑆𝑂𝑂𝑂𝑂𝑂𝑂
𝑂𝑂2 𝑗𝑗𝑂𝑂𝑂𝑂𝑂𝑂
𝑛𝑛𝑂𝑂𝑂𝑂𝑂𝑂𝐹𝐹

− 𝑆𝑆𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻
𝑂𝑂2 𝑗𝑗𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻
𝑛𝑛𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐹𝐹

                                                (25) 

x = x6: 𝐶𝐶𝑖𝑖 = 𝐶𝐶𝑖𝑖𝐹𝐹 (i: H2O2, H+)                                                (26) 

where s is the stoichiometric coefficient, and n is the number of electrons transferred. 

2.4. Cell voltage 

The cell voltage can be determined by Equation (27): 

𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =  𝐸𝐸𝑐𝑐0 −  𝐸𝐸𝑎𝑎0 − 𝜂𝜂𝑎𝑎 −  𝜂𝜂𝑐𝑐 − 𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖                                (27) 

where ηa is the anode polarization, ηc is the cathode polarization, and Rinternal is the overall 

internal resistance, which is measured by experiment. The physicochemical, operating, structural, 

and transport parameters are shown in Tables 1–4, respectively. In addition, above equations are 

numerically solved by using Matlab. 

2.5. Experimental 
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The home-made fuel cell was composed of a Pd-based anode, a cation exchange membrane, and 

a gold-based cathode. The anode electrode was prepared by spraying the catalyst ink (1.0 mg cm-

2 Pd/C and 5 wt. % Nafion) onto a piece of carbon cloth with an active area of 1.0 cm × 1.0 cm. 

The cathode electrode was made by spraying the catalyst ink (2.66 mg cm-2 Au/C and 15 wt. % 

Nafion) onto a piece of carbon cloth with the same active area. The membrane electrode 

assembly (MEA) was fixed between an anode plate and a cathode plate, both of which are made 

of 316 L stainless steel plates with serpentine flow fields. The polarization curves were measured 

by an Arbin BT2000 (Arbin Instrument Inc.) and the internal resistance was measured by the 

built-in function of the Arbin BT2000. 

3. Results and discussion 

3.1. Model validation 

As shown in Figure 2, the comparison between the numerical results of the polarization curves 

under various EG concentrations, i.e. 0.5 M, 1.0 M, and 2.0 M, and the experimental results are 

made. The experimental results were obtained with a home-made fuel cell. The experimental 

results were collected when the home-made cell was running with a mixed solution of 7.0 M 

NaOH and EG as the fuel and a mixed solution of 4.0 M H2O2 and 1.0 M H2SO4 as the oxidant at 

60oC. It is shown that the predicted cell performance is in good agreement with the experimental 

data. In the following sections, the voltage losses as well as the effects of species concentrations, 

electrocatalyst activities, and electrode structures on the cell performance will be presented. 

3.2. Voltage loss 

As shown in Figure 3, anode polarization, ohmic polarization, and cathode polarization are 

demonstrated, all of which result in the voltage loss between the theoretical cell voltage and the 

practical cell voltage. In general, both the anode and the cathode are suffering from activation 
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polarization and concentration polarization derived from electrochemical loss and transport loss, 

respectively [46]. Meanwhile, the ohmic polarization derived from internal resistance also occurs. 

It is seen that the cathode polarization is the severest voltage loss among the anode polarization, 

ohmic polarization, and cathode polarization, indicating that research attention should be paid to 

the cathode so that the cathode polarization can be substantially reduced. In brief, the spectacular 

cathode polarization can be attributed to the spontaneous establishment of an internal hydrogen 

peroxide-based fuel cells due to hydrogen peroxide self-decomposition. Therefore, to synthesize 

an appropriate and efficient electrocatalyst for the direct reduction of hydrogen peroxide is the 

future direction. In addition, the ohmic polarization is negligible in the low current density region 

but becomes notable in the high current density region.  

3.3. Effect of EG concentration 

Particularly, the species concentrations exhibit significant effects on the cell performance when 

the fuel cell design is determined. Figure 4 (a) displays the effect of EG concentration on the cell 

performance. When the EG concentration increases from 0.5 M to 2.0 M, the OCV increases 

with the EG concentration. It is because a higher EG concentration will result in the more EG 

adsorbed on the active sites on the catalyst due to the enhanced mass transport of EG, which is 

evidenced by the Figure 4 (c). Hence, the electrochemical kinetics of the EGOR is enhanced and 

the concentration loss is reduced because of the higher EG concentration, which is consistent 

with results from Figure 4 (b) that the anode potential under 2.0-M operation is much lower than 

that under 0.5-M operation under open-circuit condition. It can be seen that the cell with 0.5 M 

EG supply yields the poorest performance among three EG concentrations. It can be explained 

that the cell is at starve state under 0.5-M operation due to the relatively low EG concentration 

on the active sites, as shown in Figure 4 (c). Hence, the insufficient EG supply leads to the 
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largest anode polarization, which is evident in Figure 4 (b). At around the limiting current region, 

the EG concentration reaches nearly zero and the anode polarization exponentially increases, 

resulting in the rapid voltage degradation. When the EG concentration increases to 1.0 M, the 

cell performance experiences a remarkable promotion in both the OCV and limiting current 

density. It is attributed to more abundant EG adsorbed on active sites as well as the mitigatory 

anode polarization comparing to the 0.5-M operation. When the EG concentration further 

increases from 1.0 M to 2.0 M, the cell performance under 2.0-M operation is superior than that 

under 1.0-M operation at a low current density region (˂ 1000 A m-2), while it is inferior at 

medium and high current density regions (˃ 1000 A m-2). This observation can be explained as 

follows. At the low current density region, the anode polarization under 2.0-M operation is lower 

than that under 1.0-M operation and ohmic polarization shows negligible effect on the cell 

performance. As a result, the positive effect on the cell performance derived from low anode 

polarization is stronger than the negative effect derived from the high internal resistance, so that 

the overall performance under 2.0-M operation is better than that under 1.0-M operation at the 

low current density region. However, the ohmic polarization becomes notable at the high current 

density region due to the linear relation between the ohmic polarization and the current density. 

Hence, at the high current density region, the positive effect on the cell performance derived 

from low anode polarization is not able to compensate the remarkable negative effect derived 

from the ohmic polarization. As a result, the overall performance under 2.0 M operation is worse 

than that under 1.0 M operation at the high current density region. 

3.4. Effect of NaOH concentration 

It has been realized that the addition of alkali in the anolyte can elevate the cell performance 

significantly, indicating that the NaOH concentration is an important parameter. Hence, the 
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effect of NaOH concentration on the cell performance is studied and the results are presented in 

Figure 5 (a). It is found that the OCV increases with the NaOH concentration increasing from 1.0 

M to 7.0 M as expected. It is attributed to the fast transport of OH- to the active sites with higher 

feeding concentration, so that the OH- concentration on the active sites is higher, as evidenced in 

Figure 5 (c). As a consequence, the anode polarization at open-circuit state is lower due to the 

faster EGOR kinetics as well as the limited concentration loss, as depicted in Figure 5 (b). After 

the cell is discharging, the cell under 1.0 M operation shows the worst performance. The reason 

for this phenomenon is the relatively low OH- concentration on the active sites, as shown in 

Figure 5 (c). Hence, the cell undergoes severe concentration loss, which causes the rapid voltage 

to decline in the range of 600 to 800 A m-2. When further increasing the OH- concentration, the 

cell performances under 3.0-M, 5.0-M, and 7.0-M operation are similar at the current density 

range of 0 to 1600 A m-2. The cell performance under 3.0-M operation exhibits an obvious 

degradation, which is attributed to the conspicuously increased anode overpotential, as presented 

in Figure 5 (b). Figure 5 (c) indicates that the OH- concentration reaches nearly zero at the 

current density higher than 2000 A m-2, accounting for the notable anode overpotential due to the 

presence of the serious concentration loss. It is seen from Figure 5 (b) and Figure 5 (c) that the 

anode polarizations under 5.0-M and 7.0-M operation do not show huge difference, and the OH- 

concentrations on the active sites both are sufficient. However, the performance under 7.0-M 

operation is inferior comparing to that under 5.0-M operation at high current densities. This is 

because the ohmic loss will play a non-negligible role in the cell performance. As the internal 

resistance increases with the OH- concentration, the large ohmic loss results in the performance 

degradation. 

3.5. Effect of H2O2 concentration 
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In this type of fuel cell, hydrogen peroxide is used as oxidant in the cathode to replace the 

oxygen or air. Hence, the H2O2 concentration is bound to an important parameter, which 

possesses critical effect on the cell performance. Figure 6 (a) exhibits the polarization curves 

with various H2O2 feeding concentration. It is found that the OCV increases when the H2O2 

concentration is elevated from 1.0 M to 4.0 M, which can be ascribed to the lower cathode 

overpotential with higher H2O2 concentration, as evidenced in Figure 6 (b). It should be noted 

that higher H2O2 concentration results in the higher cathode potential (around 0.85 V), but the 

cathode potential is still far below the theoretical cathode potential (1.78 V). The significant 

performance loss is because of the spontaneous establishment of an internal hydrogen peroxide 

fuel cell in the cathode bringing about the tremendous mixed potential. The cell performance 

increases with the H2O2 concentration as well. This observation can be explained as follows. On 

one hand, the transport of H2O2 will be facilitated when the H2O2 concentration becomes higher, 

so that the H2O2 concentration is higher at the active sites. On the other hand, the electrochemical 

kinetics of HPRR will be enhanced when the H2O2 concentration becomes higher, which can be 

confirmed by Figure 6 (b). For instance, at 1500 A m-2, the cathode potentials under 1.0-M, 2.0-

M, and 4.0-M operations are 0.17 V, 0.35 V, and 0.56 V, respectively. The huge cathode 

overpotential under 1.0-M operation plays the dominant role in the rapid voltage decline. 

3.6. Effect of sulfuric acid concentration 

Since H+ ion is a necessary reactant in the HPRR process, the H+ concentration is certain to have 

effect on the cell performance. The effects of H+ concentration on the cell performance and the 

cathode potential are shown in Figure 7 (a) and Figure 7 (b), respectively. It is seen from Figure 

7 (a) that the OCV increases with the H+ concentration increasing from 0.5 M to 2.0 M, which 

can be attributed to the lower cathode overpotential with higher H+ concentration, as evidenced in 
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Figure 6 (b). After the cell is discharging, the cell performance is increasing with the H+ 

concentration as well. This phenomenon can be explained as follows. On one hand, the delivery 

of H+ ions to the cathode CL will be elevated when the H+ concentration increases, resulting in 

that the H+ concentration is higher on the active sites. On the other hand, the electrochemical 

kinetics of HPRR will be enhanced when the H+ concentration is higher, which can be confirmed 

by Figure 6 (b). For instance, at 1000 A m-2, the cathode potentials under 0.5-M, 1.0-M, and 2.0-

M operation are 0.29 V, 0.48 V, and 0.69 V, respectively. The prominent cathode overpotential 

under 0.5-M operation is believed to play the dominant role in the rapid voltage degradation. 

3.7. Effect of exchange current density 

For a given cell structure and a fixed operating condition, the cell performance mainly depends 

on the electrocatalytic activity of the anode and cathode catalysts, respectively. Generally, the 

exchange current density reflects the electrocatalytic activity of the catalyst. The effects of the 

anode exchange current density on the cell performance and the anode potential are 

demonstrated in Figure 8 (a) and Figure 8 (b). It is indicated from the Figure 8 (a) that the OCV 

increases with the anode exchange current density increasing from 1 to 100 A m-2. In addition, 

the cell with higher anode exchange current density yields the superior performance over the 

whole current density range as well. The promotion is mainly attributed to the dramatic anode 

overpotential reduction, as shown in Figure 8 (b). The similar observation can be obtained when 

the cathode exchange current density increases. The higher cathode exchange current density 

results in higher OCV and superior cell performance over the whole current density range, as 

shown in Figures 9 (a) and (b). The improvement is also attributed to the significant cathode 

overpotential reduction. As a consequence, it is extremely critical to develop novel catalyst with 

high electrocatalytic activity towards EGOR and HPRR processes. 
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3.8. Effect of diffusion layer thickness 

As the anode DL provides the channels for the EG and NaOH delivery, the anode DL thickness 

will affect the EG and NaOH transport process, and thus the cell performance. Therefore, the cell 

performance with different anode DL thickness is studied, and the results are depicted in Figure 

10 (a). The cell performance decreases along with the increased anode DL thickness from 500 to 

2000 µm over the whole current density range. This trend can be ascribed to the fact that a 

thicker anode DL will increase the transfer length in the anode DL, thus the mass-transport 

resistance is enhanced simultaneously as expected. Therefore, for a given anolyte, less reactants 

are able to reach the active sites to participate in the EGOR process, resulting in the enlarged 

anode overpotential, as demonstrated in Figure 10 (b). In addition, it is also difficult for the 

products to remove from the cell, which is disadvantageous for achieving a satisfactory cell 

performance. Hence, the cell voltage experiences an obvious degradation when the anode DL 

thickness increases. As for the cathode DL thickness, the results from Figures 11 (a) and (b) 

show that the increase in the cathode DL thickness will increase the cathode overpotential, and 

thus decrease the cell voltage, which is similar to the anode DL thickness. It is worth mentioning 

that the DL also serves as a CL supporter. Too thin will result in the insufficient support for the 

CL, thus it is difficult to achieve the desired catalyst loading. In addition, the coated catalyst may 

suffer from severe loss with the cell operation due to the weak interaction between the catalyst 

particles and the DL. Hence, it is necessary to take all the parameters into consideration in 

practical application so that the diffusion layer thickness can be determined. 

4. Concluding remarks 

A one-dimensional mathematical model for the DEGFC with hydrogen peroxide as oxidant is 

developed. Various physicochemical processes are involved in this fuel cell, including 
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mass/charge transport and several electrochemical reactions. These processes are taken into 

consideration in the model, and the model results show a good agreement with the experimental 

data. The voltage loss is investigated first, and the results show that the cathode polarization 

exhibits the severest voltage loss, which can be attributed to the internal hydrogen peroxide-

based fuel cell in cathode. Meanwhile, the effects of operating conditions and electrode structural 

parameters are investigated. The results show that the cell performance improves initially with 

the increasing concentration of EG and OH-, while undergoing a decline at the high current 

density region, which might be attributed to the enhanced ohmic loss. In addition, the cell 

performance increases over the whole current density region with increasing hydrogen peroxide 

and H+ concentrations. Meanwhile, the numerical results exhibit that the cell performance is 

elevated when the anode exchange current density or the cathode exchange current density is 

increasing from 1 to 100 A m-2, which emphasizes the significance of developing novel catalyst 

with superior catalytic activity. Moreover, the effect of the structural parameter of anode and 

cathode DL on the cell performance is investigated, including the thickness of both anode and 

cathode DL. As shown by the numerical results, the increase of DL thickness in both anode and 

cathode has a negative effect on the cell performance. The resistance of mass-transport increases 

with when the DL becomes thicker, and influences both the delivery of reactants and the removal 

of reaction products. Future research attention will be mainly paid to developing more precise 

and advanced theory for the effect of the competitive adsorption on reaction kinetics. 
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Figure 1 Schematic of a DEGFC and the coordinate system. 
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Figure 2 Validation made between numerical results and experimental data. 
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Figure 3 Specific polarizations and overall voltage loss with the current density. 
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Figure 4 Effect of the EG concentration on the cell performance. (a) Polarization curves; (b) 

Anode overpotentials; and (c) Concentration on the active sites. 
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Figure 5 Effect of the hydroxyl ion concentration on the cell performance. (a) Polarization curves; 

(b) Anode overpotentials; and (c) Concentration on the active sites. 
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Figure 6 Effect of the hydrogen peroxide concentration on the cell performance. (a) Polarization 

curves; and (b) Cathode overpotentials. 
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Figure 7 Effect of the H+ concentration on the cell performance. (a) Polarization curves; and (b) 

Cathode overpotentials. 
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Figure 8 Effect of the anode exchange current density on the cell performance. (a) Polarization 

curves; and (b) Anode overpotentials. 
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Figure 9 Effect of the cathode exchange current density on the cell performance. (a) Polarization 

curves; and (b) Cathode overpotentials. 
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Figure 10 Effect of the anode DL thickness on the cell performance. (a) Polarization curves; and 

(b) Anode overpotentials. 
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Figure 11 Effect of the cathode DL thickness on the cell performance. (a) Polarization curves; 

and (b) Cathode overpotentials. 
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Table 1 – Physicochemical parameters 
Parameter Symbol Value Unit Reference 
Anode standard potential 𝐸𝐸𝑎𝑎0 -0.69 V [11] 

Anode transfer coefficient 𝛼𝛼𝑎𝑎 0.5 - Assumed 

Anode exchange current density 𝑖𝑖0,𝑎𝑎 10 A m-2 Assumed 

Number of anode transferred electrons 𝑛𝑛𝑎𝑎 8 -  

Hydraulic permeability kw 1.0×10-14 m2 [33] 

Viscosity of water µw 0.000899 Pa s [33] 

Pressure difference ΔP 1200 Pa [33] 

Standard potential (HPRR) 𝐸𝐸𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻0  1.78 V [32] 

Standard potential (HPOR) 𝐸𝐸𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻0  0.69 V [35] 

Standard potential (ORR) 𝐸𝐸𝑂𝑂𝑂𝑂𝑂𝑂0  1.23 V [36] 

Transfer coefficient (HPRR) 𝛼𝛼𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 0.13 - Assumed 

Transfer coefficient (HPOR) 𝛼𝛼𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 0.9 - Assumed 

Transfer coefficient (ORR) 𝛼𝛼𝑂𝑂𝑂𝑂𝑂𝑂 0.5 - [37] 

Exchange current density (HPRR) 𝑖𝑖0,𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 10 A m-2 [38] 
Exchange current density (ORR) 𝑖𝑖0,𝑂𝑂𝑂𝑂𝑂𝑂 44 A m-2 [34] 
Universal gas constant R 8.314 J mol-1 K-1  

Faraday’s constant F 96485.3 A s mol-1  

Number of transferred electrons (HPRR) 𝑛𝑛𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 2 -  

Number of transferred electrons (HPOR) 𝑛𝑛𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 2 -  

Number of transferred electrons (ORR) 𝑛𝑛𝑂𝑂𝑂𝑂𝑂𝑂 4 -  

Rate constant k2 1.01×10-3 mol m-2 s-1 [39] 
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Table 2 – Operating parameters 
Parameter Symbol Value Unit Reference 
Operating temperature T 333.15 K  

Feeding concentration (O2) 𝐶𝐶𝑂𝑂2
𝐹𝐹  0 mol m-3 Assumed 

Reference concentration (EG) 𝐶𝐶𝐸𝐸𝐸𝐸
𝑟𝑟𝑟𝑟𝑟𝑟 1000 mol m-3 Assumed 

Reference concentration (OH-) 𝐶𝐶𝑂𝑂𝑂𝑂−
𝑟𝑟𝑟𝑟𝑟𝑟  7000 mol m-3 Assumed 

Reference concentration (H2O2) 𝐶𝐶𝐻𝐻2𝑂𝑂2
𝑟𝑟𝑟𝑟𝑟𝑟  4000 mol m-3 [32] 

Reference concentration (H+) 𝐶𝐶𝐻𝐻+
𝑟𝑟𝑟𝑟𝑟𝑟 2000 mol m-3 [32] 

Reference concentration (O2) 𝐶𝐶𝑂𝑂2
𝑟𝑟𝑟𝑟𝑟𝑟 36.573 mol m-3 [34] 

 

Table 3 – Structural parameters 
Parameter Symbol Value Unit Reference 
Anode DL porosity 𝜀𝜀𝐴𝐴𝐴𝐴𝐴𝐴 0.95 - [40] 

Anode DL thickness 𝑙𝑙𝐴𝐴𝐴𝐴𝐴𝐴 1.0×10-3 m [40] 

Anode CL porosity 𝜀𝜀𝐴𝐴𝐴𝐴𝐴𝐴 0.6 - [33] 

Anode CL thickness 𝑙𝑙𝐴𝐴𝐴𝐴𝐴𝐴 2.0×10-5 m [33] 

Anode CL bulk radius δACL 2.0×10-6 m [40] 

Membrane thickness 𝑙𝑙𝑀𝑀 5.0×10-5 m Measured 

Cathode DL porosity 𝜀𝜀𝐶𝐶𝐶𝐶𝐶𝐶 0.73 - [41] 

Cathode DL thickness 𝑙𝑙𝐶𝐶𝐶𝐶𝐶𝐶 2.0×10-4 m [40] 
 

Table 4 – Mass/charge transport parameters 
Parameter Symbol Value Unit Reference 
Diffusivity of OH- 𝐷𝐷𝑂𝑂𝑂𝑂− 5.26×10-9 m2 s-1 [40] 
Diffusivity of EG 𝐷𝐷𝐸𝐸𝐸𝐸  2.0×10-9 m2 s-1 [42] 

Diffusivity of H2O2 𝐷𝐷𝐻𝐻2𝑂𝑂2 3.47×10-9 m2 s-1 [43] 

Diffusivity of H+ 𝐷𝐷𝐻𝐻+  9.31×10-9 m2 s-1 [44] 

Diffusivity of O2 𝐷𝐷𝑂𝑂2 3.03×10-9 m2 s-1 [45] 
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Nomenclature  
𝐶𝐶     
concentration (mol m-3) 
𝐷𝐷     
diffusivity (m2 s-1) 
𝐸𝐸0    
standard potential (V) 
E    
potential (V) 
F                                   
Faraday’s constant (A s mol-1) 
i0    
exchange current density (A m-2) 
𝑗𝑗    
current density  (A m-2 ) 
K       
rate constant (mol m-2 s-1) 
k    
mass transfer coefficient (m s-1) 
n    
number of electrons transferred 
𝑁𝑁     
species flux (mol m2 s-1) 
𝑅𝑅               
 internal resistance (Ω)  
s    
stoichiometric coefficient 
𝑉𝑉     
cell voltage (V) 
v    
superficial velocity (m s-1) 
 
 
 
Greek symbols 
𝛼𝛼    
transfer coefficient 
𝜀𝜀    
porosity of diffusion layer 
𝛿𝛿    
bulk radius (m) 
𝛾𝛾    
reaction order 
𝜂𝜂𝑎𝑎    
anode polarization (V) 
𝜂𝜂𝑐𝑐    
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cathode polarization (V) 
𝜃𝜃𝐻𝐻2𝑂𝑂2    
coverage of H2O2 on the catalyst 
 
Subscripts and superscripts 
a    
anode 
ADL     
anode diffusion layer 
ACL    
anode catalyst layer 
c     
cathode 
CCL    
cathode catalyst layer 
CDL    
cathode diffusion layer       
EGOR    
ethylene glycol oxidation reaction 
EG    
ethylene glycol 
eff     
effective    
F    
feeding 
HPRR    
hydrogen peroxide reduction reaction 
HPOR    
hydrogen peroxide oxidation reaction 
H2O2    
hydrogen peroxide 
H+    
proton  
i     
different species 
M    
membrane 
w    
water 
OH-    
hydroxyl ion 
ORR    
oxygen reduction reaction 
O2    
oxygen 
ref    
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reference 
R    
reactant 
S    
catalyst surface 
 
 




