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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• A mathematical model is developed for 
a passive fuel cell fed with an e-fuel. 

• The simulation results are in a great 
agreement with the experimental data. 

• The effects of various structural and 
operating conditions are examined. 

• The concentration distribution of reac
tive species inside the cell is presented.  
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A B S T R A C T   

Lately, utilizing a novel electrically rechargeable liquid fuel (e-fuel), a fuel cell has been designed and fabricated, 
which is demonstrated to achieve a much better performance than alcoholic liquid fuel cells do. However, its 
current performance, which thus hampers its wide application, demands further improvement to meet up with 
industrial requirement. Therefore, to attain a better performance for this system, an in-depth understanding of 
the complex physical and chemical processes within this fuel cell is essential. To this end, in this work, a two- 
dimensional transient model has been developed to gain an extensive knowledge of a passive e-fuel cell and 
analyze the major factors limiting its performance. The effects of various structural parameters and operating 
conditions are studied to identify the underlying performance-limiting factors, where deficient mass transport is 
found to be one of the major causes. The increment of anode porosity and thickness are found to be effective 
methods of improving the cell performance. This study therefore provides insights on achieving further per
formance advancement of the fuel cell in the future.   

1. Introduction 

In recent decades, due to the growing needs for energy across the 

globe, the search for sustainable energy sources to replace the tradi
tional fossil fuels has attracted increasing attention [1–3]. To date, 
diverse kinds of novel power generation systems have been developed, 
among which the proton exchange membrane fuel cell (PEMFC), 
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employing hydrogen as fuel, has received great attention [4,5]. How
ever, hampered by the difficulties of hydrogen production, storage, and 
transportation, the widespread adoption of PEMFCs is still being 
restricted [6,7]. As an alternative, liquid fuel cells using alcohol fuels 
instead of hydrogen is believed to be a promising candidate [4,8,9]. 
While liquid fuel cells avoid the difficulties associated with the handling 
of gaseous fuels, their limited performance become the major barriers in 
their commercialization process [10,11]. 

Recently, an innovative fuel cell using an electrically rechargeable 
liquid fuel (e-fuel) has attracted research attentions worldwide [12]. 
Compared with the conventional direct liquid fuel cells utilizing 
hydrogen or alcohol fuels, the e-fuel solution that can be made of a wide 
range of electroactive materials are recyclable and rechargeable. In our 
previous study, we have developed a liquid fuel cell using the e-fuel 
containing vanadium ions as reactive species and oxygen, and investi
gated its power generation performance under various operating con
ditions [13]. While the demonstrated system has presented a superior 
performance, it is believed that there remains a large room for further 
performance improvement in the future. Therefore, it is necessary to 
gain an in-depth insight on the complex physical and chemical processes 
which occur inside the cell [14]. As a promising solution, mathematical 
model has demonstrated great potential in analyzing fuel cell systems 
from a fundamental perspective [15–17]. It is a powerful computational 
tool that can simulate the processes inside the cell, as well as deter
mining the influence of various structural and operation parameters, 
such as the reactive species concentrations and electrode porosity [18]. 
In the past decades, many numerical models have been developed for 
evaluating the fuel cell systems, including PEMFCs and direct alcoholic 
liquid fuel cells [19,20]. Detailed studies have also been performed on 
investigating their mass and charge transport processes (e.g., under-rib 
convection [21,22]), electrochemical reactions (e.g., mixed potential 
[23–25]) and cell designs (e.g., flow field design [26–28]). Nevertheless, 
up till now, there is no computational model for the passive fuel cell fed 
with the novel e-fuel, confining the in-depth understanding to this sys
tem. It is thus pivotal to develop a mathematical model that can simulate 

these processes in the system under different conditions. 
In this work, in order to obtain an in-depth insight into the complex 

physical and electrochemical processes as well as optimize system 
design and operation conditions, a two-dimensional transient model is 
developed for a passive liquid fuel cell fed with the e-fuel. To begin with, 
the experimental data is compared with the simulation results for vali
dation, which is found to show a good agreement. Thereafter, to illus
trate the effects of various structural parameters and operating 
conditions, the cell performance is simulated by varying the e-fuel 
compositions, oxygen concentrations, electrode porosity and thickness, 
as well as exchange current densities. Moreover, to gain an extensive 
knowledge for the e-fuel cell and analyze the major factors limiting its 
performance, the concentration distributions of reactive species in the 
cell are obtained to provide substantial information inside the cell. 

2. Model formulation 

2.1. Physical and chemical processes 

The computational domain of the cell is presented in Fig. 1, 
comprising of the anode/cathode current collectors, a porous anode, a 
proton exchange membrane (PEM), and a porous cathode diffusion layer 
(CDL) coated with cathode catalyst layer (CCL). During the cell opera
tion, the e-fuel would transport from the tank to the anode surface for 
the oxidation reaction as shown below [12]: 

Anode : V2+→V3+ + e− E0
a = − 0.26 V (1) 

The released electrons would then follow the external electrical 
circuit to reach the cathode side. Meanwhile, the oxidant will diffuse 
through the CDL to the CCL surface to react with the protons and elec
trons as [12]: 

Cathode : O2 + 4H+ + 4e− →2H2O E0
c = +1.23 V (2) 

The overall reaction can thus be expressed as [12]: 

Nomenclature 

av Specific area, m− 1 

C Species concentration, mol m− 3 

D Diffusion coefficient, m2 s− 1 

E Potential/voltage, V 
E0 Equilibrium potential, V 
F Faradic constant, A s mol− 1 

h Cell height, m 
i Current density, A m− 3 

i0 Exchange current density, A m− 2 

k Reaction rate constant, m s− 1 

N→ Flux, mol m− 2 s− 1 

n Number of participating electrons 
n→ Normal vector 
R Universal gas constant, J mol− 1 K− 1 

S Source term 
T Operating temperature, K 
t Time, s 
u Mobility, mol s kg− 1 

v Stoichiometric coefficient 
w Cell width, m 
z Valence of ion 

Greek 
α Charge transfer coefficient 
γ Reaction order 

δ Thickness, m 
ε Porosity 
η Overpotential, V 
σ Conductivity, S m− 1 

ϕ Potential, V 

Superscripts 
0 Initial 
ccl Cathode catalyst layer 
eff Effective 
ref Reference 

Subscripts 
a Anode 
c Cathode 
ccl Cathode catalyst layer 
cdl Catalyst diffusion layer 
H+ Proton 
i Species 
l Liquid 
m Membrane 
O2 Oxygen 
s Solid 
SO4

2− Sulphate ion 
V2+ Vanadium (II) ion 
V3+ Vanadium (III) ion  
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Overall : 4V2+ + O2 + 4H+→4V3+ + 2H2O E0 = 1.49 V (3) 

Therefore, thermodynamically, the theoretical voltage of this cell is 
as high as 1.49 V, which exceeds that of the convectional alcohol fuel 
cells and PEMFCs [12]. 

2.2. Model assumptions 

As the properties of components inside the simulated passive fuel cell 
can be regarded as homogenous along the z-direction, a 2D model is 
developed to reduce the computational complexity. Furthermore, to 
simplify the multiple physical and chemical processes occurring inside 
the cell, the computational 2D model considers the following 
assumptions: 

1) Properties of anode, cathode and membrane are regarded to be ho
mogeneous and isotropic.  

2) The crossover of liquid/gas flow across the membrane are neglected.  
3) Side reactions are neglected.  
4) The liquid water generated during the cell operation is ignored.  
5) The two-step dissociation of sulfuric acid is fully completed. 

2.3. Governing equations 

2.3.1. Anode 

2.3.1.1. Mass transport. The mass transport of various species at the 
anode side mainly follows diffusion and migration. Following the 
Nernst-Plank equation, the molar flux (N→i) of each specie i can be 
described as [29]: 

Ni
→

= − Deff
i ∇Ci − ziueffi FCi∇ϕa,l (4)  

where Ci and zi is the concentration and charge number of species i (i =
V2+, V3+, H+, SO4

2− ), respectively. F denotes Faradic constant. The 
effective diffusivity (Deff

i ) in the porous anode is given by the Bruggeman 
relation as [30]: 

Deff
i = εa

1.5Di (5)  

where εa represents the porosity of anode and Di represents the diffusion 
coefficient of specie i. The effective mobility (ueff

i ) in the porous anode 

follows the Nernst-Einstein relation as [31]: 

ueff
i =

Deff
i

RT
(6) 

The mass conservation of each specie inside the anode at the tran
sient state can be expressed as [32]: 

∂εaCi

∂t
+∇Ni

→
= Si (7) 

The source term Si is the consumption/production rate of the species 
i resulted from the electrochemical reactions occurred in the porous 
anode, which is represented as [14]: 

Si =
va,i

naF
ia (8)  

where va, na and ia denote the stoichiometric coefficient, the number of 
participating electrons and the anode current density, respectively. 

2.3.1.2. Charge transport. Inside the porous anode, the liquid fuel is 
considered as electrically neutral. Therefore, the electroneutrality can 
be described by (i = V2+, V3+, H+, SO4

2− ) [33]: 

ΣziCi = 0 (9) 

During the cell operation, the charges transfer from the liquid phase 
to the solid electrode phase and generate current. Therefore, the charge 
conservation can be described as [14]: 

ia = ∇⋅ ia,l
̅→

= − ∇⋅ ia,s
̅→ (10)  

where ia, l
̅→

is the total ionic current due to ions transfer in the solutions (i 
= V2+, V3+, H+, SO4

2− ), which is given by [14]: 

ia,l
̅→

= F
∑

ziNi
→ (11)  

while ia,s
̅→ represents the total electronic current as [14]: 

ia,s
̅→

= − σeff
a ∇ϕa,s (12)  

where ϕa,s and σeff
a are the electric potential and effective electronic 

conductivity of anode, respectively. The σeff
a is calculated by the Brug

geman correction as [33]: 

σeff
a = (1 − εa)

3
2σa (13)  

where σa is the electronic conductivity of the anode. 

2.3.2. Cathode 

2.3.2.1. Mass transport. At the cathode side, the diluted species 
approximation was used to describe the species transport. The air is 
diffused through the porous CDL to the CCL and the oxygen flux (N→O2 ) is 
defined by Fick’s law [34]: 

NO2

̅→
= − Deff

O2
∇CO2 (14)  

where CO2 is the concentration of oxygen. The effective diffusivity Deff
O2 

is 
given by the Bruggeman relation as [30]: 

Deff
O2

= εccl/cdl
3
2DO2 (15)  

where εccl/cdl represents the porosity of the CCL or CDL and DO2 repre
sents the diffusion coefficient of oxygen. The mass conservation at 
cathode side is given by: 

∂εccl/cdlCO2

∂t
+∇NO2

̅→
= SO2 (16) 

Fig. 1. Schematic of the domain of passive liquid fuel cell.  
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where the source term (SO2 ) can be represented as [35]: 

SO2 =
vO2

ncF
ic (17)  

where vO2 , nc and ic denote the stoichiometric coefficient, the number of 
participating electrons and the cathode current density, respectively. 

It is worth mentioning that when pure oxygen is used, the cathode is 
assumed to be fully filled with oxygen, where the oxygen concentration 
in the CCL and CDL are expressed as [34]: 

CO2 = C0
O2 ,pure (18)  

2.3.2.2. Charge transport. During the cell operation, the charge con
servation in CCL is described by [14]: 

ic = ∇⋅ ic,l
̅→

= − ∇⋅ ic,s
̅→ (19)  

where ic,l
̅→

is the total ionic current due to ions transfer, which is given by 
[14]: 

ic,l
̅→

= − σccl,l∇ ϕc,l (20)  

where σccl,l and ϕc,l are the ionic conductivity and ionic potential of CCL, 

respectively. ic,s
̅→

is the total electronic current due to electron transfer in 
the solid CCL following the Ohm’s law [14]: 

ic,s
̅→

= − σccl,s∇ϕc,s (21)  

where σccl,s and ϕc,s are the electronic conductivity and electric potential 
of CCL, respectively. 

2.3.3. Proton exchange membrane 
Since there is no reaction in the PEM, the ionic current (im

→
) transport 

across membrane is given as [14]: 

im
→

= − σm∇ϕm (22)  

where σm and ϕm are the ionic conductivity and ionic potential of the 
membrane, respectively. Furthermore, the conservation of charge in the 
membrane gives [14]: 

∇⋅im
→

= 0 (23) 

The proton flux (NH+

̅̅→) through the membrane is expressed as [14]: 

NH+

̅̅→
=

im
→

F
= −

σm

F
∇ϕm (24)  

2.3.4. Electrochemical kinetics 
In the anode, the interfacial reaction kinetics between the anode 

surface and liquid e-fuel are governed by the Butler-Volmer equation 
[14]: 

ia = av,ai0,a
[

exp
(

αa,aFηa

RT

)

− exp
(

−
αa,cFηa

RT

)]

(25)  

where av,a denotes the anode specific area. αa,a and αa,c is the anode 
anodic and cathodic charge transfer coefficient, respectively. ηa repre
sents the anode overpotential. The anodic exchange current density is 
defined as [14]: 

i0,a = Fka(CV2+ )
αa,a (CV3+ )

αa,c (26)  

where ka is the rate constant for anode reaction. While in CCL, Tafel 
equation is adopted for the calculation of the cathode current density 
[34]: 

ic = av,ci0,c

(
Cccl

O2

Cref
O2

)γc

exp
(

αcFηc

RT

)

(27)  

γc

⎧
⎨

⎩

0 Cccl
O2

> Cref
O2

1 Cccl
O2

≤ Cref
O2

(28)  

where av,c denotes the CCL specific area, i0,c represents the cathodic 
exchange current density, αc denotes cathode charge transfer coefficient 
and ηc represents cathode overpotential. The reaction order (γc) is set to 
be zero when the oxygen concentration in the CCL (Cccl

O2
) exceeds the 

reference concentration (Cref
O2

). The overpotentials on anode and cathode 
are represented as [14]: 

ηa/c = ϕa/c,s − ϕa/c,l − Ea/c (29)  

where the anode equilibrium potential (Ea) is defined by the Nernst 
equation as [14,29]: 

Ea = E0
a +

RT
F

ln
(

CV3+

CV2+

)

(30) 

In the meanwhile, the cathode equilibrium potential (Ec) is defined 
as: 

Ec = E0
c (31)  

where E0
a and E0

c is the equilibrium potentials of the anode and cathode 
half reactions, respectively. 

2.3.5. Boundary conditions 
It is assumed that no inward flux exists at the outer wall of the 

domain, which can be expressed by: 

− n→⋅Ni
→

= 0 (32) 

In the anode, at the tank/current collector interface, the concentra
tion of species i is assumed to be constant, which is expressed as [34]: 

Ci = C0
i (33)  

where C0
i is the initial concentration of species i. Similarly, at the 

interface between the cathode current collector and outside, the oxygen 
concentration is assumed to be constant as [34]: 

CO2 = C0
O2

(34)  

where C0
O2 

is the initial concentration of oxygen. 
At the electrode/membrane interfaces, the ionic potential is assumed 

to be continuous, which can therefore be expressed as [14]: 

ϕa/c,l − ϕm = 0 (35) 

Moreover, the flux of species at the anode/membrane interface are 
given as [14]: 

Ni
→

= 0 (i ∕= H+) (36)  

NH+

̅̅→
=

ia, l
̅→

F
(37)  

2.4. Computational settings 

The model was solved by COMSOL using finite element method, 
where the tetrahedral structured mesh was generated with a total 
element number of 31,356. Before further study, the mesh- 
independence tests were also performed to validate the reliability of 
the developed model. Table 1, 2 and 3 summarize the parameters used 
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during model development. 

3. Results and discussion 

3.1. Model validation 

To begin with, the model is first validated by comparing the nu
merical results with experimental data. As reported, the experiment was 
conducted using a homemade passive fuel cell where the e-fuel 
composed of V2+ ions in 3.0 M H2SO4 and ambient air are supplied as 
reactants [36]. Using the same operating parameters, the simulation 
results correlate well with the experimental data under a wide range of 
e-fuel concentrations from 0.2 to 1.0 M V2+ ions as presented in Fig. 2 
(a), which thereby demonstrates the accuracy of the model developed. A 
further analysis of the simulation results shows that, the cell perfor
mance is found to be significantly enhanced with the increment of the 
e-fuel concentration. Such a change can be traced back to the presence of 
more V2+ ions on the electrode surface (Fig. 2(b)). When examined 
under the same current density, the concentration of V2+ ions within 
anode is found to increase with the e-fuel concentration, which enables a 
lower concentration polarization loss and further ensures a better cell 
performance [37]. Moreover, the performance boost can be ascribed to 
the improved mass transport due to the enhanced diffusion process. It is 
also worthy noticing that irrespective of the e-fuel composition used, 
when the discharging current density approaches the respective 
maximum current density, as represented at point B to F, the concen
trations of V2+ ions in the electrode are all identical and extremely low, 
which thereby demonstrates the limited mass transport to be the major 
reason restricting the cell performance. However, undeniably, the de
viation in the cell voltage between the model and experiment results 
becomes relatively larger as the liquid e-fuel concentration gets higher 
and the discharging current density rises. Such a difference is considered 
to arise from some of the assumptions made during modeling. For 
instance, the assumption of no liquid e-fuel crossover through the 
membrane ignored the possible mixed overpotential loss induced, while 
the exclusion of liquid water generated during cell operation disregards 
the negative impacts associated with the water flooding issue, which 
therefore make the model to be unable of achieving a perfect fitting with 
the experimental results [38,39]. 

3.2. Effect of anode thickness 

As a key structural parameter, the anode thickness has a great impact 
on cell performance. On the one hand, a thicker anode could ensure a 
larger surface area and thereby offer more reactive sites for the elec
trochemical reaction to lower the polarization loss. On the other hand, 
the larger anode thickness may lead to a longer path for the species 
transport and thereby result in a higher mass transfer resistance to limit 
the cell performance [40]. Therefore, to examine its actual influence, 
using the model developed, the effects of anode thickness are studied 
here. As in Fig. 3(a), the cell using five different anode thicknesses 
including 1.0, 1.5, 2.0, 2.5, and 3.0 mm have been simulated, where the 
cell performance is found to be improved with the anode thickness. More 
detailly, both the cell voltage and maximum current density boost as the 
anode thickness increases. Notably, the fuel cell using 3.0 mm anode 
exhibits a maximum current density of 280 mA cm− 2, which thereby 
demonstrates the significant role of anode thickness in determining the 
cell performance. Furthermore, it is noted that when examined under 
the same current density, the cell with a thicker anode is found to pre
sent a higher V2+ ions concentration distribution (point A in Fig. 3(b)), 
which thereby allows the cell to be with better performance by allevi
ating the concentration polarization loss. However, it should be noted 
that the increment of anode thickness would on the other hand results in 
larger ohmic resistance, which could eventually lead to a large ohmic 
polarization and degrades the cell performance [14]. 

Table 1 
Structural parameters.  

Symbol Description Value Unit Ref. 

h Cell height 0.02 m [36] 
w Cell width 0.02 m [36] 
δano Anode thickness 0.0015 m 

[14] 
δm Membrane thickness 200 μm [44] 
δcdl Thickness of CDL 260 μm 

[45] 
δccl Thickness of CCL 10 μm 

[45] 
εa Porosity of anode 0.68 / 

[46] 
εcdl Porosity of CDL 0.7 / 

[47] 
εCCL Porosity of CCL 0.3 / 

[47] 
av,a Specific area of the porous anode 16,200 m− 1 [44] 
av,ccl Specific area of the CCL 2 × 105 m− 1 

[45] 
σa Electrical conductivity of the solid phase 1000 S m− 1 [44] 
σm Membrane conductivity 5.5 S m− 1 

[34] 
σcdl,s Electrical conductivity of CDL 5000 S m− 1 [48] 
σccl,s Electrical conductivity of CCL 2000 S m− 1 [48] 
σccl,l Ionic conductivity of CCL 3.05 S m− 1 

[14]  

Table 2 
Properties and parameters.  

Symbol Parameter description Value Unit Ref. 

C0
V2+ Initial concentration of V2+ 1000 mol m− 3 

[36] 

C0
V3+ Initial concentration of V3+ 200 mol m− 3 

[36] 

C0
H+ Initial concentration of H+ 6000 mol m− 3 

[36] 

C0
O2 , air Initial concentration of O2 in air 8.584 mol m− 3 

[34] 

C0
O2 , pure Initial concentration of pure O2 40.876 mol m− 3 

[34] 

Cref
O2 

Reference concentration of O2 40.876 mol m− 3 

[34] 
DV2+ Diffusion coefficient of V2+ 2.4 × 10− 10 m2 s− 1 [49] 
DV3+ Diffusion coefficient of V3+ 2.4 × 10− 10 m2 s− 1 [49] 
DH+ Diffusion coefficient of H+ 9.3 × 10− 9 m2 s− 1 [49] 
DSO2−

4 
Diffusion coefficient of SO4

2− 1.07 × 10− 9 m2 s− 1 [49] 
DO2 Diffusion coefficient of O2 2.5 × 10− 5 m2 s− 1 [50]  

Table 3 
Electrochemical parameters.  

Symbol Description Value Unit Ref. 

αa,a Anode anodic charge transfer 
coefficient 

0.4 / Estimated 

αa,c Anode cathodic charge transfer 
coefficient 

0.6 / Estimated 

αc Cathode charge transfer coefficient 0.5 / 
[34] 

ka Anode reaction rate constant 7 ×
10− 8 

m s− 1 

[46] 

i0,c Cathodic exchange current density 0.11 A 
m− 2 

[51] 

E0
a Anode equilibrium potential -0.26 V 

[36] 

E0
c Cathode equilibrium potential 1.23 V 

[36]  
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3.3. Effect of anode porosity 

The transport of reactive species inside this fuel cell mainly follows 
diffusion and migration. Therefore, in addition to the anode thickness, 
the anode porosity is also a key parameter that influences the delivery of 
electroactive species to the reactive surface and further determines the 
cell performance. Here, different anode porosities of 0.6, 0.7, 0.8, and 
0.9 have been used for numerical studies to analyze its effects (Fig. 3(c)). 
It shows that, at the low to middle current density region, the cell 
voltages using anodes of different porosities are similar. This may be 
attributed to the fact that the reaction kinetic of V2+ ions on carbon- 
based anode is rapid, so that the effect of increasing electrode porosity 

does not have any obvious effect on the cell activation loss. While in 
contrast, the cell maximum current density is found to increase with the 
anode porosity, where it rises from 190 mA cm− 2 (0.6) to 230 mA cm− 2 

(0.9) as shown in point B to E in Fig. 3(c). Such a phenomenon is 
considered to be attributed to the higher reactants permeability as a 
result of larger anode porosity, which thereby ensures the electrode 
surface to be with higher e-fuel concentration. At 180 mA cm− 2 (point B 
in Fig. 3(d)), for example, the concentration of V2+ ions in the anode 
with a porosity of 0.9 is much higher than that with a porosity of 0.6, 
which therefore justifies the improved reactant mass transport. It is due 
to this enhanced mass/charge transport inside the fuel cell, a lower 
concentration polarization loss inside the porous anode is achieved 

Fig. 2. (a) Model validation; (b) Concentration distribution of V2+ ions at the anode at different discharging current densities.  

Fig. 3. Effects of the anode thickness on (a) the cell performance and (b) the concentration distribution of V2+ ions at the anode at different discharging current 
densities; and effects of anode porosity on (c) the cell performance and (d) concentration distribution of V2+ ions at the anode at different discharging cur
rent densities. 
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which thereby lowers the overpotentials and enhances the cell perfor
mance [34]. Nevertheless, it is worth mentioning that, a larger anode 
porosity would also result in less solid region, which thereby would 
hamper the conduction of electrons and eventually lead to a large cell 
ohmic resistance [41]. 

3.4. Effect of cathode catalyst layer thickness 

Similar to the porous anode, the CCL is also an essential part that not 
only provides reactive sites for the cathode oxygen reduction reaction, 
but also influences the oxygen transport. Hence, the CCL thickness is 
also pivotal to the cell performance. In this section, numerical model is 
used to study the effects of CCL thickness and the results are shown in 
Fig. 4(a). It suggests that the cell voltage gets higher with the increment 
of the CCL thickness, which indicates an improved overall cell perfor
mance. In more detail, for instance, the open-circuit voltage of the cell 
can be seen to increase to 1.65 V as the cathode catalyst thickness in
creases to 100 µm. Such a boost in the cell performance is due to the fact 
that a thicker CCL can provide more reactive sites and thereby lowers 
the cathode overpotential to achieve a higher cell voltage [35]. How
ever, it is worth mentioning that, the thicker CCL can also impede the 
oxygen transport due to the lengthened channel and further show a 
negative effect on the cell performance eventually [42]. 

3.5. Effect of the oxygen concentration 

During cell operation, oxygen molecules are needed to transport 
through the CDL to reach the CCL for participating in the reactions. 
Hence, the oxygen concentration is another major factor which is critical 
for the cell performance. As presented in Fig. 4(b), the cell fed with the 
pure oxygen is found to achieve a higher cell voltage in comparison to its 
performance when fed with ambient air. Such a result is due to the 
presence of more oxidant molecules within the cathode by using pure 
oxygen, which thereby lowers the cathode overpotential. However, it is 
also found that, using both the pure oxygen and the ambient air as 

oxidant, the cell exhibits the same maximum current density. On top of 
that, as presented in Fig. 4(c), even when ambient air is fed, the oxygen 
concentration gradient from the outlet to the CCL remains small in spite 
of the discharging current density approaching the maximum current 
density, which thereby suggests the oxygen concentration be sufficient 
throughout the whole test. In contrast, at near the maximum current 
density, the concentration of electroactive species inside porous anode is 
found to be extremely low. Such a phenomenon thus indicates that the 
major reason limiting the fuel cell performance arises from the insuffi
cient electroactive species inside the porous anode, while the oxidant 
due to the relatively high diffusion coefficient of gaseous oxygen is not 
the primary cause. 

3.6. Effect of anodic/cathodic exchange current density 

Besides the various structural parameters, the electrocatalytic ac
tivity also affects the system performance. The exchange current density 
is an indicator of the electrode electrocatalytic activity, which can 
reflect the electrochemical kinetics of the reactions [43]. Therefore, 
here, the effects of exchange current density on the cell performance are 
investigated (Fig. 5), where their increments are found to boost the cell 
performance. For instance, the cell voltage is found to increase as the 
cathodic exchange current density rises, demonstrating the importance 
of cathode catalytic reactivity towards the cell performance. More 
detailly, at 50 mA cm− 2, the cell voltage is found to elevate to 1.30 V as 
the cathodic exchange current density is increased to 100 A m− 2, 
proving an improved cell performance due to lowered cathode over
potential. Similar performance enhancement is also found with the in
crease of anodic exchange current density, where a lower anode 
overpotential results in a better cell performance. Overall, the highest 
anodic and cathodic exchange current density are proved to offer the 
best cell performance. Therefore, it is believed that, increasing the ex
change current densities via developing porous anode and cathode 
catalyst materials with better catalytic reactivity should be regarded as 
an efficient approach to boost the fuel cell performance. 

Fig. 4. Effects of (a) the CCL thickness and (b) oxygen concentration on the cell performance; and (c) concentration distributions of V2+ ions at the anode and oxygen 
at the cathode at different discharging current densities. 
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4. Summary 

In this work, a 2D transient model for the liquid fuel cell fed with the 
e-fuel has been developed. The numerical data shows a superior agree
ment with experimental results, which not only demonstrates its accu
racy but also helps to analyze the concentration distribution of reactive 
species within the cell, showing the limited mass transport of e-fuel to be 
the major reason restricting the cell performance. In addition, various 
structural parameters such as the anode thickness, anode porosity, and 
CCL thickness are also studied, where their increment are all found to 
boost the cell performance. Meanwhile, the effect of oxygen concen
tration is also examined, where the usage of oxidant with a higher ox
ygen concentration is found to be able of achieving a higher cell voltage 
while the predominant reason limiting the operational current density 
range is found to be arising from the anode side due to the slow e-fuel 
transport. Furthermore, the anodic and cathodic exchange current 
densities are also demonstrated to influence the cell performance due to 
the significant roles of electrodes catalytic reactivity in influencing the 
anode and cathode overpotential. In the future, to achieve further per
formance enhancement, it is necessary for the system to overcome the 
current mass transport limitations, which can be realized by using 
strategies such as modifying the fuel compositions to ensure lower fuel 
viscosity. It is also believed that with the development of catalysts with 
excellent electrocatalytic reactivity especially for the oxygen reduction 
reaction, the cell performance can be further boosted and finally achieve 
the commercialization of the system. 
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