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Abstract—Due to low oxygen solubility in the electrolyte, creating a depletion layer on the cathode surface is
an important factor in reducing the performance of the microfluidic fuel cell. In this paper, for improving the
mass transfer to the surface of the cathode in the Y-shaped microfluidic fuel cell with a f low over structure, a
novel cathode structure is presented. Here, the conventional cathode is divided into smaller parts, and these
parts are placed in the path of the oxidant f low. We consider the microfluidic fuel cell with liquid phase fuel
and oxidant streams operate at room temperature T = 298 K. Results show that due to the appropriate mass
transfer rate to the surface of the proposed cathode, the possibility of the formation of the depletion area on
the cathode surface is reduced. In the proposed structure of the cathode, both the initial parts of the cathode
and the end parts of the cathode play a role in generating electric current, and as a result, the output current
density of the cell increases. The results show that the electric current density and the peak power density of
the proposed cell are significantly higher than conventional cells at both low and high reactant f low rates.
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INTRODUCTION
The desire to build smaller electronics has made

the need to build innovative power-generating devices
even more important. Micropower generation is a
small-scale energy conversion scheme to power porta-
ble devices [1]. These applications include not only
common facilities such as laptop computers and cell
phones, but also more specialized devices such as
diagnostic and clinical tests, microanalytical devices
for field tests, and global positioning systems.

Micro fuel cells are good options for generating
electricity for modern electronics and can be widely
used in portable electronics [2, 3]. Fuel cells have
advantages over conventional Li-batteries, such as
continuous power generation as long as the fuel and
oxidizer are supplied, longer lifetime, higher reliabil-
ity, and the ability to integrate with the system.

One of the types of fuel cells that have recently been
considered is microfluidic fuel cells. In the microflu-
idic fuel cells, there is no need for a membrane to sep-
arate the oxidant f low from the fuel f low. In the
microfluidic channel due to the microscale size of the
channel, the f low is laminar. Here, a stable liquid
interface exists in co-laminar f low while the only f luid
transfer process perpendicular to the direction of the
flow is diffusion [4]. So, in microfluidics, two fluids
can flow together without mixing. Therefore, some of
the membrane-related problems in fuel cells such as
membrane degradation, losses in ion transfer, humid-
ification, dry out, and membrane degradation are

minimized [5]. Most importantly, the overall dimen-
sions of the cell are reduced, and the cell structure will
be a simple single-layer structure like common lab-
on-chip devices. The single-layer structure can be fab-
ricated using conventional microfabrication or micro-
machining techniques. In addition, miniaturization of
the fuel cell will increases the surface-to-volume ratio,
thereby increasing the output power density of the fuel
cell because the reactions in the fuel cells are surface-
based. Additionally, removing the membrane in the
microfluidic fuel cells considerably decreases the cost
of fabrication. These cells may be used in lab-on-chip
and portable electronic devices.

Microfluidic fuel cells have some drawbacks such
as the creation of a depletion boundary layer on the
electrode surface, mixing at the fuel oxidant interface,
and low oxygen solubility in the electrolyte [5, 6]. At
the fuel oxidant interface, due to the diffusion transfer
process, the two fluids are mixed so that the width of
the mixing area increases with increasing cell length.
The mixing area causes two defects: (1) the concentra-
tion of fuel at the anode surface decreases, (2) the
open-circuit voltage decreases due to mixed potential
at cathode and fuel crossover. The mixing of fuel and
electrolyte at the interface can lead to the fuel occur-
ring at the cathode surface. Therefore, both the reduc-
tion reaction and oxidation reaction occur on the
cathode, leading to mixed potential on the cathode,
thus the output voltage drops down. Another factor in
reducing the performance of the microfluidic fuel cell
626
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Fig. 1. Schematic of the proposed Y- shaped microfluidic fuel cell with a new cathode structure.
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is the creation of the depletion boundary layer at the
surface of the electrodes [6]. Due to the lack of a con-
vection transfer process perpendicular to the f low, the
only transfer process that can bring the reactive parti-
cles to the surface of the electrodes is the diffusion
transfer process. However, the diffusion transfer pro-
cess is very limited and can not bring the new reactant
particles to the surface of the electrodes at an appro-
priate rate, thus during the cell operation, a depletion
boundary layer is created on the electrode surface,
which reduces the electric current density of the cell.
Creating a depletion layer on the cathode surface due
to the low solubility of oxygen in the electrolyte is
another factor in reducing the performance of the
microfluidic fuel cell. To address this issue, solutions
with high solubility and high concentration of oxygen,
such as hydrogen peroxide [7] and vanadium redox
couples [8] were utilized.

Various microfluidic fuel cells with side-by-side
streaming architectures have been reported to
decrease the depletion area on the surface of the elec-
trodes by increasing the rate of mass transfer to the
surface of the electrodes. The results of several
researches show that the mass transfer to the electrode
surface correlates with the geometric configuration.
Manipulation of inputs and outputs locations [9, 10],
dividing the microchannel length into multiple seg-
ments [11], multi-stream structure [12, 13], and
manipulation of the f low structure and transport pat-
tern [10, 14] are different ways to improve the mass
transfer to the surface of the electrodes and reduce the
depletion layer. Manipulating the architecture of the
electrodes is another way to reduce the depletion
boundary layer [5, 15–17]. By changing the location
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and shape of the electrodes, the transfer of mass to
their surface can be increased, thus preventing the for-
mation of a depletion layer on the surface of the elec-
trodes.

In this paper, a new cathode structure is proposed to
reduce the depletion area on the cathode surface. Using
a numerical macro-scale model, the performance of the
proposed microfluidic fuel cell is evaluated.

NUMERICAL MODELING
Computational Domain

Figure 1 schematically shows the computational
domain. Fuel and oxidant f luids are introduced into a
microchannel through two separate inlets which form
a side-by-side co-laminar f low. This fuel cell uses
flow-over electrode architecture. The anode is simply
located on the channel wall. Because of the low oxy-
gen solubility in the electrolyte, the possibility of cre-
ating a depletion layer on the surface of the cathode is
much higher than that of the anode, and this limits the
electrical current produced by the cell. Therefore, to
reduce the possibility of creating a depletion layer on
the cathode surface, we change the structure of the
cathode in such a way that oxygen particles in the elec-
trolyte body reach the cathode surface at a suitable
rate. For this purpose, we divide the cathode into
smaller parts and place these parts in the path of the
electrolyte f low so that the parts at the beginning of
the channel are near the fuel oxidant interface and the
parts at the end of the channel are close to the channel
wall (Fig. 1). In this structure, the cathode is less in
contact with the mixing area, because as the width of
the mixing area increases, the cathode parts also move
8  No. 7  2022
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Table 1. Geometric parameters of the cell

Parameters Value, mm

Main flow channel length × 

height × width

15 × 1 × 1

Each of the Inlet channels 

length × height × width

5 × 1 × 0.7

Outlet height × width 1 × 1

Each part of cathode length × 

height × width

1.2 × 1 × 0.02

Displacement of each cathode 

relative to the adjacent cathode 

in the x direction

1.45

Displacement of each cathode 

relative to the adjacent cathode 

in the y direction

0.03
away from the fuel-oxidant interface. There are other
ways to improve cell efficiency, such as using an air-
breathing cathode or other oxidants with high solubil-
ity, but our goal is to show how effective the cathode
geometric design will be in improving cell perfor-
mance. Regarding the fabrication issues of this partic-
ular cathode structure, the proposed cathode can be
easily fabricated by methods such as 3D printing.

Details of the geometric parameters of the cell are
listed in Table 1. The proposed macro-scale model is
developed with COMSOL Multiphysics. Governing
equations in fuel cell simulation are formulated based
on the conservation laws for mass, momentum, spe-
cies, and electrical potentials. Using the Butler–Vol-
mer equation these equations are coupled together.
RUSSIAN JOURNA

Table 2. Parameters used in the model [5]

Parameter Anodi

Flow rate 500 μL

Density 1000 k

Dynamic viscosity 0.001

Faraday constant 96485.34

Cell temperature 298

Universal gas constant 8.314 J m

Conductivity 11.47 

Charge transfer coefficient 0

Number of electrons transferred 2

Exchange current density 3.82 × 10

Inlet concentration 2100 m

Diffusion coefficient 8.3 × 10–
Fluid Flow

Due to its small dimensions, in the microchannel,
the f low is assumed to be laminar and incompressible.
The f low filed in the microchannel is governed by
Navier–Stokes and continuity equations [18]:

(1)

Where  is the velocity,  the pressure,  the f luid den-
sity and  is the dynamic viscosity. The density and
viscosity of the f luid are assumed to be constant.
Detailed model parameters are listed in Table 2. Nor-
mal inflow boundary condition with identical veloci-
ties is determined at the two inlets, while atmospheric
pressure is considered for the outlets. On the walls of
the channel, the no slip boundary condition is con-
sidered.

Mass Transport

Concentration distributions of the fuel and oxidant
in the microchannel is governed by convective–diffu-
sion equation [18] given as:

(2)

Where c is the local concentration of the reactants.
Velocity field within the microchannel is determined
by Navier–Stokes equations.

Here, the catalyst layers are assumed to be as the
boundaries where the corresponding electrochemical
reactions take place over these boundaries. Thus, the
boundary condition for these boundaries is:

(3)

∇ =
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c f low Cathodic f low

 min–1 500 μL min–1

g m–3 1840 kg m–3

7 Pa s 0.0267 Pa s

 C mol–1 96485.34 C mol–1

 K 298 K

ol–1 K–1 8.314 J mol–1 K–1

S m–1 43 S m–1

.5 0.5

4

+5A m–3  A m–3

ol m–3 0.5 mol m–3

10 m2 s–1 8.3 × 10–10 m2 s–1

100
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where  reflects the current density which is calculated

by Butler–Volmer equation,  is the Faraday con-
stant, n denotes the number of electrons transferred in
the reaction and n is the normal vector.

The right side of the above equation indicates the
consumption rate of species over the electrodes.

At the inlets, the constant concentration boundary
condition is considered. At the outlets, the convective
flow boundary condition is considered. No flux
boundary condition is set to all other boundaries.

Charge Conservation

To calculate the electrical potential within the elec-
trolyte and electrodes, following equations can be
used:

(4)

(5)

where  is the electrolyte conductivity,  is the

electrodes conductivity,  and  are the local

potential in the electrolyte and electrodes respectively.
Because the thickness of catalyst layer is about 10 μm
so it is negligible and in modeling it can be assumed as
a boundary layer. The anode boundary layer is set to
zero potential, and the cathode boundary layer is set to
the cell voltage. All other boundaries are set to insula-
tion boundary condition.

Electrochemical Kinetics

The electrical current generates in fuel cells by elec-
trochemical reactions at the anode and cathode sur-
faces. In the proposed microfluidic fuel cell the oxida-
tion of formic acid and reduction of oxygen is pre-
sented as:

(6)

(7)

The generated local current density, , across the
electrode surface is calculated by Butler–Volmer
equation [19]:

(8)

where  is the reference reactant concentration,

the exchange current density at the reference reac-
tant concentration,  the overpotential,  the charge

transfer coefficient,  the universal gas constant, the
operating temperature considered as a constant
parameter, and Ncrossover is the fuel crossover f lux at the

cathode surface.
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At each electrode, overpotential is:

(9)

where  is the reversible potential.

Solution Procedure

Graphical user interface and pre-programmed

modules of COMSOL Multiphysics are used for

developing the proposed macro-scale model of the

microfluidic fuel cell. The equations of f luid f low,

mass conservation, charge conservation, and electro-

chemical reaction kinetics are solved using COMSOL

Multiphysics. The COMSOL modules of transport of

Diluted Species (tds), laminar f low (spf), and electric

currents (ec) are used to model the microfluidic fuel

cell. At first, the f luid f low equations are solved. Then,

the f luid f low data is used to solve the coupled mass

and charge transport with electrochemical reactions.

To discretize the device geometry, the triangular mesh

pattern with fine element size is used to ensure that the

accuracy of the calculations is high enough and it does

not depend on the mesh size. To achieve accurate

results, refined meshes were used in the electrodes.

The stationary segregated Multifrontal Massively Par-

allel Solver (MUMPS) is used to solve the equations of

transport of Diluted Species (tds), laminar f low (spf),

and electric currents (ec) modules. The electrical cur-

rent output of the cell is calculated using integrating

the reaction current density on the surface of the

anode. The simulations are performed using Core i5-

2500k 3.30 GHz processor with 8 GB of RAM.

RESULTS AND DISCUSSIONS

Model Validation

To validate the numerical model, the fuel cell in

experimental work [5] is simulated using the model

and then the experimental results are compared with

the simulation results. Figure 2 shows the polarization

curves obtained from the simulation and experiment.

To evaluate the simulation accuracy, we calculate the

root mean square error and correlation between the

experimental and the simulated results of output cur-

rent densities. The root mean square error is:

(10)

where iexp and isim are the experimental and simulated

current densities, respectively. n is the number of data

points in the polarization curve.

eltd elyt REVERSIBLE,Eη = ϕ − ϕ −

REVERSIBLEE
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Fig. 2. The polarization curves of the cell with conven-
tional f low over cathode obtained from the simulation and
experiment [5], and the polarization curve of proposed cell
with the new cathode structure.
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Fig. 3. Polarization and power density curves of the pro-
posed fuel cell for three different f low rates.
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The correlation is defined as:

(11)

The root mean square error of 0.032 and the cor-
relation coefficient of 0.996 confirms the accuracy of
the numerical model.

Cell Performance

Compared to the conventional f low over cathode

structure in [5], in the proposed cathode structure the

geometric shape has changed in such a way that the

cathode is divided into smaller parts. In addition, the

location of the cathode parts is adjusted so that the

oxygen particles can reach the surface of the cathode

parts at a reasonable rate. The overall size of the pro-

posed cathode is approximately the same as a conven-

tional cathode. Figure 2 shows the polarization curves

of the cell in [5] with conventional f low over cathode

and the proposed cell with the new cathode structure.

Comparison of these two curves shows that the pro-

posed cathode structure has a great effect on increas-

ing the output current density of the fuel cell.

Polarization and power density curves of the pro-

posed fuel cell for three different f low rates are shown

in Fig. 3. The results show that the proposed cathode

can also perform well at low fluid f low rates. The

results show that the effect of the geometry of the pro-

posed cathode on improving the performance of the

cell is more evident at low flow rates as well as at low

voltages. In fact, at low voltages due to the high rate of
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reactant consumption and also at low reactant f low

rates due to low mass transfer rate, the possibility of

forming a depletion area at the surface of the cathode

is high. Therefore, in both cases, there is a greater need

for the high mass transfer rate to the cathode surface.

As a result, the effect of the geometric structure of the

cathode in improving the output current density of the

cell is more obvious in these two cases, at low flow

rates as well as at low voltages.

Concentration Distribution of Reactants

To investigate the possibility of the fuel crossover

problem, Fig. 4 shows the fuel concentration change

curve across the different cut lines for the f low rate of

0.5 mL/min. These curves show that the upstream

parts of the cathode are in minimal contact with the

fuel. Also, the fuel concentration near the cathode is

not critical for downstream cathodes. Figure 5 shows

the concentration distribution of oxygen at the chan-

nel cross-sections for the f low rate of 0.5 mL/min at

the cell voltage of 0.4 V. This figure shows that the for-

mation of the depletion layer on the surface of the

cathode is not significant. Due to the special arrange-

ment of the cathode, the reactants can reach the cath-

ode surface at a suitable rate, thus the possibility of the

formation of a depletion area on the cathode surface is

reduced. Figure 6 shows the oxygen concentration

change curve across the different cut lines at different

cell voltages for the f low rate of 0.5 mL/min. As can be

seen from each of these graphs, the concentration of

oxygen on the cathode surface at different distances
L OF ELECTROCHEMISTRY  Vol. 58  No. 7  2022
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Fig. 5. The concentration distribution of oxygen at the channel cross sections for f low rate of 0.5 mL/min at cell voltage of 0.4 V.
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Fig. 4. Fuel concentration change curve across the different cut lines for f low rate of 0.5 mL/min, at cell voltage of 0.1 V.
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from the channel input is not significantly different.

This indicates that the cathode structure allows oxy-

gen particles to reach all parts of the cathode (near or

far from the inlet) at a reasonable rate. In the proposed

structure of the cathode, both the initial parts of the

cathode and the end parts of the cathode play a role in

generating electric current, and as a result, the output

current density of the cell increases. While in typical

fuel cell structures with a long cathode in the sidewall,

creating a depletion layer on the cathode surface pre-

vents fresh oxygen particles to reach the end parts of

the cathode, and as a result, this part of the cathode

has almost no role in generating electricity.

The electric current production of each cathode at
the cell voltage of 0.4 V is shown in Fig. 7. The results
RUSSIAN JOURNAL OF ELECTROCHEMISTRY  Vol. 5
show that all cathodes contribute to the production of
electric current.

Effect of Reactant Flow Rates 
on the Cell Performance

Figure 8 shows the effect of the f low rates on the
current density and the peak power density of the cell.
This figure shows that the electric current density of
the cell is increased by increasing the f low rate at the
inlets of the cell. As can be seen, the limitation of mass
transfer is evident at low flow rates due to insufficient
oxidant supply. In fact, increasing the f luid f low rate at
the inlet improves mass transfer to the electrode sur-
face. As shown in Fig. 8, increasing the f low rate of the
fluid also increases the peak power density of the cell.
8  No. 7  2022
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Fig. 6. Oxygen concentration change curve across the dif-
ferent cut lines for f low rate of 0.5 mL/min, at cell voltage
of (a) 0.1 V, (b) 0.3 V, (c) 0.5 V, and (d) 0.7 V.
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Fig. 7. The electric current production of each cathode at
cell voltage of 0.4 V.

0

2.0

1.5

1.0

0.5

2.5

3.0

1 2 3 4 5 6 7 8 9 10

Cathode

Flow rate = 0.5 mL/min

Flow rate = 0.8 mL/min

Flow rate = 1.0 mL/min

C
u

rr
e
n

t 
d

e
n

si
ty

, 
m

A
 c

m
–

2

Fig. 8. The effect of the f low rates on the current density
(at 0.3 V cell voltage) and the peak power density of the
cell.
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CONCLUSIONS

In this paper, a novel cathode structure is presented

for improving the mass transfer to the surface of the

cathode in the Y-shaped microfluidic fuel cell. The

proposed cathode structure consists of several small

cathodes placed in the f low path of the oxidant in such

a way that they have maximum contact with the body

of the oxidant f luid. The simulation of the concentra-

tion distribution of reactants shows that due to the

specific structure of the proposed cathode, the mass

transfer rate to the surface of small cathodes is high

and as a result, the possibility of creating a depletion

area on the surface of these cathodes is minimized. In

the proposed structure, because the depletion area

does not form on the surface of the small cathodes, all

of the small cathodes play a role in generating an elec-

tric current. The results show that the electric current

density and the peak power density of the proposed
L OF ELECTROCHEMISTRY  Vol. 58  No. 7  2022
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cell are significantly higher than conventional cells at
both low and high reactant f low rates.
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