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Abstract: Based on fuel crossover behavior and bubble nucleation in the microfluidic fuel cell’s
channel, this research numerically presents the performance of air-breathing direct formic acid
microfluidic fuel cells. In the simulation, a three-dimensional microfluidic fuel cell model was
used. The continuity, momentum, species transport, and charge equations were used to develop the
model transport behavior, whereas the Brinkman equation represented the porous medium flow in
the gas diffusion layer. The I–V and power density curves are generated using the Butler–Volmer
equation. The simulation and current experimental data were compared under identical operating
conditions to validate the I–V curve of the microfluidic fuel cell model. The model was used to
investigate the current density distribution in the microchannel due to bubble obstruction and the
reactant concentration on both electrodes. Fuel crossover resulted in a large decrease in open-circuit
voltage and a reduction in fuel concentration above the anode electrode. The findings also showed
that a low-flow rate air-breathing direct formic acid microfluidic fuel cell is more prone to CO2

bubble formation.

Keywords: air-breathing microfluidic fuel cells; formic acid; fuel crossover; bubble blockage

1. Introduction

Over the past decade, the miniaturization of fuel cell architecture to minimize over-
voltage losses has been studied by many researchers. The concept of microfluidic fuel cells
(MFC) is thus proposed, which can be characterized by four major components [1]: aque-
ous fuel; oxidant; catalyst/electrode materials; and supporting electrolyte flow. In other
studies, the MFC configuration is classified into three generations (Jayashree et al., [2], and
Ho et al., [3]). The first-generation cells named MFCs-G1 comprise Y-shaped MFCs, which
have an aqueous fuel stream and oxidant stream at the anode and cathode channel inlets,
respectively, that flow in parallel along the microchannel, with the anode and cathode
electrodes running along the opposite side of the wall. Second-generation cells [4–7] called
MFCs-G2 have two parallel streams of fuel and oxidants flow horizontally side by side in a
Y- or T-shaped channel, interfacing the cathode and porous anode electrode placed on the
bottom side of the microchannel. Third-generation cells [8–12] are called MFCs-G3, which
are similar to the second-generation cells. These cells utilize a T- or F-shaped microchannel,
but with the additional air-breathing mechanism at the cathode electrode inlet that drives
the movement of the oxidant.
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The evaluation of fuel crossover and internal current loss through the electrolyte of the
microfluidic fuel cell is very important to assess the performance of the direct formic acid
microfluidic fuel cell due to their potential effects in reducing the performance of the fuel
cell. Schoemaker et al. [13] and Rejal et al. [14] reported that the design of the microchannel
of the direct formic acid fuel cells could be optimized by including electrodes of the catalyst
to decrease losses in the fuel cells such as fuel crossover, internal current loss, and ohmic
losses across the electrolyte within the microchannel.

The assessment of bubble formation, and its influence on the performance of microflu-
idic fuel cells, was proposed by Shyu et al. [15]. The study showed the major disadvantages
of bubble formation, including a high concentration of fuels caused by the removal of
reaction products and CO2 bubbles, which becomes difficult as the flow rate decreases. The
generation of gas bubbles in a microfluidic fuel cell enhances the mixing of the parallel
liquid streams along the upstream to the downstream in the microchannel, affecting the
exchanging current and leading to a decrease in the open-circuit voltage [16–18]. To prevent
the growth of CO2 gas bubbles in the microfluidic fuel cells, the accuracy in the fabrication
of electrode conditions with appropriate selection of the aqueous reactants and the various
architecture configurations of microfluidic fuel cells should be considered [19,20].

Although the gas bubble generation, growth, and detachment on the surface of one of
the electrodes in the MFCs have been confirmed and the resulting effects on the electricity
generation of the MFCs have also been discussed in a related experimental study, very
few numerical studies to analyze the influence of gas/liquid two-phase flow on the MFC
characteristics have been reported. This is due to the fact that two-phase computational
model coupling hydrodynamics, mass transport, and electrochemical reaction kinetics are
so complex that the transient, three-dimensional, two-phase numerical investigation on
the characteristics of the MFCs could either hardly be achieved or take a long computation
time. Peng et al. [21] and Wei et al. [22] formulated the flow and mass transport in
the catalyst layer in two-phase, and discussed the effect of gas volume fraction on the
cell performances. However, the fluid flow along the microchannel was still assumed
to be single-phase in both studies, deviated from the physical reality. Wang et al. [23]
developed a mixture of two-phase computational modelling of MFCs with a flow-through
porous anode to investigate the effect of CO2 volume fraction on cell performance. Due to
the complex nature of the numerical model, a two-phase numerical simulation of an air-
breathing MFC with a flow-over anode was performed in a steady, two-dimensional flow by
Ouyang et al. [24]. Based on the above-mentioned experiments and simulations, bubble
formation has an impact on cell performance.

Therefore, in order to examine the gas bubble effect on the fuel crossover and the
performance of the air-breathing direct formic acid microfluidic fuel cells with flow-over
electrodes using a steady, three-dimensional computational model, static, blunt objects of
different dimensions stayed in the microchannel of the MFCs will be used to imitate the
bubble formation at different moments in time. Both fuel crossover and fuel cell perfor-
mance of the MFCs with a different bubble position and dimensions will be numerically
investigated in this study.

2. Numerical Method
2.1. Computational Domain

The air-breathing direct formic acid microfluidic fuel cell (DFAMFC) with a 1.5-mm-
wide and 0.05-mm-deep T-shape microchannel was numerically studied at volumetric flow
rates ranging from 0.05 to 0.5 mL/min. The structural model of the miniaturized DFAMFC
with a T-shaped microchannel and an air-breathing cathode is depicted in Figure 1. All the
boundaries of the model in Figure 1 are solid walls except the inlets and outlet. The fuel
and supporting electrolyte are fed through two individual inlets and both are discharged
through a single outlet as shown in Figure 1a, while the oxygen is supplied from the bottom
face of the CGDL at a given concentration indicated in Figure 1b. The spacing between two
20-mm-long, 0.6-mm-wide, and 0.9-mm-thick GDEs in a fuel cell was 0.3 mm. The mixture
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of formic acid and 0.5-M H2SO4 was used as the fuel, during a 0.5-M H2SO4 stream as a
liquid electrolyte. The concentration of formic acid was 0.3 M, 0.5 M and 1.0 M.
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Figure 1. Schematic illustration of the computational domain and geometrical structure of the
T-shaped air-breathing DFAMFC model: (a) the top view; (b) the sectional view.

While sufficient oxygen supply from the air is chosen as an oxidant, the electrolyte
solution was added to both fuel and cathode electrolyte to allow better proton conductivity
during the electrochemical kinetic reactions. The anode and cathode porous electrodes
are placed on the bottom of the microchannel. The interface between the anolyte (fuel
solution) and catholyte (electrolyte solution) allow the produced protons at the anode side
to transfer from the anolyte to the cathode electrode. For breathing air as the oxidant, the
bottom surface of the cathode gas diffusion layer (CGDL) is exposed to the ambient air,
and oxygen penetrates into the porous electrode from that surface, making the reduction
reaction happen within the cathode catalyst layer (CCL), as illustrated in Figure 1b. The
bottom surfaces of the anode and cathode electrodes are electrical ground and electrical
potential, respectively.

2.2. Assumptions

Numerical simulations of the microfluidic fuel cells performed with the computational
domain, as presented in Figure 1 were based on a 3-dimensional model implemented by
the commercially available software, COMSOL Multiphysics 5.1. The three-dimensional
numerical simulation model was performed based on the following assumptions:

(1) The fluid flow in the microfluidic fuel cells is steady, isothermal, laminar and incom-
pressible with negligible body forces;

(2) The physical properties of the electrodes (catalyst layers and GDLs) are considered
isotropic and homogeneous;

(3) The solutions are dilute and uniformly mixed;
(4) Proton transport from the anode to the cathode is by electro-migration only;
(5) Oxygen transport in the porous air-breathing cathode is by diffusion only;
(6) Electromigration of formate ions is neglected due to the high concentration of sup-

porting electrolyte;
(7) Electrochemical reaction takes place at 300 K, 1 atm, which is governed by Butler–

Volmer kinetics to get the V-I and P-I curves.
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2.3. Governing Equations

Three-dimensional, single-phase numerical simulations have been regarded as effec-
tive ways to explore the cell characteristics [25–30], while a few numerical studies have been
proposed to investigate the performance of fuel cells without a polymer membrane [9,31,32].
In order to predict the effect of polarization behaviors of the transport phenomena on MFC
performance, the numerical model and the governing equations are constructed in three-
dimensional Cartesian coordinates according to the formulation similar to those indicated
in [31,32]. A set of steady-state conservation equations is used to govern the continuity, mo-
mentum, and species transport equations, as well as the electrochemical reaction kinetics,
in the free channel and porous media of the MFCs, as follows:

Continuity equation: (
∇ ·→u

)
= 0 (1)

Momentum equation:

ρ
(→

u · ∇→u
)
= −∇p + µ∇2→u (2)

Porous media flow equation:

ρ

ε2

(→
u · ∇→u

)
= −∇p +

µ

ε
∇2→u − 2

3
µ

ε
∇2→u − µ

k
→
u (3)

Species transport equation:

∇ ·
(
−D∇c + c

→
u
)
= 0 (4)

Charge equation in the electrode:

∇ · ∇ϕs = 0 (5)

Charge equation in the electrolyte:

∇ · ∇ϕl = 0 (6)

where
→
u is the velocity vector, ρ is the fluid density, µ is the fluid viscosity, p is the

static pressure, ε is the porosity of the media, k is the permeability of the electrodes
(catalyst layers and gas diffusion layers/porous electrodes), c is the local concentration
of the species in the anode and cathode, D is the diffusion coefficient of the species,
which refers to the formic acid diffusivity in aqueous media (water and electrolyte) in the
anode and the oxygen diffusivity through the porous electrodes in the cathode, ϕs is the
overpotential in the catalyst layer, and ϕl is the electrolyte over potential. Please refer to
the publication [32] for more detailed information regarding the governing equations of
the air-breathing DFAMFCs.

2.4. Boundary Conditions

In this study, there are two types of boundary conditions used in microfluidic fuel cells,
i.e., hydrodynamic boundary conditions and species transport boundary conditions [32].
The three-dimensional numerical simulation was performed based on the following bound-
ary conditions for hydrodynamic, species, and charge transport in the present model:

a. Both the velocity and concentration of the fluid at both fuel and electrolyte inlets are
given as shown in Figure 1a;

b. No-slip boundary condition is set for all the walls of the MFCs as indicated
in Figure 1a;
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c. All the walls of the MFCs are impermeable and insulating, except the bottom face
of the CGDL in Figure 1b where the oxygen can diffuse into the porous face with a
given concentration of 8.6 × 10−3 M;

d. For the transport of the dilute species domain, the diffusion and convection flux
conditions are applied through the outflow boundary conditions. Hence, this bound-
ary condition vanishes the velocity and concentration gradients in the fluid flow
direction at the outlet, as indicated in Figure 1;

e. To calculate the electric field, the ground potential is set for the anode. The cathodic
voltage is set as a variable, cell voltage E. Therefore, the anode voltage is set as φa = 0
on the bottom surface of the ACL in Figure 1b, and the cathode voltage is set as
φc = Ecell on the bottom surface of the CCL in Figure 1b

2.5. Parameter Constants

The performance of MFCs can be predicted by solving Equations (1)–(4) applied in
both free channel and porous medium regions. The transport properties and simulation pa-
rameter conditions used in the three-dimensional computational model for the microfluidic
fuel cells are adopted from [31] and listed in Table 1.

Table 1. The physical/transport properties used in the model for numerical simulation.

Parameters Symbol Values

Electrode properties:

Porosity and permeability of catalyst layer ε, κ 0.3 and 2.36 × 10−14 m2

Porosity and permeability of gas diffusion layer ε, κ 0.4 and 1.18 × 10−12 m2

The conductivity of the electrode, S/m σs 222
The conductivity of the electrolyte, S/m σl 16.7

Fluid properties:

The density of anolyte and catholyte stream, kg/m3 ρ 1000
Dynamic viscosity, Pa·s µ 0.001

Volumetric flow rate (Q1, Q2, Q3), mL/min v 0.05, 0.1, 0.5
Reference concentration of formic acid, mol/m3 c0, HCOOH 300, 500, 1000

Reference concentration of oxygen, mol/m3 c0, O2 85
Diffusivity of formic acid as anolyte, m2/s DHCOOH 2.546 × 10−9

Diffusivity of oxygen in water, m2/s DO2(H2O) 2.1 × 10−9

Diffusivity of oxygen in the air, m2/s DO2 (air) 2.1 × 10−5

Anodic and cathodic kinetic reactions:

Exchange current density at the anode, A/m2 ioa 2250
Exchange current density at the cathode, A/m2 ioc 6 × 10−4

Anodic and cathodic charge transfer coefficient α 0.5
Number of transferred electrons at the anode and cathode n 2

2.6. Mesh of the Microfluidic Fuel Cell Model

The mesh in the microfluidic fuel cell model was built with a fine mesh size to ensure
that the solution is proper, accurate, and independent of the mesh size, as shown in Figure 2.
The maximum element size in the subdomains outside the electrodes was set to be 0.421 mm
and the maximum element growth rate was set to be 1.25. A total of 78,551 unstructured,
tetrahedral elements were established to discretize the entire computational domain of the
air-breathing direct formic acid microfluidic fuel cells (DFAMFCs). Those partial differential
equations listed in Section 2.3 were solved using a finite element method.
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In general, a greater number of grids in the computational domain generates more
accurate simulation results at the expense of longer computation time. The number of
grids in the present air-breathing DFAMFCs was determined to be 78,551 as the simulated
I-V curve based on such element numbers was in good agreement with the I-V curve
measured by Shyu et al. [15]. The comparison will be discussed later. The model was
solved on a 64-bit Windows 7 Enterprise Service Pack 1, with an Intel (R) Core TM i7-4790
CPU @ 3.60 GHz, 20 GB RAM. Peak memory usage when running on the computation
was observed to be approximately 6 GB and it took approximately 2 h to plot an entire
polarization curve with 29 cell voltages for one case.

A parametric sweep and a direct solution procedure with a stationary segregated
Parallel Sparse Direct Solver (PARDISO) were used to solve the velocity field and pressure in
the air-breathing DFAMFCs, while a Multifrontal Massively Parallel Solver (MUMPS) was
used to solve the concentration field and electric potential of the air-breathing DFAMFCs.
Once those parameters were solved, the current densities at different cell voltages can be
determined with the convergence criteria of the residual of 10−4.

3. Results and Discussion
3.1. COMSOL Model Validation

Numerical models of T-shape air-breathing DFAMFCs were built with the same
dimensions and operating conditions as the one used by Shyu et al. [15]. The polarization
curve obtained by the numerical simulation of the present model was in good agreement
with the measured polarization curve, with 1.0-M HCOOH at 0.5 mL/min [15], as shown
in Figure 3. However, slight deviations between both curves in Figure 3 were observed at
cell voltages of approximately 0.7 V and 0.05 V. The slight deviation at high cell voltage
can be reduced by fine-tuning the electrode properties listed in Table 1, while the deviation
occurring at a low cell voltage is likely as in reality the impact of the growing gas bubbles
in the DFAMFCs on the cell performance cannot be properly presented in the single-phase
numerical simulation in the present study. This confirms the reliability and effectiveness of
the model. Several parameters for the studies such as proton conductivity, exchange current
density, and the oxygen concentration on the CGDL face was maintained as constants,
while the volumetric flow rate and the fuel concentration are conditional parameters whose
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values are changeable. Furthermore, the model was being used to analyze polarization
behavior on the electrode and the cell performance under various conditions.
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vs. simulation (1.0 M-HCOOH, 0.5 mL/min).

This case indicates that even though a stronger volumetric flow rate can enhance
the transport of fuel to the anode electrode, this influence alleviates gradually, and the
concentration loss occurs lastly as a result of the inadequate transport of oxygen from
the ambient air into the gas diffusion layer to the cathode electrode surface. In general,
a stronger volumetric flow rate and concentration will increase the cell performance,
including the cell current density and the cell power density.

3.2. Effect of Bubble Blockage

The CO2 bubble evolution and development on the anode surface was recorded on
the flow in the microfluidic fuel cell experiment [15] operated with 1.0 M-HCOOH at a
volumetric flow rate of 0.5 mL/min. The bubble formation process [15] indicated that
the nucleus gas bubble was firstly generated on the anode surface, and then it moved
from the channel sidewall to the center of the anode surface before becoming large and
elongated due to the coalescence. Subsequently, the elongated CO2 bubble grew larger
again to become a blockage that occupies the middle of the channel.

However, gas bubbles generated from the oxidation reaction of formic acid at the anode
will result in the stagnation of the flow in the microchannel, and are considered unfavorable
to the air-breathing DFAMFC performance. Bubble formation within the microchannel
can disturb the diffusion process at the interface channel, further causing uncontrolled
diffusive mixing of fuel and oxidant streams and cell performance degradation.

Figure 4 illustrates three static, blunt objects of the same size to simulate stationary
bubbles presented in the microchannel. The bubble width of 0.2, 0.4, 0.6, and 0.8 mm, as
illustrated in Figure 4b–e, will be numerically investigated in the following sections to
realize the bubble blockage effect on the cell performance.



Processes 2022, 10, 922 8 of 13

Processes 2022, 10, x FOR PEER REVIEW 8 of 14 
 

 

uncontrolled diffusive mixing of fuel and oxidant streams and cell performance 
degradation. 

Figure 4 illustrates three static, blunt objects of the same size to simulate stationary 
bubbles presented in the microchannel. The bubble width of 0.2, 0.4, 0.6, and 0.8 mm, as 
illustrated in Figure 4b–e, will be numerically investigated in the following sections to 
realize the bubble blockage effect on the cell performance. 

 
(a) (b) (c) (d) (e) 

Figure 4. Distribution of bubble blockage starting from the anode walls to the middle of the chan-
nel at four specific positions of width coordinates of the channel: (a) no bubble; and bubble width of 
(b) 0.2 mm; (c) 0.4 mm; (d) 0.6 mm and; (e) 0.8 mm. 

3.3. Effect of Fuel Crossover 
The occurrence when fuel passes through the electrolyte to the cathode electrode 

without reacting on the anode, producing no current from the cell, is known as fuel 
crossover. Each formic acid molecule that diffuses and reacts with oxygen on the cathode 
of the fuel cell results in two fewer electrons in the generated current of electrons that 
travels through an external circuit. In this study, the fuel can diffuse through the fuel–
electrolyte interface, reach the cathode, and then decrease the cell performance. 

Figure 5 shows that the total crossover current on the cathode, defined as the inte-
gral value of the local crossover current over the entire width of the cathode, increases as 
the static, blunt object (bubble) width increases from 0.2 mm to 0.8 mm at a volumetric 
flow rate of 0.5 mL/min with inlet [HCOOH] = 1.0 M. Note that the channel width aligns 
with the x-axis and the origin is set at the left sidewall of the microchannel in Figure 1b. 
Besides, Figure 5 also shows that the bigger the static blunt object is, the farther the wider 
area the crossover current generates over the cathode surface. The electro-oxidation of 
HCOOH over the cathode reduces the open-circuit voltage and results in a mixed volt-
age. The present simulation results reveal that the major reason for the drop of the 
open-circuit voltage from 0.95 V at 0.5 mL/min to 0.75 V at 0.05 mL/min at 1.0 M-HCOOH 
is due to the mixed voltage and fuel crossover at the cathode. 

Figure 4. Distribution of bubble blockage starting from the anode walls to the middle of the channel
at four specific positions of width coordinates of the channel: (a) no bubble; and bubble width of
(b) 0.2 mm; (c) 0.4 mm; (d) 0.6 mm and; (e) 0.8 mm.

3.3. Effect of Fuel Crossover

The occurrence when fuel passes through the electrolyte to the cathode electrode
without reacting on the anode, producing no current from the cell, is known as fuel
crossover. Each formic acid molecule that diffuses and reacts with oxygen on the cathode of
the fuel cell results in two fewer electrons in the generated current of electrons that travels
through an external circuit. In this study, the fuel can diffuse through the fuel–electrolyte
interface, reach the cathode, and then decrease the cell performance.

Figure 5 shows that the total crossover current on the cathode, defined as the integral
value of the local crossover current over the entire width of the cathode, increases as the
static, blunt object (bubble) width increases from 0.2 mm to 0.8 mm at a volumetric flow
rate of 0.5 mL/min with inlet [HCOOH] = 1.0 M. Note that the channel width aligns with
the x-axis and the origin is set at the left sidewall of the microchannel in Figure 1b. Besides,
Figure 5 also shows that the bigger the static blunt object is, the farther the wider area the
crossover current generates over the cathode surface. The electro-oxidation of HCOOH
over the cathode reduces the open-circuit voltage and results in a mixed voltage. The
present simulation results reveal that the major reason for the drop of the open-circuit
voltage from 0.95 V at 0.5 mL/min to 0.75 V at 0.05 mL/min at 1.0 M-HCOOH is due to the
mixed voltage and fuel crossover at the cathode.

There are three reasons related to losses in the fuel crossover microfluidic fuel system,
i.e.,: (1) the fuel crossover often occurs at low volumetric flow rates and with the reduction
in the fuel concentration. Such reduction occurs over the anode where the formic acid fuel
diffuses from the anode through the electrolyte to the cathode and then reacts with the
oxygen directly due to the catalyst, producing no current from the cell; (2) the concentration
of fuel decreases in the anolyte stream resulting in a decrease in the current density along
the side surface of the electrode; (3) the electrochemical oxidation reaction at the fuel over
the cathode catalyst can produce a mixed potential and reduce the open-circuit voltage.
The numerical simulation shows that the major reason for low open-circuit voltage from
0.95 V-Q1 to 0.75 V-Q3 is due to the loss of fuel crossover, internal current, and the mixed
voltage at the cathode in the microfluidic fuel cells. One method to alleviate fuel crossover
is by reducing mass transport using a lower concentration of fuel, which will decrease the
driving force for fuel diffusion.
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As previously described, the fuel crossover is considered in the MFCs to obtain the
proper electrochemical reaction in the cathode. The results indicate that the effect of
fuel crossover at the cathode has a more significant impact on cell performance than fuel
crossover at the anode, since the local crossover current in Figure 5 is much higher than that
in Figure 6. Furthermore, Figure 6 also shows that the bubble width has an insignificant
effect on the anode crossover current. Therefore, the fuel crossover at the anode can
be ignored.
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Figure 7 shows the local current density distribution on the anode surface with the
different sizes of the blunt object in the channel at a volumetric flow rate of 0.5 mL/min at
[HCOOH] = 1.0 M. It can be seen that the local current density distribution on the anode
is obviously affected by the bubble size. As the blunt object used to simulate the static
gas bubble in the microchannel occupies a partial anode surface, it prevents the fuel from
reaching the catalyst layer from the top surface of the anode. Therefore, no current is
produced on the anode as a 0.8-mm-wide blunt object stays on the 0.6-mm-wide anode.
However, even though a 0.6-mm-wide bubble statically stays on the 0.6-mm-wide anode, it
generates current over the anode edge between x = 550 µm and x = 600 µm. This is likely
due to the fuel diffusing laterally into the anode catalyst layer from the edge of the bubble.
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Figure 7. The local current density distribution on the anode surface with four different sizes of blunt
object in the channel performed on 0.5 mL/min with inlet 1.0 M-HCOOH.

Initially, the CO2 bubble has a width of 0.2 mm before becoming a larger elliptic
bubble, both in the middle of the anode surface-edge wall having a width of 0.4 mm and
0.6 mm, respectively. Following this, the bubble becomes elongated and fully developed
closer to the channel center with a final width of 0.8 mm. The current density is higher at
the bubble width distance of approximately 0.6 mm at the edge of the anode surface near
the center of the channel. This is due to the greater concentration of fuel consumed on this
side compared to the other side. In addition, this result will accelerate the electro-oxidation
reaction to produce a larger current density.

The gas bubble evolution indicated in Figure 8a corresponds with the size of the
generated CO2 bubble observed in the experiment [15]. To investigate the performance
of the fuel cell with a gas bubble generated in the microchannel, the bubble blockage was
placed along the anode surface with different positions in the middle of the electrode and
closer to the center of mixing reactants. Figure 8b reveals that the cell performance varies
depending on the blockage positions in the microchannel. The cell performance would be
higher if the blockage position shifted away from the center of the microchannel toward
the anode side. The maximum power densities for the fuel cell operated at a volumetric
flow rate of 0.5 mL/min at a fuel concentration of 1.0 M in Figure 8b were found to be
approximately 35.3 and 32.2 mW/cm2 as the bubble stays at the center of the anode and
closer to the center of the microchannel, respectively. These findings are consistent, which
shows that the cell performance is affected by the evolution of gas bubble positions on the
anode catalyst layer surface. Test results further suggest that the low performance of the
fuel cell occurs if the CO2 gas bubble occupies closer to the interface region in the channel.
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on the fuel concentration distribution at 0.5 M-HCOOH at the volumetric flow rate of 0.7 mL/min;
(b) The effect of blockage size on the I–V curve of the MFC at a fuel concentration of 1.0 M and
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In contrast, a slightly higher performance fuel cell results from the gas bubble occupy-
ing the sidewall of the anode catalyst layer along the microchannel. The carbon dioxide gas
will usually be produced at the fuel cell anode electrode regardless of whether or not an
electrolyte solution is being used. Gas bubbles are running over the entire anode catalyst
layer surface, and their fluctuations become large and elongated, which were then pushed
downstream before vanishing after reaching the end of the electrode to the channel outlet.

4. Conclusions

The effects of bubble blockage on the crossover current and the performance of an air-
breathing DFAMFC were numerically studied in this paper. A three-dimensional DFAMFC
model having static blunt objects staying on the anode side in the microchannel to simulate
the gas bubble in the practical DFAMFC was built, with formic acid flowing over the anode.

The results showed that the total crossover current on the cathode, defined as the
integral value of the local crossover current over the entire width of the cathode, increases
as the static, blunt object (bubble) width increases from 0.2 mm to 0.8 mm at volumetric flow
rate of 0.5 mL/min with inlet [HCOOH] = 1.0 M. The significant fuel crossover decreases
the open circuit voltage of the DFAMFC. However, in contrast to the cathode crossover
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current, the crossover current on the anode seems to be insignificant. Besides lowering the
open circuit voltage, the static bubble staying on the anode also makes the shrouded anode
catalyst layer inactive to the fuel without producing electric current.

This study also found that the low performance of the MFC came about if the CO2
gas bubble moved closer to the interface region in the microchannel. Conversely, a slightly
higher cell performance will be obtained if the gas bubble moves closer to the sidewall of
the anode catalyst layer along the microchannel. The maximum power densities for the
DFAMFC operated at a volumetric flow rate of 0.5 mL/min at a fuel concentration of 1.0 M
were found to be approximately 35.3 and 32.2 mW/cm2 as the bubble stays at the center of
the anode and closer to the center of the microchannel, respectively.

Author Contributions: Conceptualization, J.-C.S.; software and investigation, Y.D.H.; writing—
original draft preparation, Y.D.H., K., A.R., T.P., M., T. and J.-C.S.; writing—review and editing, Y.D.H.
and J.-C.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Education, Culture, Research and Technology
of Indonesia, grant number 188/E4.1/AK.04.PT/2021 and P3M Politeknik Negeri Semarang, grant
number 4024A/PL4.1.7/PT/2021. The APC was funded by the Ministry of Science and Technology
of Taiwan, grant number MOST 108-2628-E-992-001-MY3.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data available on request due to restrictions.

Acknowledgments: The authors appreciate the research funding from the Ministry of Education,
Culture, Research and Technology of Indonesia under the contracts of 188/E4.1/AK.04.PT/2021 and
P3M Politeknik Negeri Semarang under the contracts of 4024A/PL4.1.7/PT/2021. The authors are
indebted to Ministry of Science and Technology of Taiwan for the funding under the contract of
MOST 108-2628-E-992-001-MY3.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Xu, H.; Zhang, H.; Wang, H.; Leung, D.Y.C.; Zhang, L.; Cao, J.; Jiao, K.; Xuan, J. Counter-flow formic acid microfluidic fuel cell

with high fuel utilization exceeding 90%. Appl. Energy 2015, 160, 930–936. [CrossRef]
2. Jayashree, R.S.; Yoon, S.K.; Brushett, F.R.; Montesinos, P.O.L.; Natarajan, D.; Markoski, L.J.; Kenis, P.J.A. On the performance of

membraneless laminar flow-based fuel cells. J. Power Source 2010, 195, 3569–3578. [CrossRef]
3. Ho, B.; Kjeang, E. Microfluidic fuel cell systems. Cent. Eur. J. Eng. 2011, 1, 123–131. [CrossRef]
4. Whipple, D.T.; Jayashree, R.S.; Egas, D.; Vante, N.A.; Kenis, P.J.A. Ruthenium cluster-like chalcogenide as a methanol tolerant

cathode catalyst in air-breathing laminar flow fuel cells. Electrochim. Acta 2009, 54, 4384–4388. [CrossRef]
5. Brushett, F.R.; Jayashree, R.S.; Zhou, W.P.; Kenis, P.J.A. Investigation of fuel and media flexible laminar flow-based fuel cells.

Electrochim. Acta 2009, 54, 7099–7105. [CrossRef]
6. Khabbazi, A.E.; Richards, A.J.; Hoorfar, M. Numerical study of the effect of the channel and electrode geometry on the performance

of microfluidic fuel cells. J. Power Source 2010, 195, 8141–8151. [CrossRef]
7. Wang, H.; Leung, D.Y.C.; Xuan, J. Modeling of an air cathode for microfluidic fuel cells: Transport and polarization behaviors. Int.

J. Hydrogen Energy 2011, 36, 14704–14718. [CrossRef]
8. Xuan, J.; Leung, D.Y.C.; Wang, H.; Leung, K.H.; Wang, B.; Ni, M. Air-breathing membraneless laminar flow-based fuel cells: Do

they breathe enough oxygen? Appl. Energy 2013, 104, 400–407. [CrossRef]
9. Ye, D.D.; Zhang, B.; Zhu, X.; Sui, P.C.; Djilali, D.; Liao, Q. Computational modeling of alkaline air-breathing microfluidic fuel cells

with an array of cylinder anodes. J. Power Source 2015, 288, 150–159. [CrossRef]
10. Zhang, B.; Ye, D.D.; Sui, P.C.; Djilali, N.; Zhu, X. Computational modeling of air-breathing microfluidic fuel cells with flow-over

and flow-through anodes. J. Power Source 2014, 259, 15–24. [CrossRef]
11. Zuria, A.M.; Dector, A.; Muniz, F.M.C.; Esquivel, J.P.; Sabate, N.; Garcia, J.L.; Arriaga, L.G.; Ramirez, A.U.C. Direct formic acid

microfluidic fuel cell design and performance evolution. J. Power Source 2014, 269, 783–788. [CrossRef]
12. Zhang, H.; Xuan, J.; Xu, H.; Leung, M.K.H.; Wang, H.; Leung, D.Y.C.; Zhang, L.; Lu, X. A Numerical Study on Microfluidic Fuel

Cell: Improving Fuel Utilization and Fuel Operation Concentration. Energy Proc. 2014, 61, 250–253. [CrossRef]
13. Schoemaker, M.; Misz, U.; Beckhaus, P.; Heinzel, A. Evaluation of hydrogen crossover through fuel cell membranes. Fuel Cells

2014, 14, 412–415. [CrossRef]

http://doi.org/10.1016/j.apenergy.2015.01.101
http://doi.org/10.1016/j.jpowsour.2009.12.029
http://doi.org/10.2478/s13531-011-0012-y
http://doi.org/10.1016/j.electacta.2009.03.013
http://doi.org/10.1016/j.electacta.2009.07.011
http://doi.org/10.1016/j.jpowsour.2010.06.094
http://doi.org/10.1016/j.ijhydene.2011.08.033
http://doi.org/10.1016/j.apenergy.2012.10.063
http://doi.org/10.1016/j.jpowsour.2015.04.087
http://doi.org/10.1016/j.jpowsour.2014.02.076
http://doi.org/10.1016/j.jpowsour.2014.07.049
http://doi.org/10.1016/j.egypro.2014.11.1100
http://doi.org/10.1002/fuce.201300215


Processes 2022, 10, 922 13 of 13

14. Rejal, S.Z.; Masdar, M.S. A parametric study of the direct formic acid fuel cell (DFAFC) performance and fuel crossover. Int. J.
Hydrogen Energy 2014, 39, 10267–10274. [CrossRef]

15. Shyu, J.C.; Wang, P.Y.; Lee, C.L.; Chang, S.C.; Sheu, T.S.; Kuo, C.H.; Huang, K.L.; Yang, Z.Y. Fabrication and test of an air-breathing
microfluidic fuel cell. Energies 2015, 8, 2082–2096. [CrossRef]

16. Shyu, J.C.; Wei, C.S.; Lee, C.J.; Wang, C.C. Investigation of bubble effect in microfluidic fuel cells by a simplified microfluidic
reactor. Appl. Therm. Eng. 2010, 30, 1863–1871. [CrossRef]

17. Shyu, J.C.; Huang, C.L. Characterization of bubble formation in microfluidic fuel cells employing hydrogen peroxide. J. Power
Source 2011, 196, 3233–3238. [CrossRef]

18. Shyu, J.C. A visual study of bubble formation in microfluidic fuel cells. Fuel Cells 2013, 13, 1226–1233. [CrossRef]
19. Shyu, J.-C.; Wang, Y.-L. Effects of nafion ionomer content on the performance of membraneless direct formate fuel cells. Energy

Sci. Eng. 2021, 9, 2139–2150. [CrossRef]
20. Shyu, J.-C.; Wang, Y.-L. Influence of nafion loading in the anode catalyst layer on the performance of anion-exchange membrane

direct formate fuel cells. Int. J. Energy Res. 2022, 46, 5165–5176. [CrossRef]
21. Peng, J.; Zhang, Z.Y.; Niu, H.T. A three-dimensional two-phase model for a membraneless fuel cell using decomposition of

hydrogen peroxide with Y-Shaped Microchannel. Fuel Cells 2012, 12, 1009–1018. [CrossRef]
22. Wei, L.; Yuan, X.; Jiang, F. A three-dimensional non-isothermal model for a membraneless direct methanol redox fuel cell. J. Power

Source 2018, 385, 130–140. [CrossRef]
23. Wang, H.-N.; Zhu, X.; Zhang, B.; Ye, D.; Chen, R.; Liao, Q.; Sui, P.C.; Djilali, N. Two-phase computational modelling of a

membraneless microfluidic fuel cell with a flow-through porous anode. J. Power Source 2019, 420, 88–98. [CrossRef]
24. Ouyang, T.; Chen, J.; Huang, G.; Lu, J.; Mo, C.; Chen, N. A novel two-phase model for predicting the bubble formation and

performance in microfluidic fuel cells. J. Power Source 2020, 457, 228018. [CrossRef]
25. Lee, J.; Lee, S.; Han, D.; Gwak, G.; Ju, H. Numerical modeling and simulations of active direct methanol fuel cell (DMFC) systems

under various ambient temperatures and operating conditions. Int. J. Hydrogen Energy 2017, 42, 1736–1750. [CrossRef]
26. Maslan, N.H.; Rosli, M.I.; Masdar, M.S. Three-dimensional CFD modeling of a direct formic acid fuel cell. Int. J. Hydrogen Energy

2019, 44, 30627–30635. [CrossRef]
27. Herlambang, Y.D.; Arifin, F.; Kurnianingsih, K.; Prasetyo, T.; Roihatin, A. Numerical analysis of phenomena transport of a proton

exchange membrane (PEM) fuel cell. J. Adv. Res. Fluid Mech. Therm. Sci. 2021, 80, 127–135. [CrossRef]
28. Tsukamoto, T.; Aoki, T.; Kanesaka, H.; Taniguchi, T.; Takayama, T.; Motegi, H.; Takayama, R.; Tanaka, S.; Komiyama, K.;

Yoneda, M. Three-dimensional numerical simulation of full-scale proton exchange membrane fuel cells at high current densities.
J. Power Source 2021, 488, 229412. [CrossRef]

29. Zhi, P.; Jiao, K.; Du, Q. Numerical study on the performance of the H-shaped air-breathing microfluidic fuel cell stack. Electrochim.
Acta 2021, 392, 139024. [CrossRef]

30. Herlambang, Y.D.; Roihatin, A.; Kurnianingsih; Prasetyo, T.; Lee, S.C.; Shyu, J.C. Computation and numerical modeling of fuel
concentration distribution and current density on performance of the microfluidic fuel cell. AIP Conf. Proc. 2020, 2197, 090001.
[CrossRef]

31. Herlambang, Y.D.; Shyu, J.-C.; Lee, S.-C. Numerical simulation of the performance of air-breathing direct formic acid microfluidic
fuel cells. Micro Nano Lett. 2017, 12, 860–865. [CrossRef]

32. Shyu, J.-C.; Hung, S.-H. Flow field effect on the performance of direct formic acid membraneless fuel cells: A numerical study.
Processes 2021, 9, 746. [CrossRef]

http://doi.org/10.1016/j.ijhydene.2014.04.149
http://doi.org/10.3390/en8032082
http://doi.org/10.1016/j.applthermaleng.2010.04.029
http://doi.org/10.1016/j.jpowsour.2010.12.005
http://doi.org/10.1002/fuce.201300014
http://doi.org/10.1002/ese3.971
http://doi.org/10.1002/er.7507
http://doi.org/10.1002/fuce.201200046
http://doi.org/10.1016/j.jpowsour.2018.03.037
http://doi.org/10.1016/j.jpowsour.2019.02.081
http://doi.org/10.1016/j.jpowsour.2020.228018
http://doi.org/10.1016/j.ijhydene.2016.09.087
http://doi.org/10.1016/j.ijhydene.2019.01.062
http://doi.org/10.37934/arfmts.80.2.127135
http://doi.org/10.1016/j.jpowsour.2020.229412
http://doi.org/10.1016/j.electacta.2021.139024
http://doi.org/10.1063/1.5140949
http://doi.org/10.1049/mnl.2017.0322
http://doi.org/10.3390/pr9050746

	Introduction 
	Numerical Method 
	Computational Domain 
	Assumptions 
	Governing Equations 
	Boundary Conditions 
	Parameter Constants 
	Mesh of the Microfluidic Fuel Cell Model 

	Results and Discussion 
	COMSOL Model Validation 
	Effect of Bubble Blockage 
	Effect of Fuel Crossover 

	Conclusions 
	References

