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Mass transfer well-Stefan, and Butler—Volmer equations. This model is then used to investigate the influences of

HT-PEM fuel cells
Cathode thickness
Oxygen transmission

diffusion layer thickness deformation under a specific assembly force on the porosity distribution
as an indicator of fuel cell performance. The HT-PEM (high temperature proton exchange
membrane) fuel cell model is built using COMSOL Multiphysics software, simulating the changes
in diffusion layer porosity under different thicknesses of the diffusion layer, thus analyzing the
trends in variation of water and oxygen concentration in the cathode diffusion layer. The battery
has different current densities at different operating potentials. The influence of the working
potential on the mass transfer concentration and the variation in the mass transfer concentration
of the diffusion layer under the different areas of flow channel and flow ridge is discussed. The
simulation results have a certain reference value for the optimization of mass transfer in a
diffusion layer. The results reveal the combined effect of the assembly force and flow field, which
makes the porosity distribution uneven and results in remarkable lateral current in the gas
diffusion layer (GDL). The thicker the diffusion layer, the less oxygen consumed, and a large
amount of oxygen is retained in the gaseous diffusion layer. It can be concluded that thicker
diffusion layer is conducive to more uniform mass transfer and diffusion. These results can
potentially be used to promote the performance and application of HT-PEMFC.

1. Introduction

In recent years, fuel cells have attracted extensive attention as a highly efficient and pollution-free device for energy conversion
studied by many researchers. There are high expectations for HT-PEM fuel cells, due to their simple water management [1], strong
tolerance [2], and great operating stability [3]. The gas diffusion layer inside the fuel cell is considered the most significant part of the
fuel cell. As a skeleton, it supports the catalyst layer and also provides an effective channel for internal mass transfer and diffusion
processes [4]. Therefore, we focus on enhancing the mass transfer efficiency of the gas diffusion layer, which is directly representative
of fuel cell performance.

For years, many researchers have studied and achieved great progress in various aspects of the diffusion layer. Oznur Delikaya et al.
prepared a porous carbon nanofiber network as an electrode of polymer fuel cells, effectively improving the performance of the fuel
cell [5]. Sun Hong et al. established a two-dimensional steady-state mathematical model to analyze the law of mass transfer and
diffusion of water and oxygen in the cathode diffusion layer [6]. At the same time, through fluid dynamics analysis, simulation, and
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other methods, some researchers have investigated diffusion layer thickness, porosity, and other factors affecting the performance of
fuel cells [7]. O Shamardina et al. built a two-dimensional steady-state model to analyze the influence of high-temperature fuel cells’
performance by exploring the cathode mass transfer and voltage loss [8]. Zhang et al. established out a two-dimensional two-phase
flow model to discuss the water transfer and distribution characteristics in two-dimensional space [9]. S Park et al. reviewed various
types of diffusion layers from the perspective of materials and then discussed the future development prospects of diffusion layers [10].
The pore structure with a commercial gas diffusion layer through X-ray scanning was mentioned by IV Zenyuk et al. and their report
serves as a reference for the considered design of fuel cell diffusion layer [11]. Y Wang et al. simulated the startup process of the fuel
cell, analyzed the influence of gas flow direction on battery startup and proposed the best method for the startup of high-temperature
fuel cells [12]. Xia et al. created a three-dimensional fuel cell model to optimize the porosity and thickness of the diffusion layer of the
cell and achieved a 7.7% enhancement in performance. At the same time, they systematically analyzed the influence of various pa-
rameters on the performance of high-temperature fuel cells [13,14]. Wang et al. calculated the optimal thickness of a high-temperature
fuel cell catalyst layer using a genetic algorithm method, which improved the fuel cell performance by 6.8% [15]. Li et al. used the
variational principle to optimize the porosity distribution of the diffusion layer of high-temperature fuel cells. The necessity for
optimizing the parameters of the electrode diffusion layer was pointed out [16]. Xu et al. aimed at the aspirated fuel cells as their
research direction to analyze the flow field parameters of batteries from both experimental and simulation tests, thereby obtaining the
optimal opening rate of batteries [17]. Zhu et al. constructed a digital drive model for high-temperature fuel cells and conducted
detailed analysis of the influence of fuel cell parameters [18] Chun et al. used X-p CT and other methods to analyze the pore char-
acteristics of high-temperature polymer electron fuel cells and studied the influence of cathode pore characteristics on the battery
performance [19]. In terms of the stress deformation of diffusion layer, Atifi et al. conducted numerical analysis of the influence of
contact pressure on the deformation of the diffusion layer [20].

In this study, a high-temperature fuel cell model with a three-dimensional single-channel under a steady state is constructed. The
effects of different diffusion layer thickness parameters on material transport and fuel cell performance under the condition of 2 MPa
stress are analyzed. The main research contents include the analysis of the water and oxygen contents in the fuel cell cathode. Then, the
volt-ampere performance curve of the fuel cell is comprehensively evaluated. This study has a certain significance as a reference for
the optimization of performance parameters of high-temperature fuel cells under the condition of preload.

2. Model and calculation method
2.1. Geometrical model

According to the structure and electrochemical characteristics of HT-PEM fuel cells, a three-dimensional single-channel HT-PEM
fuel cell model under a steady state is established. The geometric structure of the model is shown in Fig. 1. The fuel cell is
composed of seven parts: the cathode flow channel, cathode diffusion layer, cathode catalyst layer, proton exchange membrane, anode
catalyst layer, anode diffusion layer, and anode flow channel.

The inlet and outlet are only the positions at the boundary of gas inflow and outflow in the model, which is different from the actual
situation of oxygen inflow and outflow in the experiment. To visually analyze the changes in oxygen concentration in this model, we
set the initial oxygen inflow to a fixed value.

2.2. Mathematical model

This model uses the porous media, secondary current distribution, and solid mechanics modules to analyze the mass transfer
process, electrochemical reaction, diffusion layer deformation, and porosity change. The details are presented in the following.
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Fig. 1. HT-PEM fuel cell geometric model structure diagram.
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2.2.1. The porous media mode

The porous media module is mainly used to describe the distribution of mass transfer in the diffusion and catalyst layers, thus acting
on the flow channel, gas diffusion layer, and catalyst layer region. The momentum transfer is calculated using the Navier-Stokes
equation, and the mass conservation of the model is ensured by the continuous equation. The gas mass transfer in the model is assumed
to be layered and incompressible. The Maxwell-Stefan equation is provided to describe the multi-component diffusion in the diffusion
layer. The specific calculation equations are as follows.

The equation of Navier-Stokes is expressed as equations (1) and (2):

plu-V)u+Vp—V-n(Vu+ (Vu)') =0 1)

V- (pu) =0 @

The equation of Maxwell-Stefan is shown as equation (3):
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in this equation, p is the density, u is the velocity,  is the mass fraction, D is the diffusion coefficient, and p is the pressure.

2.2.2. Electrochemical model

The secondary current distribution module is used to discuss the electrochemical parameters of the model. Ohm’s law and charge
conservation are coupled by the secondary current distribution. The aim is to define the transfer of charged ions in a one-component
electrolyte and the conduction of current across the electrode while taking into account the effect of hyperactivation potential. The
Butler—Volmer and Tafel expressions are executed to determine the secondary current distribution. The Butler—Volmer equation is
performed to describe the concentration dependence on the exchange current density, as seen in equation (4).
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R P

For the equation of Tafel, 7, is considered relatively large in the model and, therefore, the second exponential term in the But-

ler-Volmer equation can be ignored. Here can be simplified as shown in equations (5) and (6):
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jo and a can be obtained by fitting #,.¢ to In j, and the equation can be written in the following form of equation (7):

Nuw=0a+blnj (7)

where b is named the Tafel slope.
The charge conservation can be defined as equations (8) and (9):
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in the formula, 7 represents the lost voltage, n represents the number of electrons transferred in the reaction, c* R and c* P represent the
actual surface concentration of the substance with finite rate in the reaction, and jO 0 is the actual measured value at the reference
point, namely the exchange current density at a standard concentration. The concentration of reactants and products here are denoted
by cO*R and cO*P, respectively, where ¢ stands for the electrical conductivity.

2.2.3. Mechanical model

A solid mechanical field is applied to the cathode diffusion layer and anode diffusion layer of the fuel cell to describe the
compression state of the gas diffusion layer under assembly force. This study describes the three-dimensional stress distribution of the
diffusion layer from the aspects of statics, geometry, and physics such that it can be divided into the three equations (10)-(12) as
follows [21]:

Equilibrium differential equation: %’: + 9 + O 4 F,=0(10)
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oj;is normal stress, 7;; is shear stress, F; is volume force, ¢; is positive strain, G is shear elastic modulus, 1 is the Lamet constant, where
are presented in equations (13)-(15):

E
ST 13
_ HE
TR )
vi=715/G,e = & + & + & (15)

where E represents Young’s modulus, p is Poisson’s ratio, and i, j, and k represent the x, y, and z directions, respectively.

2.2.4. Calculation method

In this study, the COMSOL Multiphysics software is used for simulation calculation. Before calculation, the following assumptions
are upheld during the calculation process: (1) all operations are performed under the conditions of a constant temperature and a steady
state; (2) the fluid in the passage is laminar flow; and (3) porous media are defined as isotropic; (4) the gas mixture used in the
operation of the battery model is considered as an ideal gas, which is not affected by gas compression.

By the simulation calculation, parameters need to be firstly input (as shown in Table 1). Then, the grid is divided, where 1/8 of the
length of the flow channel is selected as the maximum element size at the upper and lower boundaries of the diffusion layer. The
number of elements at the left and right boundaries of the flow channel is 8. The number of elements at the left and right boundaries of
the gas diffusion layer is also 8. The number of elements at the left and right boundaries of the electrode is 6. The number of elements at
the left and right boundaries of the proton exchange membrane is 3, and the remaining boundaries are mapped and swept. The number
of fixed elements is 8, and the ratio of elements to elongate is 2. The above method not only guarantees the accuracy of the calculation
results but also efficiently minimizes the operation time.

Finally, the boundary conditions will be entirely set up. According to the test gas flow rate per minute combined with the model
geometry, the model inflow boundary velocity of the cathode and the anode are set as 0.5 and 0.2 m/s, respectively. A fixed constraint
is set at the lower boundary of the gas diffusion layer and a boundary load is applied to the upper boundary.

3. Results and discussion
3.1. Model validity and fuel cell volt-ampere characteristics analysis

Aiming to validate the model, a self-designed flow field plate is used in this HT-PEM fuel cell, and the size of the flow field plate
corresponds to that used in the model. Using platinum-carrying carbon paper as the electrode, platinum-supported carbon paper was
coated with catalyst by spraying process. In this test, carbon paper loaded with platinum catalyst was purchased for testing. The
electrode reaction area is 4 cm?, and the platinum loading is 0.5 mg/cm?. The ab-polybenzimidazoles(ab-PBI) membrane was used as
the proton exchange membrane. First of all, the membrane was acidified by soaking in 85% concentrated phosphoric acid for 18 h at
140 °C, and the excess phosphoric acid on the membrane surface can then be removed with dust-free paper. Through this method, the
membrane conductivity can be effectively improved, and the role of proton transfer can be provided to the membrane. During

Table 1

Calculation parameters.
Parameters/Unit Value
length of channel/m 2x1072
width of channel/m 8x107*
height of channel/m 1073
width of flow ridge/m 9x10°*
thickness of gas diffusion layer/m 3x107% 35x107% 4x107% 45x107% 5x107*
thickness of porous electrode (m) 15 x 1076
thickness of membrane (m) 1x107*
porosity of diffusion layer 0.4
conductivity of diffusion layer ( s/m ) 222 [22]
membrane conductivity (s/m) 9.825 [23]
mass fraction of hydrogen inlet 0.743
mass fraction of water inlet 0.023
mass fraction of oxygen inlet 0.228
Fuel cell temperature (K) 453
Relative pressure (Pa) 1.013 x 10°
Cell voltage (V) 0.4
Young’s modulus of diffusion layer (Pa) 5.54 x 10°
Poisson’s ratio of diffusion layer 0.24 [23]
pressure of flow ridge (Pa) 2 x 106
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assembly, a pretension wrench is used to set the pretension to ensure that the assembly force of the fuel cell is suitable. XBL50-150-800
fuel cell test system is used for the test. The test system consists of an air supply system, a humidification preheating system, a battery
test system, and a fuel cell monomer. The schematic diagram of the test system is shown in Fig. 2. During the test, the battery needs to
be preheated first. When the temperature reaches 120 °C, the electronic load is applied to the fuel cell, and the polarization curve test is
started until the battery temperature rises up to 180 °C.

A numerical polarization curve of the HT-PEMFC with the same structure and operating parameters as used in above experiments is
obtained by the model.

As shown in Fig. 3, the variation in voltammetry characteristic curves under different diffusion thicknesses is presented. The
voltammetry characteristic curves with a thickness of 0.35 mm are measured experimentally. The simulation results are close to the
experimental trend, thus indicating the validity of the simulation results. It can be seen from the figure that the influence of diffusion
layer thickness on fuel cell performance is not evident under high potential conditions. In contrast, under low voltage conditions, with
the increase of diffusion layer thickness, the current density gradually decreases.

3.2. Influence of diffusion layer thickness on porosity distribution

It is found that when the assembly prestress is 2 MPa, the average current density reaches the maximum value. This means that 2
MPa is the optimum assembly prestress for achieving the highest performance of the PEM fuel cell, as in the previous study. Therefore,
in this study, the thickness of the diffusion layer is directly changed. When the pressure is 2 MPa, the variation rule for the diffusion
layer porosity is analyzed and discussed. It can be seen from Fig. 4 that for the same applied load, the diffusion layer porosity shows a
variation trend of basically remaining the same. However, due to the different thicknesses of the diffusion layer, the results clearly
show that when the thickness of the diffusion layer increases, the distance and side length required for mass transfer and the changed
area of porosity also are increased due to extrusion. This means that the area of mass transfer inhibited is also increased, resulting in
difficulties for the diffusion of mass transfer. This is the basis for the subsequent research in this paper, where we attempt to analyze
fuel cell performance by studying the influence of diffusion layer thickness on the transmission of oxygen and water separately.

3.3. Influence of diffusion layer thickness on oxygen transmission

Fig. 5 shows the variation in oxygen concentration at the model inflow boundary and model outflow boundary of the diffusion
layer, and the thickness of the diffusion layer ranges from 0.3 to 0.5 mm. It can be observed that the oxygen concentration at the model
outflow boundary tends to be enhanced with an increase in the thickness of the diffusion layer. This indicates that a thinner diffusion
layer can lead to the high efficiency of oxygen diffusion and reaction. The comparison of oxygen consumption at model inflow
boundary and model outflow boundary shows that the thinner diffusion layer consumes a large amount of oxygen in the reaction. The
thinner the diffusion layer, the higher the molar concentration of oxygen at the entrance and exit with the increase in test potential,
which is considerably strengthened at the exit. This is because when the potential increases, the electrochemical reaction rate de-
creases, and thus, the amount of consumed oxygen decreases.

According to Fig. 6, when the thickness of the diffusion layer is 0.35 mm, there is clear variation in oxygen molarity along the X
direction under different test potentials at the model outflow boundary of the model, which is analyzed and discussed. As can be seen,
there is higher oxygen concentration in the diffusion layer below the flow passage than below the flow ridge. This can be explained by
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Fig. 2. Schematic diagram of electrochemical test system.
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the oxygen in the area below the flow passage being more likely to spread into the diffusion layer, while it is relatively more difficult to
enter the area below the flow ridge. With the increase in the test potential, the difference between the molar concentration of oxygen at
the model outflow boundary and the ridge area gradually decreases. This means that less oxygen is consumed during the reaction, and
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Fig. 6. Variations in molar concentration of oxygen at the model outflow boundary under different electric potentials.

a large amount of oxygen flows into the diffusion layer below the ridge. When the potential is above 0.8 V, there is no difference in
oxygen concentration between the area below the flow passage and the flow ridge.

As can be seen from Fig. 7 (a) and (b), at the central section of the diffusion layer, the differences in molar concentration of oxygen
at the model inflow boundary and model outflow boundary of the diffusion layer are carried out. It is obvious from Fig. 7(a) that in the
area below the flow passage, the molar concentration of oxygen presents a downward trend as the thickness of the diffusion layer
increases. The increase in diffusion layer thickness does not favor oxygen transfer. In the part below the flow ridge on both sides of the
diffusion layer, especially on both sides of the diffusion layer, the molar concentration of oxygen is considerably enhanced with the
increasing thickness of the diffusion layer. This can be explained by the thinner diffusion layer resulting in larger changes in the
porosity under the same preloading pressure. It can be seen clearly that the thinner diffusion layer presents an obvious decreasing trend
in the oxygen concentration, indicating that the decrease in the porosity results in increased resistance toward oxygen transfer.
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Fig. 7. Molar concentration of oxygen at the center of diffusion layer under different thicknesses of diffusion layer, (a) at the model inflow
boundary, (b) at the model outflow boundary.

3.4. Influence of diffusion layer thickness on water molarity distribution

At the central section of the diffusion layer, the comparison of the results for the water molarity is shown in Fig. 8. With the increase
in electric potential, the observations of water molar concentration at the model inflow boundary and model outflow boundary are
described carefully. At both the inflow and outflow boundaries, the results of the molar concentration of water present an apparent
decreasing trend. It is obvious from Fig. 8 that compared with the molar concentration at the model inflow boundary, this decreasing
tendency becomes much stronger at the model outflow boundary. A reasonable explanation is that as the potential increases, the
reaction rate decreases, and then less water vapor is produced. Under the different diffusion layer thicknesses, a thicker for the inflow
diffusion layer results in the lower molar concentration of water. This can be explained as follows: The thicker diffusion layer is not
conducive to water transfer. In contrast, the thinner diffusion layer leads to higher molar concentration of water. These results mean
that in the thinner diffusion layer model, the reaction is performed sufficiently and robustly, which is more suitable for producing
much more water.

Fig. 9 shows the distribution of water concentration at the gas outlet of cathode under different potentials when the diffusion layer
thickness is 0.35 mm. It can be concluded that the molar concentration of the water is lower below the flow passage than below the
flow ridge. With the increase in electric potential, the molar concentration of water at the model outflow boundary of the diffusion
layer is decreased. The concentration difference in the diffusion layer area between the downward are of the flow passage and the
downward are of the flow ridge is becoming shorter. This further indicates that when the fuel cell operating potential increases, the
reaction rate decreases, thus resulting in a decrease in the gas concentration.
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Fig. 9. Changes in molar concentration of water at the model outflow boundary under different electric potentials.

Fig. 10 (a) and (b) present the distributions of molarity of water at the model inflow boundary and model outflow boundary under
different diffusion thicknesses. It can be clearly seen that with the increase in the diffusion layer thickness, the molarity of water in the
area below the flow passage shows an increasing trend. In contrast, it shows a decreasing trend below the flow ridge. These results
clearly indicate that as the reaction progresses, the generated water is more likely to diffuse toward the ridge area, as the space below
the flow passage is occupied by oxygen. The larger thickness of the diffusion layer leads to a smaller concentration difference between
the flow passage and the flow ridge. This indicates that the enlargement of the thickness of the diffusion layer is conducive to uni-
formity in the performance in terms of mass transfer and diffusion. To conclude, it is evident that the implementation of an assembly
force has a noteworthy influence on the trend of substance concentration. However, under the current assembly force condition,
material transport remains the primary factor contributing to changes in material concentration gradient. As discussed in this study,
the thickness of the gas diffusion layer remains the dominant factor affecting material concentration trend when the assembly force
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Fig. 10. Distribution of water molarity with different layer thicknesses, (a) at the model inflow boundary, (b) at the model outflow boundary.

remains constant.

Fig. 11 shows the change in water formation concentration and oxygen consumption concentration in the center line of the cathode
gas diffusion layer. It can be seen from the figure that the ratio of oxygen consumption concentration to water production concen-
tration is slightly less than two at the selected cross-section position. However, with the increase in cathode thickness, oxygen con-
sumption, and water production decreased first and then increased. For the above phenomenon, it can be seen that due to the influence
of material transport, the transport efficiency of water below the flow channel is better. Hence, the concentration of water generation is
slightly less than two times oxygen consumption. However, due to the influence of the thickness of the diffusion layer, the larger the
thickness, the greater the concentration gradient. When the thickness of the diffusion layer is increased to 0.5 mm, the diffusion ef-
ficiency of water molecules decreases more, resulting in more water deposited at the selected position, which leads to this trend of
concentration change.

4. Conclusion
In this study, a three-dimensional steady-state HT-PEM fuel cell model is constructed using COMSOL Multiphysics software. The

changes in diffusion layer porosity under different diffusion layer thickens are simulated, and the variation trends in water and oxygen
concentrations in the cathode diffusion layer are also studied. Through numerical calculation and analysis under different assembly

10



H. He et al. Heliyon 9 (2023) e19832

4.0 -

3.5 | Change of water concentration

F —&— Water 0.30mm

EE 30 - —e— Water 0.35mm
= r —A— Water 0.40mm
8§ 25r  —w— Water 0.45mm »
= g —<— Water 0.50mm _aS#%5"
2 20t SV
s
£ L
59 15 . .
g Oxygen consumption concentration
S o —»— Oxygen 0.30mm
= ' —&— Oxygen 0.35mm
p= 05 —e— Oxygen 0.40mm
' —&— Oxygen 0.45mm
—*— Oxygen 0.50mm
0.0 | ' | ' | '
0.000 0.005 0.010 0.015 0.020
Y(m)

Fig. 11. Concentration of water generation and oxygen consumption in the center line of the cathode gas diffusion layer.

force conditions, we have clarified the influence of different gas diffusion layer thickness on the performance of HT-PEMFC. Therefore,
the significance of this study is to guide the selection of carbon paper materials for cathode diffusion layer. The conclusions are as
follows.

(1) Under the same assembly force, the thinner diffusion layer has a larger proportion of deformation areas, and the obstruction of
material transport in local areas is more obvious.

(2) As the working potential increases, the molar concentration of oxygen increases, and the molar concentration of water de-
creases, with reduced oxygen consumption. This indicates that the lower of potential results in the higher current density, which
leads to the faster rates of reaction and oxygen consumption. The thicker diffusion layer causes less oxygen to be consumed,
which means much more oxygen is retained in the gaseous diffusion layer.

(3) As the thickness of the diffusion layer is increased, the mass transfer concentration difference in the diffusion layer area below
the flow passage and the flow ridge shows apparent decreases. This can be explained by the thicker diffusion layer being
conducive to more uniform mass transfer and diffusion. The thicker diffusion layer can contribute to the accumulation of water
in the electrode, which is less likely to cause the blockage of material transmission due to the high local concentration. However,
it is also concluded that the extension of the transmission path may worsen the overall performance of the fuel cell.
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