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Abstract: Improving mass transfer in gas diffusion layers is critical to achieving high-performance
proton-exchange membrane fuel cells (PEMFCs). Leaks through the interface between the gas and
the membrane electrode assembly frame have been widely investigated, and the controllability of the
cathode gas diffusion has not been achieved in most studies. In this study, we develop a structural
parameter to investigate the controllability of the gas diffusion mechanism in the cathode in order to
improve upon the design and performance of PEMFCs. This parameter accounts for the cathode gas
diffusion layer porosity and carbon loading inside the catalyst layer. It is comprehensively calculated
to relax the two segments’ distribution along three directions of the coordinate axis. The experimental
and simulation results show that the obtained values of the parameter vary and change during voltage
stabilization. According to the results, regardless of the materials in the cathode gas diffusion layer,
the same steady-state voltage is obtained when the parameter is fixed. The cell could be controllably
operated for a wide range of diffusion layer thicknesses by selecting the optimal parameter.
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Parameter-Driven Cathode Gas Despite the advances in science, technology and economics in recent decades, en-
Diffusion of PEMFCs with a Piecewise ~ Vironmental and energy problems have become more prevalent. In order to avoid the
Linearization Model. Energies 2023,16,  consequences of these crises, we must become environmentally responsible as soon as
3770. hitps://doi.org/10.3390/ possible. In order to achieve this, we need to develop sources of alternative green energy
en16093770 and redirect ourselves off the path of reckless fossil fuel consumption. Currently, there are
many promising forms of new energy technology being looked at as possible replacements
for fossil fuels, one of which is the proton-exchange membrane fuel cell (PEMFC) [1,2]. The
Received: 7 March 2023 PEMEFC is a type of power-generating device that converts the chemical energy of a fuel
Revised: 24 April 2023 and oxidant directly into electrical energy by the process of electrochemical reaction while
Accepted: 27 April 2023 benefiting from a high energy density, a low operating temperature, and a long operational
Published: 28 April 2023 lifespan [3]. However, though the principles behind the PEMFC are quite simple, it remains
unknown how the performance of PEMFC is influenced by many variables that factor into
its ability to operate effectively. This necessitates the development of a model to determine
the gas diffusion mechanisms so that the controllable operation of PEMFCs is ensured.
To date, most of the research on PEMFC models has focused on the gas diffusion
layer. Jiao et al. [4] proposed a gas-liquid—solid coupled solver to describe the liquid
distributed under the terms and  Water transport, vapor condensation, conjugate heat transfer, electric conduction, and
conditions of the Creative Commons  their interactions. Deng et al. [5] developed data-driven surrogate models that were
Attribution (CC BY) license (https://  established on the basis of the simulation results of a three-dimensional validated numerical
creativecommons.org/licenses /by / model. Additionally, the gas distribution quality was evaluated by the values of mean and
40/). standard deviation of the reactant gas concentration in the catalyst layer. From the view of
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a high-temperature polymer electrolyte membrane fuel cell (HTPEMFC), Herdem et al. [6]
developed a methanol reformer system and investigated the influences of the reformate
gas composition on the performance of HTPEMFC at different temperatures.

It is well known that the compressed gas diffusion lays are strongly influenced by
the water transport problem from the point of view of drainability. Thus, a large body
of work has focused on developing models to describe the water transport inside gas
diffusion layers. Xu et al. [7] developed an integrated model to predict the water transport
in a nonuniform compressed gas diffusion layer. For simulating fuel cell performance,
Rahman et al. [8] established a steady-state and two-phase model that was employed to
simulate the interaction between gas and liquid transports. From the view of background
on the characteristics of the gas diffusion layer, Cindrella et al. [9] considered the influence
of these characteristics on water management in the PEMFC. Xu et al. [10] investigated the
effects of a wave-shaped flow channel structure and a groove in the gas diffusion layer.

Based on these studies concerning models of the gas diffusion layer, it is clear that the
model parameters also have an obvious effect on the performance of PEMFCs. Thus, proper
distribution of parameters can be beneficial to improve such performance. For the cathode
gas diffusion layer, He et al. [11] developed a 3D model to investigate the parameters
affecting the cell performance. The results showed that an increasing ratio of platinum
to carbon resulted in a decrease in the activation and concentration overvoltage, and had
little influence on the ohmic overvoltage. For surface modifications, Wang et al. [12] con-
sidered a dimeric ionic liquid di-nonafluorobutanesulfonate on a PtCo/C catalyst so as to
improve the performance and durability of the catalyst in a fuel cell membrane electrode
assembly (MEA). Additionally, the electrochemically active surface area, impedance, and
gas diffusion resistance were analyzed. Moreover, the PEMFC contamination effect is help-
ful to promote the economy and utilization efficiency. Matamoros and Briiggemann [13]
investigated the concentration and ohmic losses in free-breathing PEMFC under differ-
ent operating conditions. Zhou et al. [14] suggested that the voltage loss distributions
were crucial to improving the PEMFC performance. Additionally, they studied the influ-
ences of the local operating state on the distributions of output voltage and voltage losses.
Based on their works, Pan et al. [15] proposed a flow field analysis scheme including two
dimensionless configuration parameters that were employed to ensure the flow distribu-
tion. Considering the influence of performance degradation, Sun et al. [16] developed a
three-dimensional, multi-component, and multi-physics PEMFC model. With this model,
different degradation conditions, such as flooding, dehydration, and PEMFC aging, were
simulated, respectively. Similarly, Ma et al. [17] proposed a hybrid prognostic approach to
predict the output voltage and other aging parameters affecting the internal degradation.

Based on the above literature, the studies on the model for gas diffusion have focused
on the promising accuracy and simulation results of a numerical model. The optimization
calculation of a new parameter to be guided by the controllable operation in PEMFCs
has not been found in previous papers. To address this scientific question and the issues
mentioned above, this work aims to provide a comprehensive understanding of the effects
of a new structural parameter on PEMFC operation. First, in Section 2, the combinatorial
complexities associated with the different overvoltages are disentangled from the formu-
lation through a gas diffusion simulation. Additionally, the major influencing factor for
the change in voltage over time is determined through the structures and mechanisms
within the PEMFC using mathematical models. A piecewise linearization model, including
the new structural parameter, is established in the next section. The experimental and
dynamic simulation results shown that this parameter is related to the oxygen permeation
capacity through the PEMFC, which is, in turn, influenced by the properties of the electrode
material, shown in Section 4.

2. Simulation of the Membrane Electrode Assembly

The simplified models in this section are based on an MEA, which includes the
following three domains: a cathode, a separator, and an anode, as shown in Figure 1. The
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separator comprises of two gas diffusion layers, two catalyst layers and one PEM [18].
The red arrow along the MEA indicates the inlet to outlet direction of the cathode gas.
Gas diffusion is presented between the catalyst and current collector on the cathode and
anode sides. Oxygen reduction reactions and hydrogen oxidation reactions occur inside
two different areas of the catalyst, respectively [19].

Air + H20
Catlode Gas diffusion l
Catalyst
PEM
Catalyst
Anode Gas diffusion
H: + H20

Figure 1. Schematic model of the numerical simulation.

Cathode: 3O, +2H"+ 2e~ — H,0

Anode: Hy — 2H "4 2e~

As a key tool in engineering and science innovation, simulations have an important
effect on cost and time management, as they are far cheaper and faster than experimental
analyses [20]. This section is detailed via a 3D model in COMSOL Multiphysics software.
The main objective is to analyze the impact of cathode gas diffusion on the overvoltage.
Therefore, only an analysis of the overvoltage and the molar concentration distribution
of oxygen in cathode gas diffusion is presented. The PEMFC simulation code inside
the software includes a continuity equation, the Brinkmann equation, the Maxwell-Stefan
equation, and the Butler—Volmer equation [21]. The set of model descriptions and governing
equations can be found in the work of Nishimura et al. [22]. In addition, in the following
simulation, it is assumed that all oxygen atoms that diffuse through the gas diffusion layer
immediately react and that electrons are saturated as soon as oxygen comes into contact
with the catalyst layer.

Figure 2 shows the oxygen density over the PEMFC as mentioned above simulation
code inside the software. The direction of cathode gas diffusion is placed the same as in
Figure 1. From input to output, the molar concentration distribution of oxygen decreases
due to the electrochemical energy generation reaction [23]. Additionally, the oxygen
concentration decreases along with the gas flow. This concentration is located in the middle
of the cathode with an overvoltage of 0.9 V. The minimum molar concentration distribution
is given as the minimum in the same overvoltage. It is noted that when designing the
features and setting the parameters of a PEMFC system, one must take both the transient
and steady-state conditions within the fuel cell with regard to the cathode flow into account.
However, the switching behavior among different concentrations consumes an unknown
amount of time, so the controllable operation for PEMFCs has not yet been realized. It is
crucial to define a new parameter so as to relax the relationship between the gas diffusion
and the performance of the PEMFC.
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Figure 2. Top view of the oxygen concentration at (a) 0.5V, (b) 0.7 V, and (c) 0.9 V.

3. Model Development

In order to characterize a structural parameter for the PEMFC, two sets of models
are proposed for cathode gas flow and open circuit voltage, respectively. These models
are established based on MEA with mass conservation and charge conservation, and are
detailed in the following sections.
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3.1. Cathode Flow Model

In a PEMFC, the number of electrons transferred between electrodes is equal to four
times Avogadro’s constant for each mole of oxygen that reacts. The flow rate of the number
of reacted moles of oxygen, N, can be described by the following equation [24]:

dN I
At 4Npe

)

where I is the individual cell current (A), ¢ is the time in seconds (s) that it takes for oxygen
to flows over the electrode, N is Avogadro’s constant (6.022 x 10% mol~1) [25], and e is
electron charge (1.6 x 10~1° C) [26].

The actual amount of oxygen that reacts in an electrode depends on the area and
layout of the flow path within the electrode. This means that the amount of supplied
oxygen that an electrode actually uses varies significantly and is theoretically always less
than one hundred percent of what is supplied. A coefficient that describes the relation
between supplied oxygen and used oxygen is defined. In this work, such actual-oxygen-
supply-coefficient is represented by «. The supplied oxygen volumetric flow rate can be
expressed as follows:

-5
= 28x 1071 o)

o

where I denotes the individual cell current in the unit of (mA) and vy is the oxygen volu-
metric flow rate (mL/s). « depends on the gas diffusion layer properties, the structure of
bipolar plates, and the flow rate, so it is defined as follows:

x=0-¢ 3)

where 0 is the permeation capacity of gas through a specific diffusion layer. The value
depends on the material properties of the diffusion layer and its structure. ¢ denotes the
flow influence factor, which is directly proportional to the gas pressure, the temperature,
and the effective surface area of the diffusion layer.

The pressure of gas within a pipeline can be obtained using Bernoulli’s equation as
follows [27]:

2
p=c-of @)

where P represents the gas static pressure (Pa), C denotes the total pressure at an arbitrary
point (Pa), which is a constant for a given system, f3 is the gas velocity (m/s), and p is the
gas density (1.429 kg/ m?) [28].

The flow influence factor ¢ can be derived from Equation (4) as follows:

10~125pT?

@ =CST — D2

©)
where T is the temperature of a single cell (K), S is the effective surface area of the electrode
(m?), and D is the area of the gas tunnel cross-section (m?). Substituting Equation (5) into
Equation (3) yields the following:

107120STp?

% =0CST — ——

(6)
Substituting Equation (6) into Equation (2), the relationship between the electrode
current and the volumetric flow rate of supplied oxygen can be described as follows:

8.62 x 10720STp+>

I = 1724196CST — =

@)
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3.2. Open Circuit Voltage Model

Generally, electrochemical models and physical chemistry models are used to describe
the voltages of single-celled PEMFCs in a closed circuit as follows [29]:

Vcell(t) = E — Vact — Vohmic (8)

where V. is the fuel cell voltage (V), E is the electrode potential or thermodynamic
potential (V), Vit is the activation overvoltage (V), and Vopm;c is the ohmic overvoltage (V).

An open circuit voltage model is introduced in this paper, as we mainly wish to study
the influence of gas diffusion and the properties of the diffusion layer on the fuel cell
voltage. The influence of water on the system is assumed to be negligible; that is, the
activity of water is equal to one. Then, a simplified Nernst equation can be used to describe
the thermodynamic potential. For an ideal gas, the reactant activity can be described by
the ratio of the partial pressure of the gases to the standard pressure. By incorporating this
into a simplified Nernst equation, the thermodynamic potential detailed by a piecewise
linearization model as follows:

0, . <t

1 9
E° + Bf In(Py,P3 ), t > to ®

Vcell(t) = {

where EC is the standard electrode potential (V). t denotes the reaction time (s), and £
represents the penetration time (s), or the time, in seconds, which oxygen atoms take to
diffuse through the diffusion layer. R is the ideal gas constant (8.3 ] /mol-K), F is the Faraday
constant (96,485 C/mol). Py, is the hydrogen partial pressure (bar), and Pp, is the oxygen
partial pressure (bar). When using this equation, we assume that the ions can immediately
transfer through the NAFION membrane and reach saturation as soon as oxygen arrives at
the catalyst layer.

The penetration time tj is further described by the volumetric oxygen rate and the
actual oxygen supply coefficient as follows:

B 2 x 1084 D?
~ 296CTD? — 10-120Tp+3

to (10)
where d is the thickness of the diffusion layer (m).

The penetration time can be obtained in experiments, so the oxygen permeation
capacity can be calculated by Equation (10).

4. Experiments and Discussions

In this section, on the one hand, two experiments that are designed to explore the
impact of gas diffusion on the performance of the PEMFC are described. The time depen-
dence of the MEA cell voltage was investigated, as well as the influence of the diffusion
layer thickness on the penetration time, ty. On the other hand, the verification of the sug-
gested models is applied to the dynamic simulations. The proposed models containing the
designed structural parameters to describe the penetration time and oxygen supply flow
are implemented in a MATLAB/Simulink environment [30], and simulations are carried
out for different periods of operation.

Two identical MEAs are constructed on a single membrane, and extra diffusion layers
are then added to the MEAs but on opposite sides. Both MEAs are exposed to non-flowing
hydrogen gas on one side. The MEA used in this experiment is composed of NAFION
115 membranes, a JM20% Pt/C catalyst, and TP-060 carbon paper [31]. The platinum
loading is 1.5 mg/cm?, and the effective area of the MEA is 9 cm?. Different diffusion layer
thicknesses are selected to represent the processes, i.e., 1.25 mm, 2.50 mm, and 3.75 mm.

The experiment proceeded as follows. First, both sides of the MEA were cleaned with
nitrogen in order to ensure the system was clean. In the meantime, the MEA was kept in
short-circuit to ensure that no free ions remained in the MEA; in other words, the initial
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voltage was zero. Finally, the hydrogen valve is turned on and the flow rate is allowed to
stabilize before oxygen is supplied, and the timer is started.

As shown in Figure 3, the voltage data of the three group MEAs with different total
thicknesses of the diffusion layer is compared. In the first stage, t < ¢, the oxygen gradually
permeates through this diffusion layer and has not yet reached the catalyst layer, so that
the voltage at this time remains zero. The duration of this stage reflects the rate of oxygen
penetration through the gas diffusion layer, as well as the actual-oxygen-supply-coefficient
for the specific electrode material. In the second stage t = t;, the oxygen has reached the
catalyst layer, and a small molar concentration for the reaction is required by calculating the
model. At this moment, it can be assumed that the electrons immediately have saturation
after the oxygen reaches the catalyst layer, which is the voltage reaches the steady-state
value. In the last stage, t > t(, the voltage is maintained at the steady-state value. However,
the electrode voltage is directly affected by decreasing the water content of the proton
membrane in the reaction procedure, such as the water content of the proton membrane.
Therefore, the steady-state voltage is less than the standard electrode potential in the
actual operation.

1.2 . T ' T z T

o o
(@)} o]

Veell (V)

o
~

—— 3.75mm
—0— 2.50mm
1.25mm

15 20

0.2

0.0

Time (s)
Figure 3. Voltage with different total thicknesses of the extra diffusion layer.

Then, the relationships between the properties of the carbon support and the voltage
are compared by selecting different carbon surfaces. It is noted that this paper focuses on the
distribution of reaction gas directly on the electrode surface rather than on new materials
or new carbon surfaces. Therefore, external diffusion layers are constructed upon the
electrode, with single-layer thicknesses of 0.14 mm, 0.25 mm, and 0.42 mm from different
material manufacturers, respectively. Due to such different thicknesses, the consistent total
thickness of the diffusion layer is given in these three groups by adjusting the number
of carbon supports. The parameters of three carbon supports are given in Table 1 and a
comparison is shown in Figure 4.

Table 1. Comparison of different carbon papers.

. Electrical Resistivity Gas Permeability
Carbon Support Thickness (mm) (mO/em?) (mL-mm/cm?-h-mmAq)
1 0.14 3.0 187
2 0.25 5.8 3250

3 0.42 3.6 1236
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Figure 4. Voltage with the same total thickness of different types of carbon paper with different types.

As shown in Table 1, different electrical resistivity and gas permeability are found
due to different thicknesses of carbon supports. The largest thickness is exhibited by the
third one so that no additional layers of carbon supports in the corresponding electrode
are needed to achieve the same total thickness as the other two electrodes. This makes the
intermediate electrical resistivity and gas permeability comparable to the other two carbon
supports. Similarly, in the second one, fewer layers of carbon supports represent fewer
gaps among several layers due to incomplete fit. The other reason for such difference is the
internal performance, which adopted the TGP-060 from Toray, a material manufacturer that
provides cutting-edge materials. The above analysis can be also found in the comparison
of the duration for the gas diffusion in Figure 4. Oxygen diffusion occurs in the second
carbon surface immediately after it occurs in the first one. Then, the discontinuity in the
oxygen diffusion is reduced, and the voltage is also relatively stable. The smallest thickness
is given in the first carbon support, and more carbon supports are needed to form the
electrode having the same total thickness as the others. As a result, the increased layers
of carbon supports represent contain a large number of gaps due to an imperfect fit; thus,
the duration is found to be longer, and the voltage is relatively unstable during the process
of reaching a steady-state. Another reason for the unstable voltage could be related to the
performance of this carbon support regarding the gas permeability, which negatively affects
oxygen diffusion. Hence, the different duration for the gas diffusion, electrical resistivity,
and gas permeability are demonstrated in the three carbon supports.

After comparing the voltages of the electrodes with different carbon supports, it is
concluded that the steady-state value of the voltage is fixed along with the total thickness of
the gas diffusion layer and the different performance of carbon supports. The materials and
thickness of the gas diffusion layer each have the potential to influence the time to reach
the catalyst layer and the duration of oxygen diffusion, as well as the process of obtaining
a steady-state.

Furthermore, the verification of the suggested models is applied to the dynamic
simulations. The feasibility of the open circuit voltage model based on the gas diffusion
is investigated. The modeling and simulation of PEMFC operation are developed and
performed in a Simulink environment and validated through the above experimental data.
Due to the simplifying assumptions, the voltage of the fuel cell can be represented as the
open circuit voltage. The model built in Simulink is obtained from the above equations
and is shown in Figure 5. For both the cathode and anode of overvoltages, there are
two subsystems in which the input parameters are required. Where the input consists
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of hydrogen and the oxygen flow, the oxygen diffusion factor, the electrode temperature,
current and electrode area. The output is the electrode voltage. In the cathode simulation
model, the input includes the actual oxygen supply coefficient, the temperature, the oxygen
flow rate, and the current, and the output is the oxygen partial pressure.
D

K

02-mlls

(3

P ist
|

T POz

D,

| po2
oxygen-supply-coefficient

ph2vcell —‘{ I:ll

= T
Scope
3
H2-milfs ph2
P ist

(Dl an

Infittt ratio

h 4 ‘F{

ist

Figure 5. Schematic view of the model developed in the Simulink environment in order to simulate a
fuel cell behavior under dynamic conditions.

The proposed actual-oxygen-supply-coefficient is employed to relax the gas diffusion,
as not all the oxygen supplied to a single cell can be absorbed during actual operation.
In Figure 6, the relevant voltage simulation data are shown. The data of MEAs with
total thicknesses of 1.25 mm, 2.50 mm, and 3.75 mm are reported in the same figure in
order to highlight how oxygen diffusion affects the performance of PEMFCs. By applying
Equation (10), we can obtain values of the permeation capacity and the penetration time at
different total thicknesses, which are listed in Table 2.

l i
0.8
=
06
=
0.4
02 —A
—B
C
0
0 5 10 15 20

Time (s)

Figure 6. Comparison of simulation results (A) total thicknesses-1.25 mm (B) total thicknesses-
2.50 mm (C) total thicknesses-3.75 mm.

Table 2. Permeation capacity of samples.

. . Diffusion Layer . . Permeation
Simulation Results Thickness (d) Penetration Time (¢() Capacity (0)
A 1.25 mm 3.0s 6.1 x107°

B 2.50 mm 36s 5.1 x 1075

C 3.75 mm 59s 3.1 x107°
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From the above figure, we can clearly see that the gas diffusion is a quick process.
This time represents the influence of membranes, the performance of carbon paper, and
environmental properties on gas diffusion. Some examples of influencing factors are the
water content in the membrane, the temperature, the gas pressure, etc. This part of the
process will not be discussed in this paper. After this period, the saturation voltage is
obtained and the voltage remains a constant. Additionally, comparing the simulated and
the real voltages, the proposed models slightly underestimate the actual performance
of PEMFC, probably due to the simplifying assumptions. The permeation capacity can
be calculated for certain diffusion layer materials based on the proposed model and the
experimental results. The direct influence of permeation capacity is given for a single cell
so that stack performance is significantly affected.

5. Conclusions

By developing a piecewise linearization model, a structural parameter is proposed to
investigate the controllability of the cathode gas diffusion of PEMFCs. The key idea is to
relax the relationship between the porosity of the cathode gas diffusion layer and carbon
loading inside the cathode catalyst layer. The experiments and the simulations that are in
a COMSOL and MATLAB/Simulink environment are introduced. The results show that
the open circuit voltage strongly depends on the actual-oxygen-supply-coefficient. A large
value of this parameter corresponds to a shorter penetration time and a quicker time for the
voltage to reach a steady-state value. The steady-state value of the voltage is fixed along
with the properties of the materials in the gas diffusion layer, which are strongly dependent
on the actual-oxygen-supply-coefficient and the penetration time. Additionally, this dura-
tion decreases with an increase in the actual-oxygen-supply-coefficient. The electrodes with
different gas diffusion layer total thicknesses have different coefficients, whose increases
bring the decrease in coefficients. The cell could be controllably operated in a wide range
of diffusion layer thicknesses by selecting the optimal value for the proposed parameter.
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Nomenclature

N reacted moles of oxygen

I individual cell current, A

t time, s

o actual-oxygen-supply-coefficient

0% oxygen volumetric flow rate, mL/s

0 permeation capacity

@ flow influence factor

B gas velocity, (m/s)

T temperature of a single cell, K

S effective surface area of the electrode, m?
D area of the gas tunnel cross-section, m?
Vel a fuel cell voltage, V

E electrode potential or thermodynamic potential, V

Vact activation overvoltage, V
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Vohmic  Ohmic overvoltage, V

E° standard electrode potential, V
to penetration time, s

P, hydrogen partial pressure, bar
Po, oxygen partial pressure, bar

d thickness of diffusion layer, m
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