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Accurately predicting oxygenmass transport resistance and current distribution in
fuel cells requires significant knowledge of oxygen diffusion coefficients in both
in-plane and through-plane directions. However, there are few methods for
measuring in-plane oxygen diffusion coefficients, which are important
parameters for simulating oxygen flux distribution in gas diffusion layers
(GDLs). In this study, we establish measurement methods and calculations for
both in-plane and through-plane oxygen diffusion coefficients. Using in-house
designed cells, we measure the in-plane and through-plane oxygen apparent
diffusion coefficients of a commercial carbon paper (AvCarb EP40) at various
torques and gas flow rates. We also simulate oxygen flux distributions in the GDL
under each torque and gas flow rate. Our results show that the channel part is the
major contributor to total oxygen flux at high torque conditions and that an
increase in torque leads to a decrease in the contribution from the land part.
Simulation results also suggest that a higher gas flow rate and lower torque
contribute to a more uniform distribution of oxygen flux in the GDL.
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1 Introduction

Proton exchange membrane fuel cell (PEMFC) is an attractive technology for converting
the chemical energy of hydrogen to electricity, offering advantages such as zero toxic gas and
CO2 emissions, high energy efficiency, and compatibility with alternative/renewable energy
sources (Curtin et al., 2004). However, further cost reduction and performance improvement
are necessary for commercial applications. One promising approach is to increase the
operating current density, typically higher than 2 A/cm2 (Ahmed and Sung, 2006; Chan et al.,
2012; Ozden et al., 2019). However, under such high current density conditions, reactant
mass transport and water flooding in the gas diffusion layer (GDL) become major
limitations. The GDL, usually made of carbon paper or carbon cloth and treated with a
hydrophobic agent such as polytetrafluoroethylene (PTFE), is a sub-component of the
membrane electrode assembly (MEA) in PEMFC. It serves as a link between the flow field
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and catalyst layer (Omrani and Shabani, 2019; Ozden et al., 2019)
and serves multiple functions, including electrical contact, heat
conduction, structural support, water management, and uniform
gas distribution (Williams et al., 2004; Dai et al., 2008).

The apparent diffusion coefficient is a crucial parameter for
evaluating how quickly gas or vapor products/reactants can pass
through the porous structure of the GDL. Its apparent diffusion
coefficient plays an essential role in assessing gas mass transport at
high current densities. In PEMFCs, the relatively low diffusivity of
oxygen than that of hydrogen is the primary limitation at high
current density conditions (Ozden et al., 2019). Hence, accurate
measurement of the apparent diffusion coefficient, particularly the
oxygen apparent diffusion coefficient in the GDL, is critical for
predicting mass transport resistance in fuel cells and enabling more
precise simulations of PEMFCs.

Previous studies have employed in situ limiting current techniques
(Williams et al., 2004; Stumper et al., 2005; Baker et al., 2006) in
PEMFCs or ex situ techniques (Rohling et al., 2007; Astrath et al., 2009;
Zamel et al., 2010; Shen et al., 2011; Chan et al., 2012) involving a
Loschmidt cell to measure the oxygen diffusion coefficient. The in situ
limiting current technique is a simple and rapid method for measuring
the average mass transport resistance in PEMFCs which determines the
relationship between the measured limiting current and the oxygen
effective diffusion coefficient in the cathode. Using this technique,
Beuscher (2006) found that the gas diffusion media in PEMFCs
contribute only 26% to the total mass transport resistance, with
Knudsen diffusion and film diffusion through ionomer and water
film constituting the majority of the mass transport resistance.

Loschmidt cells are widely employed as an ex situ technique for
measuring the GDL gas diffusion coefficient. Chan et al. (2012) used
a modified Loschmidt cell to study the impact of the microporous
layer (MPL) on the oxygen diffusion coefficient in the GDL. They
discovered that the effective diffusion coefficient of the MPL
accounts for only 21% of that of the GDL substrate, with
Knudsen diffusion representing the majority of diffusion in the
MPL. Furthermore, Zamel et al. (2010) employed experimental
measurements in a Loschmidt cell to demonstrate that the
existing theoretical models overpredicted the effective diffusion
coefficient about four- to fivefold, leading to an underestimation
of the mass transport limitation. Additionally, studies have explored
the effects of relative humidity (Astrath et al., 2009), PTFE content
(Fluckiger et al., 2008), compression (Kramer et al., 2008; LaManna
and Kandlikar, 2011; Rashapov et al., 2015; Khetabi et al., 2019), and
thickness (LaManna and Kandlikar, 2011) on the effective diffusion
coefficient.

This study establishes methods for measuring both the in-plane
and through-plane oxygen apparent diffusion coefficients, while
taking into account the impact of gas flow rates and torques—closer
to the real conditions experienced by fuel cells than the pure
diffusion usually studied. Furthermore, we also simulate the
effects of gas flow rates and torques on the oxygen concentration
distribution in the GDL.

2 Experimental setup

The cathode of a fuel cell comprises the bipolar plate, gas
diffusion layer (GDL), and catalyst layer (Scheme 1). The land

and channel are both essential parts of the bipolar plate, serving
to conduct the current and distribute the reactant gas, respectively.
Consequently, the GDL in the cathode can be divided into two parts,
namely, the channel and the land parts, located on the channel and
land of the bipolar plate, respectively. The GDL’s main function is to
ensure the uniform distribution of gas reactants to the catalyst layer.
In the channel part, oxygen gas diffuses through the GDL to reach
the catalyst layer. However, in the land area, both in-plane and
through-plane diffusion affect oxygen distribution in the GDL.

The relationship between the reactant gas flux and the gas
diffusion coefficient can be obtained according to Fick’s First
Law (Eq. 1), noting that jflux is the flux of the reactant gas, D is
the gas apparent diffusion coefficient, dc is the change in
concentration, and dx is the change in distance.

jflux � −D dc

dx
( ). (1)

2.1 Experimental apparatus for in-plane
apparent diffusion coefficient
measurements

To measure the in-plane diffusion coefficient, we designed a
diffusion cell (Scheme 2A and Scheme 2B). The cell comprises two
chambers, A and B, separated by a carbon paper (AvCarb EP40)
GDL with a width of 10 mm. Each chamber has a length of 92 mm
and a depth of 8 mm. To control the gas flow rates, nitrogen and
oxygen mass flow controllers (Qixinghuachuang, CS200) are
connected to the inlet valves (valves 1 and 3). Valves 2 and
4 serve as gas outlets. Oxygen concentration changes in the
chambers are measured using oxygen mini-sensors (PyroScience,
OXF500PT) connected to an oxygen meter (PyroScience, FSO2-4).
The sensors are placed in the middle of the edge of chambers A and
B, as shown in Scheme 2A and Scheme 2B.

Before conducting themeasurements, nitrogen gas is flowed into
chambers A and B at a rate of 200 ccm for 30 min via valves 1 and
3 to remove oxygen from the setup, until the oxygen meter reading
approaches 0. Valves 3 and 4 are then closed, and a mixture of
nitrogen and oxygen (1:1) is introduced into Chamber A through
Valve 1 at varying total flow rates (200–2000 ccm). Simultaneously,
oxygen mini-sensors 1 and 2 record the readings, producing the C-t
curves depicted in Figure 1A. In this case, the increase in the amount
of O2 in Chamber B is equal to the amount flowing through the
GDL, as indicated in Eq. 2, where VB is the volume of Chamber B, L
is the width of the land, A is the sectional area of the GDL during the
test, DH, apparent is the in-plane oxygen apparent diffusion coefficient
at a constant gas flow rate, and C1 and C2 represent the oxygen
concentrations in Chambers A and B, respectively.

dC2

dt
× VB � DH,apparent ×

C1 − C2

L
( ) × A. (2)

By combining the C-t curves and Eq. 2, the relationship between
dC2/dt and C1-C2 at each moment could be collected, as shown in
Figure 1B. Then, the in-plane oxygen apparent diffusion coefficient
(DH, apparent) under a constant flow rate can be calculated with the
known values of the slope of the fitting line, section area A, and the
volume of Chamber B, based on Eq. 2.
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2.2 Experimental apparatus for through-
plane diffusion coefficient measurements

Scheme 3A and Scheme 3B show the setup used to measure the
through-plane apparent diffusion coefficient of oxygen. The

diffusion cell consisted of chambers A and B separated by a GDL
made of AvCarb EP40 carbon paper with a width of 10 mm. The gas
flow rates were controlled by oxygen and nitrogen mass flow
controllers (Qixinghuachuang, CS200) connected to the inlet
(valves 1 and 3). The gas outlets were valves 2 and 4. Oxygen

SCHEME 1
Configuration of bipolar plate, gas diffusion layer, and catalyst layer in the PEMFC cathode.

SCHEME 2
(A) Top view and (B) cross-sectional view of the schematic diagram of the diffusion cell for in-plane oxygen apparent diffusion efficiency
measurements (gray area is the GDL).

FIGURE 1
(A) Oxygen concentration in chambers A and B in Scheme 2 measured by oxygen sensors 1 and 2, respectively, at a gas mixture (O2: N2 = 1:1) flow
rate of 200 ccm. In this case, chambers A and B are separated by a slit filled with nitrogen (width: 10 mm, depth: 0.3 mm); (B) relationship between dC2/dt
and C1-C2 at each moment (circle) and the corresponding fitted line (solid line) at a gas flow rate of 200 ccm.
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mini-sensors (PyroScience, OXF500PT) were placed in chambers A
and B and connected to an oxygen meter (PyroScience, FSO2-4) to
measure the oxygen concentration change in the chambers. The
distance between the tips of oxygen sensors 1 and 2 was 5.21 mm.

Like the measurement of the oxygen in-plane apparent diffusion
coefficient, the setup was purged with nitrogen gas flowing in
Chambers A and B at a rate of 200 ccm for 30 min through
Valves 1 and 3 to remove oxygen before the measurements. The
oxygen meter reading was closely monitored and stabilized at 0.
Once stabilized, gas outlet Valves 3 and 4 were closed, and a mixture
of nitrogen and oxygen (1:1) flowed into Chamber A through Valve
1 at various flow rates (200–2,000 ccm). Oxygen mini-sensors 1 and
2 were used to simultaneously record the C-t curves (Figure 2A).
Both the impact of in-plane and through-plane diffusion coexist in
Scheme 3. However, considering that the concentration difference in
the in-plane direction is negligible for the high gas flow rates
(200–2000 ccm) in this direction, the impact of in-plane
diffusion is neglected here. In this case, the increase in the
amount of O2 in Chamber B was equal to the amount flowing
through the GDL, as demonstrated by Eq. 3, where VB (5.6 cm3)
represents the volume of Chamber B, L (0.521 cm) represents the
distance between oxygen mini-sensors 1 and 2, A (8 cm2) represents

the sectional area of the GDL during the test, DV, apparent represents
the apparent oxygen through-plane diffusion coefficient, and C1 and
C2 represent the oxygen concentrations in Chambers A and B,
respectively.

dC2

dt
× VB � DV,apparent ×

C1 − C2

L
( ) × A. (3)

By combining the C-t curves in Figure 2A and Eq. 3, the
relationship between dC2/dt and C1-C2 at each moment could be
recorded (Figure 2B). Then, the apparent oxygen through-plane
diffusion coefficient DV, apparent under each gas flow rate could be
calculated with known values of the slope of the fitting line, the
section area A, and the volume of Chamber B, based on Eq. 3.

3 Results and discussion

To validate the measurements and the calculation, the oxygen
apparent diffusion coefficient in nitrogen gas was measured with the
diffusion cell shown in Scheme 2A and Scheme 2B, where chambers
A and B are separated by a slit filled with nitrogen (width: 10 mm,
depth: 0.3 mm). Figures 3A,B show the oxygen concentration (C1

SCHEME 3
(A) Side view and (B) cross-sectional view of the schematic diagram of the diffusion cell for oxygen through-plane apparent diffusion efficiency
measurements (gray area is the GDL).

FIGURE 2
(A) Oxygen concentration in chambers A and B in Scheme 3 measured by oxygen sensors 1 and 2, respectively, at a gas mixture (O2: N2 = 1:1) flow
rate of 200 ccm. In this case, chambers A and B are separated by a carbon paper GDL (AvCarb EP40); (B) relationship between dC2/dt and C1-C2 at each
moment (circle) and the corresponding fitted (solid) line during the oxygen through-plane apparent diffusion coefficient measurements.
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and C2) in Chambers A and B at various gas flow rates, respectively.
The linear relationship between dC2/dt and C1-C2 at various inlet gas
flow rates is given in Figure 3C. Based on Eq. 2 and Figure 3C, the
slope of dC2/dt and C1-C2 which is the value of DH×A/VB at various
flow rates could be calculated. The result is given in Figure 3D, as
well as the fitted line with an expression of y =
a×x4+b×x3+c×x2+d×x + e. The values of a, b, c, d, and e
are −2 × 10-15, 1 × 10−11, −4 × 10-9, 4 × 10−6, and 0.00746,
respectively. At a flow rate of 0, the value of DH×A/VB is
0.00746, where VB is 7.36 cm3, L is 1 cm, and A is 0.27 cm2.
Based on Eq. 2, DH could be calculated as 0.203 cm2/s, very close
to that of DN2-O2 (0.208 cm2/s) (Marrero and Mason, 1972),

indicating that the measurement and the calculation in this work
are reliable.

Figure 4A presents the measured data and corresponding fitting
lines obtained using Eq. 2 at a torque of 2 Nm under various gas flow
rates. The corresponding in-plane oxygen apparent diffusion coefficients
were calculated by collecting the slopes of the fitting lines and using Eq. 2,
whereVB is 7.36 cm

3, L is 1 cm, andA is 0.1945 cm2. The in-plane oxygen
apparent diffusion coefficients for each condition are listed in Table 1.
Similar measurements and fitting were performed under torques of
3 Nm, 4 Nm, 5 Nm, and 6 Nm (Figure 4B). The results indicate that
increasing the torque leads to a decrease in the in-plane oxygen diffusion
coefficient, particularly due to a decrease in porosity.

FIGURE 3
Oxygen concentrations in chambers A (A) and B (B) at various gasmixture (O2: N2 = 1:1) flow rates; (C)measured data (circle) at various gas flow rates
and the corresponding fitting (solid) lines by Eq. 2; (D) value of the slope under various flow rates (circle) and the fitted (solid) line. In this case, chambers A
and B of the diffusion cell for in-plane oxygen diffusion efficiencymeasurement are separated by a slit filled with nitrogen (width: 10 mm, depth: 0.3 mm).

FIGURE 4
(A)Measured data (circle) at various gas flow rates and the corresponding fitting (solid) lines by Eq. 2 at a torque of 2 Nm; (B)Measured data (circle) at
a gas flow rate of 2,000 ccm and the corresponding fitting (solid) lines by Eq. 2 at various torques in the in-plane diffusion cell.
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The oxygen through-plane apparent diffusion coefficient of the
carbon paper was measured using a through-plane diffusion cell.
Figure 5 shows the measured data and the corresponding fitting line
using Eq. (3) at various flow rates. The through-plane oxygen
diffusion coefficient was calculated based on the slope of the
fitting line in Figure 5 and Eq. 3, where VB is 5.6 cm3 and A is
8 cm2. The through-plane oxygen diffusion coefficients (DV, apparent)
of the carbon paper under various gas flow rates were calculated
using Eq. (4); these are impacted by both the oxygen diffusion in
nitrogen (L = 0.5 cm) and the oxygen through-plane diffusion in
carbon paper (L = 0.021 cm), and are given in Table 2.

0.521
Doverall

� 0.5
DN2−O2

+ 0.021
DV,apparent

. (4)

3.1 Numerical simulations

To further investigate the influence ofDV, apparent andDH, apparent

on the oxygen distribution in GDL, the oxygen diffusion process is

numerically simulated. The governing equation of the oxygen
diffusion process without convection is

zc

zt
� DH,apparent

z2c

zx2
+DV, apparent

z2c

zy2
. (5)

In which x denotes the in-plane direction, y denotes the
through-plane direction, and c is local oxygen concentration at
the location (x, y). In an equilibrium state, the oxygen
concentration c does not change with time. Thus, Eq. 5 can be
expressed as

DH, apparent
z2c

zx2
+DV, apparent

z2c

zy2
� 0. (6)

Eq. (6) is discretized with the five-point central difference
scheme. The simulation region is plotted schematically in
Figure 6A. On the surface of the catalyst layer, the chemical
reaction rate is assumed to be oxygen mass transfer limited, and
the boundary condition is thus c = 0. The boundary condition is zc/
zy = 0 on the land surface and c = 1 in the channel. The periodic
boundary condition is adopted at the left and right boundaries of the
simulation region.

A total of 11 cases were conducted to present the distribution
of oxygen concentration. The corresponding numerical
conditions are listed in Table 3. Considering that both the
porosity and the thickness of GDL in the land part would be
impacted by the torques, the accurate measurements of the Dv,

apparent of the GDL in the land part would be very complex. Here,
we simply assume that the Dv, apparent and the thickness of GDL in
the land part are not impacted by the torques as cases 7–11 in
Table 2 show. Grid 1 (401 × 85) with a space interval of
0.0025 mm and grid 2 (801 × 169) with a space interval of
0.00125 mm are adopted simultaneously for case 1.
Distributions of oxygen concentration along the in-plane
middle line (from x = 0 to x = 1 mm at y = 0.125 mm) are
plotted in Figure 6B. The discrepancy between the results of grids
1 and 2 is less than 1%. Therefore, the numerical simulation result
is grid-independent and grid 1 is adopted for numerical
simulations in all cases to reduce computation consumption.

3.2 Numerical simulation results and
discussion

Figure 7 shows the simulation results under various gas flow
rates in a GDL unit with δc = 0.5 mm and δL = 0.5 mm, respectively.
As the gas flow rates decrease, the diffusion of oxygen in the land
part becomes more challenging, resulting in a reduction of the
amount of oxygen amount in this area. Figure 8 shows the

TABLE 1 Value of DH, apparent under each test condition (Unit: cm2/s).

(ccm) 2 Nm 3 Nm 4 Nm 5 Nm 6 Nm

200 0.06281 0.03519 0.02649 0.0238 0.02074

400 0.08628 0.04125 0.02812 0.0252 0.02104

600 0.12033 0.04995 0.03163 0.02486 0.02104

800 0.18201 0.06357 0.03542 0.02592 0.02142

1,000 0.26639 0.07417 0.03776 0.02933 0.02157

1,200 0.36553 0.09119 0.04314 0.03247 0.02225

1,400 0.50062 0.11201 0.04881 0.03659 0.02373

1,600 0.67885 0.14039 0.05676 0.03935 0.02342

1,800 0.90513 0.18201 0.06206 0.042 0.02547

2,000 1.17039 0.2698 0.09082 0.05298 0.02547

FIGURE 5
Measured data (scatter) and the corresponding fitting (dotted)
lines by Eq. 3 at flow rates of 2,000, 1,800, 1,400, 1,000, 600, and
200 ccm.

TABLE 2 Value of Dtotal and DV, apparent at each test condition.

Flow
rate (ccm)

200 600 1,000 1,400 1,800 2,000

Doverall (cm
2/s) 0.1596 0.1449 0.1868 0.1871 0.1961 0.1935

DV, apparent (cm
2/s) 0.0244 0.0176 0.0545 0.0552 0.0830 0.0727

Frontiers in Energy Research frontiersin.org06

Yao et al. 10.3389/fenrg.2023.1200603

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1200603


simulation results under various torques with δc = 0.5 mm. As the
torque increases, the diffusion of oxygen in the land part of the GDL
becomes increasingly difficult.

Figure 9 displays the distribution of the oxygen flux ratio (j/
Cbulk) at the interface between GDL and catalyst layer under a gas

flow rate of 2,000 ccm. This ratio is linearly related to the limiting
current for oxygen reduction, without accounting for the gas
diffusion resistance in other compartments of PEMFC. At a
torque of 2 Nm, there is no significant difference in the oxygen
distribution between the land and channel parts. However, as the

FIGURE 6
(A) Schematic representation of the numerical simulation region. (B) Distributions of oxygen concentration along the in-plane middle line on grids
1 and 2.

TABLE 3 Numerical conditions.

Case Flow rate (ccm) Torques (Nm) δV (mm) δH (mm) DH,apparent (cm2/s) DV ,apparent (cm2/s)

1 2,000 2 0.21 0.5 1.17039 0.0727

2 1,800 2 0.21 0.5 0.90513 0.0830

3 1,400 2 0.21 0.5 0.50062 0.0552

4 1,000 2 0.21 0.5 0.26639 0.0545

5 600 2 0.21 0.5 0.12033 0.0176

6 200 2 0.21 0.5 0.06281 0.0244

7 2,000 2 0.21 1 1.17039 0.0727

8 2,000 3 0.21 0.5 0.2698 0.0727

9 2,000 4 0.21 0.5 0.09082 0.0727

10 2,000 5 0.21 0.5 0.05298 0.0727

11 2,000 6 0.21 0.5 0.02547 0.0727
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FIGURE 7
Oxygen concentration distribution in the GDL at torques of 2 Nm and a gas flow rate of 2,000 ccm (A), 1800 ccm (B), 1,400 ccm (C), 1,000 ccm (D),
600 ccm (E), and 200 ccm (F) when land and channel widths are 0.5 mm.

FIGURE 8
Oxygen concentration distribution in the GDL at a gas flow rate of 2000 ccm and torques of 2 Nm (A), 3 Nm (B), 4 Nm (C), 5 Nm (D), and 6 Nm (E)
when land and channel widths are 0.5 mm.

FIGURE 9
Ratio between the flux of O2 (j) and O2 bulk concentration (Cbulk) at the interface between the GDL and catalyst layer under torques of 2 Nm, 3 Nm,
4 Nm, 5 Nm, and 6 Nmwith a land and channel width of 0.5 mm at gas flow rates of 2000 ccm (land part: x = 0–0.25 mm, 0.75–1 mm; channel part: x =
0.25–0.75 mm).
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torque increases from 2 to 6 Nm, the oxygen distribution in the land
part decreases significantly. This suggests that smaller torques
promote a more uniform distribution of oxygen in the GDL, as
well as the current distribution in the PEMFC, without considering
the influence on the contact resistance.

4 Conclusion

In this study, we developed methods for measuring and
calculating the in-plane and through-plane oxygen apparent
diffusion coefficients in GDL, using commercial carbon paper
GDL (AvCarb EP40) as a case study. We found that both the in-
plane and through-plane oxygen diffusion coefficients are affected
by gas flow rates and torques. As the torque increases and the gas
flow rate decreases, the in-plane oxygen diffusion coefficient
decreases. We also simulated the oxygen flux distributions in
GDL under various torques and gas flow rates. The results show
that the channel part contributes to the majority of the oxygen flux,
while the land part contribution decreases significantly with
increasing torque. Overall, our results provide insights into the
impact of torques and gas flow rates on the oxygen diffusion in
fuel cells. This work may guide future studies on optimizing the
design and operation of fuel cells for improved performance.
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