
energies

Article

Characterization of Effective In-Plane Electrical
Resistivity of a Gas Diffusion Layer in Polymer
Electrolyte Membrane Fuel Cells through
Freeze–Thaw Thermal Cycles

Yanqin Chen, Chao Jiang and Chongdu Cho *

Department of Mechanical Engineering, Inha University, Incheon 22212, Korea; yanqin.chen@outlook.com (Y.C.);
chiaojiang@inha.edu (C.J.)
* Correspondence: cdcho@inha.ac.kr; Tel.: +82-32-860-7321

Received: 22 November 2019; Accepted: 25 December 2019; Published: 27 December 2019 ����������
�������

Abstract: The electrical property of gas diffusion layers (GDLs) plays a significant role in influencing
the overall performance of polymer electrolyte membrane fuel cells (PEMFCs). The electrical
degradation performance of GDLs has not been reported sufficiently. Understanding the electrical
degradation characteristics of GDLs is vital to better fuel cell performance, higher efficiency, and longer
service time. This paper investigated the effective in-plane electrical resistivity of a commercial GDL
by considering environmental and assembly conditions similar to those in use for the operation of
PEMFCs. The effective in-plane electrical resistivity of the GDL, subjected to a series of freeze–thaw
thermal cycles, was characterized to study its progressive electrical degradation with thermal cycles.
Experimental results indicated that, under low compressive loads, the effective in-plane electrical
resistivity of the commercial GDL showed weak anisotropy, and was greatly influenced by the
transformation of carbon fiber connection in the porous layer. In particular, the thermal aging
treatment on the GDL through the first 100 freeze–thaw cycles contributed a lot to its in-plane
electrical degradation performance.

Keywords: gas diffusion layer; polymer electrolyte membrane fuel cells; effective in-plane electrical
resistivity; electrical degradation; freeze–thaw thermal cycles

1. Introduction

Over the past several decades, electrochemical energy conversion and storage systems have
attracted increasing attention due to many benefits like utilization of renewable energy, greenhouse
gas reduction, and extensive application in the market. Even though some progress has been achieved
in energy conversion technologies, tremendous efforts are still required on the aspects of lower cost,
improvement of the overall performance, and higher efficiency of energy devices [1]. Electrochemical
energy conversion and storage systems typically include batteries, fuel cells, and supercapacitors [2].
It has been reported that polymer electrolytes undertake the important roles in influencing the
electrochemical characteristics of supercapacitors [3] and lithium batteries [4–6]. Depending on the
electrolyte types, fuel cells are generally classified into six types [7–9]: direct methanol fuel cells
(DMFCs), alkaline fuel cells (AFCs), phosphoric acid fuel cells (PAFCs), molten carbonate fuel cells
(MCFCs), solid oxide fuel cells (SOFCs), and polymer electrolyte membrane fuel cells (PEMFCs). As one
of the most potential fuel cell candidates, PEMFCs have achieved more and more attention owing to
their high power density, environmental friendliness, wider applications, etc. Low manufacturing
costs, higher power density, and more excellent electrical performance of PMEFCs are tireless pursuits
of researchers and manufacturers.
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PEMFCs could convert chemical energy into electricity by releasing water and heat, directly and
efficiently. One unit of PEMFCs is assembled with a polymer electrolyte membrane (PEM), two catalyst
layers (CLs), two gas diffusion layers (GDLs), and two bipolar plates (BPPs) under specific assembling
loads [10]. Considering the real configuration of PEMFCs, GDLs are sandwiched together with CLs
and BPPs (with gas channels on the surface). Thus, GDLs have to endure inhomogeneous loads under
such a complicated configuration [11]. What is more, GDLs are obliged to take the responsibility of
collecting and transporting current under severe mechanical pressure. Studying the inherent electrical
characteristics of GDLs by considering the impacts of mechanical loads could not only achieve more
accurate electrical properties, but also provide guidance for the electrical performance improvement
of PEMFCs.

In general, electrical properties of GDLs are described by electrical resistance (such as sheet, bulk,
and contact resistance) [11–15], electrical resistivity (like area, bulk, and contact resistivity) [16,17],
electrical conductivity [18–25], and so on. Research on GDLs’ electrical performance is mostly based
on two types: carbon paper (with non-woven carbon fibers) and carbon cloth (with woven carbon
fibers) [26,27]. Both of the GDL types have layered structures in common: a porous layer (also known
as the transport layer, substrate, or micro-porous layer) made of carbon paper or carbon cloth; and
a coating layer made of carbon powder and polytetrafluoroethylene (PTFE, an electrical insulator) [28].
Although higher PTFE loading can properly improve the mechanical properties of carbon fibers, it also
causes higher electrical resistance [29] and electronic resistivity [30]. Moreover, increasing PTFE loading
results in the increase of GDLs’ contact resistivity; however, it barely affects their bulk resistivity [31].
The addition of PTFE content does not significantly influence the in-plane electrical conductivity
of GDLs [24,32], but it negatively impacts GDLs’ through-plane electrical conductivity [24]. Thus,
it can be concluded that the porous layer in GDLs dominates in determining the in-plane electrical
performance. In practice, the anisotropy in the electrical conductivity of GDLs depends more on
the porous layer than the coating layer due to the conductive materials (such as carbon fibers) used
in it [20]. Owing to the random arrangement of carbon fibers in the porous layer, GDLs’ through
and in-plane electrical properties have been proved anisotropic [25] and sensitive to mechanical
loads [12,17,24]. Although the application of mechanical pressure on GDLs could lead to structural
failure of carbon fibers (like fracture, breakage, and crack), it also results in better connectivity of
carbon fiber networks [33,34]. Thus, GDLs’ electrical conductivity could be improved with increasing
the clamping stress to some extent. Additionally, some researchers built numerical models to predict
the effective electrical conductivity of GDLs [35,36]. It is well known that the durability or service time
is also a vital evaluation index to assess the performance of PEMFCs. When fuel cells are working,
heat and water are continuously produced and exhausted. Obviously, GDLs do not only suffer serious
clamping pressure, but also experience periodic and changeable environmental conditions; both of
which affect the electrical performance directly and remarkably. To date, although comprehensive
studies of GDLs’ electrical behavior regarding the effects of component materials as well as mechanical
loads have been published, studies related to its electrical properties by combining the effects of
mechanical loads and environmental conditions are very few. This paper fills the gap.

As a polymer thin film, the thickness of most commercial GDLs is usually among 100–400µm [37,38].
Accordingly, the electrical performance of GDLs could be typically stated by in-plane resistivity which
is the material’s inherent characteristic, not determined by geometry dimensions of materials [39].
This paper investigated the effective in-plane electrical resistivity of a commercial GDL by considering
the impacts of compressive loads and environmental conditions. Significantly, the effective in-plane
electrical resistivity of the commercial GDL through different degrees of freeze–thaw thermal aging
treatment was also characterized to study its progressive electrical degradation performance. Moreover,
the status of carbon fiber connection in the porous layer was observed through microstructural images,
which was used to explain its in-plane electrical characteristics.
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2. Experimental Sections

2.1. Material

This paper investigated the effective in-plane electrical resistivity of a commercial GDL based
on a carbon paper (JNT 30-A1, Hwasung, Korea) with the original thickness of 320 ± 20 µm and
geometrical dimension of 300 mm × 210 mm × (320 ± 20) µm, as described in Figure 1a. Given the
anisotropic characteristics of GDLs, the orientation was defined on the original GDL sheet. In this
article, the in-plane direction is located in the X-Y plane, as seen in Figure 1a. The microstructure of the
pristine GDL in the coating layer and the porous layer was observed via images which were captured
by scanning electron microscopy (SEM; Hitachi SU-8010, Tokyo, Japan), as shown in parts b and c of
Figure 1, respectively. The coating layer is made of PTFE without any crack or mechanical damage and
the porous layer is composed of carbon fibers which are in quite good alignments with each other.
SEM images of GDLs with other types can be found in [28,40]. Besides, specimens (with the X × Y size
of 40 mm × 5 mm and 5 mm × 40 mm) were separately tailored from the commercial GDL sheet for
their in-plane electrical resistance measurements.
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2.2. Freeze–Thaw Thermal Treatment

In general, the whole service time of fuel cells depends on many factors such as types, size,
and usage. During the operation of PEMFCs, the internal temperature and humidity change rapidly
and dramatically. Without a doubt, the mechanical and physical properties of GDLs would be affected
directly and heavily under such serious environmental circumstances. This research investigated the
effective in-plane electrical resistivity degradation performance of a commercial GDL by considering
its working environmental conditions and clamping status. One complete freeze–thaw thermal
cycle (around 3 h) was employed to imitate the ambient operating conditions of GDLs in fuel cells
(temperature: −20 ◦C to 80 ◦C; humidity: 100%). A detailed design of the freeze–thaw thermal cycle
can be found in [41]. The freeze–thaw thermal aging treatment on specimens was performed in
a temperature and humidity control chamber (TEMI 300, Seoul, Korea). According to the general
service time of fuel cells, the overall freeze–thaw thermal treatment time was set at 1200 h. Before
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subjecting the specimens to the thermal aging treatment, they were pretreated by clamping each
sheet of the commercial GDL within two plates under a certain pressure to get close to real clamping
conditions in PEMFCs. To study the progressive change of the in-plane electrical resistivity degradation
of the commercial GDL with the increase in freeze–thaw thermal cycles, five representative groups
were tested, as illustrated in Figure 2. After each group went through a certain number of thermal
cycles, the specimens were taken out of the chamber machine and disassembled to be prepared for the
in-plane electrical resistance measurement.
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Figure 2. Group division of GDLs going through different degrees of freeze–thaw thermal treatment.

2.3. Test Methods

In-plane electrical properties of GDLs could be measured by many approaches, such as van der
Pauw method [42], Montgomery method [43], four-wire Kelvin method [44], improved four-point
measurement in compliance with ASTM C611 [27,45], two-probe measurements [46], and square
four-point probe arrangement method [12]; however, at present, there is no standard testing method for
measuring the in-plane electrical resistivity of GDLs. In most cases, researchers designed or modified
measurement methods to meet the specific experimental requirements. This research adopted a test
method (as shown in Figure 3) [39] to measure the in-plane electrical resistance of GDLs under a series
of compressive loads. The compressive loads were performed by a material tester (BS-205, Osan,
Korea). In this study, the compressive loads were applied on GDLs with a lower stress range (less than
3 MPa) by considering the contact pressure in PEMFCs [47]. Furthermore, the present test method was
carried out based on the assumption that electrodes have no effects on the mechanical deformation of
GDLs. Both the upper jig and the lower jig in Figure 3b were made of insulating materials with high
mechanical strength to achieve highly accurate experimental results. When measuring the in-plane
electrical resistance of GDLs, five specimens were tested for each experiment.
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The effective in-plane electrical resistivity of anisotropic materials (ρi) is calculated by
Equation (1) [48]:

ρi = Ci ·Ri · t f , (1)
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where Ci is the correction factor in direction i; t f is the effective thickness of the long and thin-film
specimen; Ri is the measured resistance in direction i. Besides, Ci in two perpendicular X and Y
directions [49] can be stated as follows:

Cx ≈
8
π

sinh
[
π
( y

x

)]
, (2)

Cy ≈
8
π

sinh
[
π

(
x
y

)]
, (3)

where x and y are the in-plane dimensional sizes of an isotropic equivalent specimen transformed from
an anisotropic specimen by complying with Wasscher’s transformation [50], as illustrated in Figure 4.
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According to Wasscher’s transformation rules, the isotropic electrical resistivity ρ is described by:

ρ3 = ρx · ρy · ρz. (4)

In addition, the anisotropic electrical resistivity and the dimensional size of the anisotropic
specimen have the relationship as:

Li = L′i

√
ρi

ρ
, (5)

where Li is the dimensional size of the isotropic equivalent specimen (as shown in Figure 4), Li = x, y, or
z; and Li

′ is the dimensional size of the anisotropic specimen, Li
′ = x′, y′, or z′. Combining Equations

(4) and (5), the in-plane electrical resistivity ρx and ρy in X and Y directions [49] can be stated as:

ρx

ρy
=

(
x
x′
·

y′

y

)2

, (6)

√
ρx · ρy = Cx ·Rx · t f = Cy ·Ry · t f . (7)

In addition, x
y [49] in Equation (6) can be approximately expressed by:

x
y
�

1
2

 1
π

ln
Rx

Ry
+

√[
1
π

ln
Rx

Ry

]2

+ 4

, (8)

where Rx and Ry are the measured in-plane electrical resistance of the anisotropic specimen in X and Y
directions, respectively. As a result, the effective in-plane electrical resistivity of the long and thin-film
specimen in X and Y directions can be rewritten by Equations (8) and (9). The abovementioned
calculation details can be used to determine the effective in-plane electrical resistivity of GDLs.

ρx =
π
8

(
x
y

)(
y′

x′

)
sinh

[
π
( y

x

)]
Rx · t f (9)

ρy =
π
8

( y
x

)(x′

y′

)
sinh

[
π

(
x
y

)]
Ry · t f . (10)
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3. Results and Discussion

3.1. Effective In-Plane Electrical Resistivity of Pristine GDLs

The thickness and in-plane electrical resistance of fresh GDLs were recorded as the stress of the
applied compressive loads increased. The test results are shown in Figure 5. With the increase in
compressive stress, the thickness gradually decreased and became thinner and thinner (see Figure 5a),
which is in accordance with the research results in [24,36]. As seen in Figure 5b, the measured electrical
resistance in X direction was a little larger than that in Y direction. It meant that the in-plane electrical
resistance of the commercial GDL showed weak anisotropic characteristics similar to that observed
in [20,21,51]. In some publications [14,27], the in-plane electrical properties of GDLs were treated as
isotropic to simplify the model and calculation.
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Following the calculation methods in Section 2.3, the relationship between the effective in-plane
electrical resistivity vs. compressive loads of fresh GDLs was achieved (see Figure 6) by utilizing the
experimental data in Figure 5, which exhibited the same trend as resistance vs. stress. In both X and
Y directions, the effective in-plane electrical resistivity dropped dramatically at the initial stage of
applying loads; after 1 MPa, it remained almost stable around 1.25 Ω·mm. Although the effective
in-plane electrical resistivity of fresh GDLs displayed slight anisotropy, the anisotropic phenomenon
became increasingly weak with the increase in loads. The dramatic decrease phenomenon occurring in
Figure 6 could be explained by the schematics in Figure 7.Energies 2020, 13, x FOR PEER REVIEW  7  of  12 
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Anisotropy in the in-plane electrical resistivity of GDLs with the carbon paper is greatly determined
by carbon fiber orientation in the porous layer, not in the coating layer. The significant decreasing
trend in the in-plane electrical resistance (or resistivity) of fresh GDLs (as observed in Figures 5b and 6)
was mainly due to the good connectivity among carbon fibers. Connectivity between carbon fibers
changed as compressive loads increased, especially at the starting stage of applying loads. Based on
the observation of a representative SEM image of carbon fibers in the porous layer after compressive
loads, the extreme decrease in Figures 5b and 6 can be interpreted by two typical types of carbon
fiber connection, as illustrated in Figure 7b,c. At low to medium compressive loads, the contact
between carbon fibers changed considerably. Firstly, the cross-section of carbon fibers deformed from
a circle to an ellipse (see Figure 7b) without any structural failure, which made the contact surface
between fibers to enlarge. It meant that the effective current flow area increased. Then, with a further
increase in the compressive pressure, some fibers broke into several parts (see Figure 7c) to respond to
mechanical loads. At the same time, more fibers came into contact in a smaller matrix volume as the
gaps between adjacent layers of fibers decreased with increasing compressive loads [52,53]. Overall,
with increasing compressive pressure from very low to medium values, a large number of carbon
fibers were connected effectively and closely, which resulted in the reduction of in-plane electrical
resistance (or resistivity) of GDLs (see Figures 5b and 6). Similar reports can be found in [24]. When
the applied load increases from medium to higher values (in this study, load over 1 MPa), the in-plane
electrical resistance (or resistivity) of fresh GDLs does not change practically. This is because, at high
loads, almost all the non-touching carbon fibers of the adjacent layers have already come in contact
with each other where any further increase cannot bring more fibers in contact. In addition, at high
loads, more carbon fibers may break, which reduces the number of contact points while increasing the
contact area a little. As such, there is no significant reduction in GDLs’ in-plane electrical resistivity
when increasing from medium to high loads. Although, it is indeed difficult to explain the stable
phenomenon in the microstructural scale, it can be described by the thickness of GDLs [17,36] under
compressive loads. The thickness of GDLs is almost a constant once the compressive load is up to
a certain threshold value [54], which may indicate that the connection between fibers could reach
a stable state in accordance with the almost unchanged in-plane electrical resistivity.Energies 2020, 13, x FOR PEER REVIEW  8  of  12 
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3.2. Effective In-Plane Electrical Resistivity of Aged GDLs

Besides measuring the in-plane electrical resistance of pristine GDLs (group 1), other groups that
experienced different repetitive freeze–thaw thermal cycles were tested, as well. The test results are
shown in Figure 8. The effective in-plane electrical resistivity of all the groups in spite of fresh or
aged GDLs showed the same tendency with the increase in compressive loads. At the initial stage of
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applying loads (less than 1 MPa), the in-plane electrical resistivity of fresh GDLs was a little higher
than that of aged groups. In the case of compressive stress beyond 1 MPa, there was no big difference
between fresh and aged GDLs. Among aged groups, the effective in-plane electrical resistivity almost
remained the same no matter how many thermal cycles went. In order to clearly observe the effects of
thermal aging treatment on the in-plane electrical characteristics of GDLs, the relationship between
the effective in-plane electrical resistivity and thermal cycles under different compressive loads was
studied (see Figure 9b). Weak anisotropy in in-plane electrical resistivity was observed, regardless of
fresh or aged GDLs.
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Figure 9. Degradation of pristine and aged GDLs: (a) Thickness vs. freeze–thaw thermal cycles;
(b) effective in-plane electrical resistivity vs. freeze–thaw thermal cycles.

As discussed previously, the change of GDLs’ thickness coincided with their in-plane electrical
resistivity. In practice, the thickness variation comes down to the transformation of carbon fiber
connection. It can be seen that the thickness of aged GDLs almost remained a constant after the first
100 freeze–thaw thermal cycle treatments (see Figure 9a). If the compressive loads are over 1 MPa,
the thickness of fresh and aged GDLs is measured with the same value. Compared to pristine GDLs,
the thickness degradation of aged GDLs is caused by the assembly force from assembling procedure
in fuel cells [55] and frost-heaving force generated from freeze-thaw thermal cycles [56]. Both the
assembly load and frost-heaving force play a critical role in changing carbon fiber connection under
a small external force, which results in the thickness reduction between fresh and aged GDLs. If the
external load is large enough (like beyond 1 MPa), the thickness decrease could be determined by
external loads, not assembly or frost-heaving force. The detailed thickness degradation performance of
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GDLs can be found in [41]. Thus, it is easy to understand how the in-plane electrical resistivity of GDLs
is influenced by freeze–thaw thermal treatments. In conclusion, the first 100 thermal cycles treatment
on GDLs plays a significant role in affecting their in-plane electrical degradation performance under
small external loads.

4. Conclusions

This research experimentally investigated the effective in-plane electrical resistivity of a commercial
GDL. By considering GDLs’ assembly conditions and fuel cell operation environment, a freeze–thaw
thermophysical cycle was repeatedly performed to prepare GDL specimens to make them experience
environmental conditions similar to real operating conditions in PEMFCs. The in-plane electrical
resistance and thickness of GDLs subjected to various numbers of thermal aging cycles were measured
to monitor their progressive degradation. The results showed that the effective in-plane electrical
resistivity of both pristine and aged GDLs exhibited weak anisotropy, which may mainly come from
the transformation of carbon fiber alignments and connectivity characteristics in the porous layer.
Particularly, the freeze–thaw thermal treatment on GDLs through the first 100 cycles contributed a lot
to their in-plane electrical resistivity degradation under a small external load.

In conclusion, GDLs suffered three loading types such as external loads (like compressive stress),
clamping force (from assembly configuration), and frost-heaving force (produced by thermal aging
treatment) that resulted in a reduction of their thickness. In practice, the thickness decrease could come
down to the compact connectivity of carbon fibers, resulting in a larger effective in-plane electrical
conductivity or a smaller in-plane resistivity.

Author Contributions: Conceptualization, Y.C. and C.C.; Methodology, Y.C. and C.J.; Validation, Y.C., C.J.,
and C.C.; Formal Analysis, Y.C.; Data Curation, Y.C. and C.J.; Writing—Original Draft Preparation, Y.C.;
Writing—Review and Editing, Y.C. and C.C.; Supervision, C.C. All authors have read and agreed to the published
version of the manuscript.
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