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Abstract

When addressing the proton exchange membrane (PEM) fuel cells, effective water
management is essential for the system to respond promptly to electric power
demands. The local water vapor saturation pressure and interphase mass transfer are
impacted by the temperature distribution inside the structure whereas the gas diffu-
sion layer (GDL) is crucial in facilitating effective heat transfer during cell operation.
This work is focused on obtaining a better understanding of the thermal conductivity
(k) of the gas diffusion layer in two arrangements, single uncoated macro-porous
layer GDL without polytetrafluoroethylene (PTFE), and as a coated double-layer
consisting of GDL with 50 % PTFE and a micro-porous layer (MPL). The k in the
in-plane and out-of-plane directions of the double-layer GDL improved by 50 % and
184 % in vacuum, respectively, compared with the case where it is uncoated and
unsupported by MPL. Also, this study represents one of the first to investigate the k
of double-layer GDL in the in-plane direction. Our out-of-plane k measurement in
air and vacuum provides deep insight into the heat transfer mechanism of the porous
GDL.: the sample and pores inside it follow more parallel configurations than serial
for the uncoated macro-porous layer sample, while quite serial configurations for the
double-layer GDL sample.

Keywords Gas diffusion layer - In-plane thermal conductivity - Out-of-plane
thermal conductivity - Structural effect

1 Introduction

The gas diffusion layer (GDL) plays a vital role in the diffusion of reactant gases

and the management of water in proton exchange membrane (PEM) fuel cells
[1-4]. PEM fuel cells were presented as a viable power source for automotive and
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stationary applications due to their capability of producing high power densities,
even when subjected to rapid load changes [5, 6]. But, for the system to respond
promptly to electric power demands, effective water management is essential [1, 2].
Reduced ionic conductivity between the membrane and catalyst layer (CL), as well
as the creation of considerable resistance between the membrane and the CL, are
caused by insufficient water levels. Conversely, too much water in the membrane-
electrode assembly (MEA) reduces the number of active sites accessible for elec-
trochemical reactions and prevents the transport of reactants across non-reactive
regions. At the cathode CL, liquid water is created when water vapor condenses, and
an oxygen reduction process occurs. This liquid water then migrates into the mem-
brane or the GDL [1, 2]. This GDL can be either a single or a double-layer.

Single-layer GDL, usually a carbon-based material product, could be woven car-
bon cloth, non-woven carbon paper, carbon felt, and carbon foam [1, 7]. This single-
layer arrangement will be referred to here as the macro-porous layer. Due to its high
porosity, carbon fiber-based paper has traditionally provided effective pathways for
gas and water to move through the fuel cell. Before adding the macro-porous layer
to the cell assembly, it must be wet-sealed with polytetrafluoroethylene (PTFE) coat-
ings [8]. This wet-sealing is to avoid clogging the pores with water. Moreover, this
helps regulate the quantity of water carried to and retained at the cell membrane
for hydration to aid in water management [7, 9]. Wet-proofing the layer with such a
hydrophobic coating also increases the pores in the GDL, which eases gas transport
to the catalyst cathode or anode layer [2, 4, 7].

On the other hand, double-layer GDL consists of two layers, first the same macro-
porous carbon layer constructing the single GDL, supported by a second layer,
which is a micro-porous layer (MPL) made out of carbon black mixed with PTFE
[7]. MPL is mainly used as a support to the single-layer GDL, which helps mitigate
limitations that the single-layer GDL has, like limited electrical contact resistance
with the catalyst layer. MPL here acts as a flat, homogeneous layer impermeable
to the catalyst particles. Furthermore, it improves water management and electri-
cal conductivity in the membrane electrode assembly, which increases fuel cell effi-
ciency [1, 4, 10].

During cell operation, GDL is also essential for facilitating efficient heat transfer,
as the temperature distribution inside the structure affects the local water vapor satu-
ration pressure and interphase mass transfer. The thermal conductivity of the GDL is
closely related to its water transport characteristics [11]. Herein, a double-layer GDL
(50 % PTFE+MPL) and an uncoated single-layer GDL (0 % PTFE) are studied to
show that the thermal conductivity of GDL is very different in the in-plane direction
from that in the out-of-plane direction, which is explained by detailed anisotropic
structure. The macro-porous layer is studied here twice for contrast, first as an indi-
vidual uncoated (0 % PTFE) test subject, then as a coated part of the whole double-
layer GDL. The single-layer GDL studied here consists of only the macro-porous
layer. We will directly compare all single-layer GDLs in some aspects before and
after coating. The double-layer GDL layers are inseparable, so the coated macro-
porous layer is studied as a part of the entire double-layer GDL.

The thermal conductivity of GDLs was studied in many previous studies
[12-17] in different directions, out-of-plane or in-plane, under different conditions
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of temperature and pressure, whether it is uncoated with PTFE or coated with dif-
ferent ratios, supported by an MPL, or unsupported. For example, Khandelwal and
Mench’s study in the out-of-plane direction [12] on SIGRACET series AA carbon
paper (0 % PTFE) at 56 °C would serve as a direct comparison for our uncoated
macro-porous layer’s (0 % PTFE) thermal conductivity in the out-of-plane direc-
tion. In addition, Karimi et al.’s [13] study on the out-of-plane thermal conductivity
of SolviCore DGL (30 % PTFE+MPL) at 70 °C under different pressures would
serve as a comparison with our double-layer GDL (50 % PTFE +MPL) in the out-
of-plane direction. Moreover, the study in the in-plane direction by Zamel et al. [18]
on TORAY-TPGH-120 (0 % PTFE), which is not supported by MPL and has no
PTFE treatment, could serve as a direct comparison for our uncoated macro-porous
layer (0 % PTFE) thermal conductivity in the in-plane direction. However, it appears
that none of the studies investigated the thermal conductivity of the double-layer
GDL (50 % PTFE + MPL) in the in-plane direction. Therefore, this study will be one
of the first studies in the field to do so.

Moreover, few to none of those aforementioned studies addressed the thermal
conductivity anisotropy of GDL. At the same time, this characteristic is critical to
understanding the GDL structure and heat conduction capacity. This study aims to
investigate the intrinsic thermal conductivity of the single- and double-layer GDL
and shows that the GDLs have highly anisotropic thermal conductivities. Two tech-
niques will be used to measure the thermal conductivity: the transient electro-ther-
mal (TET) [19] technique for the in-plane thermal conductivity measurement and
the differential thermal resistance (DTR) technique [20] for the out-of-plane thermal
conductivity measurement. Our lab introduced, calibrated, and validated both tech-
niques for a wide variety of materials. Additionally, the out-of-plane thermal con-
ductivity is measured in vacuum and air conditions to study the effect of pores on
thermal conductivity, which is a critical feature of GDL layers.

2 Materials and Methods
2.1 Material Structure

Samples of both double-layer GDL (50 % PTFE + MPL) and uncoated macro-
porous layer (0 % PTFE, carbon paper) are products of Suzhou Sinero Tech-
nology Co., Ltd, where the double-layer GDL product number is YSL-20, and
uncoated macro-porous layer (in form of a carbon paper), has a product number
of HCPO10ON. Double-layer GDL studied here consists of two layers, shown in
Fig. la. The first of these two layers is a macro-porous carbon layer, also known
as a single-layer GDL, that could be non-woven carbon paper or a woven tex-
ture [7]. Figure 1b shows the structure inside the cell. As can be seen, the MPL
supports the macro-porous layer and sits between that layer and the CL, where
it acts as a flat, homogeneous layer impermeable to the catalyst particles. Fur-
thermore, it improves water management in the membrane electrode assembly,
which increases fuel cell efficiency [1, 10]. For comparison purposes, the single-
layer GDL is studied here as an individual uncoated test subject and as a coated
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Fig. 1 (a) Detailed arrangement of the double-layer GDL assembly with the macro-porous layer (right)
and the MPL (left). (b) The structure inside the fuel cell, the MPL, supports the macro-porous layer and
is between it and the CL. (c) The EDS results of the uncoated macro-porous layer. (d) The EDS results of
the coated macro-porous layer. (e) The EDS results of the MPL

part of the entire GDL assembly. The double-layers GDL layers are inseparable;
therefore, the coated macro-porous layer is studied as a part of the whole dou-
ble-layer GDL. Both macro-porous carbon layers studied here are made out of
fragile non-woven carbon fibers. This layer, before adding it to the cell assembly,
needs to be wet sealed with a PTFE coating [8] to avoid pore clogging with water.
Moreover, this help regulates the quantity of water carried to and retained at the
cell membrane for hydration to aid in water management [7, 9]. Wet-proofing the
layer with such a hydrophobic coating also increases the pores in the GDL, which
eases gas transport to the catalyst cathode or anode layer [7]. Figure lc, d shows
the energy-dispersive x-ray spectroscopy (EDS) results of both the uncoated and
coated macro-porous layer samples, respectively. The uncoated sample is pure
carbon (0 % PTFE), while in the coated one, the fluorine percentage reaches ~50
% in some spots, suggesting an uneven coating texture.

The second layer constructing the double-layer GDL is an MPL consisting of
carbon black mixed with PTFE [7]. The MPL is mainly used as a support to the
single-layer GDL. It helps mitigate limitations that the single-layer GDL has, like
limiting the electrical contact resistance with the catalyst layer [10]. Figure le
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shows the EDS results of MPL. Similar to the coated macro-porous layer, the
fluorine percentage could reach~50 % in some spots, suggesting an uneven coat-
ing texture.

2.2 Material Properties

Figure 2a, top depicts the scanning electron microscopy (SEM) image of the macro-
porous layer before and after being coated. The pores are clear to see with the naked
eye. The uncoated layer thickness and density were measured to be 0.1 mm and 0.39
g - cm~3, respectively. Similarly, the MPL structure can be seen in the SEM images
in Fig. 2a, top. The structure is more rigid than the macro-porous layer. The double-
layer GDL’s thickness is measured to be 0.2 mm, while the density is 0.79 g - cm~>.
Figure 2b shows the Raman spectra for the three samples, including both faces
of the double-layer GDL (the coated macro-porous face and the MPL face), and
the uncoated macro-porous layer. The spectra are taken at two selected spots for
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Fig.2 (a) The top depicts the scanning electron microscopy image (SEM) of the macro-porous layer
before and after being coated. The bottom are the SEM images of MPL, whose structure is more rigid
than the macro-porous layer. (b) Raman spectra for the coated macro-porous layer, uncoated macro-
porous layer, and MPL. (c) XRD patterns of the uncoated macro-porous layer and the double-layer GDL.

(d) DSC measurement of the specific heat for the uncoated macro-porous layer, and the double-layer
GDL, from 0 to 100 °C
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each sample. As can be seen, the uncoated macro-porous layer shows stronger and
sharper peaks between 1200 cm™! and 1600 cm~'. These peaks are the D-band and
the G-band from left to right, respectively. The D-peak at (1344 cm™') indicates that
the sample has defects and is not a single crystal [21].

In Fig. 2c where the XRD results are shown, the (002) plane peak is very sharp,
which tells that the material structure is very close to graphite and very crystalline.
Nevertheless, the wide Raman peaks suggest the material around the edges is a bit
disordered or that the material is carrying some impurities. As a pure carbon sheet,
the uncoated macro-porous layer has two peaks for the planes (002) and (004).
While the double-layer GDL has three peaks, in addition to the peaks of the (002)
and (004) planes, it also has a peak from PTFE for the (100) plane. To calculate the
size of the crystallite, the Scherrer equation is used [22]:

_ Ka
" Pcos@’ @)

where 7 is the crystallite size, K shape factor, A x-ray wavelength, § full width at
half maximum of peaks (FWHM) in radian located at any 26, and 6 the Bragg angle.
Solving Eq. 1 and taking the peaks in the three planes (002) (004), and (100),
their d-spacing is determined to be 3.38 A, 1.68 A, and 491 A, respectively. The
(002) peak, associated with 3.38 A d- spacing in the uncoated macro-porous layer,
and when compared with Sun et al.’s [23] study and their XRD analysis on natural
graphite, where they found that the d-spacing at (002) peak is 3.40 A, suggests that
our sample pretty much reserves the crystallite structure of graphite. The crystal-
lite sizes are determined to be 26.9 nm, 25.3 nm, and 20.4 nm in the (002), (004),
and (100) directions, respectively, indicating our carbon sample has quite sphere-
like crystalline grains. Please note that K and A are taken as 0.89 and 1.5432 A,
respectively. Additionally, for the uncoated macro-porous layer, the degree of crys-
tallinity is estimated by integrating the area under the peaks (the crystalline part of
the sample) and then comparing it with the total area of the diffractogram. For our
sample, the crystallinity is determined to be 87.4 %, which leads to the conclusion
that the wide Raman peaks are most likely associated with the material carrying
some impurities.

Figure 2d illustrates the heat capacity (c,) results based on differential scanning
calorimetry (DSC) done on both the uncoated macro-porous layer and the double-
layer GDL. The temperature ranges from 0 °C up to 100 °C. Similar behavior can
be observed after 0 °C, where the c,, value has a gradual growth for both samples
towards 100 °C. The heat capacity around the room temperature is found to be
882 J-kg~! - K™! for the uncoated macro-porous layer and 732 J-kg™' - K~! for
the double- layer GDL. The value of ¢, for graphite was found previously as 709
J-kg™! - K~'[24]. Our sample’s cp s hlgher than that of pure graphite, possibly due
to the PTFE coating and 1mpur1tles in the carbon structure. Please note that, a TA
Discovery DSC 2500 machine is used to determine the ¢,. Hence, the ¢, uncertainty
is a function of the temperature accuracy, the enthalpy precision, and mass of both
the housing pan and sample. Given that the machine used is very precise, the uncer-
tainty of ¢, is determined here as 0.25 %.
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3 Thermal Conductivity: In-Plane
3.1 Thermal Conductivity Measurement: In-Plane

All of the samples’ in-plane thermal conductivity is measured using the TET tech-
nique. Our laboratory first invented it in 2007 [19]. The TET technique does not
need calibration, and it has been shown to be very successful for measuring the
thermal diffusivity of fiber- or film-like materials in the in-plane direction with
sound accuracy (uncertainty better than 5 %) [25-31]. A schematic of the TET
technique is shown in the inset of Fig. 3a. The approach calculates the thermal dif-
fusivity by detecting the transient temperature change across the sample where a
step voltage rise is induced by Joule heating using a step DC current. It is plausi-
ble to assume that the heat conduction is one-dimensional because of the sample’s
large length-to-thickness ratio. The initial condition for this problem is 7(x)=T,
(T,: ambient temperature). Since the sample is suspended on two bulk aluminum
(Al) electrodes, which act as a thermal reservoir, this would result in T(x=0,
)=T(x=L, t)=T,. A linear R-T correlation is applicable within a moderate tem-
perature rise (AT typically <4 K) of each measurement. The normalized volt-
age rise V*(t) = [V(¢) — V,1/(V, — V) is equal to the normalized temperature rise
T(t) = [T(¢) — Tyl /(T| — Ty), where V,, is the initial voltage, T, and V| are the volt-
age and temperature at the final steady state, respectively. Details of the temperature
evolution in TET can be found in our previous works [19, 25], where the normalized
temperature rise expression is calculated and used for data fitting and determining
the thermal diffusivity. The solution can be spelled out as below

T*

_ 9 i 1 —exp[—(2m — 1?7 a4t /L%]

Qm — 1)* ’ @

m m=1
where a4 is the thermal diffusivity containing the radiation effect, and L is the sam-
ple’s length.

As illustrated in Fig. 3a, the experiment begins with the sample being connected
to two Al electrodes using a silver paste to provide reliable thermal and electrical
connections. One of the uncoated macro-porous layer samples under study, meas-
uring 1320 um in length and 655 pm in width, is shown in Fig. 3b. Additionally, a
sample of the double-layer GDL studied here, measuring 1590 um in length and 695
pum in width, is shown in Fig. 3c.

As will be discussed in the next section, in order to rule out the radiation effect on
a.q samples of different lengths were measured. Figure 3(d) shows the fitting results
of the raw TET data measured for three samples of the uncoated macro-porous layer
with lengths of 3752 pm, 2986 um, and 2297 pm. These samples’ thermal diffu-
sivity () is determined as 5.3 x 1070+ 1.72x 1078, 4.6 x 107 +3.24 x 1078,
and 4.56x 107% +2.16 x 1078 m? - s~! in the in-plane direction, respectively. On
the other hand, Fig. 3(e) shows three samples of the double-layer GDL with lengths
of 5172, 4416, and 2400 um, carrying a.; values of 3.39 X 107% +4.95 x 1079,
397x107% +1.39 x 1073, and 2.80 x 1076 + 1.15 x 108 m? - s™!, in the in-plane
direction, respectively. It is evident that a sound fitting can be obtained with a
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Fig.3 (a) Schematic illustrating the vacuum chamber, the step current used in the TET measurement,
and the experimental concept alongside the methodology for determining thermal diffusivity based on
the transient curve of the experimental V-7 signal. (b) A suspended uncoated macro-porous layer sample
used for TET measurement. (c) A suspended double-layer GDL sample used for TET measurement. (d)
The fitting results of an uncoated macro-porous layer sample’s raw TET signals (experimental data). (e)
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The fitting results of the raw TET signals (experimental data) of a double-layer GDL sample

relative uncertainty in the range of <0.70 %. Figure 3d and e also show that longer
samples have larger effective thermal diffusivities. This is due to the radiation effect
and will be analyzed in the next section. Please note that the sample is housed in a
vacuum chamber of 7 pbar pressure for TET measurements to make the convection

effect negligible.
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3.2 Effect of Radiation

After a is determined, the intrinsic thermal diffusivity o value in the in-plane
direction is determined by taking out the radiation contribution, which has been
detailed previously in References [25, 27, 30]. Considering the radiation effect, we
have,

Ty = &+ ————, 3)

where € is the surface emissivity, o the Stefan—-Boltzmann constant, D sample’s
thickness, p is the density, and T the sample’s temperature. It is perceivable from
Eq. 3 that a4 has a linear relationship with the sample’s squared length, given that
the slope is 8£6T°/ (nszcp). Multiple samples of different lengths are measured
to subtract the radiation effect. Figure 4 shows the results for the uncoated macro-
porous layer and double-layer GDL measurements. As can be seen, a linear relation-
ship is observed between a,; and L% The y-axis intercept in Fig. 4 is the value of
without radiation effect: @ which is found to be 3.05 X 107 m? - s~! with an uncer-
tainty of 3.8 % for the uncoated macro-porous layer, and 2.65 X 107°m? - s~! with an
uncertainty of 4.0 % for the double-layer GDL. Using the relation between thermal
diffusivity and thermal conductivity [32] where k = « - PCps the thermal conductivi-
ties (k) in the in-plane direction of the uncoated macro-porous layer is determined
to be 1.05 W - m~! - K~! with an uncertainty of 4.5 %, and 1.53 W - m~! - K™! with
an uncertainty of 4.7 % for the double-layer GDL. The double-layer GDL has an in-
plane thermal conductivity that is improved by 50 % over the macro-porous layer,
which is uncoated and unsupported by the MPL.

T T T T T T T T
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—_~ 6 T -
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2 5- . i
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:‘g u °
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Fig. 4 Effective thermal diffusivity of the uncoated macro-porous layer and the double-layer GDL sam-
ples of different lengths in the in-plane direction against the squared length, highlighting the y-intercept
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4 Thermal Conductivity: Out-of-Plane

The differential thermal resistance (DTR) technique is used in this work to measure
the out-of-plane thermal conductivity. This method was invented by our lab and has
been validated by measuring reference samples like PMMA and glass, with a small
measurement uncertainty (better than 5 %) [20]. Figure 5a shows a schematic of the
DTR technique. The top and bottom surfaces of the sample are covered by one-layer
double-sided adhesive black tape, and they are secured to an Al substrate. The black
tape guarantees maximized laser absorption and sound contact with the sample and
substrate. Based on the thermal resistance circuits of the sample case provided in
Fig. 5b, the temperature rise of the sample is dependent on Q, R,., R,, R, and R.
More details of these parameters are provided in the caption of Fig. 5. In order to
obtain several unknown parameters in the sample case, including the thermal resist-
ance of radiation-convection, tapes, and substrate, two other cases (fused glass and
two-layer black tapes) have been added to the experiment. Notably, fused glass ther-
mal conductivity (i.e., thermal resistance) is known as 1.4 W -m~! - K~ [24]. More
details of DTR physical principles can be found in our previous work [20]. Detect-
ing the temperature rise of three cases by the infrared camera while they are exposed

b
© oW II ' ® Fused glass Sample Z-layer black tapes
laser B N g p —
U
A Infrared
camera Aluminum substrate
—/ I, T, T,
4 | I |
Ic RI’C ch

ATg l‘i Qg AT, |<7Q5 ATy |<_Qlot

©
19.7°C
R! Rt Rl
I l |
Rg Rs Rt

Tape Glass 24.6 °C l | |
R! R! Rsub
T
Rsub Rsub :
(o]
Uncoated macro- ~ GDL assembly 295 °C | |
porous carbon layer T, T,

Fig.5 (a) Schematic of the DTR technique for measuring the out-of-plane thermal conductivity of the
sample. (b) Three cases used in the experiment with their corresponding thermal circuits. The symbols
represent the following: Q for absorbed laser power, R, for radiation-convection, R, for black tape, R for
sample, Rg for glass, R, for Al substrate thermal resistances, and AT for a temperature rise of each case
measured by the infrared camera. (c) Uniform temperature rise of sample surface for different cases
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to the 1550 nm laser beam leads to obtaining the thermal resistance of the sample
using Eqgs. 4-6 listed below:

0 1 N 1 A

IO[ tOt (R// /Atape R"t/Atape ( )

0, = AT, [ ! ! ] Q)
) ) (R;;/As) (R /A + (R A

1 1
Ce= 41, [(R"/A ) F R A) + YA )] ©
where Q, AT, and A refer to the absorbed laser power, surface temperature rise, and
surface area, respectively. In addition, the subscripts represent the following: “tot”
for the combination of two black tapes and the Al substrate, “rc” for radiation and
convection, “s” for sample, and “g” for glass. In the equations mentioned above, R”
is the unit area thermal res1stance, which is defined as R” = R- A = D/k for fused
glass and sample cases. Note that D is thickness and k is thermal conductivity. Fur-
thermore, R, and R,. are division of R and R by the area of three different cases
in Egs. 4-6. Theoretlcally, the relation of R and 1/A is not linear for R, and R,.. The
dimensions of the cases have been measured by digital micrometer with an accuracy
of 0.001 mm. Although there is a slight difference between the areas of cases, they
are very close to each other. Therefore, the linear relation as R = R” /A for R, and
R, can still be applied. Solving Eqs. 4-6 simultaneously results in R”', which can be
used to calculate the sample’s thermal conductivity as k; = D/R!.

The above-mentioned experiment is also done under vacuum with a pressure
of ~20 pbar to ensure negligible convection heat transfer and to decrease the impact
of air within the sample’s pores. This vacuum condition thermal conductivity meas-
urement will provide valuable information for us to understand the pore/structure’s
effect on the thermal conductivity. The same procedure is followed after placing
three cases inside the vacuum. The ZnSe window embedded in the vacuum cham-
ber allows the laser beam to enter the chamber and the infrared camera to measure
the temperature rise. Although the ZnSe window’s transparency for the 1550 nm
wavelength laser beam is between 60 % and 80 % depending on its thickness and
temperature [33, 34], the transmission is directly evaluated by measuring the trans-
mitted laser power inside the vacuum. Furthermore, the ZnSe window’s transpar-
ency has minimal impact on temperature rise measurement. Table 1 shows details
of the experiment in air and vacuum for the uncoated macro-porous layer and the
double-layer GDL samples. T, and 7, stand for the temperatures of each case before
and after laser irradiation and AT indicates the temperature rise. The out-of-plane
thermal conductivity for uncoated macro-porous layer sample in air and vacuum is
measured to be 0.075 W -m~' - K™ and 0.051 W - m~' - K~!. Also, for the double-
layer GDL sample in air and vacuum, the thermal conductivity is measured as 0.255
W.-m™ - K! and 0.145 W-m™!.K™!, respectively. The thermal conductivity
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Table 1 Experimental results of out-of-plane thermal conductivity measurement in air and vacuum

Experiment data Fused glass Tape (2 layers) Uncoated macro- Double-
porous layer layer
GDL
Length (mm) 8.08 8.21 8.103 8.103
Width (mm) 8.20 7.87 8.509 8.179
Thickness (mm) 1.59 0.66 0.100 0.200
Air
T, (°C) 234 232 23.0 233
T, (°C) 30.2 27.6 29.4 28.1
AT (°C) 6.80 4.40 6.40 4.80
O (mW) 208 235 187 169
Vacuum
T, (°C) 233 232 235 234
T, (°C) 315 28.3 28.5 28.9
AT (°C) 8.20 5.10 5.00 5.50
Q (mW) 230 217 119 144

measurement uncertainty is caused by thickness, area, temperature rise, and laser
power measurements for all three cases mentioned earlier. Considering the sam-
ple case, the uncertainty of thickness is+0.5 %, the uncertainty of area is+0.22
% for both air and vacuum, the uncertainty of temperature rise is+0.09 % for air
and+0.10 % for vacuum, and the uncertainty of laser power is+0.47 % for air
and+0.45 % for vacuum. The uncertainty of thermal conductivity is calculated to
be+2.2 % for measurements in air and vacuum.

5 Physics Discussions

As expected, the thermal conductivity values are lower in vacuum than in air.
Since air is almost removed from pores in the vacuum, heat can be transferred
only by radiation within the pores, which is much less effective than air convec-
tion and conduction. As a result, the thermal conductivity in vacuum is lower
than in air. The thermal conductivity difference between air and vacuum values
for uncoated macro-porous layer and double-layer GDL samples is 0.024 and
0.110 W-m~" . K™!, respectively. The lower bound of this difference is for the
parallel configuration between the sample and air inside in the thickness direc-
tion as Ak = ¢ X k,;., where ¢ is the sample porosity. Taking graphite density
as 2.21 g - cm™3 [24], the porosity of the uncoated macro-porous layer sample is
calculated to be 82 %. Therefore, Ak can be estimated as 0.021 W-m™! - K‘l,
which is very similar to our measurement (0.024 W - m~" - K~!). Consequently,
the uncoated macro-porous layer and air within the sample follow a quite paral-
lel configuration, but still has some serial configurations in the thickness direc-
tion. We are unable to calculate the porosity of the double-layer GDL sample
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due to the lack of its theoretical full density. However, its thermal conductivity
difference between air and vacuum (0.110 W-m~'-K™') is much higher than
air’s thermal conductivity. This firmly concludes that the sample and air within
its pores have more serial connections in the thickness direction.

It should be noted that the double-layer GDL consists of a MPL and coated
macro-porous layer with PTFE. Theoretically, this relation (#/Kk)gpr assembly
= (t/wmpL + /5 couted carbon 1aver d€SCTibes the contribution to thermal conductiv-
ity by the two layers within the double-layer GDL. In this relation, ¢ is thickness
and k is thermal conductivity. The coated carbon layer in this relation represents
the macro-porous layer sample coated with PTFE, and its thermal conductivity is
unknown to us because our single GDL sample is a macro-porous layer with no
PTFE coating. As a result, it is impractical to use the above relation to calculate
the MPL’s intrinsic thermal conductivity. However, (#/k)cpuea carbon layer SHOUId be
smaller than (/k)py. assembly- NOte that the thickness of the GDL assembly and
coated carbon layer is 0.2 and 0.1 mm, respectively. In addition, the thermal conduc-
tivity of the GDL assembly is 0.255 W -m~' - K~!in air and 0.145 W - m~! . K!
in vacuum. Consequently, using (t/K)courea carbon tayer < (1/K)GDL assembly> the ther-
mal conductivity of the coated carbon layer can be roughly estimated to be higher
than 0.128 W - m~! - K™!in air and 0.073 W - m~! - K~! in vacuum, which is higher
than the uncoated macro-porous layer’s measured thermal conductivity in this work
(0.075 W-m™! - K~ 'and 0.051 W-m~! - K~! in air and vacuum). This means the
PTFE coating increases the macro-porous layer’s thermal conductivity. This con-
clusion agrees with the theory since air with a lower thermal conductivity (0.026
W -m~" - K~! [24]) has been replaced by PTFE with a higher thermal conductiv-
ity of 0.259 W -m™' - K~! [35]. Therefore, PTFE has increased the connections
between the carbon fibers. However, it contradicts previous studies [12, 36]. There
are two possible reasons for this observation. First, decreasing thermal conductiv-
ity by adding PTFE to the carbon sheet in previous studies might be related to the
orientation of PTFE to the carbon fibers. This might reduce thermal conductivity
by blocking direct contact areas between carbon fibers [37]. The second one is that
while putting MPL and coated macro-porous layer together in our double-layer GDL
sample, the MPL might penetrate into the coated carbon sheet’s pores, increasing
the contact regions of the macro-porous layer, increasing its thermal conductivity.

Comparing the in- and out-of-plane thermal conductivity of the uncoated macro-
porous layer (1.05 W -m~! - K~'and 0.051 W - m~! - K™!, respectively) and double-
layer GDL (1.53 W -m™" - K~'and 0.145 W - m~! - K™, respectively), it is conclu-
sive that the in-plane thermal conductivity is much higher than out-of-plane one for
both samples. As shown in Fig. 2, the macro-porous layer is made of carbon fibers,
whose orientation is mostly along the in-plane direction. Therefore, this strong ani-
sotropic structure leads to a much higher in-plane thermal conductivity (k) than the
out-of-plane one (k,), with a ratio of k” [k, =20.6. However, the MPL layer does
not show much structure anisotropy. So, the double-layer GDL anisotropic thermal
conductivity is mostly caused by its anisotropic macro-porous layer. Therefore, the
anisotropic level is reduced to & /k; = 10.6.

This paper’s results are compared with those of references in Table 2. The study
in the in-plane direction by Zamel et al. [18] on TORAY-TPGH-120 (0 % PTFE),
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serves as a direct comparison for our macro-porous layer thermal conductivity value
in the in-plane direction. Mainly because it is not supported by an MPL and has
no PTFE treatment. Zamel et al. [18] measured the in-plane thermal conductivity
within a temperature range of — 20 to+ 120 °C with various Teflon loadings. They
concluded that for 0 % PTFE loading, the thermal conductivity around room temper-
ature is~ 14 W - m~! - K~1. When compared to our uncoated macro-porous layer in-
plane thermal conductivity (1.05 W - m~' - K™1), a big discrepancy can be noticed.
Structural differences, thermocouple uncertainty in their method, as well as the fact
that their measurement in the in-plane direction was under atmospheric conditions
that is essentially difficult in testing by standard steady-state methods. Our measure-
ment has strictly ruled out the radiation effect, which is critical to measuring low
thermal conductivity porous materials.

For the out-of-plane thermal conductivity comparison, we came across the work
by Khandelwal and Mench [12]. They reported the out-of-plane thermal conductiv-
ity of TORAY-TGP-H-60 carbon paper (78 % porosity, 0 % PTFE) at 26 °C as 1.80
W .-m~!-K~!, and SIGRACET carbon paper (AA series, 82-85 % porosity, 0 %
PTFE) at 56 °C as 0.48 W -m™' - K~!, both under 2 MPa, which both can be com-
pared to our uncoated macro-porous layer sample’s result. However, their results are
higher than our data, which is 0.075 W - m~! - K™" at room temperature in air (~0.1
MPa). Note that their first sample’s porosity is a little lower than ours, which is 82
%, and it could increase their sample’s thermal conductivity. On the other hand, their
second sample’s porosity is almost the same as ours. However, both the temperature
and pressure of their experiment are higher than those in our work. This can explain
the difference. The higher temperature will increase the air’s thermal conductivity.
This will improve the convection and conduction within pores, thereby increasing
the overall thermal conductivity. Chen et al. [38] reported that the thermal con-
ductivity of GDL increases~21 % by increasing temperature from 25 °C to 90 °C.
Zamel et al. [16] reported the out-of-plane thermal conductivity of TORAY-TGP-
H-120 carbon paper (0 and 60 % PTFE) increases with the increased temperature.
This is due to the fact that graphited carbon fibers expand as a result of increasing
temperature in the out-of-plane direction, resulting in reduced contact resistances
between fibers and increased thermal conductivity. On the other hand, carbon fibers
contract with increased temperature in the in-plane direction as TORAY-TGP-H-120
carbon paper’s in-plane thermal conductivity decreased in Zamel et al.’s study [18]
with increased temperature. The directional dependence of carbon’s thermal expan-
sion coefficient is consistent with the work of Tsang et al. [39]. They calculated the
thermal expansion coefficient of graphite in out-of-plane and in-plane directions
over different temperature ranges. However, the out-of-plane thermal conductivity
of TORAY-TGP-H-60 carbon paper has decreased from 1.80 W - m~! - K~!at 26 °C
to 1.24 W-m™! - K~!at 73 °C in Khandelwal and Mench’s work [12]. This inverse
trend can be explained due to the presence of carbonized thermo-setting resin [40],
which functions as a binder in the sample. Based on phonon transport theory, as
the temperature increases, the thermal conductivity of this thermo-setting resin
decreases [41, 42]. Without a binder material, the thermal conductivity of sample
will show upward trend, but the change is not much [12]. In addition, increasing
the compression level increases the thermal conductivity by reducing the porous
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structure of the sample and contact resistances between fibers. Zamel et al. [16]
reported the increased thermal conductivity of TORAY-TGP-H-120 carbon paper by
increasing the compression level, regardless of the amount of PTFE content. Rah-
bar et al. [20] showed that the thermal conductivity of foam increases from 0.064
W-m™ K 'to 0.174 W-m~" - K! by increasing the compression level from 0
% to 75 %. Furthermore, their carbon paper samples are different from ours, and
the structure difference also causes the thermal conductivity difference. In addi-
tion, Karimi et al. [13] reported the out-of-plane thermal conductivity of Spectra-
Card carbon paper (78 % porosity, 0 % PTFE) at 70 °C under different compression
loads. Their result under 1.3 bar is about 0.31 W - m~! - K™!, which is higher than
our result in air (~ 1 bar), which is 0.075 W - m~! - K~'. Similarly, higher tempera-
ture and lower porosity can cause the thermal conductivity to increase. They also
measured the thermal conductivity of SolviCore DGL (30 % PTFE+MPL,~83 %
porosity) at 70 °C under different compression loads. Their result under 1.3 bar is
about to 0.28 W - m~! - K~!, which is in a sound agreement with our result for the
double-layer GDL sample which is 0.255 W - m~!' - K™! under atmospheric pressure.
A small discrepancy could be caused by the difference in temperature and the wt %
of PTFE treatment. Moreover, Zamel et al. [16] studied the thermal conductivity
of TORAY-TPGH-120 carbon paper (78 % porosity, 0 % PTFE) at different tem-
peratures in low compression state. They measured the out-of-plane thermal con-
ductivity at room temperature as about 0.3 W - m~! - K~!. There is a huge difference
from our result, which is 0.075 W - m~! - K™!in air for uncoated macro-porous layer
sample. Their sample structure difference, larger thickness (6 layers of TORAY
carbon paper, totally 2.22 mm), and lower porosity might be responsible for this
discrepancy.

6 Conclusion

Two techniques were used to measure the k of GDL structures: the TET technique
for in-plane k measurement, and the DTR technique for the out-of-plane k£ meas-
urement. For the first time the k in both directions (in-plane and out-of-plane) was
reported for the double-layer GDL (50 % PTFE+ MPL) and uncoated single-layer
GDL (0 % PTFE). Both GDLs were studied in vacuum and showed a very aniso-
tropic behavior. First, the in-plane £ was measured in a vacuum, and the material
showed a k of 1.05 W -m™" - K~! with an uncertainty of 4.5 % for the uncoated
macro-porous carbon layer, and 1.53 W - m~' - K~! with an uncertainty of 4.7 % for
the double-layer GDL. This study is one of the first to report and investigate the k for
such double-layer GDL (50 % PTFE + MPL) in the in-plane direction.

The double-layer GDL has an in-plane k that improved by 50 % more than that
uncoated and unsupported by the MPL layer. Moreover, the out-of-plane k of both
samples was studied in air and vacuum with 2.2 % uncertainty. The k of the uncoated
macro-porous layer in air and vacuum was measured as 0.075 W -m~' - K~! and
0.051 W-m™!-K~!, and for double-layer GDL the k was measured as 0.255
W-m~' - K and 0.145 W-m~' - K™, respectively. Comparing the results in
air and vacuum led us to a better understanding of the pores structure inside the
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samples. The difference in k under air and vacuum revealed that the sample and
pores inside it follow more parallel configurations than serial for the uncoated
macro-porous layer sample (0 % PTFE), while they follow quite serial configura-
tions for the double-layer GDL sample (50 % PTFE + MPL).
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