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ABSTRACT

In this work, novel procedures are developed to measure in-plane and through-plane
electronic conductivities of catalyst layers (CLs) for polymer electrolyte membrane fuel
cells. The developed procedures are used in a parametric study on different CL designs to
investigate effects of different composition and fabrication parameters, including ionomer
to carbon weight ratio (I/C ratio), dry milling time of the catalyst powder, and drying
temperature of the catalyst ink. Results show that CLs have anisotropic electronic con-
ductivity with through-plane values being three orders of magnitude lower than the in-
plane values. The reason for this anisotropy is speculated to be alignment of fibrillar
nanostructures of ionomer by large shear forces during coating, which could result in
better carbon-carbon contact in the in-plane direction. A simple order of magnitude
analysis shows the significance of poor through-plane conduction for fuel cell
performance.

© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

[1—6]. PEMFCs generate power by combining hydrogen and
oxygen through two half reactions occurring inside two
respective catalyst layers (CLs), which are microporous ma-

Polymer electrolyte membrane fuel cells (in short PEM fuel
cells or PEMFCs) are considered one of the alternative tech-
nologies for sustainable clean power generation due to their
promising features, such as potentially zero greenhouse gas
emissions, high efficiency, and abundance of their fuel source,
i.e. hydrogen, which could be produced from various sources
including electrolysis of water, reformation of hydrocarbons,
and decomposition of hydrogen carrier chemical compounds
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terials and parts of a membrane electrode assembly (MEA).
The final electrochemical reaction between hydrogen and
oxygen in a PEMFC is exothermic, directly affecting the per-
formance and degradation of the PEMFC by affecting local
temperature variations inside the MEA. A considerable
amount of Joule heating also occurs in the MEA components
(~31% [7]), including the CLs where all the electron generation/
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Nomenclature

Symbols and variables

A Surface area (m?)
& CL thickness utilization factor
ECR Electronic contact resistance ()
h Thickness (m)
I Current (A)
I/C Ionomer to carbon weight ratio
L Length (m)
Mass (kg)
n Number of samples
R Resistance (Q)
R' A constant residual resistance (Q)
R? Coefficient of determination
t Time (hr)
U Velocity (m.st)
v Electric potential (V)
W Width (m)

Greek Letters
A Difference operator

u Viscosity (Pa-s)

o Volumetric mass density (kg-m~—3)
7 Electronic conductivity (S-m™?)
Subscripts

b Bulk

¢ Carbon

cell Cell

cl Catalyst layer

ink Catalyst ink

ip In-plane

) Probe

Pt Platinum

rod Coating rod

tot Total

tp Through-plane

consumption occurs. Accordingly, in-depth knowledge of
electronic conductivity of CLs is needed for performance and
degradation analysis/optimization of PEMFCs. Further, elec-
tronic conductivity test may be used as a forensic tool for
assessing degradation level (e.g. carbon corrosion [8—11]) and
structural defects (e.g. cracks); cracks in CLs could be created
due to operational degradation [12—14] or due to certain con-
ditions during CL manufacturing processes, e.g. low ionomer
content of the ink, low drying temperature, and large thick-
ness of the coating. However, only a few studies in literature
have focused on electronic conductivity of CLs, in part due to
measurement challenges associated with small CL thick-
nesses (~2—8 pm). Specifically, the literature lacks systematic
measurement procedures for: i) effective deconvolution of the
CL bulk resistance from its substrate/interfaces, and ii) sepa-
rate measurement methods for through-plane and in-plane
values. The electronic conductivity measurement methods
available in the literature are effective methods (see Refs.
[14—16]) using measurement techniques which assume isot-
ropy for CLs (e.g. van der Pauw method [17,18]); this

assumption may not be valid for cracked CLs or in case of
microstructural inhomogeneities. Moreover, reported values
in the literature are up to two orders of magnitude different
[14—16,19] (also see Fig. 1), which could be originated from the
effective nature of the used measurement methods, yielding a
combination of in-plane and through-plane values.

In this work, novel procedures are proposed for measuring
through-plane and in-plane electronic conductivity of CLs,
and a parametric study is performed on the conductivities to
examine effects of different compositions and fabrication
parameters. The present study shows that CLs have notably
different conductivities in different directions, indicating an
anisotropic microstructure.

Experimental study
Substrate selection

The substrate resistance is in parallel to the CL resistance in
the in-plane tests and in series in the through-plane tests.
Thus, to minimize the substrate effect in the tests, an insu-
lating substrate was needed for the in-plane tests, while a
highly conductive substrate was needed for the through-
plane tests. Two available substrates were: i) ethylene tet-
rafluoroethylene (ETFE) sheet which was insulating and used
as a decal in constructing catalyst-coated membranes
(CCMs) in a process called “decal transfer” [20—24], and ii)
aluminum (Al) foil which was highly conductive and nor-
mally used as a substrate/backing for ex-situ measurements
[20,25]. A systematic investigation of microstructural pa-
rameters, including porosity, pore size distribution, surface
roughness, crack density, crack aspect ratio, and surface and
bulk chemistry showed that CLs of the same ink coated on
ETFE and Al substrates had the same microstructure. Ref. [20]
also confirmed that CLs of the same ink coated on these
substrates had the same through-plane thermal conductiv-
ity. Accordingly, in this work, CL samples were coated on
ETFE for in-plane tests and on Al for through-plane tests.

500 30vs. 70
WEt:/" '°."°m‘ir 800 vs. 1050 EW
400 4 (Experiment) ionomer in dry
CLs (Experiment)
€ 300 -
%) 10-54 wt% ionomer
‘% (Experiment & model)
o 200 1 0.6 vol% Pt/C
(Experiment)
100 A
0 -
Gode et al. Morris et al.
(2003) (2003) (2004) (2014)

Fig. 1 — Literature data on electronic conductivity of CLs
(from Refs. [14—16,19]), showing up to two orders of
magnitude difference between the data from different
sources.
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Table 1 — Fabrication details of different CL designs
coated for the study.

Design I/C Dry milling time Drying temperature
# ratio (hr) (°Q)

1 1.1 0 (None) 55

2 0.7 48 55

3 0.9 48 55

4 0.7 24 55

5 11 48 55

6 0.9 24 55

7 1.1 48 24 (Room temperature)
8 11 0 (None) 24 (Room temperature)

Ink preparation and coating

CLs with different compositions and microstructures were
produced and measured. Composition was altered by chang-
ing the weight (wt) ratio of ionomer to carbon (I/C). A catalyst
powder made from platinum (Pt) nanoparticles supported on
partially graphitized carbon (C) nanoparticles (Pt/C catalyst)
with 50 wt% of Pt was used in all the inks. In addition to
changing the I/C ratio, different microstructures were made
by: i) dry ball-milling (or in short dry-milling) the Pt/C catalyst
powder to compact the Pt/C catalyst aggregates (before mak-
ing the ink) as a way to reduce the porosity without changing
the composition, and ii) changing the drying temperature of
the ink (after coating) whose obvious effect was inducing
cracks. In the dry milling step, dry catalyst powder was grin-
ded by zirconia balls on a jar mill for a desired length of time.
Ball milling has been extensively used for changing the

structure of graphitic materials [26—34|. During ball milling of
the aggregates, all carbon blacks achieve a maximum level of
breakdown in less than 30 min leading to surface area
enlargement; further ball milling leads to collapse of the
porous structure, new bonding between the particles, and
compacting the aggregates into microagglomerates with less
surface area [34,35]. To be consistent with the CL literature, in
this work, the word “aggregate” is used to refer to a group of
Pt/C particles covered by ionomer film, and the word
“agglomerate” is used to refer to a Pt/C aggregate and its sur-
rounding ionomer film together. Thus, a CL could be described
as a configuration of agglomerates and pores. In the carbon
black literature, however, different definitions are used for
aggregates and agglomerates (e.g. see Ref. [36]).

Catalyst ink was prepared by mixing the (dry-milled) Pt/C
catalyst powder with water, solvent, and ionomer. The pre-
pared ink was coated onto one side of ETFE sheets for in-plane
tests and Al foils for through-plane tests, using a Mayer bar
coater. To enable deconvolution of the CL bulk signal in
through-plane tests, different thicknesses of the same ink
were made on Al. Table 1 shows fabrication details of different
CL designs coated for this study. Fig. 2 shows a schematic of
the CL fabrication process together with scanning electron
microscope (SEM) images of three designs, indicating the very
different structures of the coatings. One point is worth
mentioning regarding the SEM images of Fig. 2. The SEM
images were acquired using the backscattered electron (BSE)
detector. Since heavy elements (i.e. elements with high
atomic numbers) backscatter electrons more strongly than
light elements (i.e. elements with low atomic numbers), heavy
elements appear brighter in SEM images acquired using the
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Fig. 2 — Schematic of the CL fabrication process and SEM images of three designs showing different microstructures.
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BSE detector. Thus, the white marks observed in the images of
designs #5 and #7 in Fig. 2 are, in fact, made of the heavy
element of Pt. This shows that, for these CL designs, some Pt
particles could be removed from their carbon support by long
dry milling and could make localized Pt aggregates (i.e. the
white marks in the images). This effect was only observed for
designs #2, #3, #5, and #7, whose catalyst powder was dry-
milled for 48 hours. The designs with 0 or even 24 hours dry
milling time, on the other hand, did not show this effect. As
also mentioned in Ref. [37,38] such Pt detachment leads to loss
of electrochemical surface area and, thus, lower catalytic ac-
tivity, which is detrimental to fuel cell performance. Thus,
aggressive dry milling of the catalyst powder is not desirable
in general.

Thickness and porosity measurements

Thicknesses of the CL samples were needed for deconvoluting
the conductivities from the resistance data, and porosities
were needed to track changes in the microstructure as the
fabrication parameters were changed. Thickness and porosity
were measured using two methods for cross-checking: i) SEM,
using a Philips XL30 Environmental SEM for measuring the
thickness (see Ref. [20] for more details regarding the SEM
thickness measurements), which was turned into porosity
using the known densities of the components and areal Pt
loading measured by an X-ray fluorescence (XRF) analyzer
(Themo Scientific, Niton XL3t) (see Ref. [16] for details of
porosity calculations), and ii) a buoyancy method similar to
the technique used for measuring gas diffusion layers (GDLs)
introduced in Ref. [39]. The two methods agreed well with
each other.

Crack characterization

As SEM imaging of CL cross sections showed, most of the
cracks would go deep through the whole CL thickness,
dividing the coating into interconnected and separate catalyst
islands. Thus, resistance of cracks acts in parallel to the CL
bulk resistance in the through-plane direction and in series in
the in-plane direction. Accordingly, cracks were expected to
more significantly affect the in-plane conductivity with less
effects on the through-plane conductivity. One exception
would be losing too much conductive surface area in a highly
cracked sample, in which case, the effects on the through-
plane conduction would also be significant. To understand
the effects, cracks were characterized by: i) areal density
defined as areal percentage of the cracks on the CL surface,
and ii) aspect ratio defined as the long over the short edge
ratio. Crack density quantifies volume fraction of cracks
(considering their penetration through the whole thickness),
whereas crack aspect ratio quantifies shape of cracks. Both of
these properties appear in modeling the in-plane electronic
and thermal conductivities of CLs, as exercised by the authors
in a separate work. Thus, effective characterization of cracks
is hinged on measuring and analyzing both of these proper-
ties. These parameters were measured by processing surface
SEM images of CLs using Fiji Image] software (available in the
public domain).
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Fig. 3 — Gustom-made through-plane electronic
conductivity testbed and sample configuration (the upper
inset on the right).
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Electronic conductivity tests

Four-point probe measurements of resistance were per-
formed using a Micro Junior 2 micro-ohm meter (Raytech,
USA) using a DC current. Calibration of the device was
confirmed with +3% error using 0.01-10° Q standard resistors.
Applicability of Ohm's law for CLs was confirmed by the very
linear current-voltage characteristic in both through-plane
and in-plane directions.

Through-plane tests

Four custom-made gold-plated probes were used as sample
holders for through-plane tests. Samples were cut into one-
inch circles by a punch to fit the circular shape of the
probes. The samples were then clamped between the probes
attached to corresponding current and voltage leads of the
micro-ohm meter. The whole samples-probes sandwich was
put under pressure by a pneumatic jack to control the contact
pressure (see Fig. 3). Calibration of the through-plane testbed
was ensured by measuring GDL samples and obtaining values
which were in good agreement with the manufacturer's data.
Further, only a few pQ was measured by the through-plane
setup when no sample was mounted; this showed minimal
contribution from the probes and interfaces between them,
when compared to through-plane resistance of the samples
which was in the order of 1Q.

Our through-plane resistance measurements of CL samples
showed that electronic contact resistances (ECRs) at the in-
terfaces played a significant role in the total resistance and
would compromise repeatability of the tests; this issue was also
mentioned by Ref. [14]. The ECRs were originated from imper-
fectcontactbetween the surfaces. Accordingly, effort was made
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to find a material with high electronic conductivity which could
reduce the ECRs at the interfaces by deforming plastically and
filling the gaps. Among all the tested materials, GDLs proved to
be the best. Their through-plane resistance was two orders of
magnitude lower than the CL samples, and they significantly
reduced the ECRs and made the measurements repeatable. In
the optimum sample configuration, GDLs were used at every
interface in the setup, except at the interfaces between the
probes whose contribution was significantly minimal (only a
few pQ). Multiple CL samples (with GDLs ateveryinterface) were
stacked and measured to reduce uncertainty in the data by
increasing the amount of catalyst in the setup (see the sample
configuration shown schematically in Fig. 3).

Total through-plane resistance measured for a stack con-
sisting of n samples with GDLs at every interface could be
expressed as:

nhcl o hcl,tot

Rtot,tp = chl.b.tp +R = 7a tpAp +R

!
B Ucl.tpAp TR (1)
where Raypp shows through-plane bulk resistance of a CL, and
R’is summation of all the measured resistances except for the
bulk of the CLs (i.e. Al substrates, GDLs, probes, and ECRs in
between); hq and oqyp are thickness and through-plane con-
ductivity of the CL, respectively; hq ot = nhq is total thickness
of the CLs in the stack, and A, is area of the probes covering
the stack (the same as area of a sample). As indicated by Eq.
(1), Rewtyp is a linear function of hqie. Accordingly, by
measuring multiple hy’s (or multiple he or’S), o1, and R’ could
be deconvoluted from a linear regression analysis of the Rt
Vs. heor Plot (o from the slope and R’ from the intercept).
Thus, effects of all the substrates and interfaces are decon-
voluted from the final conductivity results because those ef-
fects are bundled in R'. Typical resistance measurements for
different CL thicknesses yielded fairly straight lines for R
vs. haor plots with R? ~ 0.98 and even better.

In-plane tests
In-plane tests were performed using a custom-made in-plane
sample holder, shown in Fig. 4, integrated with the micro-ohm

Probing

V probes length

-
~ Plastic frames —

(@)

| probes

meter. The sample holder consisted of two metallic jaws, for
clamping strips of samples, and four sliding plastic frames,
enabling adjustment of the sample length between the
probes. GDLs were used between the clamps and the sample
to protect the CL surfaces from the metallic jaws and reduce
ECRsin the tests. In-plane resistance of the GDLs was orders of
magnitude lower than the CLs and, therefore, would fall into
the error range and could be neglected. Accordingly, total in-
plane resistance measured for a sample could be expressed as:

Lcl

Riotip = Relbi ECR=——F —
tot,ip clb,ip + Taip: hcl 'Wcl

+ECR 2)
where Rqpjp shows in-plane bulk resistance of the CL; oqp is
in-plane conductivity of the CL; Ly is probed length (length of
the sample between the clamps), and W, is width of the CL
strip. Similar to Eq. (1), measuring at least two lengths of a
sample would enable deconvolution of ¢q; and ECR by a
linear regression analysis of the Ry, — La plot. Typical mea-
surements for different CL lengths yielded fairly straight lines
for Reetjp Vs. La plots with R? ~ 0.99.

Results and discussion

Microstructural parameters: porosity, crack density, and
crack aspect ratio

Fig. 5 shows microstructural parameters for different CL de-
signs, including porosity, crack density, and crack aspect ratio.
Fig. 5a—c show that porosity decreases with increasing the I/C
ratio and dry milling time but does not change with drying
temperature. Reasons behind the decreasing trends could be:
i) filling more pores with ionomer by increasing the I/C ratio,
and ii) more compactness of the Pt/C aggregates with
increasing the dry milling time. Fig. 5d—f show that surface
crack density decreases with increasing the I/C ratio and
drying temperature but increases with increasing the dry
milling time. Reasons behind these trends could be: i)
enhancing structural integrity of the CL by increasing the I/C

+V Probe

+1 Probe ‘\ cL S?m’?le :

N

(b)

Fig. 4 — In-plane electronic conductivity testbed and sample holder: (a) a schematic of the in-plane sample holder, (b) the in-

plane sample holder integrated with the micro-ohm meter.
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ratio (i.e. more ionomer as a binder), ii) quicker solidification
of ionomer when the ink dries by increasing the drying tem-
perature, giving less time to the aggregates to move around
and rearrange themselves, and iii) smaller contacts between
the aggregates (hence weaker to forces from the solidifying
ionomer) by increasing the dry milling time due to increasing
sphericity of the particles [31].

Fig. 5g—i show that crack aspect ratio follows the same
trends as the crack density does; the same reasons mentioned
for the trends of crack density apply here for explaining the
trends of crack aspect ratio. Most of the CLs had aspect ratios
below 40 except for design#7 with I/C = 1.1, 48 hr dry milling
time, and 24 °C drying temperature, which had a crack aspect
ratio of ~160. This very high aspect ratio was a direct result of
long dry milling and low drying temperature of the ink. As
shown in Fig. 5, this CL had one of the highest crack densities
and one of the lowest porosities as well.

Through-plane vs. in-plane electronic conductivity

Fig. 6 shows through-plane vs. in-plane electronic conduc-
tivity for all the designs. As shown in Fig. 6, through-plane
values are generally three orders of magnitude lower than
the in-plane values, which indicates anisotropy of the CLs.
This anisotropy in microstructure is discussed in the next
section.

Fig. 6a and b show that through-plane electronic conduc-
tivity decreases with increasing the I/C ratio and dry milling
time. Reasons behind these decreasing trends could be spec-
ulated as:

i) The added ionomer may affect the contact points between
the carbon particles of neighboring agglomerates in the
through-plane direction by penetrating between them and,
thus, making the contact areas smaller. More justifications
are provided in the next section when the anisotropy is
explained.

Carbon particles may go through a transition from a poly-
hedron shape to a spherical shape by dry milling [31]. Such
a transition may result in reduction in the size of contact
areas between the particles from flat facets of the poly-
hedrons to point contacts between the spheres, hence
leading to reduction in the conductivity. Similar bending
and rounding effects have been observed for ball milling of
other graphitic materials [26,28].

i

=

Fig. 6¢c shows that increasing the drying temperature in-
creases the through-plane conductivity for dry milling time of
48 hr but does not change the conductivity for 0 hr dry milling
time. The observed increase for the 48 hr dry milling time
could be explained based on the very different structure of the
CL with I/C = 1.1, 48 hr dry milling time, and 24 °C drying
temperature (i.e. design #7). As shown in the SEM surface
image of design #7 in Fig. 2, this design lost a considerable
amount of CL area to surface cracks; further, the free spaces
left from detachment of big chunks of catalyst in design #7
could significantly increase through-plane constriction re-
sistances through this design. However, such dramatic
structural changes were not observed for the CLs with 0 hr dry
milling time (and I/C = 1.1).

In Fig. 6d, a different trend with I/C ratio is observed for the
in-plane conductivity; unlike the through-plane conductivity,
it increases with increasing the I/C ratio due to reduction in
the surface crack density and crack aspect ratio (see Fig. 5).
Addition of more ionomer results in better structural integrity
of the CL in the in-plane direction (hence fewer and smaller
cracks and more carbon-carbon contacts). As discussed in the
next section, experiments show that ionomer must not
penetrate much between the in-plane connections of the ag-
gregates; thus, unlike the through-plane electronic connec-
tions, there should be no negative effect from ionomer on the
in-plane electronic connections. Fig. 6e and f show the same
trends for in-plane conductivity as observed for effects of dry
milling time and drying temperature on the through-plane
conductivity. In addition to the reasons mentioned for these
trends for the through-plane conductivity, the following fac-
tors could negatively affect the in-plane conductivity: i)
increasing the crack density and crack aspect ratio by
increasing the dry milling time (in addition to increasing
sphericity of the particles), and ii) significant increase in the
crack aspect ratio (in addition to crack density) by decreasing
the drying temperature for 48 hr dry milling time.

Results of Fig. 6 show that designs #1 and #8 with I/C = 1.1
and 0 hr dry milling time were the most conductive CLs among
all the designs, which is counterintuitive considering that
these CLs had the highest I/C ratio (i.e. the highest ionomer
content) and highest porosities among all the designs. The
highest conductivities of these CLs were results of their spe-
cific microstructure dictated by their specific composition and
fabrication, as discussed above. This shows that a simple
intuitive relationship between the conductivity and porosity
or ionomer content of CLs does not exist and clarifies the need
for developing an in-depth understanding of structure-
property correlations, which is one of the main goals of this
work.

Explaining the observed anisotropy in electronic
conductivity

To explain the anisotropy, a discussion is needed first
regarding the limiting factor of electron conduction in CLs.
The only components of a CL which could conduct electrons
are C and Pt particles. The Pt particles, however, have a small
volume fraction compared to the C particles; the ratio be-
tween the volume of Pt and C can be obtained as
(mpt/mc) % (pc/ppe) Which is calculated to be ~7%, considering
the 1:1 mass ratio of Pt to C in the used Pt/C catalyst and
densities of ~1,600 kg:m™3 for porous C particles and
~21,450 kg-m~2 for Pt particles. Further, the current trend in
literature for optimizing CLs is to reduce their cost by
decreasing their Pt loading, meaning that the volume fraction
of Pt particles could fall below 7%. Thus, Pt particles do not
contribute much in conduction of electrons as they do not
occupy much volume in CLs. Micrographs of Pt/C aggregates
available in literature also confirm this claim by showing Pt
particles as tiny particles sparsely covering the surface of C
aggregates (for example see Ref. [38]). Therefore, electron
conduction in CLs should be determined by the properties of
the carbon phase. Inside the aggregates, C particles are
strongly fused together by covalent bonds [35,40—42], which
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means that bulk conductivity of the aggregates should be
fairly high. Accordingly, conduction of electrons in CLs should
be limited by carbon-carbon contacts between aggregates of
neighboring agglomerates.

Thus, the only way to explain the anisotropy in CLs is if the
Pt/C aggregates were connected together considerably better
in the in-plane direction than the through-plane direction. To
test this hypothesis on a CL, effort was made to weaken the
connections between the aggregates by hydrating the CL ex-
situ and examining its effects on the through-plane and in-
plane electronic conductivities; hydration was expected to
weaken the connections as a consequence of ionomer
swelling. For this purpose, samples of design #1 (i.e. the CL
with the highest electronic conductivity in both directions)
were kept under 80 °C deionized water for 1 hr to allow
penetration of water into the pores and ionomer; the 80 °C
temperature was used to reduce the surface tension of water
and allow its penetration into the pores. The same strategy
was used by Ref. [43] for hydrating GDLs. Experiments showed
that CLs almost completely lost their through-plane conduc-
tivity at ~16—20% water uptake in an irreversible way when
hydrated in the way explained, whereas the loss in in-plane
conductivity was only ~50%. This showed that as hydration
occurred, ionomer swelled and took adjacent Pt/C aggregates
apart from each other, thereby weakening the contacts be-
tween them. Observing a nearly complete loss in the through-
plane conductivity revealed that adjacent Pt/C aggregates
must have had very weak through-plane connections, which
completely broke as the CLs were hydrated, but much stron-
ger in-plane connections, of which only ~50% broke by hy-
dration. However, in real operation of a fuel cell, all the cells
are under ~1.5-3.0 MPa compression when hydration occurs
in-situ as a result of the electrochemical reaction, and we can
speculate that these high contact pressures would hold the
structural integrity of the CLs and would prevent the collapse
of CL through-plane electronic conductivity observed during
our ex-situ hydration tests. Thus, the results of the ex-situ
hydration tests conducted in this work should strictly be
regarded as proofs for different contacts of Pt/C aggregates in
the in-plane and through-plane directions, and the conduc-
tivity results for the hydrated CLs are not relevant for fuel cell
performance. It is worthy to clarify here that the observed
collapse of the through-plane electronic conductivity must
have been originated from a corresponding collapse in the
microstructure, which we can predict due to observing its
effects on the through-plane electronic conductivity. Howev-
er, as observed by naked eyes, the CLs remained intact during
and after the ex-situ hydration tests, and they were neither
scratched nor damaged; they also remained stuck on their
substrates and did not flake off. Ref. [16] conducted electronic
conductivity measurements on CLs at elevated relative hu-
midity (RH); they also observed reduction in electronic con-
ductivity by increasing the gas RH and attributed the losses to
ionomer swelling.

Speculations could be made for reasons behind the very
different contacts of Pt/C aggregates in the through-plane and
in-plane directions, based on the used coating method in this
work and behavior of ionomer in the catalyst ink under shear.
Mayer-bar coating was used in this work for producing CLs
due to its high resemblance to the roll-coating process used in

industry for mass production of CLs. In this process, a coating
rod would move with a speed of ~0.1 m-s~* over the ink to
spread it on the substrate. In this work, viscosity of the ink
was not measured. However, taking the viscosity value of
2.75 Pa-s from Ref. [44], approximating the applied shear by
the coating rod on the ink as ujnUrod/Nink (tink: ink viscosity;
Usoq: coating speed; hiy: ink thickness) and assuming a
thickness of ~20 um for the ink (higher than the dried CL
thicknesses), a shear force of ~14,000 N-m~2 is calculated
which is a considerable value. On the other hand, ionomer, as
a polymer electrolyte, has a fibrillar structure which could be
aligned in presence of shear forces along the shear direction
[45—51]. Further, hydration of ionomer nanofibers in the ink
could produce a one-dimensional paracrystalline lattice,
separated by polymer layers, as shown by Ref. [52] for hy-
drated Nafion; this could further help alignment of ionomer
nanofibers along the shear direction by straightening the hy-
drated nanofibers like hoses filled with water. Several re-
searchers have reported effects of this alignment in ionomers
on physical properties. For instance, Ref. [51] showed highly
anisotropic proton conduction in block copolymer electrolyte
membranes aligned by applying electric field and shear, and
Ref. [53] showed highly anisotropic ionic conductivity of block
copolymer membranes aligned in presence of magnetic field.

Accordingly, it is speculated that alignment of hydrated
ionomer nanofibers in presence of high shear forces during
Mayer-bar coating may be the main reason for having weak
through-plane connections between the aggregates. It is
speculated that alignment of ionomer nanofibers in the in-
plane direction (i.e. the shear direction) may lead to penetra-
tion of ionomer into the through-plane contacts between the
aggregates, thereby weakening the contacts and increasing
their chance of breakage by ionomer swelling. This may
further explain the observed complete loss of through-plane
conductivity by hydrating the CLs; as hydration occurred, it
is possible that the ionomer at the through-plane contact re-
gions between the aggregates swelled and disconnected the
through-plane electronic connections. The in-plane electronic
connections, though, were not affected as much as the
through-plane connections perhaps due to the much lower
amount of ionomer at the in-plane contacts.

As noted by Refs. [46,50], ionomer fibrillar structures have a
diameter of 3—4 nm and a length on the order of ~100 nm

lonomer

nanofibers Through-plane
Pt/C
aggregates In-plane

Fig. 7 — The proposed model for arrangement of ionomer
nanofibers around the Pt/C aggregates in a CL (small black
spheres: Pt; larger spheres: C), suggesting existence of
more ionomer nanofibers along the in-plane direction due
to alignment by shear during coating.
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Fig. 8 — In-plane (IP) to through-plane (TP) conductivity ratio for different CL designs.

which is well comparable with the aggregate size of
100—300 nm (as we measured; this range was also reported in
Refs. [54—56]). This suggests another speculation for effect of
hydration on the in-plane electronic conductivity; it is
possible that each fibrillar nanostructure of ionomer, after
getting aligned in the in-plane direction (still a speculation),
adheres to two neighboring aggregates in the in-plane direc-
tion and binds them together, thereby providing structural
integrity for the CL in the in-plane direction, as shown sche-
matically in Fig. 7. After the ink dries, these fibrillar nano-
structures may contract in length and enhance the in-plane
contacts between the aggregates. Thus, a probable mecha-
nism for reduction of the in-plane conductivity by hydration
could be loosening the long ionomer strands holding the ag-
gregates in the in-plane direction.

One argument regarding the proposed model in Fig. 7 is
that the proposed structural anisotropy of the ionomer phase
should also be seen in protonic conductivity. However, sepa-
rate measurements of protonic conductivity of CLs in different
directions have not been reported in literature yet, and the
existing protonic conductivity measurements have assumed
negligibility of the electronic resistance of the CLs in their
analyses [14,57—59]. The through-plane electronic conductiv-
ity measurements of this work show that such an assumption
may not be valid. The measurements of this work could be
served as a first step toward development of more accurate
techniques for protonic conductivity measurements in
different directions, which may further be used to examine
the validity of the proposed modelin Fig. 7 by investigating the
anisotropy for protonic conductivity. Another aspect is that
such anisotropy in protonic conductivity is speculated to be
detrimental to fuel cell performance because, according to the
model proposed in Fig. 7, most of the ionomer nanofibers
would be aligned in the in-plane direction. It is probably more
beneficial to have ionomer nanofibers aligned in the through-
plane direction to transfer protons between the membrane
and the catalyst sites inside the CLs. Investigation of these
issues is beyond the scope of this study and is only suggested
here as a future work.

Another argument is that since Mayer bar coating is a
directional method, which performs the coating in only one
direction, one may expect to see difference between in-plane
electronic conductivity/resistance values along the machine
(or coating) direction and measurements along the direction
perpendicular to the coating direction. However, experiments

with CL strips of design #1 showed no difference between the
two directions, which is counterintuitive and demands a more
in-depth analysis of the CL microstructure. This shows that
the proposed model in Fig. 7 needs to be further confirmed/
improved/modified through advanced ionomer visualization
techniques, such as soft X-ray spectro-tomography intro-
duced in Ref. [60]. This will help better understand the true 3D
distribution of ionomer within the CL. The electronic con-
ductivity measurements of this work provide a motivation for
such more in-depth investigations.

Anisotropy trends

Anisotropy trends are revealed by plotting the ratio of in-plane
(IP) to through-plane (TP) conductivity for different designs, as
shown in Fig. 8. The graph shows that increasing the ionomer
content leads to increase in the IP/TP anisotropy; this seems to
make sense if we consider the ionomer as the lubricant and
insulating material between the particles. More ionomer may
lead to less particle-to-particle contact points in the TP di-
rection after coating, perhaps due to shear/separation effect
(see Fig. 7). Dry milling generally increases the anisotropy; for
I[/C=1.1(and 55 °C drying temperature), the increase is almost
a factor of 8. Higher dry milling time may lead to smaller and
rounder particles with less particle-to-particle contact points
in the TP direction after coating, leading to an increase in
anisotropy. The graph further shows that only for the dry-
milled powder, the drying temperature has an effect. Higher
drying temperature means faster drying, which “freezes” the
after-coating structure. Thus, it appears that faster drying
could better conserve/freeze the anisotropy for the dry-milled
case. The reason for this observation is the much more sig-
nificant augmentation in crack density and crack aspect ratio
with slow drying for the dry-milled case (see Fig. 5f and i),
which makes the IP conductivity significantly worse and
closer to the TP conductivity (see Fig. 6¢c and f), thereby
reducing the anisotropy in this case.

Significance of having a low through-plane electronic
conductivity for CLs

Low magnitude of through-plane electronic conductivity of
CLs could have significant impacts on the performance of PEM
fuel cells. A simple order of magnitude analysis of the possible
voltage drop across a CL clarifies the issue. In practice, only a
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fraction of the CL thickness may be utilized in the electro-
chemical reactions due to mass transport limitations and other
factors [61—-66]. The utilized fraction of the CL thickness de-
pends on operating conditions, CL composition, and balance
between transport of species through the CL [62,64]. Accord-
ingly, order of magnitude of the voltage drop across a CL could
be obtained as O(AVq) ~ O(Rcl,tpl) ~ O({ ghcl/(”cl,tpAcell)}I):
where AV represents the voltage drop across the CL in [V],
Ratp the CL through-plane resistance in [Q], I the currentin [A],
& the utilized fraction of the CL thickness (O( &) ~ 0.1 [62]), hg
the CL thickness (O(hq) ~ 10~* cm), oq ¢, the CL through-plane
conductivity (O(oap) ~ 1073 S-cm™?), and Ao the cell area in
[cm?]. For a typical cell with A = 1 cm?, output voltage of
700 mV, and current density of 1 A-cm™2, this means having
0O(AVy) ~ O(10 mV). In practice, this voltage drop could also be
influenced by nonuniform distribution of the current density
across the CL thickness [61—64][; for instance, similar calcula-
tions considering a linear distribution for current density
across the thickness (as suggested by Ref. [64]) yields
O(AVg) ~ O(5 mV).

Accordingly, the exact value of voltage drop accross the CLs
could be significant. This indicates a motivation to enhance
the CL through-plane electronic conductivity; one way could
be developing coating methods which won’t prefer one di-
rection to another. The exact value of share of CLs in the
performance loss, however, should be obtained through a
rigorous modeling of the performance, while considering
precise values for other resistances, namely, protonic re-
sistances of the electrolyte and CLs as well as resistances of
the interconnects and contacts. Unfortunately, such a
detailed breakdown of different resistances is not available at
the moment. Further, there are two other complications
regarding such a rigorous analysis:

i) As mentioned before, measurements of protonic conduc-
tivity of CLs in literature have been under the assumption
of negligible electronic resistance for the CLs [14,57—59],
which was questioned in this work.

i

=

In this work, electronic conductivity was measured for
fresh CLs, whereas in practice, CLs are conditioned before a
fuel cell is made operational [57,58,67]. This could further
change the morphology of the CLs and could affect their
conductivity in operation.

Accordingly, more research is still needed in the above-
mentioned areas to fill the existing knowledge gaps and
enable a precise analysis of the different modes of ohmic loss.

Conclusions

In this study, novel procedures were developed to measure
through-plane and in-plane electronic conductivities of PEM
fuel cell CLs. The proposed procedures are not limited to CLs
and could be used for similar conductive coatings. The
developed procedures were then used to perform a parametric
study on the conductivities for CL designs with different
compositions and fabrication parameters. Results showed
highly anisotropic electronic conductivity for all the CLs. The

conductivities in different directions were highly dependent
on the composition and fabrication parameters of the ink.
Both conductivities showed the same trends with different
parameters, except for ionomer content which negatively
affected the through-plane conductivity but positively
affected the in-plane conductivity. The observed anisotropy
was speculated to be a result of alignment of ionomer nano-
fibers along the in-plane direction by high shear forces during
coating. An order of magnitude analysis of voltage drop across
a CL showed the significance of such losses and the need to
enhance the through-plane conductivity by developing more
efficient coating methods.

Other conventional coating methods to be considered
include printing and spray-coating. However, it should be
noted that such methods entail forcing the catalyst ink
through small nozzles (with micrometer-size diameters) via
applying pressure. Thus, the ink would again experience
considerable shear forces from the walls of the nozzles, which
could again lead to anisotropy. Nonetheless, trying such
methods and investigating the effects on the in-plane and
through-plane electronic conductivities is an interesting topic
for future research and could reveal more details about the
microstructure.
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