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A B S T R A C T

This work demonstrates the application of high-resolution, 3D imaging to characterize micro- and nano-scale
features of iridium oxide (IrO2) anode catalyst layers (CLs) in proton exchange membrane water electrolysis
(PEMWE). Scanning electron microscopy (SEM) and nanoscale X-ray computed tomography (nano-CT) reveal
differences in micro-scale features between spray-coated and blade-coated CLs, and in blade-coated CLs along
the fabrication and testing timeline. The electrode thickness distribution of the tested blade-coated CL suggests
increased thinning of regions compressed by titanium fibers of the porous transport layer (PTL). Ultra-
high-resolution imaging of Xe-plasma focused ion beam with SEM (pFIB-SEM) with the development of a
segmentation method is used to investigate nano-scale features between these regions of the tested blade-coated
CL, showing variations in porosity and pore sizes. The findings provide insights and modeling inputs for the
morphology of PEMWE anode CLs towards a better understanding of the relationship between fabrication,
operation, and transport behavior.
1. Introduction

Using hydrogen as a clean energy carrier is an extremely promis-
ing method for decarbonizing industrial processes, the transportation
sector, and the electric grid [1–3]. However, the cost to produce low-
carbon hydrogen must be lowered to compete with traditional fossil
fuels. One promising technology for low-carbon hydrogen production
is proton exchange membrane water electrolysis (PEMWE). PEMWE
converts electrical energy into chemical energy by splitting water into
hydrogen and oxygen, where the hydrogen can be stored and used later
as fuel, such as in a fuel cell vehicle, or it may be used as energy
storage for highly intermittent renewables such as wind and solar [2–
5]. However, one of the main challenges of PEMWE is the high cost of
materials, particularly of iridium used in the anode catalyst layer (CL).

In a PEM electrolyzer, the water is supplied as the reactant to
the anode where it is split into oxygen, protons, and electrons via
the oxygen evolution reaction (OER). Given the unfavorable kinetics
of the OER as well as the corrosive and acidic environment at the
anode, the anode catalyst material must be highly active and stable.
Iridium in the form of iridium oxide (IrO2) is one of the few catalysts
that meets both these high activity and stability requirements and
has become the current state-of-the-art anode catalyst [3,6]. However,
with an annual global production of only about 7 tons, iridium is
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one of the rarest elements on Earth [7,8]. This significantly drives
up costs and introduces potential limitations in reaching widespread
commercialization of PEMWE systems.

The two primary pathways for improving iridium-specific power
density are to directly lower iridium loadings and to improve the
utilization of iridium for higher current density operation. Current
state-of-the-art PEMWE systems operate with iridium loadings of 1 to
3 mgIr cm−2, but near-term goals for lower loadings reach below 0.5
mgIr cm−2 [2]. However, achieving high current densities at lower
iridium loadings is challenging in practice due to the complex transport
phenomena that must occur simultaneously at the anode. Reaction ki-
netics, the transfer of electrons and protons, and the two-phase flow of
liquid water and gaseous oxygen must all be considered when designing
and fabricating the PEMWE anode CL [3,4,9]. For PEM electrolyzers
as well as other electrochemical devices such as PEM fuel cells, solid
oxide fuel cells, and batteries, the microstructure of electrodes largely
affects electrochemical performance [10–18]. Thus, understanding and
optimizing the morphology and microstructure of IrO2 CLs will be vital
for practical realization of lower iridium loadings and higher current
density operation.

Recent studies have focused on evaluating fabrication methods for
lower iridium loadings. Taie et al. [8] demonstrated high specific power
vailable online 7 February 2024
360-3199/© 2024 The Authors. Published by Elsevier Ltd on behalf of Hydrogen E
http://creativecommons.org/licenses/by/4.0/).

https://doi.org/10.1016/j.ijhydene.2024.02.020
Received 31 October 2023; Received in revised form 18 January 2024; Accepted 2
nergy Publications LLC. This is an open access article under the CC BY license

February 2024

https://www.elsevier.com/locate/he
https://www.elsevier.com/locate/he
mailto:litster@andrew.cmu.edu
https://doi.org/10.1016/j.ijhydene.2024.02.020
https://doi.org/10.1016/j.ijhydene.2024.02.020
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijhydene.2024.02.020&domain=pdf
http://creativecommons.org/licenses/by/4.0/


International Journal of Hydrogen Energy 59 (2024) 176–186K.J. Ferner et al.

I
a
r
h
C
(

s
i
r
E
n
c
p
s
c

s
a
p
r
f
o
o
s
i
g
r
p
t
t
p

P
(
n
c
f
f
a
n

s
t
n
d
t
m
r
p
C
m
s
a
m
d
c
h
f

2

2

a
T
m
a
o
a
p
h
W
c
a
a
◦

c
t
T
l
a
o
s

d
t
b
m
3
i
X
s

a
f
2
M
c
p

2

C
a

density with loadings as low as 0.011 mgIr cm−2 by using a suite
of characterization techniques to optimize spray coating of their CLs.
Alia et al. [19] compared several ink formulation and spray coat-
ing parameters through electrochemical characterization, while Khan-
davalli et al. [20] investigated how the rheology of inks with various
catalyst to ionomer concentrations affected resulting catalyst particle
microstructure, all showing that CL fabrication choices can have sig-
nificant impacts on electrolyzer performance through microstructural
changes. Other methods for achieving low iridium loadings include
dispersing iridium on high surface area supports, such as TiO2 [21–23],
but this often comes at the expense of electrical conductivity and/or
stability. Additionally, novel techniques have been investigated such
as nanostructured thin films (NSTF) [24], nanofiber interlayers [25],
or core–shell catalyst structure [26], but these methods still require
significant development.

Thus far, imaging-based morphology studies in the PEMWE space
have primarily focused on the titanium porous transport layers (PTLs)
used as the anode gas diffusion media [27–31]. Microscale X-ray com-
puted tomography (micro-CT) has been widely used (in combination
with modeling and electrochemical characterization) to establish that
bulk PTL properties can impact mass transport via oxygen removal
and distribution [29,30] and that high interfacial contact between the
PTL and CL is crucial for providing sufficient electrical percolation
networks to minimize ohmic losses [27,31]. While micro-CT is well
suited for imaging titanium PTLs which are around 250 μm thick,
rO2 CLs are comparatively much thinner on the order of 1 to 10 μm
nd have particle features as small as tens of nm. Thus, resolving the
elevant micro and nanoscale features of IrO2 CLs requires the use of
igher resolution imaging techniques such as nanoscale XCT (nano-
T) and plasma-focused ion beam with scanning electron microscopy
pFIB-SEM).

Nano-CT uses advanced diffraction-based X-ray optics with a lab-
cale 8 keV rotating copper anode source, enabling non-destructive,
nternal 3D imaging [32]. The lab-scale nano-CT can achieve spatial
esolutions as high as 50 nm using a Fresnel zone plate objective lens.
pting et al., Braaten et al., and others demonstrated successful use of
ano-CT to image PEM fuel cell CLs, typically made of a platinum on
arbon catalyst with Nafion ionomer [15,33–36]. The use of Zernike
hase contrast imaging has also been reported to image low-Z materials
uch as platinum group metal (PGM)-free catalysts and to provide high
ontrast between solid and pore phases [37,38].

pFIB-SEM uses a xenon-plasma ion beam to serially remove small
lices of material and is coupled with an electron beam to acquire
stack of 2D SEM images representing a 3D volume. pFIB-SEM has

rimarily been used for solid oxide fuel cell CLs for imaging large
egions up to ∼125 × 75 × 15 μm3 [16–18] and has also been used
or PGM-free PEM fuel cell CLs, demonstrating ultra-high-resolutions
f 2 nm pixels and 4 nm slice thicknesses [39]. To our knowledge, the
nly reported FIB-SEM imaging of a PEMWE anode CL was demon-
trated by Hegge et al. [40], in which gallium FIB-SEM was used to
mage a 29 × 24 × 7 μm3 volume of IrRuOx catalyst. Compared to
allium FIB-SEM technology, pFIB-SEM can achieve faster material
emoval rates, larger volume sizes, and avoids sample contamination
roblems from the heaver gallium ions. Compared to nano-CT, the
wo main drawbacks of pFIB-SEM are that it is a destructive imaging
echnique and it requires more challenging sample preparation and
ost-processing/segmentation [16].

In this study, we used nano-CT and pFIB-SEM to characterize
EMWE IrO2 CLs for morphological analysis at both the electrode
micro) scale and primary particle/pore (nano) scale. First, we used
ano-CT to compare two CL coating methods (spray coating and blade
oating) and to compare three steps of blade-coated CLs along the
abrication and testing timeline. Using a spatial resolution of 150 nm
or nano-CT imaging, electrode scale morphologies were characterized,
nd electrode thickness distributions were compared. Comparison of
177

ano-CT 3D reconstructions of blade-coated pristine vs. tested CL c
amples revealed that the tested CL contained regions with increased
hinning caused by being under compressed contact with the PTL tita-
ium fibers during electrolyzer assembly and operation. To investigate
ifferences between these varying regions of thickness within the same
ested CL and to compare to a pristine CL fabricated by the same
ethod (blade coating), pFIB-SEM was then used with an ultra-high-

esolution of 6 nm voxels, allowing for characterization of primary
article/pore scale features that were unresolved by the 150 nm nano-
T resolution. Given the lack of a robust and universal segmentation
ethod for pFIB-SEM data, we developed and assessed an in-house

egmentation method via a region-of-interest (ROI) convergence study
nd parameter sensitivity analysis. Using our developed segmentation
ethod, we successfully quantified differences in porosity and pore-size
istributions (PSDs) between regions of heterogeneity within blade-
oated CLs. This work demonstrates progress in using 3D, multiscale,
igh-resolution imaging techniques to identify relationships between
abrication and morphology of IrO2 CLs.

. Experimental section

.1. Electrode fabrication

Electrodes were fabricated by coating an IrO2 catalyst layer onto
PTFE substrate and then transferring it to a Nafion 117 membrane.
he inks were prepared by dispersing IrO2 catalyst (Alfa Aesar, 99.99%
etal basis, Ir 84.5% min; Thermo Fisher Scientific, Haverhill, MA) in
1:1 w/w mixture of water and 1-propanol, followed by the addition

f Nafion D2020 (1000 EW, Ion Power Inc., New Castle, DE) to achieve
n ionomer-to-catalyst (I/C) ratio of 0.2. For blade coating, inks were
repared with 20 wt% IrO2 and the catalyst was dispersed using a
igh-shear rotor stator mixer (IKA Turrax T25, 18G mixing element;
ilmington, NC) for 15 min at 10,000 rpm. Following mixing, the

atalyst ink was cast onto PTFE substrate using an adjustable film
pplicator with a coating gap of 40 μm. The blade was translated with
speed of 35 mm s−1. The catalyst layers were dried in an oven at 60

C for 15 min. For spray-coated samples, inks were prepared with a
oncentration of 2.75 mgIrO2

mL−1ink , and the catalyst was dispersed by
ip sonicating for 30 s followed by bath sonication (with ice) for 1 h.
he spray-coated catalyst layers were prepared by spraying the catalyst

ayer onto PTFE substrate using a Sono-tek spray coating station with
25 kHz Accumist nozzle. The catalyst ink was coated at a flow rate

f 0.2 mL min−1 with a translational speed of 50 mm s−1. The PTFE
ubstrate was held in place with a heated vacuum plate set to 80 ◦C.

To transfer the catalyst layer to the membrane, the catalyst layer
ecal and membrane were sandwiched between two sheets of 1/16′′

hick Gylon (7.5 × 7.5 cm) with polyimide film separating the mem-
rane and decal from the Gylon. The decal was transferred to the
embrane using a heated press with a pressure of 25 kg cm−2 for
min at 125 ◦C. All anode catalyst layers were fabricated to have an

ridium loading of approximately 0.35 to 0.40 mgIr cm−2, verified using
-ray fluorescence (XRF) measurements. Cathode catalyst layers were
prayed directly onto the membranes as described previously [41].

For tested samples, the catalyst-coated-membranes (CCMs) were
ssembled in cell hardware adjusted to a torque of 40 in-lb. Titanium
iber PTL that was coated with platinum by the manufacturer (Bekaert,
GDL10-0.25) was used for the anode and a carbon fiber GDL (Toray,
GL280) was used for the cathode. The cells were broken in and

onditioned through current density holds followed by a series of
olarization curves.

.2. Nanoscale X-ray computed tomography

The lab-scale nano-CT (UltraXRM L200, Xradia, Inc., Pleasanton,
A) at CMU uses an 8 keV X-ray source to produce low-energy X-rays,
llowing for non-destructive imaging. The nano-CT has two modes of

ontrast imaging: (1) absorption contrast mode and (2) Zernike phase



International Journal of Hydrogen Energy 59 (2024) 176–186K.J. Ferner et al.

s
c
a
t
1
n
w
p
I
c

2

(
c
S

r
n
p
s
a
w
o
m
t
o
t

i
p
c
A
S
w
T
e
p
i
h
t
(
b

i
n
c
d
p
t
s
b
t
r

t
d
m
o
w
w
d
g
v
t
e
a
g
l
b
v
T
a
s
a
s
s

2

a
p

contrast mode. The contrast of radiographs in absorption contrast mode
is determined by the differences in attenuation of X-rays through the
sample material, governed by the material’s atomic number (Z) and
the thickness of material. This allows for good contrast when imaging
high-Z materials, such as PGMs (iridium Z = 77, platinum Z = 78).
For imaging low-Z materials, Zernike phase contrast uses a Zernike
phase ring placed after the objective lens which produces a 3𝜋/2 phase
shift of undiffracted X-rays to increase contrast at material or phase
interfaces [32]. The nano-CT also provides two resolutions. Large-field-
of-view (LFOV) mode has a field of view of 65 μm and spatial resolution
of 150 nm, and high-resolution (HRES) mode has a field of view of 16
μm and spatial resolution of 50 nm.

Each sample was prepared by using microscopy grade razor blades
to cut a small triangular area of approximately 2 mm in base and
1.5 mm in height (in-plane orientations of the CL), then using epoxy
to glue the triangle to the tip of pin fit for the nano-CT sample holder.
For this work, LFOV mode was used. With the sample in the nano-CT,
the orientation of the CLs is easily identifiable for two reasons. The first
is that the through-plane thickness of the CLs is on the order of 1–5 μm,
while the in-plane thickness is orders of magnitude larger, defined by
the sample preparation cuts. The second reason is that with the use
of LFOV, the entire through-plane thickness is contained fully within
the 65 μm FOV between regions of air and Nafion membrane which
both have a much lower attenuation coefficient compared to the high-Z
iridium in the CL, so the thin film orientation of the CL is apparent.

Each tomographic scan was taken with 451 radiograph images from
−90◦ to 90◦ of sample rotation, with an exposure time of 270 s per
image. Because the samples were on Nafion membrane, which can
deform during X-ray imaging causing electrode sample movement that
results in poor quality reconstructions, the nano-CT scans were done
at a location slightly below the triangle tip, which helped improve
sample stability during imaging. Lastly, this work used Zernike phase
contrast mode. Although iridium is a high-Z material, in preliminary
imaging, Zernike phase contrast provided better contrast between solid
and pore/void regions and provided greater stability for higher quality
reconstructions.

2.3. Plasma-focused ion beam with scanning electron microscopy

The DualBeam Helios pFIB-SEM (FEI Company, Hillsboro, OR) and
the commercial 3D acquisition package ‘‘AutoSlice and View’’ (FEI
Company, Hillsboro, OR) were used in this work. A schematic of the
pFIB-SEM volume acquisition can be found in supplementary data. For
each sample imaged, a small area of approximately 5 × 5 mm2 was
cut using microscopy grade razors blades and mounted to an SEM
sample stub, then sputtered with 2 nm of gold to ensure conductivity.
One placed within the pFIB-SEM, the sample was set to a 4 mm
working distance and tilted 52◦ for imaging. Before imaging, a layer
of platinum approximately 2 μm thick was deposited onto the sample
urface ROI to protect the CL during ion beam milling and to mitigate
urtaining effects. For sample milling, the ion beam was operated at an
ccelerating voltage of 30 keV and current of 1.8 nA. For SEM images,
he through-lens detector (TLD) was used at an accelerating voltage of
0 keV and operating current of 0.34 nA. A voxel size of 6 × 6 × 6
m3 was used and resulting volumes of approximately 10 × 3 × 2 μm3

ere acquired for each sample and reconstructed using in-house image-
rocessing and segmentation described below in the following section.
nternal volumes were then down selected for consistency and to save
omputational time for post-processing and analysis.

.4. Image-processing and segmentation

Nano-CT images were reconstructed using proprietary software
Xradia, Inc., Pleasanton, CA) and reconstructed volumes were pro-
essed for 3D visualization and segmented using Avizo (Thermo Fisher
cientific, Waltham, MA). Given their resolution of 150 nm, Nano-CT
178
econstructions were used only for electrode thickness measurements,
ot for primary particle/pore analysis. Thus, the goals of the post-
rocessing steps for the nano-CT reconstructions were to fill in the pore
paces as solids and segment out the entire CL from the surrounding air
nd Nafion membrane. The image-processing grayscale operations used
ere a Gaussian smoothing filter followed by a closing morphological
peration to fill in the pore space, then a grayscale thresholding to seg-
ent the CL. This method allows for electrode thickness measurements

o be unaffected by existing pore space while keeping the integrity
f the CL-air and CL-membrane interfaces and changes in thickness
hroughout the imaged region.

pFIB-SEM data is comparatively much more difficult to reconstruct
nto a segmented 3D volume. While the nano-CT reconstruction is
rocessed directly on the 3D data file, pFIB-SEM data must be re-
onstructed slice-by-slice for every 2D SEM image in the 3D volume.
dditionally, challenges arise during segmentation due to the nature of
EM images; that is, SEM images inherently capture some solid features
ithin the pore space of the material below the foremost 2D plane.
herefore, it is difficult to capture only the desired solid features at
ach thin 2D slice created by the pFIB milling. Thus, segmentation of
FIB-SEM data must take this into careful consideration and minimize
naccurate segmentation caused by these effects. We developed an in-
ouse image-processing and segmentation method for pFIB-SEM data
o effectively remove these types of artifacts, using both MATLAB
Mathworks, Natick, MA) and open-source ImageJ software, and it is
riefly described herein.

Each stack of 2D SEM images was first cropped and aligned using
mage registration, and the grayscale histogram of each image was
ormalized to the histogram of a selected reference image for consistent
ontrast and brightness. Due to the pFIB-SEM instrument’s 52◦ inci-
ence angle between the electron beam and the sample cross-section
lane of imaging, the effect of imaging the visible solid features below
he plane of interest were realized in the resulting 3D volume as 52◦

treaks artifacts. To remove these artifacts, the image stack was rotated
y 52◦ then ‘‘resliced’’ using ImageJ, such that each 2D image was
hen parallel to the streak artifacts allowing segmentation to effectively
emove them.

After these initial image-processing steps, the segmentation method
hen binarized the 3D volume into solid and pore phases. The following
escription outlines the six main steps of our in-house segmentation
ethod using MATLAB. The first four steps were processed on each

f the 52◦ ‘‘resliced’’ 2D images individually and the final two steps
ere processed on the full 3D volume. First, a Gaussian smoothing filter
as used to reduce noise. Second, a forward gradient threshold in the
irection of the streak artifacts was used. For each image, the forward
radient method determines the intensity of the change in grayscale
alues between neighboring pixels. Then, thresholding to select only
he sharp transitions from dark to light grayscale values (higher gradi-
nt values) effectively selects where the solid CL regions were imaged
t the foremost 2D plane and ignores the streak artifacts with more
radual grayscale value transitions (lower gradient values). Third, a
ow-grayscale-value-removal labeled all pixels with grayscale values
elow a certain low threshold as pore; and fourth, a high-grayscale-
alue-addition labeled all pixels above a certain high threshold as solid.
his was done to mitigate any nonphysical representations occurring
t the grayscale extremes from the gradient threshold step. The fifth
tep cleaned the stack by using a 3D spherical element for opening
nd closing operations, and the sixth step was a final 3D Gaussian
moothing filter. A schematic of this process can be found in the
upplementary data.

.5. Morphological analysis

Morphological properties of electrode thickness distributions, PSDs,
nd porosity were calculated using Porespy, an open-source Python
ackage [42]. For electrode thickness distributions, the Porespy local



International Journal of Hydrogen Energy 59 (2024) 176–186K.J. Ferner et al.
Fig. 1. 2D surface SEM images of (a–c) pristine spray-coated CL, (d–f) pristine blade-coated CL, and (g-j) tested blade-coated CL. The tested blade-coated CL contains (i)
PTL-fiber-compressed and (j) PTL-pore-area regions.
thickness filter was processed through the segmented nano-CT volumes,
which determines at each voxel the maximum size of an inscribed
sphere that fits within the segmented phase, where the diameters of
the inscribed spheres corresponded to the electrode thickness values.
The same process was used on the pore phase of the segmented pFIB-
SEM volumes to calculate PSDs, where in this case the diameters of
the inscribed spheres corresponded to the pore diameter values. Using
the PSDs, values for mean pore diameter and standard deviation of the
pore diameter distribution were calculated. Porosity (𝜀𝑝𝑜𝑟𝑒) was also
determined from the segmented pFIB-SEM volumes, calculated as the
number of voxels representing pore space divided by the total number
of voxels: 𝜀𝑝𝑜𝑟𝑒 = (# of pore voxels)∕(# of total voxels).

3. Results and discussion

3.1. Surface SEM images

2D SEM images were first acquired to visualize varying surface
topologies between IrO2 CL samples, shown in Fig. 1. The three CL
samples analyzed in this work were: pristine spray-coated, pristine
blade-coated, and tested blade-coated CLs. Fig. 1(a–c) shows the pris-
tine spray-coated sample appeared to contain highly spherical catalyst
particles and large agglomerates. The blade-coated sample shown in
Fig. 1(d–f) on the other hand did not appear to have the same spherical
structures, but did contain other rough surface features and heterogene-
ity. The most noticeable difference in surface features appeared in the
tested blade-coated sample in Fig. 1(g–j), showing large indentations
tens of μm in width. These indentations in the tested anode CL were
a result of contact with the anode titanium fiber PTL under typical
electrolyzer cell compression. Compression of the PTL titanium fiber
structure into the anode CL effectively partitioned the CL into two
distinct regions: regions that were locally compressed due to direct
contact with a PTL fiber and regions that were locally uncompressed
under the PTL’s pore openings. These two locally heterogeneous regions
will herein be referred to as ‘‘PTL-fiber-compressed’’ and ‘‘PTL-pore-
area’’ regions, respectively. A schematic showing this effect is presented
in Fig. 2. Similar effects of anode CL compression from titanium PTLs
have been noted by others [43].

It has been established that one of the most important consid-
erations for fabricating CLs is homogeneity, as local heterogeneities
and non-uniform CLs can inhibit reactions, cause build ups of evolved
179
oxygen, and result in discontinuous electrical percolation networks [8,
43]. The spray coating method has been the primary CL deposition
technique for most of the previous research focused on lowering iridium
loadings [8,19,44]. The dilute inks needed for spray coating can require
multiple spray passes to achieve acceptable thickness and homogene-
ity of the CL. For this reason, spray coating is suitable for lab-scale
research, but is less practical for manufacturing scale-up. Techniques
such as blade coating or slot die coating use more concentrated inks
and require typically just one pass, making them more suitable for
larger-scale production of commercial CLs. Previous work by Park et al.
describes the development of a roll-to-roll (R2R) process for direct
coating of CLs onto Nafion membrane, a significant advancement for
scaling up the production of CCMs and removing the need for a decal-
transfer step that often limits blade coating methods [45]. However,
efforts to improve homogeneity and optimize blade-coated CLs are still
needed.

3.2. Nano-CT imaging

One of the key benefits of nano-CT is the ability for internal 3D
imaging of samples [32], as opposed to SEM images which are limited
to visualizing 2D surface topology or cross-sections. We first used
nano-CT to elucidate possible morphological differences between CL
fabrication methods of spray coating versus blade coating. Fig. 3 shows
in-plane cross-section images from the nano-CT Zernike phase contrast
reconstructions of the (a) pristine spray-coated and (c) pristine blade-
coated CLs. Fig. 3(a) shows the spherical agglomerate structure was
consistent throughout the spray-coated CL. On the other hand, the
nano-CT reconstruction of the pristine blade-coated CL in Fig. 3(c)
revealed small primary particle and pore features. Furthermore, both
the spray-coated and blade-coated samples contained a few small,
bright, highly attenuated regions. These regions indicated either a small
particle of high-Z iridium metal appearing brighter in contrast to the
IrO2 particles, or a very dense particle with a high partial volume
fraction relative to the rest of the CL. Based on the pFIB-SEM results
discussed later, we hypothesize that these high-Z regions indicated
the latter; however, additional elemental mapping techniques could be
used to investigate the existence of Ir metal content in these CLs.

Nano-CT was also used to investigate any morphological differences
along the fabrication and testing timeline of the CL. Three blade-coated
samples were imaged that corresponded to three consecutive steps in
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Fig. 2. Schematic depicting the cross-section of the anode of a PEM electrolyzer, where a titanium fiber PTL is used as the anode gas diffusion media. During electrolyzer assembly
and operation, the compression applied to the cell causes the PTL fibers to make impressions into the anode CL. We identify two distinct regions in the CL: locally uncompressed
regions which were directly under the PTL pore openings (PTL-pore-area regions) and locally compressed regions which were directly under the PTL fibers (PTL-fiber-compressed
regions).
Fig. 3. In-plane cross-sections of nano-CT phase contrast reconstructions. Comparison
of fabrication methods shown vertically, with (a) pristine spray-coated CL and (c)
pristine blade-coated CL. Comparison of steps along the fabrication and testing timeline
of blade-coated CLs shown horizontally, with (b) CL coated onto decal substrate, (c)
CL after decal-transfer to membrane via hot-press, and (d) tested CL.

fabrication and testing, shown in Fig. 3: (b) CL coated onto a PTFE
decal substrate, (c) CL that was decal-transferred to the membrane
by hot pressing (this is also the sample used for comparison to spray
coating), and (d) tested CL. First, Fig. 3(b) to (c) shows the CL samples
corresponding to immediately before and after the decal-transfer step.
Given the visual similarity in electrode thickness, thickness uniformity,
and particle size between these nano-CT reconstructions, we concluded
that the decal-transfer process did not result in significant morpholog-
ical changes. No further investigation into this fabrication step was
deemed appropriate for this work. However, comparing the pristine
blade-coated sample to the tested blade-coated sample using nano-CT
validated the existence of significant CL indentations from the titanium
PTL fibers.

Videos of the full nano-CT reconstructions associated with each
cross-section image shown in Fig. 3 can be found in the supplementary
data.
180
3.3. Electrode thickness

Given the 3D imaging capabilities and field of view that captures
the full thickness and electrode scale features of these IrO2 CLs, nano-
CT reconstructions are well suited for analyzing electrode thickness
distributions. Electrode thickness analysis was done for the pristine
spray-coated, pristine blade-coated, and tested blade-coated CLs. Im-
ages of the 3D reconstructions with associated 2D cross sections for
each sample are shown in Fig. 4(a-f), with red indicating the thinnest
regions of the CLs. Videos of these nano-CT 3D electrode thickness
reconstructions can be found in the supplementary data. Fig. 4(g)
shows the electrode thickness distribution plot. From the distribu-
tions, mean thickness values for each CL were calculated to be 3.39
μm for pristine spray-coated, 4.19 μm for pristine blade-coated, and
2.62 μm for tested blade-coated. The narrower peak of the pristine
spray-coated CL thickness distribution compared to that of the pristine
blade-coated CL suggests a more uniform thickness, likely a result of
the spray passes of thin coatings. Furthermore, the tested blade-coated
CL had the smallest mean and maximum thickness value due to the
compression of the CL during electrolyzer operation. In addition to
the shift of the thickness distribution showing overall thinning for the
tested blade-coated layer, the widening of the peak suggests thickness
variations between PTL-fiber-compressed and PTL-pore-area regions
caused by the PTL titanium fibers and pore openings. In its cross-
section image in Fig. 4(f), significant thinning of the CL is seen in
regions under the PTL fibers. This highlighted the need to investigate
morphological differences that may exist at the primary particle/pore
scale between the PTL-fiber-compressed and PTL-pore-area regions of
the tested blade-coated CL. However, the nano-CT reconstructions with
a spatial resolution of 150 nm are not suited for pore analysis because
any pores smaller than 150 nm in diameter would not be resolved.
Therefore, nano-CT reconstructions were used solely for analysis of
electrode-scale features, while the higher resolution imaging method
of pFIB-SEM was needed to conduct appropriate pore scale analysis.

3.4. pFIB-SEM imaging

Previous pFIB-SEM work on solid oxide fuel cell electrodes noted
that heterogeneities can exist at different length scales, differentiating
between the microscale (tens of μms) and the mesoscale (hundreds of
μms) [16,17]. Similarly in PEM electrolyzer anode CLs, heterogeneities
can exist both at the electrode (micro) scale and at the particle/pore
(nano) scale, and it is important to understand both. While the nano-
CT provided electrode scale information, an ultra-high-resolution of
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Fig. 4. 3D visualizations and 2D through-plane cross-sections showing local thickness
distribution for (a,b) pristine spray-coated CL, (c,d) pristine blade-coated CL, and (e,f)
tested blade-coated CL. (g) Electrode thickness distributions for the three analyzed CLs
extracted using the nano-CT reconstructions. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

6 nm was achieved using pFIB-SEM to study primary particle and pore
features. Fig. 5 shows one 2D cross section image of the pristine spray-
coated CL, for example. Qualitatively, the pFIB-SEM imaging revealed
that these IrO2 CLs were highly porous and contained varying length
scales of primary particle and pore features.

For quantitative analysis at these higher resolutions with pFIB-
SEM, we focused only on the blade-coated samples, comparing three
distinct regions: (1) a region from the pristine blade-coated sample, and
from the tested blade-coated sample, (2) a PTL-pore-area region (under
PTL pore openings) and (3) a PTL-fiber-compressed region (under PTL
fibers). Fig. 6 shows the pFIB-SEM results for these three regions. Raw
2D SEM cross-section images are shown in Fig. 6(a–c), and full videos
showing the slice-by-slice cross-section images can be found in the
supplementary data. Fig. 6(d–f) shows the full volume reconstructions
produced using the segmentation method described in the Experimental
section. Fig. 6(g–i) shows the internal volumes down selected for the
data analysis.

All samples, regardless of coating method or fabrication/testing
status, appeared to contain large, dense, low-porosity particles like the
one shown in Fig. 5, possibly explaining the bright, highly attenuated
regions seen in the nano-CT scans (Fig. 3). Furthermore, in agreement
with the increased thinning effect seen in the nano-CT electrode thick-
ness analysis, the PTL-fiber-compressed region in Fig. 6(c) appeared
to be thinner than the PTL-pore-area region in Fig. 6(b). This is a
qualitative insight, because although quantitative analysis of the CL
thickness using the pFIB-SEM reconstructions is possible, it would not
be appropriate because the volumes acquired through pFIB-SEM were
much smaller compared to that of nano-CT. The pFIB-SEM images also
suggested that the PTL-fiber-compressed region contained smaller pores
than the PTL-pore-area region, warranting the use of segmentation for
quantitative pore morphology analysis.

3.5. pFIB-SEM segmentation method assessments

The pFIB-SEM segmentation method developed and used for this
work was assessed using a region-of-interest (ROI) convergence study
and a parameter sensitivity analysis. The ROI convergence study was
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Fig. 5. Example SEM image acquired during pFIB-SEM acquisition of pristine spray-
coated CL. The porous structure is the CL, the darker structure below is the membrane,
and the smooth structure above is a layer of platinum deposited for sample protection
and to mitigate artifacts caused by the plasma ion beam milling. The IrO2 CLs show
a wide range of length scales of particle and pore features, including some very large,
low-porosity solid particles that were found across all samples.

used to determine if the selected internal volumes were large enough
to provide stable, converging morphological results. Each of the three
internal volumes (Fig. 6(g–i)) were increased in size along the longest
in-plane direction (10 μm) from 0 to 10 μm by increments of 60 nm (10
voxels). At each increment, values of porosity, mean pore diameter, and
standard deviation of pore diameter were calculated and plotted versus
the in-plane width. The results of the ROI convergence study in Fig. 7(a)
showed that for each of the three regions, all morphological properties
converged well before the 10 μm width, suggesting that the selected
internal volumes used for this study were sufficiently large in the in-
plane width direction to extract reliable data. Similar ROI studies were
not done for the other directions of in-plane depth and through-plane
due to limitations of the SEM image stack size and the catalyst layer
thickness, respectively.

The second assessment of the segmentation method was a sensitivity
analysis to determine how each of the input parameters affected the
final segmentation and consequently the results of the morphological
properties. Most image segmentation methods require some element
of user selection; therefore, it is important to assess how the user
selections can impact the results. This sensitivity analysis allows for
the user to see how different image processing and segmentation pa-
rameters may influence the results. There were six important input
parameters correlating to each step of the pFIB-SEM segmentation
method discussed in the Experimental section. After user selection
of the optimal input parameter values, upper and lower bounds for
each of the six parameters were determined as the maximum and
minimum values which still produced a physical segmentation. For
each of the three sample regions and each of the three morphological
properties, a sensitivity analysis was plotted to show how changing
each segmentation parameter to its upper or lower bound changed
the results. This produced nine total plots, which can be found in the
supplementary data. Fig. 7(b) shows one of the nine sensitivity analysis
plots, for example, of porosity for the pristine CL region. In Fig. 7(b),
we find that for our segmentation method, the selection of the gradient
threshold value has the greatest impact on porosity for the pristine
region, while changing the 3D Gaussian filter value has minimal im-
pact. This sensitivity analysis also allows for significant error analysis
of results between the CL regions. It was used to provide error bars
for the Fig. 8(a) and (b), where the error bars correspond to the root
mean square error of the differences between the input parameters’
extreme bounds and the optimal value, as shown in Fig. 7(b) and the
supplementary data.
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Fig. 6. pFIB-SEM data for (left) pristine blade-coated, (center) PTL-pore-area region of tested blade-coated, and (right) PTL-fiber-compressed region of tested blade-coated CL. (a–c)
Raw 2D SEM cross-section images of the CL region, (d–f) full segmented volumes, and (g–i) internal volumes selected for data analysis.
3.6. Pore morphology analysis

For each sample volume in Fig. 6(g–i), porosity and PSDs were
determined. From the PSD, the mean and standard deviation of the
distributions were also calculated. Fig. 8(a) shows the porosity com-
parison, Fig. 8(b) shows the mean and standard deviation of pore size
comparison, and Fig. 8(c) shows the three PSDs. One of the benefits of
PSDs derived from segmented pFIB-SEM data is that unlike with X-ray
CT data, the use of direct 2D SEM images allows for the segmentation
to be directly compared to each image or ‘‘slice’’ in the stack.

Most notably, the PTL-fiber-compressed region had significantly
lower porosity, mean pore diameter, and standard deviation of pore di-
ameter distribution (41.7%, 104 nm, 55.8 nm, respectively) compared
to the PTL-pore-area region (55.8%, 166 nm, 114 nm, respectively).
This result agrees with the nano-CT electrode thickness analysis which
suggested that the PTL-fiber-compressed regions experienced increased
thinning, leading to changes in morphological structure. The smaller
pore sizes and lower porosity of the PTL-fiber-compressed region could
suggest higher in-plane electrical conductivity via improved connectiv-
ity of the solid phase, while consequently leading to inhibited mass
transport due to fewer pathways for evolved oxygen gas to be removed.
Possible differences in ionic conductivity cannot be suggested here
as we did not distinguish between phases of the proton-conducting
ionomer versus catalyst within the solid phase, but this is an area for
future work in morphological analysis.

The calculated porosities of the pristine and PTL-pore-area region
were 51.5% and 55.8%, respectively. The maximum pore diameter for
both the pristine and the PTL-pore-area region was about 600 nm,
shown in the PSD in Fig. 8(c). However, their PSDs also show that
the pristine region had higher normalized volume fractions of smaller
pore sizes (<150 nm) compared to the PTL-pore-area region. This led
to a smaller mean pore diameter for the pristine region of 123 nm,
compared to 166 nm for the PTL-pore-area region. Given that the PTL-
pore-area region, as part of the tested CL, was under some compression
during electrolyzer assembly and operation, it was expected that its
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porosity and pore size diameter would be equal to or less than that
of the pristine region which experienced no compression. However,
this was not the case. This result suggests a pathway to investigate
the possibility of morphological effects specifically associated with
electrochemical outcomes and transport behaviors, which is the subject
of ongoing and future work. Image-based modeling can be used to
further explore how these differences in pore structure and morphology
between the CL regions can impact transport properties and ultimately
performance.

Lastly, to further quantify the PSDs presented in Fig. 8(c), each data
set was fit to a log normal distribution function, described by:

𝑓 (𝑥) = 1

𝑥𝜎
√

2𝜋
exp

(

−1
2

(

ln(𝑥) − 𝜇
𝜎

)2
)

(1)

where 𝜇 is the log normal mean and 𝜎 is the log normal standard
deviation. The log normal distribution function has been widely used
for fitting PSDs for many types of porous media [46–53], and given the
skewness of the PSDs shown in this work, the log normal distribution
was selected as an appropriate fitting equation. Additionally, we vali-
dated the success of the fit with coefficient of determination, R2, values
greater than 0.9 for all CL regions. The log normal mean and standard
deviation for each distinct CL region along with their associated R2

values are reported in Table 1. These PSD fit parameters can be useful
for improving the model of the anode CL in future modeling studies
of transport properties and performance effects. The use of modeling
and simulation has been vital for studying transport phenomena in
a variety of electrochemical devices and their components; however,
many PEMWE modeling studies assume the anode CL is a thin boundary
layer or assume homogeneous pore structure [54,55]. While these have
been useful assumptions, it presents limitations to fully elucidating
transport properties of practical, heterogeneous CLs with complex mor-
phologies. While image-based and informed stochastic methods for
generating more realistic porous components have been demonstrated
for modeling PEM fuel cell cathode CLs and PEMWE PTLs [56–61],
similar methods for PEMWE IrO CLs models have not yet been widely
2
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Fig. 7. (a) ROI convergence assessment results. Plots of each pore morphology result
(porosity, mean and standard deviation of pore diameter) vs. in-plane width of ROI
for all three sample regions. All values converge by approximately 6 μm of in-plane
width. (b) Sensitivity analysis plot visualizing the impacts of varying each segmentation
method input parameter on the outcome of a particular morphological result. In this
case, the plot shows the impacts on the result of porosity for the pristine region. The
vertical center line indicates the result calculated when using the optimal values for
all input parameters, and the distance of each horizontal bar away from the center
line represents the difference in the result between using the extreme bound of that
given input parameter and using the chosen optimal value, where the lower bounds
are shown in orange and the upper bounds shown in yellow. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)

Table 1
Parameters and 𝑅2 values for the log normal fit to PSDs.

𝜇 𝜎 R2

Pristine 4.657 0.6352 0.9844
PTL-pore-area 4.926 0.7396 0.9566
PTL-fiber-compressed 4.572 0.6127 0.9404

adopted. The log normal mean, 𝜇, and standard deviation, 𝜎, presented
here for the three distinct CL regions can be used for generating the
specific PSDs for more realistic pore network models. Additionally,
PSDs can also be quantified experimentally through methods such as
mercury porosimetry which is an area of possible future work on
precise porosimetry results on thin electrodes.

4. Conclusions

Developing PEMWE anode CLs that can achieve high current density
operation at low iridium loadings will require a better understanding
of the CL morphology and its relationship with fabrication and per-
formance. In this work, we used two methods of high-resolution, 3D
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imaging to characterize IrO2 CLs for morphological analysis. Nano-CT
was used to investigate electrode (micro) scale differences between
spray-coated and blade-coated CLs as well as between blade-coated
CLs at different steps in the fabrication and testing timeline. Electrode
thickness distributions were calculated from nano-CT reconstructions,
where the pristine spray-coated sample showed a more uniform thick-
ness compared to the pristine blade-coated sample. Additionally, the
tested blade-coated sample was the thinnest sample of the three and
showed possible differences in thickness values between PTL-pore-area
and PTL-fiber-compressed regions caused by contact with the titanium
fibers of the PTL. Higher resolution imaging was then achieved with
pFIB-SEM and used to further investigate morphological differences
at the primary particle/pore (nano) scale. A region of the pristine
blade-coated sample was compared to PTL-pore-area and PTL-fiber-
compressed regions of the tested blade-coated sample. The PTL-fiber-
compressed region had significantly lower porosity, mean and standard
deviation of pore diameter compared to the PTL-pore-area region. It
was also found that the pristine sample and the PTL-pore-area region
had similar porosities and maximum pore diameters (approximately
600 nm), while the PTL-fiber-compressed region had significantly lower
porosity and maximum pore diameter (300 nm). Interestingly, the
pristine sample showed mean and standard deviation of pore diameter
values lower than the PTL-pore-area region, resulting from higher
volume fractions of smaller pore sizes. Finally, log normal distribution
functions were fit to the PSDs and the log normal mean and standard
deviation were reported as parameters that can be used for future
modeling studies.
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Fig. 8. (a) Comparison of porosities between the three regions of interest. (b) Comparison of mean and standard deviation of pore diameters extracted from the PSDs. The upper
and lower bounds of the error bars represent the root mean square error of the upper and lower bounds from the sensitivity analysis. (c) PSDs for the three regions of interest.
Each data set was fit to a log normal distribution using Eq. (1). The log normal fit parameters are reported in Table 1.
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