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Detailed investigation of the relationship between the physical structure and electrochemical activity of state-of-the-art fuel cell
electrodes is a critical, yet often poorly reported or proprietary, step in the manufacturing of cheaper and more durable configurations.
Here we demonstrate the utility of X-raymicro-computed tomography (MicroCT) for detailed characterization of the architecture and
buried interfaces of fuel cell electrodes in a non-destructive fashion. We employ a combined thresholding and filament tracing based
analytical protocol for image analysis which enables more accurate quantification of GDE structures as compared to previously-used
thresholding-only methods. Furthermore, we report on a methodology of combining in-situ electrochemical analysis in a microfluidic
fuel cell and ex-situ structural analysis in a MicroCT which enables direct correlation of changes in electrode performance to changes
in physical structure, in this case, porosity. As a demonstration, the effects of electrode compression are investigated. We observed
that both subtle shifts in structure in the microporous and catalyst layers at low compression pressures (<1× 103 lbf) andmore drastic
structural densification of the macroporous carbon fiber layer at moderate compression pressures (≥1× 103 lbf) impact electrode
performance.
© 2012 The Electrochemical Society. [DOI: 10.1149/2.033203jes] All rights reserved.
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Low temperature fuel cells, such as polymer electrolyte membrane
fuel cells (PEMFCs), have been extensively investigated as alterna-
tive power sources due to their high efficiency, high energy density
and low emissions.1,2 Unfortunately, commercialization of these tech-
nologies has been hampered by high cost and insufficient durability.3

Reducing cost and improving durability of these fuel cell systems
requires detailed studies of each component (e.g., electrodes, mem-
branes, flow-fields) and of the interfaces between those components
(e.g., membrane-electrode). Of particular importance are gas diffusion
electrodes (GDEs), which consist of a catalyst layer, a microporous
layer (MPL) of teflonized carbons, and a macroporous layer of carbon
fibers.4 The GDE structure plays a pivotal role in fuel cell operation
as it functions (i) to deliver reactant gas from flow-field channels to
catalyst layer, (ii) to drain liquid water from the catalyst layer into flow
channels or the electrolyte/membrane, and (iii) to conduct electrons
with low resistance.4 Maximizing electrode performance, and conse-
quently fuel cell performance, requires optimizing all of these trans-
port processes that strongly depend on the complex three-dimensional
(3D) structure of the GDE. Unfortunately, these structure-activity re-
lationships remain poorly-understood as (i) present state-of-the-art
electrodes are often manufactured using proprietary methods and
(ii) physical changes in electrode structure, both macro and micro,
during fuel cell operation have not been extensively studied. The ra-
tional design of novel high-performance electrodes requires a detailed
understanding of how GDE structure and performance change as a
function of preparation methods and operational conditions. There-
fore, a systematic characterization of electrode structure and subse-
quent performance as a function of processing parameters, including
electrode compression during pretreatment, catalyst deposition, and
membrane-electrode assembling, is needed. However, in the absence
of non-destructive 3D imaging techniques, gaining a comprehensive
understanding of GDE structure-activity relationships is difficult.
Traditional methods for analyzing electrode structure such as

scanning electron microscopy (SEM) probe two-dimensional (2D)
surfaces/cross-sections and thus provide limited information on how
buried interfaces are interconnected in 3D. SEM imaging coupledwith
ion milling (i.e., focused ion-beam-scanning electron microscopy,
FIB-SEM) can be used to generate 3D microstructural renderings,
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albeit in a destructive fashion. This technique has been applied suc-
cessfully to solid-oxide fuel cell (SOFC) anodes5 as well as the cat-
alyst layer and the MPL of PEMFCs.6,7 Unfortunately, FIB-SEM is
not suitable for studying dynamic GDE structure-activity relation-
ships due to (i) destructive sample preparation, (ii) limited field of
view, 10 μm × 10 μm at most, in comparison to typical GDE thick-
nesses of 200–500 μm, and (iii) computational costs (i.e., more time
needed to analyze a dataset with nanoscale pixels). X-ray tomog-
raphy is an emerging analytical technique in fuel cell science that
enables non-destructive multiscale 3D imaging of electrode archi-
tecture and liquid water transport through that architecture.6,8–20 In
X-ray tomography, an X-ray beam travels through a rotating sam-
ple and its intensity gets attenuated. The transmitted signals are then
collected by a detector to generate a 3D map of variations in X-ray
absorption within the sample, from which different phases/elements
as well as heterogeneity in density can be identified.8 Two X-ray to-
mography methods are available: X-ray micro-computed tomography
(MicroCT) and X-ray nano-computed tomography (NanoCT) provide
resolutions of 1–10 μm and ≤100 nm, respectively.17 While NanoCT
has been employed to analyze electrode structure, particularly to an-
alyze features at the sub-micron length scale, its utility is limited to
evaluating sub-millimeter size samples.6,17, 21 Furthermore, NanoCT
is also more computationally expensive than MicroCT. To date, most
MicroCT investigations of fuel cells have focused on the study of
water management in PEMFC cathodes10,11,13 and, more recently, the
structural analysis of electrode architectures with a focus on providing
more accurate parameters for numerical models.15,18, 20 To our knowl-
edge, to date no efforts have focused on the systematic investigation of
structure-activity relationships as a function of electrode preparation
methods, in which individual electrode performance is directly linked
with electrode structure.
Here, we report an analytical methodology that directly correlates

changes in electrode performance, as measured in-situ using a mi-
crofluidic H2/O2 fuel cell, to changes in physical structure (i.e., poros-
ity), as determined ex-situ usingMicroCT. In specific, we demonstrate
the utility of MicroCT to characterize buried interfaces of fuel cell
electrodes in detail in a non-destructive fashion.

Experimental

GDE preparation and fuel cell testing.— EFCG Phosphoric Acid
Fuel Cell Electrodes (E-Tek) were used as gas diffusion layers (GDLs)
in this study. This GDL consists of a polytetrafluoroethylene (PTFE)-
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Figure 1. Cross-sectional view (a1) and top view (a2) SEM micrographs
of a gas diffusion electrode (GDE) with an air-brushed Pt/C catalyst layer.
(b) Setup for MicroCT imaging of a GDE with an air-brushed Pt/C catalyst
layer, resulting in an initial reconstruction of the MicroCT data to generate
2D radiographic cross-sectional images in the YZ-plane (b1, through-plane),
XZ-plane (b2, in-plane), and XY-plane (also through-plane, not shown) as well
as a 3D tomographic virtual model (b3). The colored lines in the 2D images
represent the corresponding YZ-plane (red line), XZ-plane (green line), and
XY-plane (blue line).

treated Toray carbon paper TGP-H-120 with a teflonized microporous
layer on one side. Catalyst inks were prepared by mixing 12 mg Pt/C
catalyst (50 wt% Pt) and 9.2 μL Nafion solution (5 wt%, Solution
Technology, 30:1 catalyst-to-Nafion ratio), and adding the carrier sol-
vents: 200μL ofMillipore water (18.2 M�), and 200μL of isopropyl
alcohol. All catalyst inks were sonicated (Branson 3510) for at least
two hours to ensure uniform mixing and were hand-painted on the
teflonized carbon side of the GDL to create a gas diffusion elec-
trode (GDE) covered with catalyst over a geometric surface area of
4 cm2. So the catalyst loading is 3 mg Pt/C/cm2. Some of the fabri-
cated GDEs were hot-pressed (Carver 3851-0) at varying pressures
(0, 1× 103, 2× 103, 5× 103 and 10× 103 lbf) and at a temperature
of 125 ± 10◦C for 5 min. Detailed descriptions of fuel cell assembly
and testing procedures can be found in our previous work.22,23

Acquisition, reconstruction, and segmentation of MicroCT data.—
In this study, the whole GDE was clamped in a rotating sample holder
and a corner was exposed to the X-ray beam field (Figure 1b, top
left). During MicroCT imaging (Micro-XCT 400, Xradia), the sam-
ple was scanned using an X-ray source at 40 kV and 200 μA, and 745
projections, typically called shadowgraphs or shadow images, were
collected as the sample was rotated stepwise over 180o with a 10
second exposure time for each projection. The shadow images were
then processed to reconstruct 2D radiographic cross-sectional image
stacks and 3D tomographic virtual models of the GDE. The initial
reconstruction of MicroCT data was carried out using the TXM Re-
constructor reconstruction software (Xradia), which accompanies the
MicroCT hardware. The distances of the sample to the X-ray source
(76 mm) and the X-ray detector (28 mm) resulted in a voxel (volume
pixel) size of 1 μm3. The field of view (FOV) was approximately
1000 μm× 1000 μm. Further image processing was performed using

the Amira visualization software package (Version 5.3, Visage Imag-
ing) for subsequent quantitative analysis of the GDE microstructure.

Results and Discussion

Qualitative visualization of GDE structure.— Figure 1 shows
comparative GDE imaging by SEM and MicroCT. Obtaining cross-
sectional images of a GDE using a SEMwithout physically slicing off
the material is difficult. Breaking the GDE via liquid nitrogen crack-
ing (Figure 1a1) or cutting thin slices off of the GDE using a razor
blade tends to cause damage to or smearing of the porous structure.7

Figure 1a2 shows the 2D SEM micrograph of a GDL in a bot-
tom up view which provides only information on the surface of the
macroporous backing layer. In contrast, MicroCT as a non-destructive
imaging technique does not require destructive sample preparation to
generate cross-sectional images. The initial data reconstruction ob-
tained with MicroCT allows for inspection of 2D radiographic cross-
sectional image stacks and of 3D tomographic virtual models of the
GDE, which provides detailed information about layer thickness, in-
ternal architecture, and material distribution. In particular, Figure 1b1
b2 shows through-plane (YZ-plane) and in-plane (XZ-plane) 2D ra-
diographic images of the GDE, respectively. In these images, one
can easily distinguish the catalyst layer, the microporous layer, and
the macroporous carbon fiber layer by comparative layer thicknesses
as well as brightnesses (Figure 1b1), and within the layers one can
distinguish the distribution of different materials, e.g., carbon fibers
vs. PTFE (Figure 1b2). We confirm that the bright catalyst layer in
Figure 1b1 is not an artifact of beam hardening. In addition to layer
thickness provided by through-plane images, buried layer interfaces
can also be characterized from examination of in-plane images. For
example, Figure 1b2 shows the interface between the macroporous
backing layer comprised of fibrous carbons and the hydrophobicMPL
comprised of a polytetrafluoroethylene (PTFE) and carbon particle
mixture. In addition, the 3D tomographic virtual model of the GDE
(Figure 1b3) visualizes the internal architecture and organization in
false color. The brightness of the false color indicatesX-ray absorption
intensity of materials, so materials with high atomic numbers or den-
sities such as metallic catalyst particles tend to be brighter. While the
microporous layer and the macroporous layer are both carbonaceous,
the macroporous, fibrous layer tends to be much brighter due to its
higher carbon density whereas the microporous layer that consists of
low-density teflonized carbon particles appears relatively invisible. In
sum, MicroCT imaging provides information on (i) buried interfaces,
(ii) 3D architecture, and (iii) material distribution, which is critical in
understanding transport processes within the electrode.

Methodology for quantitative analysis of GDE structure.— Com-
puting microstructural properties of GDEs, such as porosity and pore
size distribution, fromMicroCT data has gained a lot of interest to val-
idate numerical models of electrode material properties.15,20, 24 Here,
we quantify these structural properties to understand the extent to
which physical changes in electrode structure correlate to changes in
electrode performance.We have developed an analytical methodology
to post-process the 2D radiographic cross-sectional images obtained
from the initial reconstruction to extract critical structural parameters
from the MicroCT data, including information of the bulk porosity of
and local porosity within the macroporous layer.
Figure 2a shows the flowchart of this quantitative analysis proce-

dure. First, the 2D cross-sectional image stack is cropped to a dis-
crete volume that is of analytical interest, here a 862 μm × 658 μm
× 345 μm section of the macroporous layer. The analytical volume is
selected based on two criteria: (i) the analytical volume is the major-
ity of the total image volume of the macroporous layer (i.e., 862 μm
× 685 μm× 400 μm), and (ii) the analytical volume does not include
or is not close to either the macroporous layer – air interface or the
macroporous layer – MPL interface. Sensitivity analysis is performed
on 10 samples of the same GDL material to determine if this vol-
ume is representative of the material properties and similar results are
obtained, for example, the bulk porosity is 70.6 ± 0.9%.
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Figure 2. (a) A flow-chart of the quantitative analysis procedure used to
characterize GDE microstructure. Here, a volume section of 862 μm ×
658 μm × 345 μm (x× y× z) of the macroporous layer is analyzed. From
the 2D image stack, each 2D grayscale image is segmented to result in a 2D
binary image, which in turn helps to identify and separate voxels as predom-
inantly filled with material (white) from those predominantly void (black).
Next a 3D volume is reconstructed from the binary images, showing carbon
fibers (green, false color) and void space (black), for subsequent quantitative
analysis. (b) A side-by-side comparison of the raw grayscale image (left) and
material voxel overlay of the binary images generated with each of the two
segmentation methods (right): in red and white material voxels identified us-
ing the thresholding and the filament tracing method, respectively. Material
voxels identified by both methods are pink.

Second, each 2D grayscale image is segmented to a 2D binary
image to help identify and separate voxels predominantly filled with
materials (white) from those that are predominantly void (black). Two
segmentation techniques are investigated: the thresholding method and
the filament tracing method. In themost commonly used segmentation
method, image thresholding, the threshold value of the grayscale range
is determined either by visual inspection or by an algorithm (i.e.,
Otsu’s method) that attempts to simultaneously account for all of
material without capturing excessive void space.17,20,25 However, this
thresholding method does not accurately filter out image noise, e.g.,
due to the effects of X-ray beam hardening. Consequently, grayscale
values can be found in the fibrous masses and also in the void space,
especially close to the edges of the fibers (Figure 2b). Figure 2b shows
the raw grayscale image as well as an overlay of the binary images
generated by each of the two segmentation methods. The overlaid
binary images highlight the differences between the material voxels
identified using the thresholding method (red) and the filament tracing
method (white). The pink and black areas represent method overlap
and void space, respectively.
In this study, we perform segmentation using the filament tracing

method, available in Amira v5.3 visualization software, which utilizes
a grayscale threshold value in combination with structural connectiv-
ity, rather than a threshold range alone.26 As a result, thismethod better

differentiates fibrousmasses fromvoid space. Connected carbon fibers
are identified in a single slice using a semi-automated operation, com-
prised of threshold masking followed by edge detection. Specifically,
threshold masking permits the user to first select a grayscale range
(by visual inspection) prior to employing further segmentation algo-
rithms. The grayscale threshold (a range) is determined by subjective
visual inspection that is considered more effective than automated
methods when distinctive and easily computer-recognizable bound-
aries are not present,27,28 which is the case here in the analysis of
GDEs. The threshold masking limits which grayscale values can or
cannot be selected, effectively creating a new sub-volume of available
intensity values for segmentation. This type of masking is especially
helpful when applying subsequent algorithms such as edge detection,
which rely upon the computational ability to automatically distinguish
between structural components in an image. The edge detection we
used relies upon the three-dimensional region growing algorithm,26

which starts from a user-defined seed point and segments images by
incrementally recruiting voxels based on predefined criteria, including
grayscale value similarity and spatial proximity. The voxels that are
connected and have similar grayscale values are assumed belonging
to the same material. These connected fibers that are identified in a
single slice are then automatically traced throughout the entire analyt-
ical volume such that only connected volumes, within the threshold
grayscale range, are captured.
After segmentation, in the third and final step, a 3D reconstructed

volume of these binary images is rendered for subsequent quantitative
analysis. For example, the properties of the macroporous layer can
be investigated with a focus on determining both bulk porosity and
layer-to-layer changes in porosity. The porosity ε is defined as: ε = 1
− (materialvox)/(materialvox + voidvox), where materialvox is the num-
ber of material voxels filled with carbon fibers, binder, or PTFE (all
of which are assumed to be impermeable) and voidvox is the number
of void voxels.
With the porosity data obtained directly from MicroCT, critical

physical properties such as tortuosity, relative diffusivity, and per-
meability that govern the delivery of reactant gases and removal of
products within the GDL can be calculated using equations proposed
by numerical models such as the Bruggeman model29 as well as
the Tomadakis & Sotirchos model.30,31 Accurate knowledge of these
transport properties is needed to improve the power density and effi-
ciency of PEMFCs. Moreover, these parameters are necessary input
for all numerical models simulatingmulti-phasemass transport within
the GDL.15

In PEMFCs, the mass transport of reactant gases from the flow
channels to the catalyst layer is dominated by diffusion.32 Binary
diffusion of species a and b in a porous medium can be described by
Fick’s first law and effective media theory:

j = −Def f
ab ∇c, [1]

where c is the concentration, and j is the molar flux. Def f
ab is the

effective diffusion coefficient tensor, which is split into an effective
relative diffusivity f(ε) and a bulk diffusivity Dab:

Def f
ab = f (ε)Dab = ε

τ
Dab, [2]

where ε is the porosity and τ is the tortuosity, a measure for the con-
nectivity of the pores. Mathematically the tortuosity is defined as the
arc-to-chord ratio, which is the ratio of the length of a curve to the
distance between the end points.33 Typically, the Bruggeman model
(Eq. 3),29 which is based on an idealized morphology of spherical
agglomerates, is used for tortuosity and effective relative diffusivity
prediction due to its simplicity. However, application of this model to
fibrous agglomerates is known to be not very accurate.24,33 Tomadakis
& Sotirchos30,31 developed a model for randomly oriented fibrous me-
dia. This model uses Monte Carlo simulation on constructed fibrous
media to compute tortuosity and effective relative diffusivity as a func-
tion of porosity and proposes the following equations with porosity
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as the only input parameter:

τ =
(
1− εp

ε − εp

)α

and [3]

f (ε) = ε

(
ε − εp

1− εp

)α

, [4]

where εp is the percolation threshold porosity, the porosity with the
least required open void space connectivity for diffusion or perme-
ation through the porous media (here εp = 0.11), and α is a fitting
parameter for through-plane diffusion (here α = 0.785). εp was de-
termined by extrapolating the simulation results of effective relative
diffusivity to the minimum porosity that allows mass transfer to occur.
α was determined using a parameter estimation procedure based on
the minimization of the square error between the simulations and the
proposed equations.
Although diffusion is considered the primary mode of gas-phase

transport within the GDE, convection needs to be accounted for when
a pressure difference exists between neighboring flow channels.32,34

Convection in a porous medium can be described by Darcy’s law:

u = − κ

μ
∇ P, [5]

where κ is the permeability tensor, μ the dynamic viscosity of the
fluid, u the velocity of the fluid, and P is the pressure. Tomadakis &
Sotirchos30,31 predicts the permeability using:

K = ε

8(ln ε)2
(ε − εp)(α+2)r 2f

(1− εp)α[(α + 1)ε − εp]2
[6]

where r f is the carbon fiber radius. We use r f = 4.6 μm, which is in
agreement with values reported in literature34 as well as our observa-
tions in SEM. The applicability of the Tomadakis & Sotirchos model
to GDLs has been validated by experimental data and observations.34

Recently, Fishman et al.24 employed the Tomadakis & Sotir-
chos model to calculate heterogeneous through-plane distributions
of tortuosity, relative permeability, and permeability for GDLs. These
analyses provided insight into the impact of GDL porosity on transport
properties. Here, we exploited a similar analysis for the calculation of
transport properties using porosity data we obtained from MicroCT
using the filament tracing segmentation procedure described above
(Figure 2a). Specifically, we wished to get a better understanding on
how these transport properties respond to electrode preparation meth-
ods, for example, the mechanical compression of the GDE. Due to
the non-destructive nature of MicroCT imaging, the exact same GDE
can be investigated multiple times after being exposed to and tested
at different conditions for different periods of time. For example, we
studied the relation between changes in electrochemical performance

and changes in electrode structure by sequentially exposing the same
electrode to higher compression levels. This MicroCT-based method
allows for porosities to be measured and, from that, for the determi-
nation of the corresponding physical properties of tortuosity, relative
diffusivity, and permeability, without the need to perform destructive
measurements like mercury intrusion porosimetry (MIP).

An example study of linking electrode structure and
performance.— Combined ex-situ MicroCT imaging and in-situ fuel
cell analysis can be used to systematically probe the impact of physical
changes in the electrode structure on its electrochemical performance.
Furthermore, the use of a microfluidic fuel cell enables structure-
activity relationships to be determined for individual electrodes within
an operating fuel cell. To demonstrate the utility of such investigations,
we studied the effects of hot-pressing on fuel cell electrode perfor-
mance. Prior to use, fuel cell electrodes and membrane-electrode as-
semblies (MEAs) are hot-pressed to compact the interfacing layers to-
gether in order to minimize electrical contact resistances and to avoid
delamination. In addition, pressure is also applied to the fuel cell stack
during operation to prevent gas leaks and to ensure minimal contact
resistance losses between electrodes or MEAs and current collectors.
However, over-compression of or uneven pressure distribution across
GDEs can damage the intricate electrode microstructure leading to
losses in porosity and consequently to a reduction in performance and
durability. Thus, understanding and balancing these competing ef-
fects is important for the design and development of next-generation
electrode materials and fuel cell systems. Despite its importance, to
date relatively few papers have been published on the effects of me-
chanical compression on electrode performance. Lee et al.35 studied
the effect of GDL compression on PEMFC performance by adjusting
the bolt torque for different GDL materials and found optimal bolt
torque values. Ge et al.36 found that the amount of compression has a
significant impact on PEMFC performance and the optimal compres-
sion varies for different GDL materials. Bazylak et al.37 studied the
influence of GDL compression on the morphology of the GDL using
SEM and suggested the irreversible damage to carbon fibers as well
as PTFE in the macroporous layer results in preferential pathways for
excess water transport, which leads to electrode flooding. So in prior
work, either electrochemical analysis or structural analysis has been
reported. Here, we will study the effects of compression on both GDE
structure and electrochemical activity.
Figure 3 and 4 show combined electrochemical and structural anal-

ysis of the effects of hot-pressing on acidic fuel cell cathode perfor-
mance. Cathode performance typically limits the overall acidic fuel
cell performance due to sluggish oxygen reduction reaction (ORR)
kinetics and insufficient removal of water generated by the ORR,
which leads to flooding. Thus cathode performance is dependent on
the ability of the electrode to efficiently deliver oxygen to the catalyst

Figure 3. (a) Experimental protocol for investigating the relationship between electrode structure (via MicroCT imaging) and performance (via testing in an acidic
fuel cell) as a function of hot-pressing the cathode at different pressures. (b) 2D through-plane radiographic images of the same cathode consecutively hot-pressed
at different pressures.
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Figure 4. (a) Fuel cell polarization curve, (b) power density curve, and (c) cor-
responding individual electrode polarization curves, of the same cathode after
hot-pressing at different pressures. Room temperature data; reactant streams:
10 sccm H2/O2; electrolyte: 1.0 M HClO4 flowing at 0.6 mL/min.

sites and to effectively remove excess water from the porous elec-
trode structure. One electrode is subjected repeatedly to a 3-step cycle
(Figure 3a), namely hot-pressing (compression), microtomography
(3D structural analysis), and microfluidic fuel cell testing (electro-
chemical performance). To start the process, a freshly-prepared elec-
trode (0 lbf) is analyzed in the MicroCT by securing the whole elec-
trode in the rotating sample holder such that only a small marked
corner was exposed to the X-ray beam between the source and de-
tector. This enables multiple ex-situ analyzes of the same electrode
volume after being exposed to different experimental conditions. Af-
ter MicroCT analysis, the electrode is removed from the holder and
used as a cathode in an acidic microfluidic H2/O2 fuel cell. Three
polarization tests are performed, after which the cell is disassembled.
The electrode is then hot-pressed at P = 1× 103 lbf and T = 125
± 10◦C, followed by MicroCT analysis and electrochemical analy-
sis. This cycle is repeated 3 more times, after applying increasing
mechanical compressions (2× 103, 5× 103, and 10× 103 lbf, respec-

tively). Whereas only one electrode was used to collect the specific
dataset reported in Figures 3–6, we analyzed multiple electrodes in
a similar way, which all provided similar results. Figure 3b shows a
representative series of through-plane (XZ-plane) images of the same
electrode as a function of mechanical compression force. While both
the MPL and carbon fiber layer are compressed with increasing force,
themajority of the compression is observed, as predicted, in the highly
porous carbon fiber layer.
Figure 4 shows the effects of hot-pressing on the electrochemical

performance of the cathode within the acidic fuel cell. The fuel cell
polarization curve (Figure 4a) and power density curve (Figure 4b) as
a function of hot-pressing pressure indicate that the overall fuel cell
performance decreases with increasing compression. The correspond-
ing individual electrode polarization curves show that these changes in
overall fuel cell performance can be attributed to decreases in cathode
performance (Figure 4c). As the cathode compresses, the onset po-
tential decreases indicating reduced availability of catalytic sites, and
ohmic losses increase indicating reduced reactant transport to the cat-
alyst layer and, to a lesser extent, damaged carbon fiber connectivity
in the macroporous layer (higher resistivity). As expected, the an-
ode performance does not change, because the same, un-compressed
anode was used for all experiments.
Next, we related electrochemical performance data to structural

characteristics. Figure 5a correlates bulk porosity of the cathode car-
bon fiber layer, obtained via MicroCT imaging, and fuel cell per-
formance (normalized peak power density). Prior to compression,
the bulk porosity of the carbon fiber layer is 70.6 ± 0.9% which
is in good agreement with previous reports.38 The subsequent re-
ductions in porosity of the carbon fiber layer of the cathode (as a
result of hot pressing) follow the same trend as the observed de-
creases in fuel cell performance. Only when going from no com-
pression to a compression of 1× 103 lbf, the drop in fuel cell peak
power density appears to be more than the drop observed at higher
pressures. At low compression, shifts in MPL and catalyst layer struc-
tures are likely responsible for a reduction in electrode performance,
which we are presently studying in more detail. Figure 5b–5d show
the correlation of fuel cell performance and bulk tortuosity, rela-
tive diffusivity, and permeability of the cathode carbon fiber layer,
respectively, as a function of compression. As the compression in-
creases, the reduction in porosity of the carbon fiber layer results in
increases in tortuosity and in decreases in relative diffusivity as well as
permeability.
Next we investigated the effects of hot-pressing on the local physi-

cal structure of the cathode (Figure 6). By segmenting the carbon fiber
layer into 10 normalized regions in both the through-plane (Figure 6a)
and in-plane (not shown) directions, the effects of compression on lo-
cal porosity can be analyzed. Figure 6b shows the change in through-
plane porosity distribution as a function of mechanical compression.
The increase in porosity toward the center of the macroporous layer
structure indicates that the carbon fiber layer was constructed by press-
ing two thinner carbon fiber layers via ply molding manufacturing.39

The porosity drops at the edges due to the uneven distribution of PTFE
throughout the sample including the formation of a PTFE “skin” on
outer edges of the backing layer, as has been reported by Fluckiger
et al.33 as well as Fishman et al.40 and independently observed here
(Figure 1a2). Initially, when going from no compression to a com-
pression pressure of 1× 103 lbf, the porosity distribution shifts and
reduces slightly as the MPL compacts into the carbon fiber layer
(Figure 6b). Between compressions of 1× 103 and 5× 103 lbf, the
porosity distribution remained constant (curves all have the same
shape) while the bulk porosity reduces substantially (curves shift
down). At compressions greater than 5× 103 lbf the porosity appears
to approach a minimum value which is likely due to the formation of
solid stacks of carbon fiber which cannot be compressed further easily,
as observed in Figure 3b. While the porosity varies significantly in the
through-plane directions, the in-plane porosity (both in the YZ- and
XY-plane) varies only slightly (Figure 6c), with these slight variations
probably due to in-plane anisotropy of the carbon paper. Interestingly,
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Figure 5. Normalized acidic fuel cell peak power density and related (a) bulk porosity, (b) bulk tortuosity, (c) bulk relative diffusivity, and (d) bulk permeability
of the cathode as a function of compression.

both in- and through-plane porosity distributions remains constant
independent of the amount of mechanical compression applied.
Based on the through-plane porosity distribution data shown in

Figure 6b, the corresponding through-plane distribution of phys-
ical properties such as tortuosity (Figure 6d), relative diffusivity

(Figure 6e), and permeability (Figure 6f) can be calculated as a
function of cathode compression using equations 3, 4, and 6 respec-
tively. In general, tortuosity decreases with an increase of porosity
whereas relative diffusivity and permeability increase with an in-
crease of porosity. The through-plane heterogeneity of these transport

Figure 6. Local in-plane and through plane porosity distribution and related physical properties of the carbon fiber layer of a cathode hot-pressed at different
pressures: (a) Segmentation of the carbon fiber layer into 10 normalized regions in the through-plane direction (XZ-plane, not drawn to scale). (b) Local through-
plane porosity distribution as a function of cathode compression (YZ-plane). (c) Comparison of local porosity distribution of a non-hot pressed and hot-pressed
(104 lbf) cathode for all three possible planes. Local through-plane distribution of (d) tortuosity, (e) relative diffusivity, and (f) permeability as a function of cathode
compression.



B298 Journal of The Electrochemical Society, 159 (3) B292-B298 (2012)

properties observed here is in good agreement with previous reports.24

The heterogeneity of these physical properties, which significantly af-
fect transport through the electrode, should be considered for future
development of multiphase transport models, especially for numerical
water management models since the heterogeneous pore structure of
GDLs is likely to cause liquid water retention in certain regions within
GDLs.41

In summary, the data reported above indicates that fuel cell elec-
trode performance is very sensitive to changes in structure due to
compression. In specific, both subtle shifts in structure in the MPL
and catalyst layers at low compression pressures (<1× 103 lbf) and
more drastic structural densification of the macroporous carbon fiber
layer at moderate compression pressures (≥1× 103 lbf) affect elec-
trode performance. Mechanical compression during electrode prepa-
ration and within the stack after assembly should be minimized to
prevent permanent changes to the electrode structure to avoid loss in
performance.

Conclusions

In this paper we demonstrated the utility of MicroCT for the de-
tailed characterization of the 3D architecture of fuel cell electrodes,
specifically the structure of the different layers and the interfaces
between those layers, in a non-destructive fashion. Comprehensive
information about layer thickness, internal architecture, and mate-
rial distribution can be obtained from 2D radiographic cross-sectional
image stacks and 3D tomographic virtual models of the GDE. The
quality of these analyses depends on the thoroughness of the pro-
tocols used for post-image processing. Here we applied for the first
time a filament tracing segmentation method to the characterization
of fuel cell electrodes. This method utilizes structural connectivity in
combination with grayscale thresholding, whereas existing methods
use grayscale thresholding only. The use of structural connectivity
information better differentiates fibrous masses within the electrode
structure from void space, leading to a more accurate segmentation,
and thus more accurate structural information.
Changes in electrochemical performance, as measured in-situ us-

ing amicrofluidicH2/O2 fuel cell, can be correlated directly to changes
in physical structure (i.e., porosity), as determined ex-situ using Mi-
croCT. We observed that fuel cell electrode performance is very sen-
sitive to changes in structure due to compression. Both subtle shifts
in structure in the MPL and catalyst layers at low compression pres-
sures (<1× 103 lbf) and more drastic structural densification of the
macroporous carbon fiber layer at moderate compression pressures
(≥1× 103 lbf) affect electrode performance. While hot-pressing is
typically used in the assembly of fuel cell electrodes to enhance inter-
layer bonding, our study shows that mechanical compression during
electrode preparation and within the stack after assembly should be
minimized to prevent changes to the electrode structure that are detri-
mental to their electrochemical performance. For the GDL studied
here, we concluded that a pressure less than 1× 103 lbf should be
applied. However, this value is likely to be highly-dependent on the
nature of the exact composition of the components (i.e., GDL type,
membrane, catalyst layer) used. The MicroCT-based imaging and fil-
ament tracing post-processing methods presented here can also be
used to probe for changes in the catalyst layer and the MPL (e.g.,
the effect of PTFE treatment) as a function of processing parame-
ters. More generally, this study shows that systematic investigation
of structure-activity relationships as enabled by the capabilities of
MicroCT-analytical methods will benefit the rational design of novel
highly active and durable electrodes, be it for fuel cells or for other
energy conversion applications.
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