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Correlating Cathode Microstructure with PEFC Performance

Using FIB-SEM and TEM
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The cathode electrocatalyst layers of polymer electrolyte membrane fuel cells (PEFCs) are quantitatively investigated for different
ratios of Nafion ionomer. This is achieved using focused-ion-beam coupled scanning electron microscopy (FIB-SEM) to reconstruct
the three-dimensional microstructure via tomography. Parameters such as the porosity and pore size distribution were calculated
from this data. The distributions of Nafion ionomer, carbon support, and platinum nanoparticles were then further clarified using
transmission electron microscopy (TEM). Changes in the PEFC performance (notably the I-V characteristics, the electrochemical
surface area, the activation overvoltage, and the concentration overvoltage) are thus correlated to electrode microstructure.
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The electrocatalyst layers of PEFCs have complicated, three-
dimensional (3D) porous microstructure. This microstructure plays
a key role in transporting reactant gases (i.e. hydrogen and oxygen),
product water vapor, charge-carrying ions, and electrons either to
or from the active sites. Therefore, the overall PEFC performance
is linked inextricably to the 3D microstructure of the electrocatalyst
layer, and in particular to the Nafion content.! Making quantitative
correlations between the Nafion ratio, the microstructure, and the cell
performance is thus essential in order to optimize the performance
and efficiency of PEFCs.

The microstructure of electrocatalyst layers in PEFCs is generally
studied by obtaining microtome sections, or by using focused-ion-
beam (FIB) techniques.>” The diamond blade used in the microtome
technique has the advantage of slicing through the electrocatalyst
layer without inflicting thermal damage. However, it is difficult to
cut through e.g. individual carbon particles using this method, mean-
ing that the resulting cross-section is typically too rough to analyze
the microstructure quantitatively.” Meanwhile, clear and well-defined
cross-sections can be obtained by FIB sectioning. However, in this
case there remain difficulties in quantitative observation due to ther-
mal damage and ion damage during the sputtering process, in which
the gallium ion beam generates heat locally, melting or damaging the
ionomer. This can be mitigated somewhat by cooling the sample using
liquid nitrogen, as described by e.g. Katayanagi et al.>*

Electron microscopy and X-ray computed tomography (CT) are
two other common methods to observe electrocatalyst layers in PE-
FCs. For example, Wargo et al. observed electrocatalyst layers using
both nano-CT and FIB-SEM techniques,® whilst Litster et al. ob-
served electrocatalyst layers using high-resolution (50 nm) nano-CT.*
Despite CT having the distinct advantage of being a non-destructive
technique, it has the disadvantage of inferior resolution compared with
SEM, TEM, or scanning transmission electron microscope (STEM).

Therefore, in this study we focus on sectioning samples by FIB,
and performing observation using electron microscopy. FIB-SEM has
already been utilized as a powerful tool to observe the microstructure
of solid oxide fuel cell (SOFC) anodes.'® More recently, this method
has been applied to PEFC electrocatalyst layers, microporous layers
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(MPLs), and gas diffusion layers (GDLs).>® For example, Zils et al.
used FIB-SEM to observe membrane electrode assemblies (MEAS)
fabricated using two different manufacturing methods, and evaluated
their porosity, pore size distribution, tortuosity, and Pt utilization.’
Recently, Inoue and Kawase'' and Terao et al.'” applied FIB-SEM
and CT techniques to quantitatively consider oxygen transport in the
porous components.

FIB-SEM studies on PEFCs are particularly challenging in terms
of distinguishing between the solid components of the electrocata-
lyst layer (i.e. carbon, platinum, and Nafion) and the vacant spaces
(i.e. pores/voids). As mentioned above, the electrocatalyst layer has a
complicated three-dimensional microstructure, and the depth of field
makes it extremely complicated to distinguish between the different
material phases using only the two-dimensional greyscale image infor-
mation with ambiguous contrast. For this reason, accurate sectioning
of thin samples is essential to achieve meaningful SEM images, and it
is necessary to develop an objective method to effectively differentiate
between solids phases and pores. Several studies have attempted to
do just this. For example, Vierrath et al. used atomic layer deposition
(ALD) to deposit ZnO within the pores of electrocatalyst layers, in
order to enhance the contrast between the solid phases and the pores
in SEM images.'® Salzer et al. applied a local threshold method based
on the detection of disappearing structure and subsequent threshold
backpropagation.'*!> In these cases, complicated pretreatments and/or
advanced image processing are required to accurately differentiate the
different phases of electrocatalyst layers.

Distinguishing Nafion ionomer from carbon within the solid phases
of the electrocatalyst layer is another challenging aspect of character-
izing PEFCs. The quantity and distribution of ionomer in the electro-
catalyst layer is known to strongly affect the cell performance, and
thus clarifying this becomes an incredibly important target. However,
the ionomer is a polymer mainly consisting of carbon atoms, mak-
ing it difficult to distinguish from the carbon support. In order to
observe Nafion ionomer more effectively, K. More et al. utilized elec-
tron microscopes with higher resolution than SEM, such as TEM and
STEM.!®!7 The idea of “staining” ionomers using Cs has also been
explored,!” and has become an important technique for observing
ionomer materials by TEM.

Despite several qualitative reports on Nafion ionomer distribution
in the electrocatalyst layers, quantitative evaluation of the ionomer
distribution is still rather difficult using FIB-SEM and other electron
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Table I. MEA preparation conditions.

Electrocatalyst 46.2 wt% Pt/KB (TEC10E50E)
Pt loading [mg/cm; ] 0.3
Nafion loading [wt%] (Ionomer/Carbon ratio) Anode 28 (0.72)
Cathode 8 (0.16) 18 (0.41) 28 (0.72) 33 (0.92) 38 (1.14)
Electrolyte Membrane Nafion 212
Gas diffusion layer Anode Carbon Paper
Cathode MPL Carbon Paper (25BC)

microscopy techniques. Therefore, the correlation between the
ionomer distribution in electrocatalyst layers and the cell performance
is not yet fully understood. In this study, we focus on optimization
of these evaluation methods in order to make more direct quantitative
correlations between the microstructure of PEFC cathode electrocat-
alyst layers, and the cell performance.

Experimental

Preparation of MEAs.—Commercially available Pt-decorated
carbon (46.2 wt% Pt/Ketjen black, TECI10E50E, Tanaka Kikinzoku
Kogyo, Japan) was used as an electrocatalyst for both the cathode and
the anode, and is herein denoted as Pt/C. The electrocatalyst slurry
comprised Pt/C, ultrapure water, 99.5% ethanol (WAKO Pure Chemi-
cal Industries, Japan), and 5% Nafion dispersion solution (DE521 CS
type, WAKO). It was dispersed using an ultrasonic homogenizer (UH-
600, SMT, Japan), for 30 minutes. The final weight ratios of Nafion
ionomer in the different cathode electrocatalyst layers were 8, 18, 28,
33, and 38 wt%, precisely controlled by altering the mixing ratio of
the 5% Nafion dispersion solution. The Nafion ratio in the anode elec-
trocatalyst layers was fixed at 28 wt%. The electrocatalyst slurry was
sprayed onto both sides of a masked Nafion 212 membrane (DuPont),
using a spray printing system (Nordson). The resulting electrode area
was 10 x 10 mm? (1 cm?), and the Pt loading in both electrodes was
fixed at 0.3 mg cm™2. After deposition of the electrocatalyst layers,
the Nafion membrane was hot-pressed at 0.3 kN and 132°C for 180
s. After hot-pressing, the MEA was sandwiched between a Teflon-
coated gas diffusion layer (GDL, ElectroChem) at the anode, and a
microporous layer-coated GDL (25BC, SGL Carbon) at the cathode.
MEA preparation conditions are compiled in Table I.

Evaluation of MEAs.—The current-voltage (IV) characteristics
were measured by fitting MEAs into a commercially available 10
mm X 10 mm cell holder with the serpentine flow channels. This
cell holder was developed in a national project coordinated by the
New Energy and Industrial Technology Development Organization
(NEDO), Japan, and is often used as a standard.'® IV characteristics
were measured at a cell temperature of 80°C under 100%-humidified
H, and air flow into the anode and the cathode, respectively. Measure-
ments were made by increasing the current density (i.e. by decreasing
the cell voltage), and stopped at 1.5 A/cm?, or when the cell volt-
age reached 0.2 V. The gas utilization ratio was 2%, such that the
gas flow rate was e.g. 348 cc min~! of H, to the anode, and 830 cc
min~' of air to the cathode, at 1 A cm~2. Pretreatment was performed
before the actual measurements, in order to sufficiently humidify the
MEAs. This was achieved by applying a constant voltage of 0.5 V
for 5 h using a voltage pulse generator (890CL, Scribner) acting as
a standard electronic load, with 139 cc min~! H, flow to the anode,
and 332 cc min~! air flow to the cathode.'® The ohmic resistance of
MEAs was evaluated using an impedance analyzer (Electrochemical
Interface SI1287, Solartron). The activation overvoltage and concen-
tration overvoltage were separated based on Tafel plot analyses, after
subtraction of the ohmic contribution from the recorded cell voltage.'®

The electrochemical surface area (ECSA) of the Pt cathode elec-
trocatalyst layers was evaluated based on cyclic voltammograms. H,
was supplied to the anode at 70 cc min~!, and N, was supplied to
the cathode at 166 cc min~! beforehand.'® The anode was used as a
reference electrode, and the potential of the cathode was varied be-

tween 0.05 and 0.9 V vs. reversible hydrogen electrode (RHE). Fifty
potential cycles were first applied in order to clean the Pt catalyst sur-
faces. After this, N, flow was stopped, and the cyclic voltammograms
were recorded. The ECSA was obtained from analysis of the hydrogen
desorption peak area, following the standard NEDO protocols.'®

Microstructural characterization of cathode electrocatalyst
layers.—The cathode layers were sectioned and observed by FIB-
SEM (Helios NanoLab 600i, FEI). The cathode layer was first milled
to expose a cross-section of the electrocatalyst layer, and imaged by
SEM. Then, 20 nm of the surface was removed by FIB milling, and the
newly exposed surface was imaged by SEM. This process was then
repeated many times, the exposed surface being observed by SEM af-
ter every step. The acceleration voltage and beam current were varied
(at room temperature), as summarized in Figure 1. Thermal damage
of the cathode layers was minimized by using an acceleration volt-
age of 30 kV and a beam current of 0.4 nA (400 pA). Lowering the
beam current to e.g. 0.24 nA can also further reduce thermal damage,
and a similar smooth cross-section of the electrocatalyst layer can be
obtained using this method. However, a longer time was required to
capture images at lower beam current, and thus sample drift during
the repeated slice-and-view procedures made the 3D image collection
difficult.

The resulting secondary electron images were reconstructed using
3D visualization analysis software (Amira, Maxnet). The microstruc-
ture of the cathode layer was then quantitatively evaluated from the
reconstructed 3D data. To distinguish between the solid phases and
pores in the SEM images, an automatic threshold processing technique
was utilized to convert the greyscale images into binary images.'? This
is based on a procedure proposed by Bernsen et al,”’ where image bi-
narization was performed for the segmented area of interest, using
the average of the maximum and minimum intensities as the thresh-
old value. Images were also obtained using TEM (JEM-ARM200F,
JEOL) at an acceleration voltage of 200 kV, after thinning the cathode
layer using FIB (Versa 3D, FEI).

Results and Discussion

Characteristics.—First, the IV characteristics of MEAs with vary-
ing Nafion ratios in the cathode electrocatalyst layers were measured,
and the results are shown in Figure 2. This figure shows represen-
tative IV characteristics based on three different measurements. Dif-
ferent Nafion ratios result in markedly different IV characteristics,
and the MEA with 28 wt% Nafion exhibited the highest performance,
although such relations can also depend on preparation procedure and
conditions. In order to understand these differences in more detail,
the various overvoltages were separated, as shown in Figure 3. No
significant difference in the IR overvoltage is observed (Figure 3a),
which is reasonable since IR overvoltages are mainly attributed to
the resistance of the Nafion membrane, which is essentially constant
in all the different MEAs. The activation overvoltage (Figure 3b) is
relatively large at low Nafion contents (i.e. at 8 and 18 wt%) and
is also large at very high Nafion contents (i.e. 38 wt%). The lowest
activation overvoltage is observed at 28 wt%. The concentration over-
voltage (Figure 3c) is large at high Nafion contents (i.e. at 33 and 38
wt%) and also at very low Nafion contents (i.e. at 8 and 18 wt%).
Again, the lowest concentration overvoltage is observed at 28 wt%
Nafion. Overall, at high Nafion ratio the IV performance is dominated
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Figure 1. Cross-sections of a typical electrocatalyst layer processed by FIB-SEM under varying acceleration voltages and beam currents. The optimal processing

conditions (30 kV, 0.4 nA) are highlighted in red.

by concentration overvoltage, and at low Nafion ratio the activation
overvoltage becomes dominant. To gain further insight into the rea-
sons for these changes in performance, detailed characterization of
the microstructure of the cathode electrocatalyst layer is performed.

Observation of cathode microstructure by FIB-SEM.—Figure 4
shows 3D reconstructions of cathode electrocatalyst layers with dif-
ferent Nafion ratios, based on the FIB-SEM images. These figures
show only the solid phases, namely Pt/C electrocatalyst and Nafion
ionomer. It is immediately clear from these reconstructions that the
pore structure of the electrocatalyst layer is highly dependent on the
Nafion ratio. The quantitative porosity and mean pore diameter of the
voids obtained from the 3D reconstructions are shown in Figure 5.
The mean pore diameter was calculated from the pore cross-section
by assuming columnar pores, and dividing the total pore volume by
the total pore length. Both values were obtained from analysis by

1.2
=8 wt% Nafion
1.0 =18 Wt% Nafion
=28 wt% Nafion
> 08 | =33 wt% Nafion
o 38 wt% Nafion
<
73 0.6
=
© 04 -
02
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0.0 0.5 1.0 1.5

Current density / A cm?

Figure 2. IV characteristics of MEAs with different Nafion ratios in the cath-
ode electrocatalyst layers (80°C, 100%-humidified Hy/air, 2% fuel utilization,
0.3 mg cm~2 Pt loading).

Amira software. As the Nafion ratio increases from 8 to 38 wt%, the
porosity decreases from 63 to 39%, whilst the mean pore diameter de-
creases from 49 to 30 nm. These trends are as expected, since Nafion
fills the pores to a greater extent as the polymer content increases.
This result is consistent with the observed IV characteristics, in which
the MEA exhibited much higher concentration overvoltage with in-
creasing Nafion content (Figure 3c). This decreased performance can
now be attributed simply to reduced gas and water (vapor) transport
pathways through the cathode layer as it is filled with an increasing
amount of Nafion ionomer, as reflected by decreased porosity.

The pore size distribution is analyzed in further detail in Figure 6.
In Figure 6a to 6c, the empty spaces within the electrocatalyst layers
are visualized, as opposed to the solid phases. The different colors
represent different pore sizes - smaller channels are represented in
violet to blue, whilst larger channels are yellow to red. In order to
visualize the network of channels more clearly, the pore channel vol-
umes are displayed at 40% of their original size. Figure 6d shows
the pore size distribution in terms of mean pore volume. Data points
were collected and analyzed from each branchpoint within the porous
architecture using a dedicated software package.!® This figure clearly
shows that the mean pore diameter is shifted to smaller size as the
Nafion ratio increases. There are a significant number of pores larger
than 100 nm in diameter in the cathode with 8 wt% Nafion, which
exhibited poor IV performance. Therefore, it is considered that elec-
trocatalysts with large pores such as these are not optimal for use
in cathode electrocatalysts. On the other hand, the cathode with 38
wt% Nafion has a large proportion of pores with diameter of less
than 40 nm. This cathode has the highest concentration overvoltage,
and therefore it is assumed that this range of pore sizes negatively
affects mass transport. The MEA with the best IV performance was
that with 28 wt% Nafion, which has a large proportion of pores with
diameters between 40 and 100 nm. Therefore, pores within this range
are considered to be optimal for enhanced mass transport and thus
reduced concentration overvoltage in cathode electrocatalyst layers.
It should however be noted that some shrinkage of the Nafion ionomer
is expected due to drying in the vacuum chamber of the FIB-SEM,
leading to a change in the absolute values of pore size, and thus in the
optimum pore size distribution for the humidified PEFC operational
conditions.
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Figure 3. (a) IR overvoltage, (b) activation overvoltage, and (c) concentration
overvoltage of MEAs with different Nafion ratios in the cathode electrocatalyst
layer (80°C, 100%-humidified Hj /air, 2% fuel utilization, 0.3 mg cm~2 Pt
loading).
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Figure 5. Porosity and mean pore diameter of cathode electrocatalyst layers
with varying Nafion ratio, as obtained from the 3D reconstructed images.

Observation of cathode microstructures by TEM.—In the FIB-
SEM reconstructions, a distinction is only made between the solid
phases and the pores / voids in the electrocatalyst layers. In order to
specifically observe the ionomer distribution, elemental mapping was
performed in STEM-coupled energy dispersive X-ray spectroscopy
(STEM-EDS). The resulting images are shown in Figure 7. EDS sig-
nals from fluorine in Fig. 7 can be used to infer the presence of Nafion
ionomer in the electrocatalyst layer. The amount of fluorine can be
quantified, and this increases with increasing Nafion content, as ex-
pected. However, at this resolution, the detected fluorine appears to
be homogeneously distributed in each image, regardless of the Nafion
content. Consequently, STEM-EDS could not be applied effectively to
characterize the distribution of Nafion in cathode electrocatalyst layers
in these conditions. Although STEM observation with a higher mag-
nification was attempted to characterize the local Nafion distribution,
electron beam irradiation over a smaller area resulted in significant
sample contamination.

As such, TEM was used to observe the distribution of Nafion
ionomer in the electrocatalyst layers at higher magnification. TEM
images of cathode layers with Nafion contents of 8, 28, and 38 wt%
are shown in Figure 8. After observing 5 different regions of more
than 3 different FIB samples, two different regions of the same elec-
trocatalyst layers are presented in each case, to show that the images
are representative. In order to distinguish effectively between carbon
black and Nafion ionomer in these images, EDS was performed on
selected points, and the detection of fluorine was taken to indicate the
presence of Nafion. In addition, carbon black is largely graphitic, and
generally has greater crystallinity than Nafion polymer. Therefore,
regions with clear graphitic structure are allocated to carbon black.

(a) (b) (©

0.5 um 0.5um

0.5 um

Red: Solid phases (i.e. electrocatalyst + ionomer)

Figure 4. Three-dimensional reconstructed images of the solid phases within different cathode electrocatalyst layers with Nafion ratios of: (a) 8 wt%, (b) 28 wt%,

and (c) 38 wt%.
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Figure 6. Three-dimensional representation of pore channels

(d) 5 - within the cathode electrocatalyst layers (reduced by 40% to
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Figure 7. Cross-sectional STEM images and EDS mapping of cathode electrocatalyst layers with varying Nafion ratio.
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Figure 8. Cross-sectional TEM images of cathode electrocatalyst layers with varying Nafion contents. Regions associated with pores, carbon, ionomer, and
platinum are labelled. The red dotted lines indicate portions of Pt particles which have no obvious contact with Nafion ionomer.

Platinum nanoparticles are much easier to identify in the images, and
are generally spherical, highly crystalline, and have relatively dark
contrast.

In the case of 8 wt% Nafion, a relatively high proportion of Pt
particles are observed that are not in contact with the Nafion ionomer,
as indicated by the dotted red lines. In the electrocatalyst layers with
higher Nafion content (28 and 38 wt%), it is clear that ionomer gen-
erally has more intimate contact with the Pt nanoparticles. Therefore,
in the case of low Nafion loadings, a significant proportion of Pt
particles will not have sufficient supply of protons, rendering them
inactive. This is in agreement with the IV performance, in which high
activation overvoltage was observed for 8 wt% Nafion.

Correlations between microstructure and IV performance.—The
concentration overvoltage (with error bars) is plotted against the
Nafion ratio in Fig. 9a, clearly showing a reproducible increase at
high Nafion ratio. The correlation between the concentration over-
voltage and the porosity / mean pore diameter (as calculated from
the FIB-SEM reconstructions) is plotted in Fig. 9b. A clear correla-
tion is present between the cathode porosity and the concentration
overvoltage, attributed to the inhibition of mass transport. The con-
centration overvoltage rapidly increases as the porosity falls below
ca. 50%, and as the mean pore diameter falls below ca. 40 nm. This
correlation clearly indicates the importance of tailoring pore channels
within PEFC electrocatalyst layers.

The ECSA of the electrocatalyst layers (measured by cyclic
voltammetry) and the activation overvoltage are plotted against the
Nafion ratio in Fig. 9c. Lower Nafion content results in a lower ECSA
and a higher activation overvoltage. Meanwhile at higher Nafion con-
tents the ECSA is almost constant, whilst the activation overvoltage
slightly increases, probably due to a decrease in Pt utilization. The
correlation between activation overvoltage and ECSA is shown in Fig.
9d. A weak trend is observed between these two parameters, suggest-
ing that the ECSA has some effect on the activation overvoltage. This
correlation can be justified by the higher proportion of isolated plat-

inum nanoparticles not in contact with ionomer (as observed in the
TEM images in Fig. 8), and is consistent with the literature.?'

Future studies are required to improve the usefulness of
tomography-based techniques. For example, the influence of the mi-
croscope vacuum chamber on the water content of the ionomer may
significantly alter the pore size distribution. The resolution should
be enhanced such that smaller pores can be quantified. The three-
dimensional distribution of ionomer and platinum should be clarified.
Finally, alternative electrocatalysts should be explored using these
techniques.

Conclusions

FIB-SEM tomography was used to clarify the link between the
performance of PEFCs, and the microstructure within their cathode
electrocatalyst layers. By performing 3D reconstructions of FIB-SEM
sections, it was shown quantitatively that the porosity and mean
pore size decrease with increasing Nafion content. This correlated
strongly with the concentration overvoltage, showing that controlling
the porosity is key to optimizing mass diffusion. By using TEM to
distinguish between the Nafion, carbon, and platinum solid phases, it
was found that a greater proportion of isolated platinum particles exist
at lower ionomer loadings, leading to higher activation overvoltage.
The tomography techniques used in this study enable correlation be-
tween the 3D porous microstructure of electrocatalyst layers and the
electrochemical properties of MEAs.
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