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Abstract

Synchrotron X-ray absorption edge imaging with high energy resolution was applied to study
aging of fuel cell catalyst materials. The combination of an imaging and a high X-ray energy
resolution set-up allows acquiring spatially resolved XAS (XANES and EXAFS) spectra. We
analyzed the two-dimensional distribution of Pt and Ru in fresh and aged fuel cell catalysts.
Spatially resolved XAS images were taken at the Rux edge and at the Pt 3 edge. Taking
radiographs above and below the absorption edges provides quantitative information about the
thickness of the catalytic materials and additional chemical information. A strong influence of
the flow field channels and the structure of the gas diffusion layers on the thicknesses of the
catalytic elements were found: a thinner catalyst layer was found below the ribs of the flow
field geometries as well as under crossing points of fiber bundles of the woven gas diffusion

layers.



1. Introduction

Direct methanol fuel cells (DMFCs) are very efficient and environmentally friendly energy
converters that utilize a fuel with high energy density and therefore demand little or no extra
burden on the fuel supply side. The existing energy storage solutions as well as the transport
logistics can easily adapted to this new technique. DMFC applications comprise small
portable, stationary and even mobile systems. However, there are durability and performance
issues that must be resolved to ensure successful commercialization.

Generally, non-uniform distribution of fluids causes a local and time-dependent
inhomogeneity of current distribution, which does not only decrease the DMFC performance
but may lead to enhanced degradation. In previous studies, non-uniform distributions of
methanol and oxygen have been observed [1, 2, 3]. It is well known that a local blockage of
oxygen supply is caused by an accumulation and discontinuous removal of product water
droplets from the cathode channels [3]. These non-uniform fluid distributions and locally
prevented fluid transport processes are assumed to accelerate the aging of the cell
components, especially the degradation of catalyst layers. To provide a long-term stable cell
operation, detailed knowledge about the underlying aging mechanisms and their correlation to
fluid transport [4, 5, 6, 7, 8] is essential.

Typical aging processes of DMFCs are Ru dissolution [9] and Ru transfer from the anode to
the cathode through the polymer membrane [10, 11]. Whereas Ru dissolution reduces the
activity of the anode catalyst [12], Ru transfer causes a decrease of the oxygen reduction
reaction rate at the cathode, which is due to an enhanced reaction rate of transferred methanol
on the cathode catalyst [9]. According to Rolison et al., most of the Ru in the PtRu catalyst at
the anode is oxidized, whereas only 25 % of Ru is alloyed with Pt [13]. Even though a large
amount of oxidized Ru is reduced under DMFC operating conditions, a residue of Ru oxide
remains in the anode catalyst [14]. The presence of oxidized Ru has an ambivalent effect: on
the one hand, oxidized Ru is known to activate the methanol oxidation reaction [15]. On the
other hand, oxidized Ru is more susceptible to corrosion [9, 14]. Dixon at al. [14] has shown
that the reduction of the oxide phase creates unalloyed Ru, which is assumed to be more prone
to dissolution and migration to the cathode side compared to the alloyed Ru. XAS and EDX
measurements revealed the presence of oxidized Ru in the DMFC cathode and Ru precipitates
in the membrane.

In this work, we present a synchrotron X-ray imaging technique [16, 17, 18, 19, 20,21, 22,
23] that enables mapping of the distribution of the catalyst materials platinum (Pt) and

ruthenium (Ru) quantitatively and that also provides chemical information via the near edge
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X-ray absorption fine structure (NEXAFS/XANES) with high two-dimensional spatial
resolutions of = 2.1 um [24, 25]. The catalyst distribution in fresh and aged DMFC MEAs are
compared. Our approach differs from previous studies (e.g. Arlt et al. [26]) where X-ray
beams with comparable broad spectral widths around a few 100 eV have been used. This
allows only to image the location of catalytic elements within the specimen, but not to
quantify its amount. Due to the improved energy resolution applied for the measurements
presented in this paper a quantitative analysis of the thickness of the catalysts was possible.
Furthermore also chemical information could be obtained with this technique. We should
note, that the attenuation contrast imaging set-up presented in ref. [27] also uses only a broad

energy resolution comparable to that in ref. [26].

2. Experimental setup

The tomography station at the electron storage ring BESSY Il at Helmholtz-Zentrum Berlin,
Germany, was used for the measurements presented [28]. The tomography station is located
at the BAMline which provides a wide energy range of synchrotron radiation between
5 and 70 keV. For radiographic investigations, a W-Si double-crystal monochomator with a
high energy resolution of dE/E ~ 10™ was used [28, 29, 30]. The resulting energy resolution is
~2eV at the Pt 3 edge (22.127 keV) and ~ 1 eV at the Ruk edge (11.573 keV) [31]. As a
consequence of the energy dispersion of the monochromator, a gradient over the height of the
radiograms cannot be avoided. This gradient is about 2 eV/mm at the Pt ;3 edge and
approximately 6 eV/mm at the Ruk edge, but can be easily corrected by taking several images
at different energies around the investigated X-ay edges.

For image acquisition, a PCO4000 camera system with a total resolution of 4008 x 2672
pixels was applied. The spatial resolution of 2.1 um results in a field of view of 8.6 mm x
4.2 mm. A 20 um CdWO;, scintillator and an exposure time of 10 s was used. The specimen

was orientated in through-plane view [29].

3. Technique

3.1. X-ray absorption edge imaging

For typical NEXAFS or XANES measurements at a synchrotron X-ray source spot sizes of a

few mm? are used to obtain a good signal-to-noise ratio even for fast in-situ measurements
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[32]. However such measurements can also be performed with high spatial resolutions [28]
when special X-ray optics are used that provide a very small focused beam of down to 5 um
size, and thus a spatial resolution of about the same size. When large areas have to be
analyzed, the spot has to be scanned over the sample, which is very time consuming. Here we
demonstrate another way for such measurements. This technique is based on standard X-ray
transmission radiography in combination with a monochromator set-up that provides high
energy resolutions. A series of radiograms are taken at different X-ray energies. Thus each
pixel of a radiogram shows the transmission through the sample for a defined energy. These
series are taken between energies from below up to energies above of the relevant X-ray edge.
In this way, an X-ray near edge absorption (NEXAFS / XANES) spectrum is obtained for
each depicted pixel of the radiogram series. The spatial resolution does not depend on the size
of an X-ray focus, but only on the spatial resolution of the imaging set-up that can be much
better than the typical focus provided by X-ray optics. For normalization purposes, a flat field

image (radiogram without sample) at each energy has to be taken.

3.2. Element mapping

Because of electron excitations the transmission of a given element strongly decreases at its
X-ray absorption edge, while the transmission of other elements remains almost constant.
When a radiogram below and another one above the X-ray edge energy are taken, the
transmission signal does only change for the specific element whose edge is between both
energies. The change in the transmission of all other materials is almost negligible. The
energies used for analysis at the Pt 3 und the Ruk edge are shown in table 1. For these
energies, the differences of the transmission values are about two orders of magnitudes higher

for the selected element than for the other ones.

Energy / Transmission value

Element 1156 keV  11.59keV  Diff. (%) 22.07keV  22.18keV  Diff. (%)
Platinum (2 pum) 0.727 0.436 -40.3 0.780 0.783 +0.3
Ruthenium (2 pm) 0.856 0.857 +0.1 0.974 0.846 -13.2
Carbon (240 pm) 0.928 0.928 +0.1 0.984 0.984 0.0
Flourine (240 pm) 0.999 0.999 0.0 0.999 0.999 0.0

Table 1: Table with transmissions through a layer of given thicknesses of the elements present in the fuel cell

and the relative difference between pairs of energies.



When a radiogram taken above the edge is divided by a radiogram taken below the edge, all
materials but that one where the absorption edge is crossed increases due to the increase in the
X-ray energy. Within regions with large amounts of the selected element the division of the
radiograms delivers values clearly lower than 1.

Because of the high energy resolution of the monochromator setup (see “Experimental setup”)
used it is possible to select a very small energy difference between the two radiograms and
thus to increase the sensitivity and accuracy for the investigated element distribution. Figure 1
shows typical XAS curve taken of an aged (artificially aged for 1700 h, see chapter 4. Sample
preparation) and a new Pt-Ru-based fuel cell catalyst at the Pt, 3 edge and the corresponding

width of the energy spectrum at two measurement points.
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Figure 1: Sketch of applied energies for element-sensitive mapping at the Pt, ; edge. The energy resolution is
sufficient for the measuring proposes.

The total thickness of the Ru layer can be calculated from the divided radiograms at the

energies E; and E; as follows:
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Where pc(Er) and pc(E2), Hr(E1) and pe(E2), Hrd(E1) and ppi(E2), Hru(E1) and pru(E2) are the
attenuation coefficients of carbon, fluorine, platinum and ruthenium at the energies E; and Eo.
The thicknesses are expressed by dc, d, dp; and dgy. The measured intensities are I, and I, and
lp is the intensity of the flat field image. The ratio of the radiogram above through the

radiogram below the Ruk edge is
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For E; = E; the attenuation coefficients for all elements expect Ru are approximately equal:
te (By) = uc (By) v we (Ep) = e (Ey) e (Ep) = pp (Ey) - (3)

One obtains
I, (4)

e ;uRu(El) _luRu(EZ) .

Using equation (4) the total Ru thickness can be calculated. Therewith the thickness of an

element can be revealed by the transmittance only. A similar calculation is also used for
platinum. Comparable calculations were done by Bigler et al. using photographic plates [33].

The calculated thickness can be calculated using equation (5), where m is the loading of Ru
(as specified by the manufacturer), A the normalized surface (1 cm?) and p the mass density of
Ru. Therewith, one achieves dg, =569 nm (caused by a measured beam attenuation of
~4.6% in this case) and dpi=1534nm. The material is assumed to be distributed

homogeneously for unused samples.

m
dRu = A—Ip (5)
4. Sample preparation

For the radiographic measurements, a MEA with an active area of 17.64 cm® was chosen.
Carbon cloth (Ballard) was used as substrate for the electrodes. The texture of this woven

material is shown in Fig.2.
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Figure 2: Scanning electron micrograph of the carbon cloth used for the electrode preparation.

Both the catalyst layer and the microporous layer were prepared by knife-coating onto the
carbon cloth. In a first step, a microporous layer containing 60 wt.% carbon (Cabot) and
40 wt.% polytetrafluoroethylene (PTFE) was prepared on the carbon cloth. Then, the
complete gas diffusion electrodes (GDEs) were obtained by preparing either anode or cathode
catalyst layers on top of the micro layers. The anode catalyst layer contained Johnson Matthey
carbon black supported platinum / ruthenium catalyst (HiSpec12100) and the cathode catalyst
layer was prepared with Johnson Matthey carbon black supported platinum catalyst
(HiSpec9100). A noble metal catalyst loading of about 2 mgcm™ was used for both
electrodes. Finally, the electrodes were hot-pressed (130°C, 0.5 kN cm™) on both sides of a
Nafion-115 polymer membrane (Dupont).

The MEA was ‘artificially’ aged, i.e. subjected to an accelerated aging procedure of methanol
depletion. The methanol depletion process was performed as follows: First of all, the MEA
was operated with 1 M methanol solution and air (stoichiometry of Amethanol = Aair =4) at a
temperature of 70 °C and a current density of 250 mA cm™. In the next step, the methanol
supply was stopped for 400 s, resulting in fuel depletion at the anode. Instead of methanol
oxidation, water oxidation accompanied by generation of oxygen and protons took place.
Simultaneously, the anode potential increased up to more than 1.2V /SHE (standard
hydrogen electrode) and the cell voltage decreased to values far below zero (“cell reversal’).
The high anode potential gave rise to corrosion of the anode catalyst, especially of ruthenium,
as well as corrosion of the carbon black support. After 400 seconds, a cell voltage of -2 V was
achieved and the methanol feed was immediately started again. After this accelerated aging
test, the MEA was irreversibly damaged due to the partially dissolution of the catalyst

support, which is oxidized to carbon dioxide at anode side instead of the lacking methanol.



Explanation of the sample aging procedure

The degradation protocol is an accelerated aging procedure representing a complete or local
depletion of methanol supply of (a) stack cell(s) during a long term DMFC operation. As
pointed out by Valdez et al. [34], the liquid manifold of a DMFC stack filled by methanol
solution saturated with carbon dioxide provides a path for shunt currents and in combination
with methanol depletion will lead to an oxidation and corrosion of the catalyst by electrolysis.
In single cell experiments, this electrolysis process in combination with local methanol
depletion can well be simulated by applying a current and stopping the methanol flow. The
suitability of our aging protocol was also evidenced by the analysis of stack cells in 2005
which were operated in one of our DMFC systems driving a 4-wheel scooter [35]: The Ru
corrosion in the anodes and the deposition of Ru in the cathode was similar to that of the aged

single cells exposed to methanol depletion.

5. Results

Two sets of radiographic measurements at different energies around the Pt 3 edge and the Ruk
edge were taken of the aged MEA. From each image set two radiograms were chosen as
described above. The chosen energies were 11.56 keV and 11.59 keV for the Pt 3 edge and
22.17 keV and 22.23 keV for the Ruk edge, respectively.

The ratios of these images were calculated in order to reveal the Pt and the Ru distribution
(see above). The results are shown in Figures 3a and b (Pt_3 edge) and Figures 3c and d (Ruk
edge). Pt is almost homogenously distributed over the sample with some larger local
agglomerations (Figure 3a). In contrast, the Ru distribution shows strong density variations
(Figures 3c and d). Furthermore the variations are strongly correlated to the flow field of the
fuel cell, which has schematically been added to Figures 3b and d. Note: The crack structure
leaving small ‘lands’ within the functional layers (mainly the electrodes at both sides of the
membrane), which can be observed in each picture originates from drying during MEA
preparation. As there is Pt on both sides of the membrane the Pt distributions in Figures 3a
and b show more cracks than the images of the Ru distribution.



Figure 3: Figures representing Pt sensitive measurements are shown in a and b; Ru sensitive measurements are
shown in ¢ and d. a and c: radiogram taken above the edge divided by the radiogram taken below the edge of the
aged MEA. The former flow field characteristics are schematically overlaid in b and d while the white lines
represent the path of the plot in Figure 4b.

6. Pt and Ru thickness quantification
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Figure 4a: Partially resolved Ru thickness (above) and Pt thickness (beneath) in gray values with averaged
(marked by symbol ‘@’) thicknesses in nm beneath of the aged sample. Figure b shows thickness profiles along
the white lines in Figures 3b and d perpendicular to the former flow field course. Horizontal lines mark regions
of constant thickness below ribs and channels.

For a detailed analysis we have quantified the Pt and Ru distributions in accordance with
equation (4). The result is shown in Figure 4a. The averaged thickness values Figure 4a) show
that the Ru thickness below the channel area is larger than below the rib area, with the

assumption that there are no changes of transmission caused by other elements.
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Figure 5: Frequency of a) Ru thickness and b) Pt thickness of the aged sample. Thicknesses within intervals of
0.16 nm for the Pt distribution and 0.49 nm for the Ru distribution were summed up for each value of the
distributions.

The local thicknesses of Pt and Ru vary strongly. The corresponding thickness distributions
are shown in Figure 5. A Gaussian fit to the curves reveals that the average Ru thickness is
about 408 + 20 nm underneath the ribs and 532 £ 20 nm underneath channels. The widths of

the graphs (full width at half maximum) are about 454 nm and 486 nm.
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Taking the initial RuPt loading into account an average thickness of 569 nm Ru at the anode
catalyst in the fresh material can be calculated. A decrease in Ru thickness (i.e. the Ru
density) of around 6 % (down to 532 £ 20 nm Ru) for the area under the channel and of
around 28 % (408 + 20 nm Ru) for the area under the rib were found (see Figure 4), i.e.
approximately one third of the total Ru amount ((569 nm - 408 nm) / 569 nm = 28.3 %) had
been “washed out” of this area during cell operation. Accordingly, the difference in the
average thicknesses (values in Figure 4a) between the channels and the ribs is about
124 + 20 nm.

On the other hand, the average Pt thickness was found to be about 1689 + 60 nm underneath
the ribs and 1848 + 60 nm underneath channels in the aged sample, i.e. not only the Ru but
also the Pt thickness is slightly reduced under the rib area, although the effect is much smaller
compared to Ru. The width of the Pt thickness distribution graphs is about 1223 nm. As a
total Pt thickness of 1632 nm was calculated (basing on manufacture information), a non-
uniform distribution of Pt cannot be excluded, as differences of the loading over the active
area of only a few tens ng cm™ can induce the measured deviation. Actually these differences
are expected within one batch. Also, the calculated Pt thicknesses for a fresh sample are equal
to the measured thicknesses in the aged sample within the accuracy of the measurement.
Figure 4b depicts the plot along the white lines in Figures 3b and d. The arrow marks a Ru
agglomeration in the channel along the interface to the rib underneath. Furthermore a periodic
pattern of the Ru distribution is visible, accented by black circles in Figure 4b. This structure
has a periodicity of about 500 um and is correlated to the structure of the carbon cloth, which
has a similar periodicity (see Figure 2). Previous studies had already shown a redistribution of
Ru due to aging processes that caused a similar structure [26]. It has been assumed that the
increased transport of CO, gases / methanol solution through the voids in the GDL material
(Fig. 2) causes a redistribution of Ru, i.e. the washed out Ru has been transported along theses
voids and therefore the Ru distribution shows the same periodic structure as the GDL
material).

The dotted curve depicts the Pt distribution which is obviously also slightly impacted by the
flow field geometry and even more by the periodic structure of the GDL, i.e. the catalyst

layers (see Figure 4Db).
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Figure 6: XAS curves, taken from areas under the rib and under the channel for the Ruyk edge (a) and the Pt,;
edge (b) of the aged sample. For measuring areas, see Figures 3b and d.

Not only variations in the local amount of Ru were found but also the chemical structure was
found to have altered. Figure 6a shows two XAS spectra: One taken from the area below the
flow field channel (see red frame in Figure 3d) and the other taken from an area that was
located below the rib of the flow field structure (see blue frame in Figure 3d). Both spectra
show a clear difference in the intensity at the edge that hints towards a change in the chemical
state.

At the same locations spectra taken at the Pt_ 3 edge were also investigated (see Figure 6Db).
Here a change in the edge heights is shown. Although the Pt distribution may not be as

affected as that of Ru by aging, the chemical state was visibly changed.
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Figure 7: a) Spatially resolved Pt thickness and c) Ru thickness encodes as gray values. XAS curves of regions
with a large Pt amount (P1), medium Pt amount (P2) and less Pt amount (P3) b) at the Pt, ; edge and d) at the
Rug egde with enhanced insets of the near edge structure.

At last we analyzed the XAS spectra on a smaller scale in areas with varying Pt (Figure 7b)
and Ru (Figure 7d) thicknesses. For this purpose we chose three different locations with large
(P1), medium (P2) and small (P3) Pt and Ru thicknesses. We found variations in the peak
height of the corresponding XAS spectrum as shown in the Figures 7b and d. The peak
heights at the Pt (Ru) edge both increase with decreasing Pt (Ru) thicknesses.

7. Discussion

Figure 1 shows the relation between the energy width and the XAS curve profile. There is no
overlap between both energy spectra — above and below the absorption edge. The measured
transmittances can be dedicated to a much defined energy which enhances the accuracy of the
theoretical calculations as the calculations are limited to exact energy values. Because of the
use of high monochromatic X-rays, the X-ray energies are very clearly defined and therefore
also the attenuation coefficients that are needed to quantify the Pt and Ru contents. It was also
possible to take two X-ray energies very close to the X-ray edges. This is schematically
shown in figure 1. Past studies (e.g. ref. [26]) have used an X-ray energy spectrum width that
was about 100 times broader than that shown in figure 1. In this case quantification cannot
reach the high accuracy that we achieved with our high energy resolution. This is an

important point since eq. [4] is only valid when the width of the energy peak is small enough.
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This allows for very sensitive measurements in future experiments where small changes in the
amount of the catalysts can be observed with a spatial resolution of a few micrometers.
Haubold et al. [36] have shown a significant correlation between XAS peak height and the
oxidation state of platinum. For PtO, the height of the X-ray absorption edge is much higher
than the peak of non-oxidized Pt. Therefore, agglomerations with an overall lower Pt content
(Figure 7a) seem to contain more oxidized platinum, which could be explained by the
relatively larger surface compared to that of the larger Pt agglomerations. Concerning the Ruk
edge, Aberdam et al. [37] demonstrated an increased peak height for oxidized Ru, as well.
Following the assumption above, the impact of the oxidized Ru is also stronger in smaller Ru
agglomerations.

More Pt and Ru can be found below the former flow field channels than under the ribs
(Figures 5a and b). Anyway the effect is much more pronounced for ruthenium. Since Ru is
used to provide the bi-functional mechanisms and slightly modifies the inter-atomic distance
of adjacent Pt atoms and therewith protect Pt from oxidation, the decreased total amount of
Ru might be a reason for the stronger Pt oxidation underneath the ribs (Figure 6b) [38, 39, 40,
41, 42, 43, 44].

Previous studies have shown that CO, bubble formation and the paths of transport strongly
depend on the GDL structure and the characteristics of the flow fields [45]. The increased Ru
and Pt amounts below the channels could be explained by the entrainment of catalyst particles
by carbon dioxide transport processes through the GDL towards the flow field. This can also
explain the 500 um periodicity of the found structure.

By using spatially resolved impedance spectroscopy, Schneider et al. have demonstrated
limited mass transportations underneath the ribs [46, 47]. The lower peak in the XAS curve of
Ru taken from underneath the rib can be attributed to less oxidized Ru due to oxygen
depletion underneath the ribs [48, 49].

8. Conclusion

We presented a powerful radiographic imaging technique based on high energy-resolution
absorption edge measurements with synchrotron X-ray radiation. The thickness of a selected
element and its distribution can be measured with a spatial resolution of a few micrometers
and high quantification accuracy. Our measurement technique is non-destructive and non-
invasive. It can be applied to in-situ / in-operando measurements and — in comparison to the

novel approach of XAS imaging with focusing optics — no scanning is necessary and a high
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intense spot that might affect the material can be avoided. We investigated the Ru and Pt
distribution of an artificially aged MEA of a direct methanol fuel cell. As one result, a strong
influence of the former flow field characteristics on the catalyst distribution of the aged MEA
was found. It is found that CO,, water and methanol transport paths have a great impact on the
catalyst distribution. Furthermore, spatially resolved chemical information about oxidation
states could be revealed.

The applied differential synchrotron X-ray absorption edge radiography technique is not
limited to the study of aging of Pt and Ru, but can be used for various other future
investigations on fuel cells and battery materials. In future in-situ measurements on operating
fuel cells or batteries might be interesting. Furthermore the technique can be extended to 3D

investigations.
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