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1. Introduction

In the last two decades X-ray absorption spectros-
copy (XAS) has increasingly been applied to the study
of fuel cell catalysts and, in particular, Pt containing
catalysts for use in low temperature fuel cells. The
increasing use of XAS may be attributed to its unique
potential to provide information regarding the oxida-
tion state and local coordination, numbers and iden-
tity of neighbors, of the absorbing atom. The advan-
tage of XAS over other characterization methods,
such as XPS or SEM/EDAX, lies in the ability to
conduct the measurements in situ, in environments
that closely mimic those of a working fuel cell.

In the application of XAS to the study of fuel cell
catalysts, the limitations of the technique must also
be acknowledged; the greatest of which is that XAS
provides a bulk average characterization of the
sample, on a per-atom basis, and catalyst materials
used in low temperature fuel cells are intrinsically
nonuniform in nature, characterized by a distribution
of particle sizes, compositions, and morphologies. In
addition, the electrochemical reactions of interest in
fuel cells take place at the surface of catalyst par-
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ticles, and XAS is not able to provide a means of
directly probing the surface composition or electronic/
chemical state of the surface of the catalyst particles.
Throughout this review both the advantages and
limitations of XAS in the characterization of low
temperature fuel cell catalysts will be emphasized.

An XAS experiment measures the change in the
absorbance, ux, or fluorescence of the sample as the
X-ray energy is scanned through the absorption edge.
At the absorption edge the energy of the incident
X-ray photon is sufficient to excite a core level
electron of the absorbing atom to unoccupied atomic
or molecular orbitals. A typical XAS spectrum is
shown in Figure 1. The absorption, uX, is defined by
the Beer Lambert equation,

ux = log(1y1,) (1)

where u is the linear absorption coefficient, x is the
sample thickness, |, is the intensity of the incident
photons, and I is that of the transmitted photons.
The region closest to the absorption edge has a
structure that is characteristic of the local symmetry
and electronic structure of the absorbing atom, which
is commonly called the XANES, X-ray absorption
near edge structure. The position of the absorption
edge can provide information regarding the oxidation
state of the absorber. The XANES region extends to
approximately 50 eV above the absorption edge. At
higher energies the energy of the incident X-ray
photons is sufficient to excite a core electron of the
absorber into the continuum producing a photoelec-
tron with Kinetic energy, Ey,

Ex=hv - Ebinding 2

The ejected photoelectron may be approximated by
a spherical wave, which is backscattered by the
neighboring atoms. The interference between the
outgoing forward scattered, or ejected, photoelectron
wave and the backscattered wave gives rise to an
oscillation in the absorbance as a function of the
energy of the incident photon. These oscillations,
which may extend up to 1000 eV above the absorption
edge, are called the EXAFS, extended X-ray absorp-
tion fine structure. Analysis of the EXAFS provides
information regarding the identity of, distance to, and
number of near neighboring atoms.

This review will focus on the applications of XAS
in the characterization of low temperature fuel cell
catalysts, in particular carbon supported Pt electro-
catalysts, Pt containing alloys for use as anode and
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cathode catalysts, and, finally, non-Pt containing
cathode catalysts. A discussion of the cells that have
been used for in situ and gas treatment measure-
ments will be presented. The type of information that
can be derived from XAS studies of fuel cell catalysts
will be illustrated, and the relevant XAS literature
from 1982 to 2003 will be reviewed.

2. X-ray Absorption Spectroscopy

The details of the analysis of the XANES and
EXAFS regions of the XAS spectra are beyond the
scope of this review. However, as XAS is becoming a
more “routine” tool for the study of fuel cell catalysts,
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Figure 1. XAS spectrum of a Mo foil collected at the Mo
K edge.

we feel that some discussion of the basic aspects of
the analysis as applied to fuel cell catalysts is
warranted and may assist the nonspecialist in un-
derstanding the origins of the information derived
from XAS.

2.1. XANES

In the study of fuel cell catalysts, detailed analysis
of the XANES region is not common. As mentioned
in the Introduction, the position of the absorption
edge is related to the oxidation state of the absorbing
atom and the detailed features can provide an
identification of the neighbors, coordination geom-
etry, and, in the case of clusters of atoms, particle
size and morphology. The XANES region of the XAS
spectrum is dominated by multiple-scattering and
multiphoton absorptions. As such, detailed analysis
of this region is less straightforward than that of the
EXAFS region, which will be described in section 2.2,
and most studies have been limited to a so-called
white line analysis, which will be discussed below.
However, recent advances in the theoretical models
and the availability of computer programs, such as
the FEFF8 code developed by Rehr’s group,* should
encourage more detailed analysis of the XANES of
supported metal catalysts.

The FEFF8 code is an ab initio code that imple-
ments a self-consistent, real-space Green'’s function
approach. The recent improvements in the FEFF
code are particularly apparent, in the analysis of L)
absorption edges, where transitions from the 2ps;
level to vacant d-states of the absorbing atom occur.
For example, Ankudinov and Rehr? have recently
shown that the Pt L, edge of a Pt foil is more reliably
reproduced by the FEFF8 code, which is self-
consistent, than by the FEFF7 code previously used
by Bazin et al.® The absorption coefficient and,
therefore, intensity of the white line for a surface
atom are not the same as those for a bulk atom, and
this must be taken into account when fitting the
XANES of nanoparticles, as demonstrated by Bazin
et al. for Pt clusters of 13, 19, 43, and 55 atoms with
the fcc structure (Op symmetry).® The morphology of
the cluster was also shown to be important for Pt
clusters* and Cu clusters.® Fitting the XANES data
requires comparison of the spectrum to the spectra
of a series of relevant reference compounds, which
are then simulated using FEFF8. Detailed analysis
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Figure 2. XAS spectrum of Na,Pt(OH)s powder.
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of the XANES of a fuel cell catalyst, with a distribu-
tion of particle sizes and morphologies, can then be
accomplished using principal component analysis
(PCA). However, as noted by Bazin and Rehr,®
defining relevant reference compounds and the simu-
lation of a large number of absorption spectra of
possible structures, which may only contribute as
minor components to the overall spectrum, are major
limitations of this technique. However, the PCA-
FEFF approach offers a real opportunity to obtain
the distribution of the electronic states of catalyst
particles.

The XANES region of the Pt L;;; and L, absorption
edges can be used to determine the fractional d-
electron occupancy of the Pt atoms in the catalyst
sample by a so-called white line analysis. Figure 2
shows the XAS spectrum collected at both Pt L, and
L, absorption edges of Na,Pt(OH)s. The sharp fea-
tures at the absorption edges are called white lines
after the white line observed in early photographic
film based XAS measurements.® Mansour and co-
workers 7 have shown that comparison of the white
line intensities of a sample with those of a reference
metal foil provides a measure of the fractional d-
electron vacancy, fy4, of the absorber atoms in the
sample. fy is defined as follows:

fy = (AA; + L1IAAYIA,, + 1.11A,)  (3)

where Az, represents the area under the white line
at the L, edge and A;, represents the area at the
L, edge of the reference foil spectrum and

AAx = Ax,s - Ax,r (4)

with x = 2 or 3 and A, the area under the white
line at the L edge of the sample spectrum. The areas
may be determined by integration of the normalized
(defined below) spectra from 10 eV below the absorp-
tion edge to 40 eV above the absorption edge or by
first subtraction of an arc tangent function fit through
the pre- and postabsorption edge regions.

fq can then be used to calculate the total number
of unoccupied d-states per Pt atom in the samples
as follows:

(hJ)t,s =(1.0+ fd)(hJ)t,r )

where (hy):r, t = total, for Pt has been shown to be
0.3.8 A large (h;)s value, thus, indicates a smaller
d-electron density and an increased d band vacancy
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as compared to those for bulk Pt. Unfortunately,
when (h;)¢s values have been reported in the fuel cell
literature, no estimation of the error in the measure-
ment has been given. Therefore, it is best to treat
the determination of (hj)¢s as a semiquantitative
measurement and to restrict its use to the compari-
son of relative values and the identification of trends.

2.2. EXAFS

To analyze the EXAFS region of the XAS spectrum,
the raw data must first be subjected to background
subtraction, determination of the zero point of the
energy, and normalization. Background subtraction
removes both the variation in the absorbance with
energy caused by the other atoms in the sample (the
near-linear variation seen before the edge, usually
modeled as a modified Victoreen function®) and the
smooth variation in u past the absorption edge,
corresponding to the absorption of the free atom. The
zero point of the energy, Eo, is usually taken as the
inflection point in the absorption edge. This allows
the energy of the incident photon, Ep,, to be converted
to k-space (A1) as follows:

2me 1/2
k= (T(Ehv - Eo)) (6)

Normalization places the measured spectrum on a
per-absorber-atom basis, thereby taking into account
the concentration of the sample, and is division of
the absorption data by the magnitude of the edge step
at 50 eV above the absorption edge. The details of
XAS data reduction may be found elsewhere.*°

Once the EXAFS spectrum is isolated, the data
may then be fitted to the EXAFS equation,

shells

x(K) = Z Aj(K) sin 6;(k) (7)
=
with the amplitude function

N.
Aj(k) — leZSOZFj(k)e—Zkzojze—ZRJ—M(k) (8)
i

and the phase function
sin 6(k) = sin(2kR; + ¢;(k)) 9)

where Nj is the number of atoms of type j at the
distance R; from the absorber atom, Fj(k) is the
magnitude of the backscattering from atom j, d;(k) is
the backscattering phase shift resulting from scat-
tering off atom j, Sy is the amplitude reduction factor
and reflects multielectron effects and central atom
shake-up and shake-off due to the relaxation process
after photoionization, e~2<*%* accounts for the finite
lifetime of the excited state, ¢j? is the relative mean
squared disorder along the distance between the
absorbing atom and atom j due to thermal and static
motions, and A is the mean free path of the electron.

The backscattering amplitude, Fj(k), and phase
shift, dj(k), for the absorber—neighbor pair may be
extracted from the EXAFS of reference compounds
or calculated theoretically using widely available
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Figure 3. Calculated EXAFS of (a) Pt with six O neighbors
at 1.98 A and (b) Pt with six Pt neighbors at 2.77 A.

programs such as the FEFF codes developed by John
Rehr’s group at the University of Washington.~13
These parameters enable the identification of the
neighbors surrounding the absorbing atom. In par-
ticular, the variation of the backscattering amplitude
with energy, or k, provides an indication of the mass
of the neighboring atom. The calculated EXAFS for
Pt—0 and Pt—Pt absorber—neighbor pairs are shown
in Figure 3. As can be seen in the figure, the
backscattering from a light neighbor, with low Z, is
at a maximum at low k values and decays quickly,
while that from a heavier neighbor, with high Z,
extends to higher values of k. Weighting the EXAFS
data from a sample with mixed neighbors by k or k3
emphasizes the contributions to the EXAFS from the
low and high Z neighbors, respectively. The coordina-
tion number, N;, and the distance, R;, also have easily
visualized effects on the EXAFS. Increasing the
number of a given type of neighbor increases the
amplitude of the EXAFS, as shown in Figure 4 and
eq 8. Variation of the near neighbor distance changes
the phase of the EXAFS as shown in Figure 5 and
eq 9. Attention to the effects of these parameters on
the EXAFS can provide a useful starting point in
fitting EXAFS data.

Fourier transformation of the EXAFS gives the
radial structure function. The EXAFS and corre-
sponding k3 Fourier transform for a Pt foil standard
are shown in Figure 6. As in the case of the raw
EXAFS data, k weighting of the Fourier transforma-
tion emphasizes the contributions of low Z neighbors,
k! weighting, or high Z neighbors, k® weighting. In
the analysis of the EXAFS for a supported fuel cell
catalyst, k? weighting of the Fourier transform is
commonly used, as it provides a compromise, giving
weight to the contributions from both low and high
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Figure 4. Calculated EXAFS of (a) Pt with six Pt
neighbors and (b) Pt with 12 Pt neighbors at 2.77 A.
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Figure 5. Calculated EXAFS of (a) Pt with six Pt
neigr}sl:\)ors at 2.77 A and (b) Pt with six Pt neighbors at
3.42 A

Z neighbors. Phase correction of the Fourier trans-
form by the backscattering phase shift of one of the
absorber—neighbor pairs is also extensively used.
This has the effect of correcting the distances ob-
served in the radial structure function as well as
emphasizing the contributions from the chosen ab-



XAS of Low Temperature Fuel Cell Catalysts

K 1 (k)

k/A
160 -
140
120 4
100 —

80

FT Ky (k)

60

40

ZO—A/\/\‘
b
0 T T T T T

0 2 4 6 8 10
r/A

Figure 6. (a) k® weighted EXAFS of Pt foil collected at

the Pt L3 edge and (b) the corresponding k3 weighted Pt
phase corrected Fourier transform of the EXAFS data.

sorber—neighbor pair. Without phase correction the
positions of the peaks in the radial structure function
are all approximately 0.5 A too short. The Fourier
transform shown in Figure 6 corresponds to the
radial structure of a Pt atom in the bulk fcc lattice,
with 12 neighbors in the first shell, 6 in the second,
12 in the third, and 24 in the fourth. The decreased
backscattering contribution from the neighbors at
longer distances causes an apparent amplitude re-
duction of the radial structure function for higher
shells, as predicted by eq 8.

EXAFS analysis involves fitting the data to the
EXAFS equation to obtain a structural model. Cur-
rently, fitting EXAFS data relies on the user to
propose candidate neighboring atoms as backscat-
terers. The data are then fitted using the absorber—
neighbor pairs. As such, the true applicability of the
fits relies on chemical knowledge of the system under
investigation obtained using other techniques.

There are many EXAFS analysis programs avail-
able, both commercial and free-ware, and the reader
is referred to the web site of the International XAS
Society for a comprehensive list.** In preparing this
review article, we found that three of these programs
were much more commonly used than the others; the
University of Washington UWXAFS package consist-
ing of FEFF*~13 and FEFFIT, the Daresbury Labo-
ratory code EXCURVE98 and its predecessor
EXCURVE92, and the commercial program XDAP.
As described previously, FEFF is a program for the
ab initio calculation of phase shifts and effective
backscattering amplitudes of single- and multiple-
scattering XAFS and XANES spectra for clusters of
atoms. There are several versions of FEFF available,
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the most recent being FEFF7%° and FEFF8.! Versions
of FEFF later than FEFF5, which included multiple-
scattering paths, are equally appropriate for the
provision of theoretical standards for EXAFS fitting;
the improvements in the level of theory in versions
7 and 8 have more impact on the simulation of the
XANES as discussed in section 2.1. The FEFFIT
program fits the experimental EXAFS data to the
theoretical standards calculated using FEFF in
r-space and includes an estimate of the errors.
EXCURVE98 is a combined theory and fitting pro-
gram in which the backscattering phase shifts and
amplitudes are calculated using rapid curved wave
theory'® and the Rehr Albers theory''? from the
parameters of the radial shells of atoms surrounding
the absorber. The EXAFS data are fitted in k-space
using least squares refinement, errors are estimated
by calculation of the standard deviations of each
parameter, and correlations between parameters may
be examined. The theoretical standards generated
using FEFF and EXCURVE98 can include multiple-
scattering pathways. Inclusion of multiple scattering
is important if higher coordination shells are to be
included in the analysis, particularly those at dis-
tances equal to or greater than twice the distance to
the first coordination shell. The XDAP program
supplied by XSI makes use of both theoretical stan-
dards calculated using FEFF and/or experimentally
derived backscattering phase shifts and amplitudes
extracted from the EXAFS data of reference com-
pounds collected by the user. The use of experimen-
tally derived standards must be treated with caution
and relies on the separation of EXAFS contributions
from the various neighbors in the reference com-
pound and the quality of the data. The EXAFS data
may be fitted in k- or r-space using XDAP, and the
program includes a subtraction facility which enables
the difference filel” method to be easily implemented,
as will be discussed below in section 4.3.

The errors in the fitting parameters may be ob-
tained from the covariance matrix of the fit if it is
available, but they are more commonly estimated by
varying one parameter away from its optimal value
while optimizing all other parameters until a defined
increase in the statistical y? function is obtained.*®
However, the statistical error values obtained do not
represent the true accuracies of the parameters. In
fact, it is difficult to determine coordination numbers
to much better than +5%,1°2° and +£20% is more
realistic; when the data are collected at room tem-
perature taking into account the strong coupling
between the coordination number and Debye Waller
terms, the error in the latter may be +30%.

The number of statistically justified free param-
eters, n, which may be fitted should also be taken
into account when fitting the data. This may be
estimated from the Nyqvist theorem?! as follows:

n=248KAr , (10)
4

where Ak and Ar are the ranges in k- and r-space
over which there is useful data. This should not
extend to regions where there are no meaningful data
above the noise. For a data set with a Ak range of
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Figure 7. Experimental configuration for (a) transmission
measurements and (b) fluorescence measurements. The
sample is indicated by the shaded rectangle, Iy and
ltramsmission @re ionization chamber detectors, and lfuorescence
is a solid-state detector.

10 A1 and an r-space interval of 2 A, application of
the Nyqvist theorem limits the free parameters to
14. Finally, the chemical feasibility of the fit should
be examined. If the number of free parameters is not
limited, it is possible to fit any EXAFS spectrum to
a high level of apparent precision, and it is this
observation that has given EXAFS a poor reputation
in the past.

The IXAS also provides guidelines and standards
for the publication of XAS data.???3 In preparing this
review, we found that many of the papers included
did not adhere to these guidelines and standards, and
while this did not invalidate the findings of most of
the affected papers, it was occasionally difficult to
assess the quality of the data and fits. A common
omission was a statistical measure of the goodness
of the fit. This may be defined as

N

1
Rexars = Z_(|Xiexp - Xith|) x 100% (11)
1 Oexp

where N is the total number of data points, o®® is
the standard deviation for each data point, i, and y*®
and ™ are the experimental and theoretical EXAFS,
respectively, although other definitions may be used.
It is also expected that at least one representative
EXAFS spectrum and the corresponding Fourier
transform will be shown with the fit superimposed.

3. Data Collection and in Situ Cells

XAS measurements require a radiation source that
is both intense and tunable, and therefore, they are
usually conducted using synchrotron radiation. The
measurements may be made using either transmis-
sion or fluorescence. The former is the more simple
but is not suitable for dilute samples where fluores-
cence is more sensitive. A typical experimental con-
figuration for a transmission measurement is shown
in Figure 7. The intensity of the X-rays is monitored
before and after the sample, | and |, respectively,
using ionization chamber detectors. The thickness or
amount of the sample is selected to give an optimal
change in the absorbance from one side of the
absorption edge to the other in the range 0.3—1.0.
The total absorbance of the sample at a given
wavelength can be calculated from the X-ray absorp-
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tion cross sections of all the elements ?* in the sample.
The total absorbance of the sample and any other cell
components in the X-ray beam path, such as windows
or solution layers, should be kept to less than 2.5 to
provide the best data quality. A reference metal foil
or sample containing the element of interest and a
third ionization chamber may be included to provide
an internal standard for energy calibration. A full
spectrum takes between 20 and 60 min to collect
using a conventional scanning monochromator. The
data collection time can be reduced to minutes by
using a Quick EXAFS monochromator or even sec-
onds if an energy dispersive monochromator is
used.?®~27 The former uses a microstepper to continu-
ously scan the angle of the monochromator crystals,
thereby reducing the dead time, and the latter uses
a monochromator with a bent crystal to obtain the
spectrum in a single exposure on a position sensitive
solid-state detector. Unfortunately, a reduction in the
quality of the EXAFS data collected usually ac-
companies any reduction in the collection time.

The experimental configuration for fluorescence
measurements is shown in Figure 7. As in the case
of transmission measurements, the intensity of the
X-rays before the sample is measured using an
ionization chamber. The sample is set at 45° to the
path of the incident X-rays, so that the maximum
solid angle of the fluorescence may be collected at the
solid-state detector.

The XAS spectrum provides information regarding
the average oxidation state and local coordination of
the absorbing element. It is therefore crucially im-
portant when designing in situ cells for XAS mea-
surements that complete conversion, electrochemical
or chemical, of the material takes place.?® XAS data
of fuel cell catalysts may be obtained using samples
prepared from the catalyst powders, PTFE or Nafion
bound electrodes, or membrane electrode assemblies.
Where the catalyst powders are studied, these are
often made into pellets diluted with either boron
nitride, silica, or polyethylene powder to aide prepa-
ration of the pressed pellet, similar to a potassium
bromide pellet used in infrared spectroscopy. These
particular diluents are chosen because they are
composed of low Z elements and, therefore, are
transparent at most X-ray energies. A gas treatment
cell, such as that shown in Figure 8, has been used
to collect the XAS spectra of self-supporting pellets
of catalyst powders exposed to gas mixtures at
elevated temperatures; the data are collected at
either room or liquid nitrogen temperature.?®3° The
pellet must be permeable to the gas mixture, and
therefore, boron nitride was used as the diluent.

A number of designs of transmission in situ XAS
cells have been published for the study of bound
catalyst electrodes.3!~33 These cells all utilize a thin-
layer geometry to minimize the contribution to the
absorbance by electrolyte solution. The cell design
reported by McBreen and co-workers3? shown in
Figure 9 uses three layers of filter paper soaked in
the electrolyte as a separator, or later a Nafion
membrane®* between the working electrode and a
Grafoil counter electrode. Bubbles in the electrolyte,
that would result in noise in the XAS data, are
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Figure 8. Gas treatment cell for transmission XAS.1% The
sample is prepared as a pressed self-supporting pellet in
the sample holder, diluted with BN. The liquid nitrogen
dewar enables data collection at 77 K, and the connection
to gas-flow or a vacuum system enables control of the
sample environment. (Reproduced with permission from ref
154. Copyright 1997 B. L. Mojet).

Reference electrode port

Current collector

Working electrode Electrolyte port

Separator
Current collector

Counter electrode

X-ray window

Figure 9. Electrochemical cell for transmission XAS.3!
(Reproduced with permission from ref 31. Copyright 1987
American Chemical Society.)

prevented by keeping the entire assembly under
compression.3® Herron et al.®? also used filter papers
as a separator between the working electrode and a
gold foil counter electrode (Figure 10) but relied on
continuously pumping electrolyte through the cell to
sweep out any bubbles, as did the modified design
described by Maniguet, Mathew, and Russell,® shown
in Figure 11. In the former a hole was in the center
of the gold foil counter electrode through which the
X-rays passed, and in the latter the platinum gauze
counter electrode was contained in a concentric
electrolyte filled channel outside the path of the
X-rays.

Collection of in situ XAS data using a single cell
fuel cell avoids problems associated with bubble
formation found in liquid electrolytes as well as
questions regarding the influence of adsorption of
ions from the supporting electrolyte. However, the
in situ study of membrane electrode assemblies
(MEAS) in a fuel cell environment using transmission
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Figure 12. Fuel cell modified for transmission XAS.3"
(Reproduced with permission from ref 37. Copyright 2002
American Chemical Society.)

EXAFS requires either removal of the catalyst from
the side of the MEA not under investigation®® or
exclusion of the absorbing element from this elec-
trode.®” The cell design reported by Viswanathan and
co-workers®” shown in Figure 12 is a modification of
a single fuel cell. The graphite blocks on each side of
the cell containing the flow channels for the gases
were thinned to 2 mm to provide a path for the X-ray
beam. To avoid problems with sampling the catalysts
on both the anode and cathode sides of the MEA, they
have replaced the cathode ink with Pd/C. In contrast,
the cell design reported by Roth and co-workers® had
a small portion of the Pt/C cathode catalyst removed
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to allow investigation of the PtRu/C anode catalyst.
This removal of the cathode catalyst in the beam
window may modify the current distribution in the
region of the anode catalyst probed by the X-rays,
and therefore, correlation of the XAS spectra with
simultaneously obtained electrochemical measure-
ments may be of limited value.

4. XAS as a Characterization Method: Pt/C

As described above, XAS measurements can pro-
vide a wealth of information regarding the local
structure and electronic state of the dispersed metal
particles that form the active sites in low tempera-
ture fuel cell catalysts. The catalysts most widely
studied using XAS have been Pt nanoparticles
supported on high surface area carbon pow-
ders,?5:27,28.30323338-52 represented as Pt/C. The XAS
literature related to Pt/C has been reviewed previ-
ously.?35 In this section of the review presented here,
the Pt/C system will be used to illustrate the use of
XAS in characterizing fuel cell catalysts.

4.1. Particle Size

The catalysts used in low temperature fuel cells
are usually based on small Pt particles dispersed on
a carbon support with typical particle sizes in the
range 1-10 nm in diameter. The XAS provides a
measure of the average electronic state and local
coordination of the absorbing atom, for example, Pt,
on a per-atom basis, as described above. Thus, the
XAS, for both the XANES and EXAFS regions, of
such Pt/C catalysts reflects the size of the particles.

The effect of particle size on the XANES region of
the XAS spectra for Pt/C catalysts has been investi-
gated by Yoshitake et al.®® and Mukerjee and
McBreen.*¢ Figure 13 shows the XANES region as a
function of the applied potential at the Pt L; edge
for 3.7 and <1.0 nm diameter particles. The white
line intensity increased for both particle sizes as the
potential was increased, but the extent of the change
was greater for the smaller particles. As described
above, the white line intensity at the Pt L; and L,
edges can be used to calculate an average fractional
d-electron occupancy, f4, of the Pt atoms in the
particle. The lower white line intensity at negative
potentials thus corresponds to a more metallic state.
The effect of particle size at the most negative

g g
8 8lc
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S| Sy

b a

a

1157 160 1163 157 160 163
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Figure 13. Pt L; XANES of 4 wt % Pt/C electrodes (left,
3.7 nm diameter particles; right, <1.0 nm diameter par-
ticles) at (a) —0.2 V, (b) 0.5 V, and (c) 1.0 V vs SSCE.%°
(Reproduced with permission from ref 39. Copyright 1994
The Electrochemical Society, Inc.)
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Table 1. Calculated Values of the Effect of Particle
Size on the Fraction of Atoms on the Surface and
First Shell Coordination Numbers (CN) for
Cuboctahedron (Ncuboct) and Icosahedron (Nicos)
Models for Pt Clusters®!

avg particle surface .
Pt loading/ sizegfrpom XRD  fraction first shell CN
wt % analySiS/A Nsurf/Niotal Neuboct Nicos
20 30 0.39 10.35 10.62
30 40 0.28 10.87 11.05
40 53 0.24 11.06 11.22
60 90 0.15 11.45 11.54

potential, —0.2 V vs Ag/AgCl, is opposite that found
for Pt particles supported on alumina, where a larger
fa value (greater white line intensity) was found for
smaller particles. Yoshitake and coauthors attributed
this difference to the formation of metal—hydrogen
bonds in the electrochemical environment. The smaller
particles have a greater fraction of the Pt atoms at
the surface that are able to form such bonds. Muk-
erjee and McBreen*® examined this in more detail
later and noted that the XANES region for Pt/C
catalysts at potentials where hydrogen is adsorbed
exhibited widening on the high energy side of the
white line peak. Such widening was compared to that
previously reported by Mansour et al.53%* and Samant
and Boudart®® for oxide supported Pt catalyst par-
ticles and attributed to the transitions into un-
occupied antibonding Pt—H orbitals near the Fermi
level.

The effects of particle size on fy were further
investigated by Mukerjee and McBreen.*¢ fy values
were calculated for Pt/C particles with four different
diameters at potentials corresponding to the hydro-
gen adsorption, 0.0 V vs RHE, the double layer, 0.54
V vs RHE, and the oxide formation, 0.84 V vs RHE,
regions. Their results are summarized in Table 1. The
calculated values show an increased widening of the
white line with decreasing particle size at 0.0 V, little
effect of particle size at 0.54 V, and an increase in
the white line intensity at 0.84 V. The latter was
attributed to the adsorption of oxygenated species,
and in particular OH. When the change in fq on going
from 0.0 to 0.54 V and then from 0.54 to 0.84 V is
normalized by dividing by the fraction of Pt atoms
that are at the surface of the particle, as shown in
Figure 14, it is apparent that the electronic effects
of H and OH adsorption remain greater for the
smaller particles. This increased affect was attributed
to stronger adsorption of both H and OH on the
smaller particles. The intrinsic activity of carbon
supported Pt particles for the oxygen reduction
reaction, ORR, in acidic solutions has been shown to
depend on both the shape and size of the particles,:57
with increased activity observed for larger particles.
At the larger particles, the decreased strength of
adsorption of OH leaves more of the surface available
to take part in the ORR, summarized as the (1 — ©)
effect in the recent review by Markovic and Ross.>®

The effects of particle size on the EXAFS region of
the XAS spectra are reflected in the coordination
numbers obtained in the fits to the EXAFS data.
Figure 15 shows the EXAFS or (k) data and corre-
sponding Fourier transforms for a Pt foil, a PtO;
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Figure 15. k®weighted experimental Pt L3 EXAFS (a) and
corresponding Fourier transforms (b) of Pt foil, a 20 wt %
Pt/C electrode at 0.1, 0.8, 1.0, and 1.2 V vs SCE, a dry Pt/C
electrode, and a PtO, reference sample.3? (Reproduced with
permission from ref 32. Copyright 1992 Elsevier Sequoia
S.A., Lausanne.)

reference compound, and a Pt/C catalyst electrode.
The reduced amplitude of both the EXAFS oscilla-
tions and the peak in the Fourier transform at 3.0 A
for the Pt/C electrode compared to that obtained for
the Pt foil is a consequence of the smaller number of
Pt neighbors at this distance. Bulk Pt metal is fcc,
and the first shell coordination number is 12. For
small particles, the average first shell coordination
number is reduced, as the atoms on the particle
surface do not have the full number of neighbors.
Benfield®® has derived analytical formulas for the
number of atoms and average first shell coordination
numbers for icosahedron and cuboctahedron clusters
with complete shells of atoms. Figure 16 shows the
icosahedron and cuboctahedron with 147 atoms
formed when four complete shells are present. Ben-
field’s formulas have been used in the interpretation
of the EXAFS parameters obtained for supported
metal particles to estimate the average particle size.
However, these formulas are only valid for icosahedra
and cuboctahedra with complete shells. If the outer-
most shell is incomplete, or can be represented as
adatoms on a complete shell, the average particle size
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Figure 16. Icosahedron (left) and cuboctahedron (right)
with 147 atoms corresponding to four complete shells. The
numbers indicate the first shell coordination numbers of
the surface atom sites.>® (Reproduced with permission from
ref 59. Copyright 1992 Royal Society of Chemistry.)

predicted from the first shell coordination number
will be smaller than the actual particle size. The
presence of incomplete shells and/or deviations from
icosahedral or cuboctaheral particle shapes accounts
for the observation that the average particle sizes
predicted using the first shell coordination numbers
obtained from EXAFS are usually smaller than those
obtained from TEM measurements of the same
catalysts. In addition, the EXAFS measurements
represent the per-atom average of all the absorber
atoms in the sample and, therefore, include particles
too small to be observed using TEM.

4.2. Potential Dependence

The effect of the applied potential on the XANES
region of the XAS spectra for Pt/C catalysts has been
briefly introduced above and is related to both the
adsorption of H at negative potentials and the forma-
tion of the oxide at more positive potentials. The
adsorption of H and the formation of oxides are also
apparent in the EXAFS and corresponding Fourier
transforms, as seen in the work by Herron et al.??
shown in Figure 15. As the potential is increased
from 0.1 to 1.2 V vs SCE, the amplitude of the peak
in the Fourier transform at 2.8 A decreases and that
at 1.8 A increases. The effect on the EXAFS, x(k),
data is less easily observed; the amplitude of the
oscillations at k > 8 A~! decreases as the potential is
increased, with the greatest change seen between 0.8
and 1.0 V. The results of fitting these data are shown
in Table 2. Note that a value for the inner potential

Table 2. Structural Parameters? Obtained from Best
Least-Squares Fits of the EXAFS for the 20 wt % Pt/C
Catalyst Electrode for Various Potentials, E’

E/V vs SCE atom N rlA 202/A?
0.1 Pt 7.5 2.76 0.012
Pt 2.6 3.90 0.017

Pt 13.0 4.74 0.026

0.8 (6] 0.8 2.07 0.012
Pt 6.4 2.76 0.012

Pt 3.3 3.90 0.017

Pt 10.3 4.75 0.026

1.0 (6] 1.8 2.07 0.013
Pt 4.7 2.76 0.012

Pt 2.3 3.89 0.017

Pt 7.1 4.75 0.026

1.2 (6] 2.8 2.05 0.013
Pt 2.9 2.76 0.013

Pt 1.9 3.91 0.017

Pt 4.6 4.75 0.026

2N is the coordination number, r is the neighbor shell
distance, and 202 is the structural disorder term.
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Figure 17. Coordination number of the first Pt—Pt shell
for 4 wt % Pt/C electrodes in (a) 0.25 mol dm~—3 H,SO,4 and
(b) 1 mol dm=3 NaOH as a function of the applied
potential.*® (Reproduced with permission from ref 40.
Copyright 1993 Elsevier Sequoia S.A., Lausanne.)

correction, AEy, was not given in this paper. In the
hydrogen adsorption region, at 0.1 V, there are 7.5
first shell Pt neighbors at 2.76 A and no O neighbors,
corresponding to a well reduced particle. As the
potential is increased and the particle becomes
oxidized, the first shell Pt neighbors are replaced by
O neighbors, eventually reaching 2.8 O neighbors at
2.05 A and 2.9 Pt neighbors at 2.75 A at 1.2 V. The
number of Pt neighbors at longer distances or in
higher coordination shells also decreases as the
potential is increased. However, the fcc shell struc-
ture of bulk Pt is maintained, thereby indicating that
only a thin oxide is formed on the particle surface,
the thickness of which increases with increasing
potential. Yoshitake et al.*° have shown that, upon
reversing the direction of the potential sweep, a
hysteresis in the first shell Pt coordination number
is observed. The results can be plotted in a manner
similar to a voltammogram and are shown in Figure
17 for a Pt/C electrode in either 0.2 mol dm~2 H,SO4
or 1 mol dm~3 NaOH.

Combining the EXAFS results with the potential
variation of the white line intensity or fq4, a schematic
model of the potential dependent structure of the
carbon supported Pt particles has been proposed by
Yoshitake et al.,*® and this model is shown in Figure
18. The effect of increasing the potential in the oxide
region is both to grow an oxide film on the surface of
the particle and to roughen the particle surface. Upon
reversing the potential sweep to remove the oxide,
this roughness remains until hydrogen is adsorbed
on the particle surface. The influence of adsorbed
hydrogen on the first shell Pt coordination number
has also been reported by Mukerjee and McBreen,
who compared the EXAFSs of Pt/C catalysts at 0.0
and 0.54 V vs RHE, corresponding to the adsorbed
hydrogen and double layer regions, respectively. A
decrease in the coordination number was observed

Russell and Rose

electrode potential

Figure 18. Schematic model of the structure of Pt
particles on an fq voltammogram in relation to the electrode
potential. The hydrogen, double layer, and oxide regions
are based on cyclic voltammetry. The lattice disorder
decreases in the order D > A > C > B.%0 (Reproduced with
permission from ref 40. Copyright 1993 ElsevierSequoia
S.A., Lausanne.)

upon increasing the potential, for example, from
10.56 to 8.66 for a 30 A particle. They proposed that
this change indicated a change in the particle mor-
phology from a sphere at 0.0 V to a flatter raftlike
structure at 0.54 V.%6

The rate of oxide formation and/or removal at Pt/C
electrodes has been investigated using energy dis-
persive EXAFS (EDE) by several authors,?527:40.4361
In EDE the conventional double crystal, scanning
monochromator is replaced by a bent crystal disper-
sive or Laue monochromator, enabling data over a
range of X-ray energies to be collected simulta-
neously. The transmitted X-rays are monitored using
a position sensitive detector, and thus, an entire XAS
spectrum can be collected as a single snapshot in as
little as 1 s. More recent developments in detector
technology may improve the data collection rate to
the millisecond time scale;®? however, they have not
yet been applied to the study of fuel cell electrocata-
lysts. The rate of oxide formation or removal is
measured by monitoring the change in either the first
shell Pt or O coordination numbers, Npt o No, as a
function of time either following a potential step or
during a cyclic voltammogram. Figure 19 shows the
Fourier transforms as a function of time obtained
following a potential step from 0.1 to 1.2 V vs RHE
for the oxide formation and back for oxide reduction
reported by Allen and co-workers.*® The EXAFS data
were fitted and Np; and No are shown as a function
of time after the potential step in Figure 20. The
oxide formation measured as an increase in Np and
the absorption peak or white line intensity or a
decrease in Np; was best fit with a logarithmic
function with all three indicators changing at the
same rate. In contrast, the oxide reduction kinetics
were best modeled as a single-exponential function,
with different rate constants for the loss of No and
the growth of Np.. This difference is clearly seen in
Figure 20B as a delay between the changes in No
and Npi. The results highlight an interesting differ-
ence between the mechanisms of oxide formation on
bulk Pt, which occurs by a place exchange mechanism
to form ordered Pt0O,,537% and that occurring at small
Pt particles. The authors proposed a model of oxide
formation at small particles invoking the contrasting
driving forces of the formation of Pt—O bonds and
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Figure 19. Fourier transform of the Pt Lz EXAFS ac-
quired during (A) the oxidation and (B) the reduction of a
carbon supported Pt catalyst electrode as a function of time.
Note that the Fourier transforms have not been phase
corrected. The peak at 2.24 A corresponds to the first shell
of Pt near neighbors at 2.76 A. The peak at 1.50 A is a
combination of the side-lobe from the Pt shell and a shell
of O near neighbors at 2.01 A.43 (Reproduced with permis-
sion from ref 43. Copyright 1995 ElsevierSequoia S.A.,
Lausanne.)

the minimization of the total surface area of the
particle, which has the effect of Pt—Pt restructuring.

O'Grady and co-workers*"%¢ have shown that an
additional potential dependent feature may be iden-
tified as a low frequency oscillation in the XAS
spectrum, which yields peaks in the Fourier trans-
form of the data at values of r(A) which are too small
to be realistically attributed to scattering of the
photoelectron off near neighbor atoms.®” This phe-
nomenon, termed the atomic X-ray absorption fine
structure or AXAFS, is attributed to scattering of the
photoelectron by the interstitial charge density around
the absorbing atom.®® The AXAFS oscillations, ye(k),
are superimposed on the background absorption of
the free atom, u,(E), giving structure to the atomic
absorption, uo(E), as follows.

#o(E) = ua(B)[1 + x,(E)] (12)
These oscillations are usually removed from the

EXAFS, %(k), data during the background subtraction
process according to eq 12, as previously they were
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Figure 20. Structural parameters as a function of time
extracted by fitting the data shown in Figure 20. (A) Data
collected during the oxidation of the Pt/C electrode and (B)
during the reduction: long dashes, first shell O coordina-
tion number (no. of O atoms); short dashes, first shell Pt
coordination number (no. of Pt atoms); solid line, absorption
peak intensity (effectively white line intensity).*® (Repro-
duced with permission from ref 43. Copyright 1995 Elsevier
Sequoia S.A., Lausanne.)
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Figure 21. Experimental Pt L; EXAFS data for a Pt/C
electrode at 0.5 V vs RHE (solid line) and the back
transformed Fourier filtered AXAFS signal (dotted line).
Fourier filtering parameters: 0.5 < k < 8.5 A1 and 0.15
< r < 1.7 A4 (Reproduced with permission from ref 47.
Copyright 1998 Elsevier Sequoia S.A., Lausanne.)

not thought to have a fundamental interpretation.

~u(k) = uo(K)
x(k) = Tl (13)

The background removal procedure has been modi-
fied by O'Grady et al.#’ to retain the AXAFS in the
EXAFS data. Figure 21 shows the EXAFS of a Pt/C
electrode at 0.54 V vs RHE obtained using such a
background removal procedure and the isolated
AXAFS obtained by applying a Fourier filter in the
low r(A) range. The authors show that the amplitude
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of the AXAFS is dependent on the applied electrode
potential, increasing as the potential is changed from
0.00 to 0.54 V and then to 0.74 V. Using the FEFF7
code®® 7% and performing calculations for a Pt;3 clus-
ter, they show that the variations in the amplitude
of the AXAFS observed can be modeled by including
a charge of +0.05 e per surface Pt atom. This
interpretation is, however, somewhat controversial.
The FEFF codes utilize a muffin-tin approximation
to the atomic potentials of the absorber and back-
scattering atoms. The potentials are assumed to be
spherical within the muffin-tin radius and zero
outside, which corresponds to the interstitial region.
O'Grady and Ramaker*’ have modified the point of
the cutoff between these two potential regions to
reproduce the AXAFS features. Such a modification
does not overcome any inherent errors in the muffin-
tin approximation. It should also be noted that the
Fourier filtering range chosen by O'Grady and Ra-
maker, 0.5 A1 <k<85A1and0.15A <r=<17A,
overlaps with any tail from the peak in the Fourier
transform from oxygen neighbors and, therefore, the
variations in the AXAFS observed may simply be
related to the presence of oxygen neighbors at the
higher potentials. Finally, there does not exist a
general agreement regarding the physical origins of
AXAFS features. Other phenomena such as multi-
electron excitations that will influence the shape of
the XAS spectrum in the near-edge region must also
be considered.”

4.3. Adsorbates

As described in previous sections, the adsorption
of hydrogen and oxide formation at Pt/C electrocata-
lysts are apparent in both the XANES and EXAFS
regions of the spectrum collected at the Pt L; edge.
XAS spectra are normalized to a per-atom basis, and
therefore, the impact of an adsorbate on the spectrum
collected at the Pt L3 edge, or any other Pt edges,
will depend on the fraction of the Pt atoms located
at the surface of the particle or the dispersion. For
typical Pt/C electrocatalyst particles in the 1—5 nm
range, the dispersion is 0.6—0.2. The coordination
number, Nx, obtained from the EXAFS corresponding
to a full monolayer of an adsorbate, X, that did not
cause restructuring of the particle, would only be
0.6—0.2. (The larger coordination numbers associated
with oxide formation, Ng, therefore, provide evidence
of restructuring of the metal particle, as discussed
previously.) Such low coordination numbers are
smaller than the errors normally associated with
fitting the EXAFS data. Collecting the XAS data at
an absorption edge associated with the adsorbate and
ensuring that any excess of the adsorbate is removed
from the sample prior to collection of the XAS data
may improve the reliability of the parameters associ-
ated with Pt—adsorbate bonds. This method has been
used to investigate the underpotential deposition
(upd) of Cu,”>™ Pb,”* and Rb"® on Pt/C electrocata-
lysts. The upd of Cu on Pt/C is described below as
an example.

McBreen and co-workers have investigated the upd
of Cu from 0.5 mol dm~—3 H,S0,4 + 4 x 1074 mol dm~3
CuSQ, on to Pt/C, examining both the XANES”® and
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Figure 22. Normalized Cu K XANES for Cu foil (+), Cu,O
(dots), and upd Cu on Pt/C at 0.05 V vs SCE (dashes).”
(Reproduced with permission from ref 73. Copyright 1991
Elsevier Sequoia S.A., Lausanne.)

EXAFS’? regions at the Cu K and Pt Lz absorption
edges. To minimize the contributions of Cu species
in the electrolyte solution, most of the electrolyte was
drained from the cell. Electrochemical control of the
Pt/C working electrode was maintained by keeping
a small portion of the electrode in contact with the
remaining solution. Oxygen was carefully excluded
from the drained cell to avoid competing Faradaic
processes and to maintain the upd layer. Figure 22
shows the normalized XANES for Cu foil and Cu,O
reference samples as well as that of the Cu upd layer.
The edge position for the upd Cu layer was shown to
correspond to Cu', and the shape of the edge sup-
ported a tetrahedral coordination. At the Pt L; edge
a slight decrease in the white intensity was observed,
corresponding to charge transfer to the Pt upon
adsorption of Cu. When the Cu K edge EXAFS data
were later examined,”? the fitting supported a tetra-
hedral coordination of the Cu atoms with 1 Pt
neighbor at 2.68 A and 3 O neighbors at 2.06 A. An
additional S neighbor at 2.37 A was required to
reproduce the apparent splitting of the first shell
peak in the Fourier transform, as shown in Figure
23. The S neighbor was accounted for by including a
coadsorbed SO4?~ anion. The observed splitting of the
peak in the Fourier transform was attributed to
interference effects between the backscattering from
the O and S neighbors. This observation highlights
the danger in simply interpreting peaks in the
Fourier transforms of EXAFS data as neighbors at
the distance indicated by the position of the peaks;
in this case neighbors at approximately 1.4, 2.2, and
2.8 A would have been anticipated. Subsequent
surface X-ray scattering measurements of Cu upd on
Pt(111) single-crystal surfaces’®~78 have confirmed
the coadsorption of Cu and HSO," but disagree with
the assignment of the oxidation state of the Cu as
+1; rather, the Cu is thought to be uncharged or only
slightly positively charged.

In the investigation of adsorbed species using XAS,
it is not always possible to probe adsorbate—substrate
bonding by changing to the adsorption edge of the
adsorbate, for example, the adsorption of carbon
monoxide on carbon supported Pt particles. Carbon
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Figure 23. Breakdown of the combined Cu—0O and Cu—S
contribution (dashed line) and the Cu—Pt contribution
(dotted line) to the Fourier transform of the Cu K edge data
obtained for an upd layer of Cu on Pt/C at 0.05 V vs SCE."?
(Note: Radial coordinate/A is the same as R/A.) (Repro-
duced with permission from ref 72. Copyright 1993 Elsevier
Sequoia S.A., Lausanne.)

monoxide adsorption is of particular interest in low
temperature fuel cells, as it may be present in the
H, feed produced by re-forming hydrocarbons and is
also a partial oxidation product of methanol, used as
the anode feed in the direct methanol fuel cell. The
presence of carbon in the support as well as the large
background absorption at the C K edge by the other
elements present in the fuel cell catalyst and elec-
trolyte preclude investigation at the C K edge.
Maniguet et al.** have shown that the use of a
difference file method!” to separate the various
contributions to the EXAFS obtained at the Pt Lj
edge enables the in situ investigation of the adsorp-
tion of CO on Pt/C electrocatalyst electrodes. The
difference file method as applied to the CO adsorption
on Pt/C may be briefly described as fitting the
dominant Pt—Pt contributions to the EXAFS data
and then subtracting this fit from the data. The
remaining, weaker, Pt—C and/or Pt—0O contributions
could then be fit. These weaker contributions were
then subtracted from the original data and the Pt—
Pt contributions refit. The cycle was repeated several
times until no further variation in the parameters
was observed. Figure 24 shows the Fourier trans-
forms of the isolated Pt—Pt contributions and the

0.015 0.030
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combined Pt—C and Pt—O contributions at 0.05 V vs
RHE with adsorbed CO; 1.05 V, where the Pt/C
particles are oxidized; and 0.45 V, after the CO has
been electrochemically removed from the Pt/C sur-
face. A peak attributed to Pt—C of adsorbed CO is
observed at approximately 1.5 A in Figure 24a and
the fit yielded 0.5 C neighbors at a distance of 1.85
A attributed to linearly adsorbed CO. The other
peaks in Figure 24(a) and those in 24(c) were at-
tributed to C neighbors of the support as previously
reported by Lampitt et al.® and O’'Grady and Kon-
ingsberger.?® These neighbors are present in the
EXAFS of all C supported catalyst particles, but are
only evident when the dominant contributions from
the metal neighbors are removed and are, therefore,
not usually included in the fitting. The Fourier
transform of the non-Pt contributions at 1.05 V is
dominated by O neighbors as anticipated following
the onset of oxide formation.

Additional contributions to the EXAFS from the O
of the adsorbed CO will have been present in the data
presented by Maniguet et al.®® but were not fitted.
For linearly adsorbed CO the collinear or near
collinear arrangement of Pt—C=O enhances the
contributions of this multiple-scattering pathway to
the EXAFS. Thus, as previously reported for Oss-
(CO)12 adsorbed on y-Al,03 and Pt,Ru4(CO);s ad-
sorbed on y-Al,O3,” the O neighbor of the CO ligands
could easily be observed in the EXAFS obtained at
the Os and Pt and Ru edges, respectively. However,
the presence of a large number of Pt neighbors at a
similar distance in the case of the Pt/C catalyst
dominates the EXAFS data reported by Maniguet et
al., masking the contributions of the O neighbors of
the adsorbed CO.

The adsorptions of H, O, and SO4% on Pt/C elec-
trocatalyst electrodes have been further investigated
by O'Grady and Ramaker*®-5! by comparing the
XANES data at the Pt L, and L3 absorption edges.
In their analysis, the difference spectrum, which they
term AS for antibonding state, is obtained as follows:

AS = AL; — AL, (14)
where AL, is the difference spectrum at the L, edge
between the Pt/C electrode at a reference potential
and the potential of interest. The theory behind the
subtraction method is that the L; edge contains
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Figure 24. Fourier transforms of the isolated non-Pt contributions to the Pt Lz EXAFS of a 40 wt % Pt/C electrode at (a)
0.05 V vs RHE, with CO adsorbate present, (b) 1.05 V, with the Pt surface oxidized, and (c) 0.45 V after removal of CO and
reduction of oxide.3® (Reproduced with permission from ref 33. Copyright 2000 American Chemical Society.)
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Figure 25. Comparison of the difference spectra for
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0.54 V), for a Pt/C electrode in 1 mol dm=—3 HCIO4.*°
(Reproduced with permission from Journal of Synchrotron
Radiation (http://journals.iucr.org/), ref 49. Copyright 1999
International Union of Crystallography.)

contributions from both the 2ps;, to 5ds, and 5ds;
transitions, while the L, edge corresponds to the 2pi,
to 5ds, transition. Any antibonding orbitals (AS)
formed upon adsorption will only contribute to the
L3 spectrum, because at the L, edge spin—orbit
coupling causes the AS to be nearly filled. Thus, the
difference between the XANES data at the L3 and
L, edges will represent the valence band density of
states probed at the Lj; edge. By first taking the
difference between the spectrum at the L, edge at
the potential of interest and a reference potential,
and then obtaining the spectrum AS, any observed
features should be attributable to changes in the
valence band and the formation of any additional
antibonding states above the valence band brought
about by the change in the applied potential. The
antibonding state formed is degenerate with the
continuum and, therefore, is a “shape” resonance,
which will have a characteristic Fano-resonance line
shape.

The Pt L, difference spectra for a Pt/C electrode
at 0.0 and 0.24 V vs RHE and the reference potential
of 0.54 V are shown as an example in Figure 25. In
Figure 25a the calculated XAFS for Pt—H is also
included and seen to agree with the AL, spectrum
as well as the ALz spectrum at energies greater than
5 eV relative to the L, edge. The remaining features
in the AL; spectrum at lower energies are more
clearly seen in the AS spectrum (Figure 25b). The
physical origins of the features in the AS spectra are
not clear from the papers published thus far, and the
detailed interpretation is beyond the scope of this
review. The Fano fit shown in Figure 25b is charac-
terized by a resonance energy which is negative for
potentials where H is adsorbed, 0.0 and 0.24 V vs
RHE, and positive where O is adsorbed, 1.14 V. This
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Figure 26. Comparison of the resonance scattering from
H atoms or H* obtained by fitting the Fano line shape in
HCIO, (open squares) and H,SO, (closed squares) with the
adsorbed hydrogen coverage (closed circles) and sulfate
adsorption (open circles) obtained by cyclic voltammetry.5°
(Reproduced with permission from ref 50. Copyright 2001
The Electrochemical Society, Inc.)

resonance energy has been shown to vary with the
size of the metal cluster and becomes more negative
as the cluster becomes more metallic.2% Thus, the
more positive resonance energy at 1.14 V is in
agreement with other data showing that the particles
are oxidized at this potential.

In Figure 26 the amplitude of the peak in the AS
spectrum is plotted as a function of the potential for
a Pt/C electrode in 0.5 mol dm~3 H,SO,4 and 1.0 mol
dm~3 HCIO,4. The amplitude of the peak is related to
the resonant scattering from H and, therefore, pro-
vides a measure of the extent of H adsorption. The
offset between the H coverage derived from the
electrochemical measurements (filled circles) and
that from the AS peak amplitude (squares) has been
interpreted as suggesting that hydrogen, as H*, does
not fully leave the Pt surface until the potential
reaches 0.4 V vs RHE and that when the H" leaves
the surface, SO4?~ ions are directly adsorbed.>° This
unexpected result indicates that use of this L,
difference method may provide new insights regard-
ing adsorption on Pt/C. However, the method cannot
be generally applied to other metals of interest as
fuel cell catalysts, as it relies on the accessibility of
the L3 and L, absorption edges.

5. Pt Containing Alloy Catalysts

XAS is particularly useful in the investigation of
alloy electrocatalysts. Unlike XRD measurements,
which only reflect the crystalline component of the
sample, and TEM, which is limited to particles with
diameters greater than 1 nm, XAS provides the
average local structure surrounding all of the atoms
of the absorbing element in the sample. By collecting
the XAS data at the absorption edges corresponding
to each element in the alloy under investigation, the
extent of intermixing and homogeneity of the alloy
may be assessed. It is generally accepted that surface
segregation, which is the enrichment of one element
in the surface relative to the bulk, is common in
bimetallic alloys; see, for example, the review by
Campbell® and the comments by Markovic and Ross
in their recent review.58 XAS provides an indirect
probe of the surface composition of the catalyst
particles, by comparison of the coordination numbers
obtained in fitting the data at each absorption edge.
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Figure 27. k3 weighted Pt L3 EXAFS (a and c) and the corresponding Fourier transforms (b and d) for (a and b) a poorly
mixed PtRu/C alloy electrode and (c and d) a well mixed PtRu/C alloy electrode at 0.05 V vs RHE in 1 mol dm™3 H,SOy:
experimental data (solid line) and fits (dotted line).8” (Reproduced with permission from ref 87. Copyright 2002 S. Maniguet.)

In addition, as described extensively above, the XAS
data can be collected in situ and, thereby, enable the
investigation of the stability of the alloy system.

The alloy catalysts used in low temperature fuel
cells are usually based on Pt. Anode catalysts are
sought that have improved tolerance to the presence
of carbon monoxide in the reformate derived hydro-
gen feed for PEM fuel cells or better long term
performance for methanol oxidation for direct metha-
nol fuel cells. Cathode alloy catalysts should have
enhanced oxygen reduction Kinetics and/or tolerance
to methanol crossover. Much of our current knowl-
edge regarding the role of secondary, or even ternary,
elements in enhancing the electrocatalytic activity of
Pt containing electrocatalysts has been derived from
studies on well characterized single-crystal electrode
surfaces, as summarized in the excellent review by
Markovic and Ross.®® However, in advancing our
understanding of real electrocatalysts, an under-
standing of the structure of supported nanoparticle
catalysts is invaluable. In this section of the review
structural investigations of Pt containing alloy cata-
lysts will be presented.

5.1. PtRu Alloys

PtRu alloys are well-known for both their improved
CO tolerance® 8 and improved methanol oxidation®
as compared to the case of Pt. The enhanced behavior
of PtRu over Pt has been attributed to a bifunctional

mechanism®* (see eqgs 14 and 15 below) in which the

Ru+ H,0 = Ru—OH_, +H" +e~  (15)

—

Pt—CO,, + Ru—OH,_

Pt+ Ru+ CO,+H" +e (16)

Ru provides sites for water activation as well as
having an electronic effect on the Pt atoms, such that
CO is less strongly adsorbed. In situ XAS measure-
ments have been used to determine the structure of
PtRu catalysts, to assess the magnitude of any
electronic effect that alloy formation may have on the
Pt component of the catalyst, and to provide evidence
in support of the bifunctional mechanism.

The analysis of the EXAFS of alloy catalyst par-
ticles is inherently more complicated than that of
single metals. In the case of PtRu catalysts there is
an added complication that the backscattering from
Pt and Ru neighbors at similar distances interfere
with one another, giving rise to beats in the EXAFS
data. This phenomenon was first described by
McBreen and Mukerjee®® for a poorly alloyed 1:1
atomic ratio PtRu/C catalyst. The presence of beats
in the EXAFS data is more apparent in the EXAFS
obtained at the Pt L; edge for a well mixed 1:1
PtRu/C catalyst than in that of a poorly mixed
catalyst of the same composition,®” as shown in
Figure 27; compare panels a and c. Pandya et al.®®
showed that the beats occur because the difference
in the backscattering phase shifts from Pt and Ru is
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approximately z radians in the range 6 A1 < k <
11 A1, giving rise to destructive interference between
the Pt—Pt and Pt—Ru contributions in the EXAFS
at the Pt edge. A similar effect is observed at the Ru
K edge.?” The presence of such beats causes an
apparent splitting of the peak corresponding to the
first coordination shell in the Fourier transform of
the data. In the past, such data were analyzed by
constraining some of the analysis parameters, and
Fourier filtering to isolate the EXAFS for the first
coordination shell was frequently used. Advances in
the computer programs used in the fitting and the
use of theoretical backscattering phase shifts and
amplitudes have meant that such techniques are no
longer necessary and the data may be fit as shown
in Figure 27, where EXCURVE98'62° was used.

5.1.1. Compositional Analysis

The extent of intermixing of PtRu catalysts has
been investigated using EXAFS by a number of
authors.5987.90 As shown in Figure 27, the splitting
of the first shell peak in the Fourier transform is
greater for a well mixed 1:1 PtRu alloy catalyst than
for the poorly mixed catalyst. The difference in the
extent of intermixing of these two catalysts was
confirmed by fitting the data obtained at the Pt Ly,
and Ru K absorption edges. In the case of the well
mixed alloy, the coordination environments seen from
the Pt and Ru edges were in excellent agreement
(same coordination numbers and distances of Pt—Ru
and Ru—Pt), while, for the poorly mixed alloy, the
Ru edge data showed that much of the Ru was
present as an oxide (Ru—O neighbors present and
fewer Pt—Ru and Ru—Pt neighbors than predicted
by the 1:1 Pt:Ru composition). In fitting the EXAFS
data obtained at two edges for such bimetallic
particles, it is possible to restrict the number of
adjustable parameters by ensuring that the distance
between the two metal neighbors and the Debye
Waller term for this shell are the same at both edges,
as recommended by Meitzner et al.®* and recently
applied by Alexeev and co-workers™ in an EXAFS
investigation of the structure of Pt—Ru carbonyl
clusters on y-Al;Os.

In a similar analysis, comparing the coordination
numbers for first shell Pt and Ru neighbors obtained
in situ in 1 mol dm~3 HCIOQ, at the Pt Lz and Ru K
edges at 0.0 V vs RHE, McBreen and Mukerjee were
able to estimate that only 10% of the Ru in the
commercial catalyst they were investigating was
alloyed with the Pt.59 Examination of the Ru K edge
data showed that the local structure of the Ru
corresponded to a Ru oxide, RuOy, with a Ru—Ru
distance of 2.66 A and a Ru—O distance of 2.02 A,
without any need to include Pt neighbors. Page et
al.®? have obtained Pt EXAFS for a commercial 1:1
PtRu catalyst and found that the first coordination
shell contained only Pt neighbors. They assumed that
the structure of the PtRu particles could be best
described as an onion, with Pt on the inside and Ru
in an outer shell. However, without any evidence of
Pt—Ru near neighbor interactions in the EXAFS or
Ru K edge data, such an assumption is difficult to
justify, and it is more likely that the Ru is present
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as a separate oxide phase, as reported by McBreen
and Mukerjee.®° In addition, these authors report a
first shell coordination number of 13.8 for a Pt foil
and similar values for the PtRu catalysts when the
parameter was allowed to vary, indicating that the
analysis package used® produced suspect results.

Neto and co-workers examined the ex situ Pt Lj
EXAFS for a series of PtRu catalyst powders in air
of varying nominal composition from 90:10 through
to 60:40 atom %.°%* The catalysts were prepared using
a formic acid reduction method developed by the
authors which resulted in very poorly alloyed par-
ticles, even after heat treatment to 300 °C under a
hydrogen atmosphere. Unfortunately, the authors
were not able to obtain Ru K edge data to identify
the local structure of the Ru in their catalysts.

Nashner et al.®>% ensured that the average com-
position of the carbon supported PtRu particles they
investigated was PtRus by dispersing a molecular
carbonyl cluster, PtRusC(CO)1, on to a carbon sup-
port followed by reduction with hydrogen. EXAFS
analysis of catalyst powders under a H, atmosphere
at the Pt and Ru edges confirmed that alloy particles
were formed and that the local coordination sur-
rounding the Ru atoms contained only Pt and Ru.
Comparison of the parameters obtained at the Pt and
Ru edges showed that the distribution of the Pt and
Ru neighbors in the particles was nonstatistical and
could best be described by a segregation of Pt to the
surface of the particle.

5.1.2. Potential Dependence

The applied electrode potential has been shown to
have an effect on both the XANES and EXAFS of
PtRu catalysts. The variations of the Pt d band
vacancy per atom, (h;)s, with potential over the
range 0.0—0.54 V vs RHE for both the poorly mixed
1.1 PtRu/C catalyst investigated by McBreen and
Mukerjee®® and a well mixed 1:1 PtRu/C catalyst
studied by Russell et al.®” were less than that for a
pure Pt/C catalyst.®* McBreen and Mukerjee at-
tributed this difference to a reduction in the adsorp-
tion of hydrogen on the Pt sites of the alloy catalyst.
The results also provide evidence of an electronic
effect upon alloying Pt with Ru. The effects on the
Ru XANES were much less significant, but some
evidence of a change to a higher oxidation state at
potentials above 0.8 V was observed.0-%8

For data collected at the Pt L3 edge, increasing the
potential from the hydrogen adsorption region to the
double layer region, and subsequently to potentials
corresponding to oxide formation at the metal par-
ticles, has been shown to be accompanied by a
decrease in the total number of first shell metal
neighbors, Np¢ + Ngy.%879° McBreen and Mukerjee
also reported a slight change in the first shell Pt—Pt
bond distance that they claimed provided evidence
of a relaxation of the Pt—Ru bonding and subsequent
restructuring of the PtRu particle. However, the
magnitude of the variation reported, 2.72 4 0.01 A,
was very small and may well be within the experi-
mental error. O'Grady et al.®® noted that while no
Pt—0O neighbors were present in the Pt L; data
collected at 0.8 V vs RHE, Ru—O neighbors were
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Figure 28. XANES for an unsupported PtRu black catalyst (a and c) as prepared and (b and d) following fuel cell testing
as a methanol oxidation catalyst and reference compounds at (a and b) the Pt L; edge and (c and d) the Ru K edge.10?
(Reproduced with permission from ref 102. Copyright 2001 American Chemical Society.)

found at approximately 1.8 A in the Fourier trans-
forms of the Ru K edge data for a 1:1 PtRu/C catalyst.
They attributed this difference to removal of Ru from
the alloy at such elevated potentials, which has been
shown to occur at potentials greater than 0.7 V.19
Such results may be compared with those of Nashner
et al.,®® who found that the chemisorption of oxygen
on small, 1.6 nm diameter, PtRus/C particles was
evident as Pt—O neighbors at 1.97 A and Ru—0
neighbors at 2.05 A in the fitting of the Pt and Ru
EXAFS, respectively, but did not result in a change
in the metal coordination of the particles greater than
the errors associated with the fitting.

The influence of the applied potential on the XAS
of PtRu fuel cell catalysts is also apparent in data
collected under fuel cell conditions. Viswanathan et
al.®" reported XANES data obtained at both the Pt
L; and Ru K edges for a 1:1 PtRu/C catalyst prepared
as a Nafion bound MEA. They found that both the
Pt and Ru were metallic in both the freshly prepared
MEAs and MEAs under operating conditions.

The importance of collecting such data in situ is
illustrated by the work of Lin et al.’®* and O’Grady
et al.l%? Lin et al. found that a commercial PtRu
catalyst consisted of a mixed Pt and Ru oxide, in
contrast to the catalyst prepared in their own labora-
tory. However, the data were collected ex situ in air.
O'Grady et al. showed that even a commercial
unsupported PtRu catalyst showed heavy oxidation

at both the Pt and Ru edges in the as prepared state
but was metallic following treatment in a fuel cell
as shown in Figure 28.

5.1.3. Adsorbates

The groups of Mukerjee!®31% and O'Grady®*1% have
both reported the effects of adsorption of methanol
on PtRu/C catalysts on the XANES collected at the
Pt L; edge. Both found that at 0.0 V vs RHE the
adsorption of methanol was apparent as a decrease
in the broadening of the white line on the high energy
side, indicating a decrease in H adsorption. In the
absence of methanol, a significant increase in the
white line intensity, corresponding to an increased
d band vacancy per atom, is observed on increasing
the potential from 0.0 to 0.5 V. In the presence of
methanol, both groups found that this increase was
suppressed. Swider et al.’®® suggested that this
indicated that the methanol, or some methanol-
derived fragment, donates electrons to the platinum
even at such elevated potentials. Mukerjee and
Urian® obtained data at an intermediate potential
(results shown in Figure 29) and found an initial
increase in the d band vacancy per atom at 0.24 V
followed by a steady decline at higher potentials.
They attributed the initial increase to the formation
of C, oxide species, CO or CHO, on the surface. The
decrease in d band vacancy per atom at the elevated
potentials was attributed to formation of oxy-hydrox-
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Figure 29. Pt d band vacancy per atom obtained from
XANES analysis at the Pt Lz and L, edges for PtRu/C (filled
circles) and PtMo/C (filled squares) as a function of the
applied potential in 1 mol dm—3 HCIO4 + 0.3 mol dm—3
methanol.1%3 (Reproduced with permission from ref 103.
Copyright 2002 Elsevier Sequoia S.A., Lausanne.)

ides of Ru on the surface of the alloy particle that
displace the C; fragments.

5.2. Other Pt Containing Alloy Anode Catalysts

Mo alloys of Pt have also been shown to enhance
the CO tolerance of PEM fuel cell catalysts.106-111 Two
peaks are often observed in the CO stripping volta-
mmograms for PtMo catalysts: the first at ap-
proximately 0.4 V vs RHE and the second at approxi-
mately 0.75 V. The first has been attributed to
enhanced oxygen transfer from Mo oxy-hydroxide
species on the surface of the catalyst particles.110-113
XANES at the Mo K and Pt L; edges has provided
support for the presence of such oxy-hydroxide spe-
cies. Mukerjee et al.!03114 have shown that the
position of the Mo K edge shifts to higher energy as
the potential is increased from 0.24 to 0.54 V for a
3:1 atomic ratio PtMo/C catalyst. Comparison of the
edge position with those of reference compounds
indicated that at 0.0 V the oxidation state of the Mo
was +V, which they assigned to the hydrated oxide,
MoO(OH),.1® The d band vacancy per Pt atom of
PtMo/C catalysts at 0.0 V vs RHE has been shown
to be greater than that observed for Pt/C.%497.103114
Increasing the potential into the double layer region,
to 0.5V, is accompanied by less of an increase in the
white line intensity than observed for Pt/C. However,
a significant increase is observed at 0.9 V, indicating
that the Pt in PtMo catalysts is oxidized at such
potentials. Thus, the second CO oxidation peak in the
cyclic voltammogram is attributed to CO oxidation
facilitated by the formation of oxides on the Pt sites
of the catalyst.

PtMo alloys are not as effective as PtRu for
methanol, or ethanol, oxidation.®*1% As shown in
Figure 29, the d band vacancy per Pt atom for the
PtMo/C catalyst continues to increase until 0.6 V vs
RHE, in contrast to the behavior of PtRu/C.1% The
authors attribute this difference to the lack of re-
moval of the C; fragments from the particle surface
by the oxy-hydroxides of Mo. However, the difference
in the electrocatalytic activity of PtRu and PtMo
catalysts may be attributed to ensemble effects as
well as electronic effects. The former are not probed
in the white line analysis presented by Mukerjee and
co-workers. In the case of methanol oxidation, en-
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sembles of three active atoms have been shown to
be necessary for dehydrogenation,'®> and Mo ef-
fectively disrupts such adsorption sites while Ru does
not.%®

The formation of well mixed PtMo alloys is much
more difficult than that of PtRu alloys. Pt L3 EXAFS
results have been reported for PtMo/C catalysts with
atomic ratios of 3:1 to 4:1 Pt/M0.94°7193 In all cases
the fraction of Mo in the first coordination shell of
the Pt atoms is less than that predicted from the
atomic ratio. In fact, for the 4:1 catalysts examined
by Neto et al.,** the data did not support the inclusion
of any Mo neighbors. Combined with the average +V
oxidation state of the Mo at 0.0 V reported by
Mukerjee,% these results support the view that the
PtMo/C catalysts investigated thus far may be de-
scribed as Pt particles modified by a small amount
of Mo and a separate Mo oxide phase. Crabb et al .16
have developed a method that ensures that all of the
Mo in the catalyst is associated with the Pt. Using a
controlled surface reaction, in which an organome-
tallic precursor of the Mo is reacted with the reduced
Pt surface, they prepared Pt/C catalysts modified by
submonolayer coverages of Mo. EXAFS collected at
the Mo K edge verified that the Mo was in contact
with the Pt but was present as an oxide or oxy-
hydroxide species in the as prepared catalyst, before
application of an applied potential, and at 0.65 V vs
RHE. Upon electrochemical reduction at 0.05 V, the
number of Pt neighbors in the first coordination shell
increased from 0.8 to 4.5, indicating that the Mo was
then incorporated into the surface of the metal
particle. This catalyst also exhibited improved CO
tolerance at low potentials compared to the case of
the unmodified Pt/C catalyst, providing added evi-
dence of the role of the oxy-hydroxides of Mo in the
enhancement mechanism.

Mukerjee and McBreen have also investigated
PtSn/C alloy catalysts and Pt/C catalysts modified
by upd layers of Sn,'17:118 poth of which had previ-
ously been shown to have enhanced catalytic activity
for methanol oxidation.1%119.120 They found that the
alloy consisted of the Pt;Sn fcc phase with an
increased Pt—Pt bond distance. In contrast to the
cases of PtRu and PtMo, the formation of the Sn alloy
was accompanied by a decrease in the d band vacancy
per Pt atom. Pt XANES results for the upd of Sn on
Pt/C showed minimal effects on the d band vacancies
of the Pt atoms, and analysis of the EXAFS confirmed
that the Pt—Pt distance remained unchanged.
EXAFS at the Sn edge for both the upd modified Pt
and the Pt;Sn/C alloy showed Sn—O interactions at
all potentials in the range 0.0—0.54 V vs RHE. From
these results the authors drew the conclusions that
the Sn provides oxygen species to the Pt that enhance
methanol oxidation, and that the improved perfor-
mance of the upd of Sn on Pt/C compared to the alloy
was related to the decreased number of sites for
dissociative adsorption of methanol on the surface of
the Pt;Sn alloy.

5.3. Pt Containing Alloy Cathode Catalysts

The kinetics of the four electron oxygen reduction
reaction at Pt are limited by the very low exchange
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current density under the acidic conditions present
in both phosphoric acid and low temperature/PEM
fuel cells.’?%122 The electrocatalytic activity of Pt
catalyst particles for the oxygen reduction reaction
has been shown to improve by alloying with first row
transition elements in both phosphoric acid fuel
cells?37125 and low temperature PEM fuel cells.'?6
Mukerjee et al.?4127.128 have shown that XAS studies
are uniquely suited to quantifying both the structural
and electronic effects of alloying which result from
this enhancement.

Mukerjee et al.®* investigated the electrocatalysis
of the oxygen reduction reaction at five binary Pt
alloys, PtCr/C, PtMn/C, PtFe/C, PtCo/C, and PtNi/
C. The kinetics of the oxygen reduction reaction were
assessed by measuring the current at 0.9 V vs RHE
in a single cell PEM fuel cell at 95 °C and 5 atm
pressure of humidified O,. Enhanced electrocatalysis
compared to that of Pt/C was found for all of the
alloys investigated, with the best performance re-
ported for the PtCr/C catalyst. XAS data were col-
lected at the Pt Lz and L, edges as well as the K edge
of the secondary element for each of the catalysts as
a function of the applied potential in 1 mol dm™3
HCIO,. To avoid complications in the analysis of the
XAS data, the catalysts were subjected to leaching
in either 2 mol dm~2 KOH, for the PtCr/C, or 1 mol
dm=2 HCIO,, for all the others, to remove any
residual oxides or unalloyed first row transition
elements. The catalysts used in the fuel cell mea-
surements were not subjected to such pretreatment.

XANES analysis at the Pt L edges and the K edges
of the secondary elements was used to determine the
d band occupancy of the Pt atoms in the catalysts
and to provide evidence of any redox behavior of the
secondary element, respectively. The EXAFS ob-
tained at the Pt L3 edge verified the presence of the
alloy phase as well as a measure of the Pt—Pt bond
distance. The results indicated that the electro-
catalysis of the oxygen reduction reaction is related
to the vacancies of the d band, the Pt—Pt bond
distance, and suppression of oxide formation on the
surface of the particles. No evidence of redox behavior
of the secondary element was found; that is, the
position of the absorption edge was not found to be
potential dependent. A plot of the electrocatalytic
activity versus the electronic (Pt d band vacancies
per atom) and geometric (Pt—Pt bond distance)
parameters was found to exhibit volcano type behav-
ior, as shown in Figure 30. It should be noted that
the order of the d-orbital vacancy points (from left to
right, Pt/C, PtMn/C, PtCr/C, PtFe/C, PtCo/C, and
PtNIi/C) is opposite that for the Pt—Pt bond distance.
In both cases the PtCr/C catalyst is found near the
top of the volcano curves, indicating that it has the
best combination of Pt d band vacancies and contrac-
tion of the Pt—Pt bond distance. Such an interplay
between d band vacancies, Pt—Pt bond distance, and
oxygen reduction activity was also found in studies
of the effects of the particle size of binary Pt alloys
by Mukerjee et al.?8 and Min et al.*?®

In a later study of the same series of binary
catalysts, Mukerjee and McBreen'?” showed that the
restructuring accompanying the desorption of ad-
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Figure 30. Correlation of the oxygen reduction perfor-
mance (log igoo mv) Of Pt and Pt alloy electrocatalysts in a
PEM fuel cell with Pt—Pt bond distance (filled circles) and
the d band vacancy per atom (open circles) obtained from
in situ XAS at the Pt L; and L, edges.®* (Reproduced with
permission from ref 34. Copyright 1995 The Electrochemi-
cal Society, Inc.)

sorbed hydrogen previously reported for Pt/C par-
ticles® did not occur for these alloys. They also
reported that the surfaces of alloy catalysts consist
of a Pt skin on the basis of the similarity of the
electrochemically determined hydrogen coverages to
that of Pt/C. However, EXAFS analysis was not
reported for the K edge of the secondary element to
support this statement.

Ternary and more complex alloys are now the
subjects of investigations that seek further improve-
ments in oxygen reduction activity.1?6130-136 Stryc-
tural characterization of such systems using EXAFS
methods becomes increasingly complex. XAS data
should be collected at absorption edges corresponding
to each element in the alloy, but this is not always
possible, for example, when the absorption edges of
the elements overlap. Kim et al.*3":138 have reported
an XAS study of the ternary alloy, PtCuFe/C. The
XAS data were collected at the Pt L3 edge for powders
of PtCuFe/C catalysts of varying Pt content, and Pt,-
CuFe and PtsCuFe subjected to heat treatments
between 500 and 1100 °C. The analysis of the EXAFS
data highlights the difficulty in separating the con-
tributions from neighbors that have similar atomic
number and, therefore, similar backscattering am-
plitudes and phase shifts. The contributions of the
Cu and Fe could not be reliably separated, and
although they were fitted independently, the dis-
tances and coordination numbers for the two contri-
butions were found to be the same within the error
limit. The ratios of the coordination numbers for the
Pt and non-Pt neighbors were in good agreement
with their bulk contents, indicating that well ordered
alloys were formed. As in the case of the binary
alloys, PtCu/C and PtFe/C, a reduced Pt—Pt bond
distance, as compared to that for Pt/C, was found.
Enhanced mass activities for oxygen reduction were
found for the ternary alloys and were attributed to
the formation of the ordered alloy phases.
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6. Non-Pt Catalysts

Most of the catalysts employed in PEM and direct
methanol fuel cells, DMFCs, are based on Pt, as
discussed above. However, when used as cathode
catalysts in DMFCs, Pt containing catalysts can
become poisoned by methanol that crosses over from
the anode. Thus, considerable effort has been in-
vested in the search for both methanol resistant
membranes and cathode catalysts that are tolerant
to methanol. Two classes of catalysts have been
shown to exhibit oxygen reduction catalysis and
methanol resistance, ruthenium chalcogen based
catalysts??6:139-143 and metal macrocycle complexes,
such as porphyrins or phthalocyanines.144145

EXAFS has been used by Alonso-Vante and co-
workers'46-149 to characterize a series of Ru chalco-
genide compounds in situ for catalyst particles de-
posited onto a conducting SnO,:F glass support in 0.5
mol dm~2 H,S0O,. The data were collected in reflec-
tance mode with an incident angle of <1.5 mrad at
the Ru K edge. The signal-to-noise ratio of the data
collected was very poor, as shown in Figure 31,
because it was limited by the thickness of the sample
and the collection method. Better results may have
been obtained if the data had been collected as
fluorescence. Nevertheless, the authors have shown
that the catalysts consist of small Ru particles that
are stabilized by the presence of the chalogen, S, Se,
or Te, as evidenced by the presence of both chalcogen
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Figure 31. Ru K EXAFS data (insets) and corresponding
Fourier transforms for Ru,Sey particles on a SnO,:F sup-
port in (a) nitrogen and (b) oxygen saturated 0.5 mol dm~3
H,SO,: experimental data (thin lines) and fits (thick
lines).1*? (Reproduced with permission from ref 149. Copy-
right 2000 Elsevier Sequoia S.A., Lausanne.)
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Figure 32. Co K edge XANES for (a) cobalt phthalocya-
nine (PcCo), (b—e) PcCo on Vulcan XC-72 [(b) untreated
sample; (c—e) sample heated to (c) 700 °C, (d) 800 °C, and
(e) 1000 °C], and (f) Co metal.1%® (Reproduced with permis-
sion from ref 155. Copyright 1992 American Chemical
Society.)

and Ru neighbors in the first coordination shell. The
local structure surrounding Ru in these catalysts was
found to depend on the presence of oxygen in the
solution, as also shown in Figure 31, but not on the
applied potential. However, the materials are likely
to consist of a mixture of phases, and therefore, as
EXAFS results reflect the average coordination, the
results cannot provide a detailed structural model of
these catalysts.

The nature of the catalytic center in oxygen reduc-
tion catalysts prepared by the heat treatment of Nj-
metal chelates on carbon supports has caused much
debate, in particular whether the N4-metal center is
retained in the catalyst. In two early EXAFS studies
Joyner et al.'>° and van Wingerden et al.'>! showed
that the Njs-metal center was retained in carbon
supported Co-porphyrin catalysts exposed to temper-
atures as high as 850 °C. Martins Alves et al. later
showed that this center was destroyed at higher
temperatures, leaving Co particles on the carbon
support. The XANES region for Co phthalocyanine,
PcCo, on Vulcan XC-72 subjected to heating to
various temperatures under an argon atmosphere is
shown in Figure 32. The XANES of the pure PcCo
reflects the square planar D4, symmetry of the Co,
and the peak labeled 2 provides a fingerprint of the
Co—Ny structure. For temperatures above 700 °C this
peak is no longer observed, indicating a loss of the
square planar configuration, and the XANES is very
similar to that obtained for Co metal. These observa-
tions are confirmed by the Fourier transforms of the
EXAFS as shown in Figure 33. The Fourier trans-
form of the PcCo exhibits a peak at 1.6 A for the
Co—N distance. As the annealing temperature is
increased, the amplitude of this peak decreases and
a new peak grows in at 2.2 A, corresponding to the
Co—Co bond, indicating the formation of Co particles.
The best oxygen reduction activity was obtained with
the catalysts prepared by annealing to 850 °C,
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Figure 33. Fourier transforms of the Cu K EXAFS data
for the samples described in Figure 32.15 (Reproduced with
permission from ref 155. Copyright 1992 American Chemi-
cal Society.)

corresponding to loss of the Co—N, center with the
smallest Co particles.

The presence of Fe—N,4 was reported by Choi et al.
for iron phthalocyanine on carbon,'®? with the forma-
tion of an Fe,Os-like structure above 900 °C, and by
Bron et al. for iron phenanthroline on carbon.'%3
However, it is very difficult to give any weight to the
conclusions of Bron et al. based on their EXAFS
results, as figures depicting neither the data nor the
fit are shown nor is a statistical measure of the
goodness of fit reported. The results reported by Choi
et al.’® indicate that the loss of electrocatalytic
activity at higher annealing temperatures is more
likely to be related to the formation of the inactive
Fe,O3 phase rather than the loss of the Fe—N, center.

7. Conclusion

XAS has been successfully employed in the char-
acterization of a number of catalysts used in low
temperature fuel cells. Analysis of the XANES region
has enabled determination of the oxidation state of
metal atoms in the catalyst or, in the case of Pt, the
d band vacancy per atom, while analysis of the
EXAFS has proved to be a valuable structural tool.
However, the principal advantage of XAS is that it
can be used in situ, in a flooded half-cell or true fuel
cell environment. While the number of publications
has been limited thus far, the increased availability
of synchrotron radiation sources, improvements in
beam lines brought about by the development of third
generation sources, and the development of more
readily used analysis software should increase the
accessibility of the method. It is hoped that this
review will enable the nonexpert to understand both
the power and limitations of XAS in characterizing
fuel cell electrocatalysts.
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