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Temperature dependence of the Pd K-edge extended x-ray-absorption
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Pd K-edge extended x-ray-absorption fine-structure (EXAFS) and x-ray-absorption near-edge-
structure (XANES) measurements were performed on a Pd carbide phase, PdC, (with x ~0.13), and me-
tallic Pd powder at temperatures between 40 and 423 K. The data were analyzed by nonlinear least-
squares fitting using an ab initio theoretical standard. The average lattice expansion of the carbide
phase, 2.7+0.1% relative to Pd metal, agrees well with previous x-ray- and neutron-diffraction results.
The temperature dependence of the Pd-Pd nearest-neighbor mean-squared relative displacement (o?)
yields a Debye temperature, ©, =295+10 K for Pd powder. There is an additional static-disorder con-
tribution in o? of 0.0009+0.0002 Az, relative to bulk Pd metal. The Debye temperature of PdC, ;
powder is also 295+10 K. There is, however, an additional static-disorder contribution to o of 0.0012
A’ relative to Pd powder, probably the result of local distortion of the Pd lattice by interstitial C. The
Pd-C coordination is not directly observed in a Fourier transform of the EXAFS. The location of C in
octahedral interstices is evident by its effect, through multiple scattering, on the magnitude of the second
Pd-Pd peak in the Fourier transform magnitude of the EXAFS data, which is greatly reduced. The Pd
K-edge XANES spectrum of PdC, ;5 is nearly identical to that of Pd metal. There is no significant chem-
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ical shift (<0.5 eV) of the Pd K edge of PAC _ ;5.

I. INTRODUCTION

As early as 1970, expansion of the Pd lattice in sup-
ported Pd catalysts treated with C,H, at high tempera-
ture was reported,' a finding that was later confirmed.?
In both of these early reports it was erroneously conclud-
ed that Pd hydride had been formed. Nakamura and
Yasui claimed that the ‘“hydride” phase could be des-
troyed by treatment with oxygen at 150 °C.' Zaidi
claimed that the ‘“hydride” phase was responsible for
selective synthesis of vinyl acetate.? These conclusions
were later disproved when it was found that a Pd carbide
phase (PdC,, x ~0.13) was formed when Pd powder or
foil was exposed to ethylene at high temperature.’ Al-
though there is uncertainty in the literature concerning
the maximum carbon content of this phase, reported
values of x .. varying from 0.12 to 0.15, it will hereafter
be assumed that x =0.13 when referring to the sample
used in this study. Destruction of the carbide phase by
treatment with oxygen, under conditions similar to those
reported by Nakamura and Yasui, was also demonstrated
in that work. This has been followed by several studies of
carbide formation in bulk Pd and supported Pd cata-
lysts.* "8 Formation of a carbide phase in Pd catalysts is
of interest because it suppresses Pd hydride formation
which may in turn affect dissociative chemisorption of
H-containing molecules. If dissociated hydrogen plays a
role in reduction of supported Pd particles, formation of
a carbide phase might increase the temperature required
for reduction of Pd catalysts.

We have recently been investigating in situ formation
of hydride and carbide phases in supported Pd catalysts
using x-ray-absorption spectroscopy.’ Those studies
prompted a detailed investigation of the x-ray-absorption
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spectroscopy of Pd carbide to determine whether the car-
bide phase could be identified spectroscopically using evi-
dence other than the lattice expansion. After completion
of these experiments we learned of the work of Jones
et al.'®!" who reported extended x-ray-absorption fine
structure (EXAFS) results for PdC, (x ~0.15) at 77 K.
Here we report the temperature dependence of Pd K-edge
absorption spectra of Pd and PdC, ;3 powders over the
temperature range 40-423 K.

II. EXPERIMENTAL PROCEDURES

PdC, (x~0.13) was prepared by heating a sample of
Pd powder (Johnson Matthey No. 14622, 99.9% purity,
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FIG. 1. XRD patterns from Pd (solid line) and PdC, 5 (dot-
ted line) powders. Al peaks are from the sample holder. Ordi-
nate units: arbitrary.
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<1 pm diameter) in a mixture of 1.0% C,H, in Ar (MG
Industries, certified mixture) at ambient pressure and
300°C for 100 h. Complete conversion of Pd powder to
PdC, was verified by x-ray-diffraction (XRD). See Fig. 1.
The Al peaks are from the sample holder. The lattice
constants, 0.3890 and 0.3996 nm for Pd and PdC,, agree
well with published XRD and neutron scattering re-
sults.>»* Carbide formation is diffusion limited® and
proceeds to completion in minutes at 150 °C in supported
(iatgalysts with an average Pd particle diameter of ~ 50
A.

X-ray absorption samples of Pd and PdC, ,; powders
were prepared on Kapton tape ( ~20 layers). The K-edge
step height, Aux, where ux is the product of the absorp-
tion coefficient and sample thickness, was 0.7 and 0.5 for
the Pd and PdC, |; samples, respectively. The total ab-
sorbance ux above the edge was ~0.9 and ~0.7 for the
Pd and PdC, |; samples. The samples were mounted in a
Cu sample holder and attached to the cold head of an Air
Products Displex cryostat. In several experiments the
temperature was measured with a Si diode at the end of
the cold head. Later a second Si diode was mounted on
the copper sample holder and the discrepancy between
the two diodes was measured after allowing the sample
temperature to equilibrate for at least 30 min. ‘“‘Sample
temperatures’” that had been measured only at the cold
head were corrected for this error. The estimated uncer-
tainty of the sample temperature is =5 K. Measurements
were made at 423 K by placing the tape samples in a
homemade catalyst absorption cell (path length 12 mm)
purged with argon.’

Pd K-edge (Ex=24350 eV) absorption experiments
were performed at the X-11A beam line of the National
Synchrotron Light Source (NSLS) at Brookhaven Nation-
al Laboratory.'? The storage ring operated at 2.5 GeV
with current between 100 and 230 mA. The monochro-
mator was operated with two flat Si(111) crystals. It was
not detuned to eliminate harmonics because the bending
magnet source produces negligible flux at the third har-
monic of the Pd K-edge energy and the Ar ionization
chamber detectors are transparent at that energy. The
calculated monochromator resolution (AE /E =2X10"*)
at the Pd K edge is ~5 eV. Core hole lifetime broaden-
ing contributes ~7 eV, yielding a total resolution of
~8.5 eV. In several experiments the absorption spec-
trum of a pure Pd foil (25 pm thick) was measured (at
~300 K) simultaneously with the powder samples to ac-
curately determine the position of the absorption edges in
x-ray-absorption near-edge-structure (XANES) spectra of
the powders. All x-ray-absorption measurements were
performed in transmission mode, using flowing Ar ioniza-
tion chambers to measure the incident intensity and the
intensities transmitted through the powder samples and
through the Pd reference foil.

III. DATA ANALYSIS

EXAFS data were analyzed using the University of
Washington-Naval Research Laboratory (UW-NRL) EX-
AFS analysis programs; details are presented in Table I.
The EXAFS function y(k) was extracted by linear
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TABLE 1. Data analysis parameters.

Parameter Value
E, 24350 eV
Data range —200-1600 eV
Preedge linear fit range —180-—40 eV
Cubic spline range 50-1600 eV
Number of cubic spline segments 4
k weighting 3
Range of FT 2.5-19.0 A !
Hanning % 20%
Range of inverse FT 1.7-3.2 A
Hanning % 26%
Range of least-squares fit 3.0-19.0 A !
AE, —2.0-—11.0 eV

preedge background subtraction, segmented cubic spline
background subtraction above the edge, and step-height
normalization. No energy-dependent normalization was
applied to x(k); an alternate approach is discussed below.
The number of segments in the cubic spline fit was varied
to reduce intensity in the Fourier transform (FT) magni-
tude plot below 1 A, while ensuring that the magnitude
of the Pd-Pd nearest-neighbor peak was not decreased.
E, (24350 eV) was assumed to be at the first inflection
point in K-edge spectrum; this is discussed further below.
The unweighted EXAFS, x(k), for Pd and PdC, ,; at 40
K are presented in Fig. 2.

The k3-weighted EXAFS was Fourier transformed,
yielding pseudoradial distribution functions such as those
shown for Pd and PdC, 5 in Fig. 3. The EXAFS from
the first Pd-Pd coordination shell was isolated, and in-
verse Fourier transformed to obtain k 3y, (k).

The Fourier-filtered EXAFS from the Pd-Pd nearest
neighbor was least-squares fitted in k space with a
theoretical standard generated using the ab initio theoret-
ical computer code FEFF (version 3.23).!>!* When fitting
low-temperature Pd powder EXAFS data much better
fits were obtained using FEFF standards than using 300-K
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FIG. 2. Unweighted EXAFS from Pd (solid line) and PdC ;3
(dotted line) powders at 40 K.
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FIG. 3. Fourier transform magnitudes of k3-weighted

EXAFS from Pd (solid lme) and PdC, |; (dotted line) powders at
40 K. Ordinate units: A

Pd foil data. A theoretical EXAFS spectrum, x,(k), was
generated for the first Pd-Pd coordination shell in Pd
metal at 300 K. The Pd-Pd distance used was 2.7505 A.
The mean-squared relative displacement, 02=0.0063 A 2,
was taken from the results of Yokoyama, Kimoto, and
Ohta.!” The amplitude factor,!3 S(z), was taken to be 1.0;
this yielded better results for Pd foil at 300 K than lower
values. The theoretical y(k) generated using FEFF was
treated in the same manner as the experimental data
through isolation of k3y,(k). All the experimental Pd
and PdC, ; data were fitted using the theoretical stan-
dard with a fixed Pd-Pd coordination number, N =12,
and with AE;=—1.0 or —2.0 eV (different values were
used for data collected on two separate visits to NSLS).
The assumed coordination number is justified by our ob-
servation that surface Pd oxide, which is easily observed
in supported Pd catalysts (with an average coordination
number less than 12) that have been exposed to air, is not
detected. This indicates that the Pd particles are much
larger in the powder than in typical supported catalysts
and the EXAFS spectrum should be dominated by fully
coordinated Pd atoms.

When comparing experimental and theoretical EXAFS
data one usually performs an energy-dependent normali-
zation of the background-subtracted experimental y(E)
spectrum. The energy-dependent normalization factor is
u(E)/u, where u(E) is the absorption coefficient, often
taken from McMaster’s tabulation,'® and p, is the ab-
sorption coefficient just above the edge. As mentioned
above, no energy-dependent normalization (i.e., McMas-
ter correction) was applied to the Y(E) data. Instead, we
used a procedure similar to that used by Rehr et al.
when they compared ab initio theoretical EXAFS spectra
to experimental spectra.!* They found that an energy-
dependent normalization could be approximated well by
an artificial “Debye-Waller” factor, exp(203,,,k?). This
approach, which approximates u(E) as an exponential
function, is convenient because it reduces the energy
dependence of p above each absorption edge to a single
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constant. For the Pd K edge we found
a3 =0.00021 A2, This factor was subtracted from o>
values obtained by least-squares fitting to Fourier-filtered
EXAFS of Pd and PdC, ,; powders.

Analysis of the EXAFS data acquired for Pd foil at
room temperature using the FEFF standard yielded a Pd-
Pd dlstance of 2.732 A and a total Debye-Waller (DW)
factor 02=0.0060 A 2, in fair agreement with the results
of Yokoyama, Kimoto, and Ohta (2.747 A and 0.0063

A?)."5 Better agreement might have been obtained for
the Pd-Pd distance if we had used a third-order cumulant
expansion of the EXAFS equation.!> This is discussed
further below.

Several variations of this analysis procedure were per-
formed: different numbers of cubic spline segments,
different k weighting, narrower FT, and inverse FT
ranges. These variations did not significantly affect the
results. In addition, least-squares fits were also per-
formed allowing N to vary. Values of N obtained thereby
ranged from 12.3 to 13.3 for Pd metal and 11.6 to 12.7
for PdC, ,;, with concomitant variations in o2. The tem-
perature dependence of o2 did not depend significantly on
whether or not N was allowed to vary in the least-squares
fits. The ratio fit method!” was also used to analyze the
k3y,(k) data for Pd powder, yielding results identical to
those obtained by least-squares fitting.

XANES spectra were subjected to linear preedge back-
ground subtraction and normalization with respect to the
intensity of the absorption maximum at ~40 eV, which
was proportional to the step-height normalization factor
used in the EXAFS analysis. The data were fitted with a
smoothing spline from which the first and second deriva-
tives were obtained.

IV. RESULTS AND DISCUSSION

A. EXAFS results

The FT magnitude plots in Fig. 3 are essentially identi-
cal to those presented by Jones ez al.!®!! and reveal three
facts about the x-ray-absorption spectroscopy of PdCy ;5:
the Pd-C coordination is not directly observable in the
FT magnitude, the first Pd-Pd coordination shell ampli-
tude is ~40% smaller in PdC, ;;, and the second Pd-Pd
coordination shell peak is much less intense, relative to
the first Pd-Pd shell, than in Pd metal. The latter obser-
vation provides information on the location of C atoms in
PdC, 3. Although their FT plot also shows that the
second Pd-Pd shell peak is much smaller in the PdC, ;5
data, Jones et al. did not discuss it.

Using FEFF version 3.25, theoretical Pd-C EXAFS
spectra were, generated assuming various values of o2
(0.0-0.020 A ?) to simulate the expected Pd-C EXAFS
in PdC. Fourier transformation of the k3-weighted
EXAFS showed that a Debye-Waller factor significantly
less than 0.001 A2 (at 40 K) would be required for the
Pd-C “‘shell” to be observed directly in the FT of the k-
weighted EXAFS from PdC, |; powder. Attempts to em-
phasize the Pd-C coordination by limiting the FT to low
k values and using k! weighting did not significantly im-
prove its visibility.
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Jones et al. reported that they isolated the Pd-C
EXAFS by subtracting calculated Pd-Pd EXAFS (scaled
to correct for lattice expansion) from the y(k) obtained
for PAC, ;5. Analysis of the resulting x(k) difference file
yielded Pd-C distances of 1.96 and 3.46 A. A similar ap-
proach was used by Capehart, Mishra, and Pinkerton!® to
isolate Sm-N EXAFS in Sm,Fe;;N,. To apply this
method we first multiplied the (k) obtained for PdC, ,;
at 40 K by exp(2k20?) with 02=0.0012 A2 (a structural
disorder contribution to o2 of PdCy 3, discussed below)
to normalize the (k) amplitude. Unless such an ampli-
tude normalization is performed, the difference file is
dominated by Pd-Pd EXAFS; note the different ampli-
tudes of (k) in Fig. 1. The k values of the PdC, ;5 x(k)
data were then adjusted to correct for the measured lat-
tice expansion of 2.7%. An interpolating cubic spline
was used to extract values of the normalized y(k) data
for PdC, ;3 on the same grid of abcissa values as the Pd
powder y(k) data. A difference file was obtained by sub-
tracting Pd powder (k) data from the interpolated
values of the normalized (k) function for PdC ;. The
difference file was then Fourier transformed as described
above. The FT magnitude of the difference file contained
no discernible Pd-C peaks; it was dominated by imperfect
subtraction of the Pd-Pd EXAFS. Likewise, taking the
difference between Fourier-filtered EXAFS from PdC ;
and a fit to that EXAFS using metal foil data yields a
difference file with significant Pd-Pd EXAFS remaining.
We cannot reproduce the difference file presented by
Jones et al.,!! which contains no noise above 4 A.

The location of C in octahedral holes of the Pd lattice
is confirmed by its effect on the EXAFS from the second
Pd-Pd coordination shell. Lengeler has reported!® an in-
crease of the second shell intensity in NiH, g5, where H
atoms occupy octahedral interstices in the fcc Ni lattice.
Using Pd phase-corrected Fourier transforms, Lytle has
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FIG. 4. Comparison of the FT magnitudes obtained for Pd
and PdC, ; at 40 K. Ordinate values have been normalized
with respect to the intensity of the first Pd-Pd coordination
shell; abscissa values of the PdC, ;; data have been divided by

1.027 to account for lattice expansion. Ordinate units: arbi-
trary.

JAMES A. McCAULLEY 47

observed a multiple scattering induced phase shift in the
imaginary portion of the FT near the second Pd-Pd shell
in Pd hydride.?’ Lengeler has also reported an increase
in the intensity of the second Pd-Pd peak in the FT mag-
nitude plot obtained for PdB, (x =0.115 and 0.16).!
Figure 4 presents the FT magnitude plots for Pd and
PdC, ;;, where the ordinate and abcissa have been scaled
as described by Lengeler.!® Note the disappearance of
the second Pd-Pd shell in PdC ;, while the higher shells
are unaffected. Although this “focusing” effect is usually
expected to increase the intensity of the second shell
peak,?? it appears that destructive interference between
paths containing C atoms and paths not containing C
atoms can lead to decreased intensity. We have recently
begun to use the latest version (5.03) of FEFF, which in-
cludes multiple scattering, to study the effect of multiple
scattering by interstitial atoms in Pd hydride, Pd boride,
and Pd carbide.

Figure 5 shows representative nonlinear least-squares
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FIG. 5. Least-squares fits to Pd-Pd nearest-neighbor EXAFS,
with k3 weighting, from (a) Pd and (b) PdC, ;; powders at 40 K.
Solid lines are the Fourier-filtered experimental data; dashed
lines are the best fits using a FEFF theoretical standard.
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TABLE II. Results of nonlinear least-squares fitting analysis
of Pd and PdC, ;3 EXAFS data using a FEFF theoretical stan-
dard. The Pd-Pd coordination number was assumed to be 12
for all the fits.

T R o?
(K) (A) (A?)
Pd powder 40 2.743 0.0029
65 2.742 0.0030
110 2.742 0.0037
200 2.741 0.0053
205 2.741 0.0052
295 2.738 0.0070
300 2.732 0.0070
425 2.732 0.0090
PdC, ;; powder 40 2.817 0.0042
40 2.817 0.0042
65 2.817 0.0044
110 2.817 0.0050
200 2.817 0.0060
205 2.811 0.0066
295 2.811 0.0082
300 2.811 0.0083
425 2.802 0.010
Pd foil 300 2.730 0.0060

fits to EXAFS from the first Pd-Pd coordination shell of
Pd and PdC, ;; powders using a theoretical standard gen-
erated with FEFF version 3.25. The resulting Pd-Pd dis-
tances and Debye-Waller factors are presented in Table
II. The apparent contraction of the Pd-Pd distance with
increasing temperature is a well-known artifact resulting
from neglect of anharmonicity in the EXAFS analysis.?’
At low temperature, 40 K, where the harmonic approxi-
mation is expected to be valid, the Pd-Pd distance ob-
tained, 2.743 A, for Pd power agrees very well with the
known distance 2.744 A.?* This agreement and the pre-
cision demonstrated by observation of a monotonic varia-
tion of the Pd-Pd distance shows that the precision of the
measurements warrants reporting four significant figures
here. Neglect of anharmonicity limits the accuracy of
distances obtained at higher temperature to +0.02 A.
Those results could be improved by cumulant expansion
analysis, as was done by Yokoyama, Kimoto, and Ohta.'?
Of interest here, however, is the measured expansion of
the lattice that accompanies carbide formation, 2.7% at
all temperatures studied. This agrees well with our XRD
results, as well as previously reported XRD and neutron
scattering results.>

The Pd-Pd distance (2.817 A) obtained for PdC, ;5 at
65 K agrees well with that reported by Jones et al.,2.824
A.'° Attempts to fit the first Pd-Pd shell with two shght-
ly different distances, as was done by Jones et al. (and
Lengeler!® for PdB,), did not greatly improve the fits,
and the resulting distances did not agree well with those
reported by Jones et al.'®

The Debye-Waller factor of Pd foil at 300 K (0.0060

A? agrees well with that reported by Yokoyama, Kimo-
to, and Ohta (0.0063 A 2).'* Figure 6 presents the mea-
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FIG. 6. Mean-squared relative displacement as a function of
temperature for Pd (circles) and PdC, ,; (squares) powders and
Pd foil (triangles). Open triangles are data of Yokoyama, Kimo-
to, and Ohta (Ref. 15). Open square is a result of Jones et al.
(Ref. 10). Solid lines are calculated with the correlated Debye
model using ©, =295 K plus static disorder contributions of
0.000 36, 0.0009, and 0.0023 A 2 from bottom to top.

sured Debye-Waller factors for PdC,,; powder, Pd
powder, and Pd foil. The error bars reflect an estimated
precision of +5%:; the absolute uncertainty is expected to
be somewhat greater (+10%) since S3 was adjusted to fit
the results of Yokoyama, Kimoto, and Ohta. Figure 6 in-
cludes the results of Yokoyama, Kimoto, and Ohta for
Pd foil and Jones et al. for PdAC, 5. Note that the tem-
perature dependence (slope above 100 K) is, within exper-
imental error, the same for the powders and foil. The
Debye-Waller factor in the standard EXAFS formula is
the harmonic approximation of the mean-squared relative
displacement. The thermal contribution to the mean-
squared relative displacement was calculated using the
correlated Debye model as described by Sevillano,
Meuth, and Rehr?® and applied recently by Choi et al.?°
To obtain a good fit to both the Pd and PdC, ,; powder
data, it was also necessary to include a static (i.e.,
temperature-independent) contribution to the mean-
squared relative displacement. This is normally ascribed
to structural disorder. The total mean-squared relative
displacement is therefore given by the sum of a thermal
and a static contribution.

The best fits are shown in Fig. 6. For both Pd and
PdCO 13 powder, ®, =295+10 K; the static contributions
to o? are 0.0011 and 0.0023 A 2 relative to our result for
Pd foil. The estimated uncertainty of O is based on in-
spection of the fits obtained with © varied between 280
and 310 K. The Debye temperature of Pd is greater than
that reported by Yokoyama, Kimoto, and Ohta,
O, =281 K, which agreed well with a previously report-
ed thermodynamic value, 275 K.2” However, a better fit
(x? reduced by a factor of 2) to the data of Yokoyama,
Kimoto, and Ohta is obtained with ©,, =290 K if a static
contribution to o? of 0.00020 A 2 is included. This static
contribution could be a systematic error of ~3%, well
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within the absolute uncertainty of Debye-Waller factor
measured by EXAFS, or actual structural disorder in the
polycrystalline Pd foil. A recent XRD measurement of
©, for nanocrystalline Pd yielded ©,=331+15 K.?®
The Debye-Waller factor obtained for Pd powder at 300
K was consistently greater than that of Pd foil. The
EXAFS spectra of Pd powder and foil were obtained
simultaneously, so the larger Debye-Waller factor of the
Pd powder cannot be attributed to limited spectrometer
resolution. Since the Pd powder results parallel those of
Yokoyama, Kimoto, and Ohta for Pd foil, the larger
Debye-Waller factor at 300 K is ascribed to static,
structural disorder in the Pd powder.

Jones et al. found 02=0.0053 A ? for PdC, 5 at 77 K,
about 20% higher than our result.!® They did not pro-
vide enough detail in that report to comment on the
discrepancy. It is almost certainly not due to different
carbide stoichiometry since the Pd-Pd distance we obtain
agrees well with their result. The temperature depen-
dence of o2 of PdC, ;; powder is identical to that of Pd
powder, yielding ©, =295+10 K. The additional disor-
der that accompanies carbide formation is a static contri-
bution, probably the result of local distortion of the lat-
tice around carbon atoms in ~13% of the octahedral
interstices. Choi et al., found a similar structural disor-
der contribution in Pt-Pt EXAFS from Ni Pty,, where
Ni atoms are substitutional “impurities.”

B. XANES results

Figure 7 presents Pd K-edge XANES spectra of Pd and
PdC, |3 powders at 50 K; within 20 eV of E, they are
nearly identical. The energy scale was calibrated using
data acquired simultaneously on a Pd foil at 300 K. E,
was defined at the first inflection point in the XANES
spectrum of Pd metal foil. In all XANES spectra of Pd
and PdC, |; powders, the first inflection point was within
0.3 eV of that in the XANES spectrum of Pd metal foil at
300 K. Note that the first inflection point occurs on the
rising edge of an unresolved ‘“‘shoulder” that extends to
ux ~0.5 at E —E,~5 eV. The structure within the edge
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FIG. 7. Pd K-edge XANES spectra of Pd (solid line) and
PdC, ; (dotted line) powders at 50 K.
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FIG. 8. First derivative plots of Pd K-edge XANES spectra

(smoothed spline fit) of Pd (solid line) and PdC, ,; (dotted line)
powders at 50 K.

is more obvious in the first derivative of the XANES
spectrum. See Fig. 8. This ‘“shoulder” is the result of
1s —4d,dp transitions that are more easily resolved in
K-edge spectra of lighter 4d elements (Y through Ru).?
The same unoccupied final states in Pd are observed as a
prominent shoulder in L -edge spectra (2s—4d,dp) of
Pd.*® Pd K-edge XANES spectra reveal no new unoccu-
pied states in PdC ;3.

Table III presents measured energies of the two
lowest-energy absorption maxima in XANES spectra of
Pd and PdC, ;; powders. The 1s—5p,pd peak is at the
same energy (E —E;=16 eV) in XANES spectra of Pd
and PdC, ; powders. The 1s—4f peak is shifted slightly
upward (~0.7 eV) in the spectrum of PdC, ;; powder.
Davis et al. reported that these peaks were not shifted in
the Pd K-edge XANES spectrum of PdH, ¢, but they
found that the peaks were narrower than those in Pd
metal spectra.’! They attributed this to band narrowing
caused by lattice expansion (3.7% in PdH (). In the

TABLE III. Energies, relative to the first inflection point in
the XANES spectrum of Pd foil, of absorption maxima in
XANES spectra of Pd and PdC,, ;; powders.

T 1s—5p,pd Is—4f
(K) (eV) (eV)

Pd carbide 40 15.9 38.8
65 15.9 38.6
110 15.7 38.2
205 16.0 38.6
300 16.4 38.9

Average 16.0+0.2 38.6+0.3
PdC, ;; powder 40 16.3 39.2
65 16.3 394
110 15.8 38.9
205 16.6 39.8
300 16.2 39.3

Average 16.2+0.3 39.3+0.3
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spectra of PdC, ;3 no narrowing was detected, perhaps
because the lattice expansion (2.7% in PdC, ;) is smaller.

The electronic structure of PdC, ;5 is of interest for un-
derstanding suppression of hydride formation by intersti-
tial carbon.’ Unfortunately, because of lifetime broaden-
ing and limited spectrometer resolution, Pd K-edge
XANES spectra provide little information. Pd L ;-edge
XANES (Ref. 32) and valence-band x-ray photoemis-
sion? have proven more useful for probing the electronic
structure of PAH,. We are currently performing such ex-
periments to characterize the electronic structure of
PdC, ;3.

V. SUMMARY

The following conclusions are based on this study of
the Pd K-edge x-ray-absorption spectra of Pd and PdC, 3
powders over the temperature range 40-423 K.

(1) The Pd-C coordination shell is not directly visible in
a FT of the PdC, ;; EXAFS data, because of the low con-
centration of C and its small backscattering amplitude.

(2) The presence of C atoms in octahedral interstices of
the Pd lattice is confirmed by their effect, through multi-
ple scattering, on the intensity of EXAFS from the
second Pd-Pd coordination shell.

(3) The measured average lattice expansion, 2.7%,
which accompanies carbide formation agrees well with
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XRD and neutron scattering results.

(4) The Debye temperature of Pd powder is found to be
295+10 K. Examination of published EXAFS results for
bulk Pd foil suggest that it, likewise, has a Debye temper-
ature of ~295 K.

(5) The presence of interstitial C atoms increases the
structural disorder, as observed by an increased static
Debye-Waller factor, without changing the Debye tem-
perature, O, =295110 K.

(6) The Pd K-edge XANES spectrum of PdC, 3
powder is nearly identical to that of metallic Pd powder;
there is no significant chemical shift of the K edge.

(7) Aside from a multiple scattering effect in the second
Pd-Pd shell, Pd K-edge x-ray-absorption spectroscopy of
PdC, ; provides no qualitative signature that could be
used for definitive identification.
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