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Five expanded lattice ruthenium pyrochlore oxide powders with the general formula A2+ , 
RU2_xO7_ v (A = Pb: x = 0.06, 0.15, 0.62; y = 0.5 and A = Bi: x = 0.39, 0.86; 0 < y <- 0.5) were 
investigated using high-resolution electron microscopy (HREM), X-ray photoelectron spectroscopy 
(XPS), and temperature-programmed reduction/oxidation (TPR/TPO) to ascertain factors that con- 
tribute to their low-temperature catalytic oxidation activity toward 1,2-diols and alcohols in aqueous 
alkaline solution. HREM data find small crystallites that vary from about 25 to 200 A in diameter. 
Image analysis techniques applied to one 100-A crystallite of Pb2.62RUl.3806. 5 reveal a 5% range of 
lattice spacings about the exterior portions of the particle. XPS data were collected in both the 
valence-band and core-level regions. XPS valence-band spectra for samples with higher levels 
(x > 0.15) of Ru-site substitution by the A-site atoms display a less intense band near the Fermi 
energy level indicating a reduced Ru 4d character compared to the more stoichiometric analogues. 
Core level XPS bands contain contributions from two different valence states for each of the Pb, 
Bi, and Ru atoms in the A2+,.Ru 2 aO7_v series. XPS-derived compositions show a higher A / R u  ratio 
for Pb2.62Ru138065 than the bulk whereas the other four oxides have A/Ru  ratios that are similar in 
the surface (XPS) and bulk (XRD) compositions. TPR using H 2 of the A 2 + ~Ru 2 ~O 7 ~ oxides reveals 
remarkable reactivity below 200°C that is in line with loosely bound oxygen in these oxides. A 
sample of Pb2.62Ru13806. 5 with a lead-rich surface shows markedly less reactivity toward H_, below 
100°C than the other oxides. No distinct differences are seen in TPR data for all five expanded 
lattice ruthenium pyrochlore oxides between the surface and bulk oxygen. Reduced oxides reoxidize 
reversibly with oxygen after up to 20 mol% reduction (based on oxygen content) but at rates that 
are slow compared to H 2 reduction. The lack of a correlation between the TPR/TPO data and the 
liquid-phase catalytic activities toward 1,2-diols and alcohols is explained through differences in 
the active site preferences by the various substrates, c~.~ 1991 Academic Press, Inc. 

INTRODUCTION 

Transition metal oxides with the pyro- 
chlore structure type encompass a large 
family of  compounds (1, 2) with diverse 
physical properties.  In the general pyro- 
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chlore formula A 2 B 2 0 6 0 ' ,  A may be the 
same or different atoms with ionic radii of  
about 1 Pt; B may be the same or different 
atoms with ionic radii of  about 0.6 ,~; the six 
oxygen atoms in the lattice are considered 
as oxo anion, 02-  ; and the one O' atom may 
variously represent hydroxide,  fluoride, or 
combinations of oxo anion and anion va- 
cancy. Noble metal pyrochlores were dis- 
covered just over  30 years ago (3, 4), but 
another  decade transpired before the first 
ruthenium-containing pyrochlore oxides 
were identified conclusively in the form of 
Pb2Ru207 y, 0 < y -< 0.5 (5). At that time 
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predictions were made (5) that other A-site 
atoms such as TI +, Bi 3+, Sn 2+, and Sb 3+ 
should be capable of forming A2Ru2Ov_y py- 
rochlore compounds. Very shortly thereaf- 
ter, an important class of bismuth ruthenium 
pyrochlore oxides was reported (6-9) that 
immediately found application in electrical 
resistor compositions because of the low 
and essentially constant temperature coef- 
ficient of resistivity in these electrically con- 
ducting ternary oxides (10-14). 

While the bulk electrical properties dis- 
played by the ruthenium pyrochlore oxides 
made these materials rather unique, efforts 
to develop the surface catalytic properties 
were limited to attempts at gas phase cataly- 
sis with low surface area materials (15, 16) 
and electrochemical electrode applications 
(17-22). Within these electrochemical appli- 
cations, a procedure was developed which 
produced high surface area ruthenium pyro- 
chlore oxide compositions (23-26) having 
an expanded lattice structure (25). Several 
of these expanded lattice ruthenium pyro- 
chlore oxides were examined as low-tem- 
perature liquid phase oxidation catalysts for 
the oxidative cleavage of 1,2-diols to yield 
dicarboxylate products in a single step. It 
was soon discovered (27) that A2+ x 
RU2_xO7_y compounds with generally A = 
Pb, Bi; 0 < x < 1 ; 0 < y -< 0.5 were effective 
heterogeneous catalysts in aqueous alkaline 
solutions under oxygen pressure for the 
same types of substrates electrocatalytically 
oxidized when these oxides were fabricated 
into anodes (28-30). 

Part I of this series (31) provides details on 
the liquid phase oxidations and some initial 
characterization of the catalytic A2+x 
g u  2 xO7_y compounds in terms of the bulk 
crystalline phase composition and particle 
surface area and pore volume characteris- 
tics. In an effort to provide a much more 
detailed picture of the oxide catalyst micro- 
structure, this paper presents results from 
X-ray powder diffraction, high-resolution 
transmission electron microscopy (TEM) 
including the application of some recently 
developed image analysis techniques, X-ray 

photoelectron spectroscopy (XPS), and 
temperature-programmed reduction-oxida- 
tion (TPROX) measurements. The study of 
metal oxide surfaces has only begun to 
emerge compared to investigations of metal 
or semiconductor surfaces. With only a few 
exceptions, these metal oxide studies are 
limited to binary oxides (32). The results 
contained herein collectively provide an in- 
formative view of the A2+xRU 2 xO7_y sur- 
face structure, surface electronic proper- 
ties, and gas phase-surface redox behavior 
toward H2- and O2-containing gas streams. 

EXPERIMENTAL 

Materials. Expanded lattice ruthenium 
pyrochlore oxide samples used in this inves- 
tigation were prepared by a low-tempera- 
ture alkaline solution precipitation-crystal- 
lization method (26) using mixed acidic 
solutions of the metal nitrates. Specific pre- 
parative details are contained in Table 1 of 
the preceding paper (31) for 11 A2+x 
Ru2_xO7 y compounds. Five representative 
oxides will be the subjects of study in this 
paper including three lead (Pb2.62Rul.3806.5, 
Pb2.15RuL8506. 5, and Pb2.06RUl.9406.5) and 
two bismuth (Bi2.86RuH407_ ~, and 
Bi2.39Rul.610 7 y) ruthenium oxides. 

Physical Measurements 

Powder X-ray diffraction. X-Ray diffrac- 
tion (XRD) data were collected on all five of 
the compounds in this study. Powder dif- 
fraction patterns were indexed to those of 
cubic pyrochlore structure for all five ox- 
ides. The instrumentation was described in 
the preceding paper (31). The cubic lattice 
parameter a (Table 1 of Ref. (3l)) was deter- 
mined from a least-squares fit of the posi- 
tions of several indexed reflections and from 
this cell constant, the lattice expansion pa- 
rameter x in the general formula A2+ x 
Ru2_xO7_y was obtained using the least- 
squares fit correlations given before (31). 

An XRD line width analysis (33) was per- 
formed on polycrystalline samples of 
Pbz.62RHI.3806. 5 and Bi2.39Rul.6107_y. Powder 
XRD data were collected out to 20 = 90 ° 



Ru PYROCHLORE OXIDE CATALYSTS, II 423 

with a step size of 0.01 ° using CuK~ radia- 
tion. The powder XRD intensity data were 
stripped of the CuKa 2 contributions, back- 
ground corrected, and adjusted with a 
smoothing function. An instrumental broad- 
ening factor (b) of 0.06 ° (20) was used. 

Electron microscopy. Preliminary sur- 
veys of the A2+xRU 2 xO7_y powders were 
made on a Cambridge Stereoscan 250 scan- 
ning electron microscope. 

Transmission electron microscope stud- 
ies were performed on powders mounted 
dry on copper-grid supported holey carbon 
films using a Philips EM430ST instrument 
with point resolution at Scherzer defocus 
near 1.9 ,~ (34). Dry mounting was used 
exclusively because dispersal of particles in 
alcohol was shown by means of imaging and 
electron energy loss studies to result in the 
coating of particles with a carbon-rich layer, 
sometimes on the order of 100 A in thick- 
ness. Images with 512 × 512 pixels having 
256 assigned gray levels were digitized from 
TEM negatives with a Dage Model 68 cam- 
era. Fourier analysis and reconstruction 
were done with a Zeiss-Kontron image 
analysis system at Monsanto and a 
SEMPER-based system at the University of 
Missouri, St. Louis. 

X-ray photoelectron spectroscopy. X- 
Ray photoelectron spectroscopy data were 
acquired using a Physical Electronics (PHI) 
Model 560 ESCA-Auger spectrometer 
equipped with a dual AIKo~ (1486.6 eV) and 
MgKa (1253.6 eV) anode X-ray source and 
double-pass cylindrical mirror electrostatic 
energy analyzer (CMA). The data were ob- 
tained predominantly with Mg X-ray excita- 
tion. Powdered samples were deposited 
onto double-sided adhesive tape, intro- 
duced into the spectrometer, and examined 
without further treatment. Several samples 
of each of the different pyrochlore composi- 
tions were studied and multiple data sets 
were acquired. The samples were generally 
at ambient temperatures during data collec- 
tion although for several data sets the sam- 
ples were cooled to about 133 K. The only 
difference noted was the presence of ice in 

the latter cases. The reproducibility of the 
data between the various data sets on differ- 
ent samples regardless of the different data 
collection times, exciting radiation, and 
sample temperature implies sample stabil- 
ity. All binding energies were referenced to 
adventitious carbon (C Is) that was assigned 
a value of 284.6 eV (35). 

Oxygen-18 exchange experiment. An JsO~ 
exchange experiment was conducted on a 
sample of Bi2.39Rui.6107_v using 1802 gas 
(98.11 at.% O-18) obtained from EG&G 
Mound Applied Technologies. All thermal 
analysis measurements were conducted us- 
ing a Mettler TA instrument coupled to an 
HP 5992 quadrupole mass spectrometer 
(MS). The general instrumentation and op- 
erating procedures for this simultaneous 
TGA/MS system have been reported in de- 
tail in the literature (36-38). A special three- 
tiered quartz crucible was fabricated for the 
experiment so that 400 mg of sample could 
be loaded with no more than 2 mm of sample 
depth in the crucible. The sample was 
purged overnight in a stream of helium at 
100°C until a constant weight was obtained. 

Temperature-programmed reduction~ox- 
idation. TPROX data were acquired us- 
ing an on-line microcomputer-automated 
chemisorption facility for the measurement 
of both total and reversible adsorption of 
either hydrogen or oxygen during frontal ad- 
sorption. A complete description of this spe- 
cific system is beyond the scope of this pa- 
per (39, 40) but a detailed summary appears 
in the Appendix. The results are similar to 
those obtained with other systems (41, 42). 
Samples were examined as 40- to 60-mesh 
granules located between quartz wool plugs 
in an annular preheater (dip-tube style) 
quartz reactor. All samples in this study 
were pretreated in an O2/Ar gas stream at 
150°C for 3 hr prior to any chemisorption 
measurements. A thermal conductivity de- 
tector was used to detect differences be- 
tween the sample gas and the reference gas, 
All temperature-programmed reductions 
and oxidations were made with a total sys- 
tem pressure of 48.3 kPa with 3% of either 
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H 2 o r  02 in Ar passed over the sample at 
95.0 standard cm3/min. 

R E S U L T S  

Powder X-ray diffraction analysis of par- 
ticle sizes. X-Ray powder diffraction pat- 
terns for all five of the lead and bismuth 
ruthenium oxides revealed cubic pyrochlore 
structure types with crystalline particle 
sizes in the anticipated range of 50 to 500 ,~ 
from the observed line widths. In order to 
determine r_epresentative mean crystallite 
diameters (d) for these materials, two com- 
pounds, Pb2.62RUl.3806.5 a n d  Bi2.39RUl.61 
O7_~., were selected for a more detailed X- 
ray analysis. 

In each powder diffraction pattern, the 
four highest intensity reflections (222, 400, 
440, and 622) were chosen for X-ray line 
broadening analysis. The Scherrer equation 
(33, 43), 

3 -  KL (l) 
B cos 0 

relates the mean crystallite diameter (d) to 
the line broadening /3. In Eq. (1), K is a 
shape factor taken as 0.89 for unknown 
shapes (43), L is the X-ray wavelength 
(1.54051 ,~), and 0 is the Bragg angle. For 
Gaussian line shapes, the line broadening is 
given by/3 = (B z - b2 )  I/2, where B is the 
experimental peak width in degrees at half 
peak height and b is the corresponding width 
of a peak for a standard reference material 
under conditions where this represents the 
instrumental broadening (silicon, deter- 
mined here to be 0.06°). For Cauchy line 
shapes, the line broadening/3 is the differ- 
ence between the experimental peak width 
and the standard material peak width, (B - 
b). 

Table 1 compiles the results of the mean 
crystallite diameter determinations for the 
two ruthenium pyrochlore oxides. In 
section A, the grand averages for 
Pb2.62RuL3806. 5 range from 152 to 169 .A de- 
pending upon the choice of line shape de- 
scription. A mean crystallite diameter of 160 
A for this sample represents a reasonable 

T A B L E  I 

P o w d e r  X-Ray  Di f f rac t ion  D a t a  for  M e a n  Crys t a l l i t e  
D i a m e t e r  D e t e r m i n a t i o n  for  T w o  R u t h e n i u m  Pyro-  
ch lore  Ox ides "  

hkl 2~t~ 2 0 H B 0 • (A) d c (A) 

A. Pb, 6_,Rul.3806. ~ 
222 29.234 29.790 0.556 14.756 147 164 
400 33.969 34.445 0.476 17.104 174 198 
440 48.853 49.423 0.570 24.569 152 169 
622 58.034 58.710 0.676 29.186 134 146 
Grand Average, d 152 169 

B. Bi2.39Rut.6107 ,. 
222 28.870 30.343 1.473 14.803 55 58 
400 33.559 35.071 1.512 17.158 54 57 
440 48.454 50.393 1.939 24.712 45 46 
622 57.663 59.594 1 . 9 3 1  29.314 47 48 
Grand Average, d 50 52 

" Reflections hkl are analyzed to give low (2 0 e) and high 
(2 0 H) peak positions from which the angular width B is calcu- 
lated. The Bragg angle 0 is found from the low and high peak 
positions. Assuming either Gaussian (G) or Cauc_hy (C) X- 
ray line shapes, the mean crystallite diameters (de and de, 
respectively, in ,~) are calculated from the Scherrer equation 
given in the text, All peak positions are given in degrees. 

estimate. In section B of Table 1, the grand 
averages for Bi2.39Ruj.6107_ v comprise a 
very narrow range from 50 to 52 .~. An over- 
all average crystallite diameter of 51 A is an 
appropriate estimate for this oxide. 

Electron microscopy. In the TEM data, 
pyrochlore specimens dispersed on support 
films were found to consist of aggregates of 
small crystallites. Electron "powder"  pat- 
terns of these clumps contained lattice spac- 
ings qualitatively consistent with the face- 
centered cubic structures expected from the 
powder diffraction data (25). Energy disper- 
sive X-ray spectra confirmed qualitatively 
the expected major element abundances in 
each case. The morphology of the aggre- 
gates and contrast changes in conventional 
(small aperture) brightfield images during 
specimen tilt suggested further that the crys- 
tailite grain size in the lead pyrochlore crys- 
tals was much larger than that in the bismuth 
pyrochlore. This impression of a marked dif- 
ference between materials was confirmed in 
high-resolution (large aperture) brightfield 
images as illustrated in the close-ups shown 
in Fig. 1 and in small aperture darkfield im- 
ages (Fig. 2) as well. 
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Flo. 1. Digitized high-resolution TEM images of different crystalline grain sizes for Bi2.39Ru 1.6107 v (a) 
and Pb262Rul.3806.5 (b). The bismuth pyrochlore in (a) has crystallites that range from 25 to 50 ,~ (10 A 
= I nm) in diameter while the lead pyrochlore consists of 100-200-~, sized crystallites, one of which 
is shown in (b). 
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FIG. 2. Darkfield TEM images of Bi2,39RUl.610 7 y (a) and Pb2.62Rul.3806. 5 (b). Note the 25- to 50-,& 
crystalline particles in the bismuth pyrochlore. Image (b) shows crystalline domains in the Pb compound 
of much larger size, some of which are several hundred angstroms in diameter. 

Single crystal analysis of the image of one 
28-,~ bismuth pyrochlore crystal revealed 
2.35 -+ 0.05 A lattice planes with an interpla- 
nar angle of 61.8 -+ 1 °, within range of ex- 
pected values (spacing 2.36 ,&, angle 61.73 °) 
for crossed (331) planes in the bismuth struc- 
ture. Single crystal analysis of the image 
of a lead pyrochlore crystal (Figs. 3a, 3b) 
revealed 6.08 + 0.15 ,& lattice planes with 
an interplanar angle of 70 + 1 °, only slightly 
larger than the expected values (spacing 
5.92 A, angle 70.3 °) for ( l i d  planes in stoi- 
chiometric crystals of PbzRu206. 5. Thus, 
single crystal data in the high-resolution im- 
ages support the identification of crystal 
structures inferred here as well. Based on 
these images, average sized crystals from 
the "edge" of aggregates in the bismuth 
specimens were around 25 ,~, while the av- 
erage size of the lead pyrochlore crystals 
was around 200 ,~. 

In examining images of lead pyrochlore 
crystals from specimens with varying de- 
grees of stoichiometry, it was noted that in 
at least some cases, periodicities in power 
spectra from images of single crystals in the 
less stoichiometric materials displayed evi- 
dence of spreading (several percent) in the 
lattice periodicities, as shown in Fig. 3b. 

The power spectrum of a crystal from a 
more stoichiometric sample is shown for 
comparison in Fig. 3d. Since the spread in 
the spot spacings is noticeable in both radial 
and azimuthal directions, it suggests the 
presence of a range of spacings and lattice 
orientation angles associated with the in- 
dexed single crystal spots whose origin is 
not fully understood. To shed some light on 
the distribution of these spacings across the 
field of view, a Fourier darkfield image is 
shown in Fig. 3c which includes only period- 
icities associated with the inner (larger-pe- 
riodicity) half of each of the indexed spots 
of interest (44, 45). Prior to Fourier filtering, 
aperiodic contrast in the image was removed 
by Bayesian background subtraction (46) to 
minimize delocalized periodicity. The image 
shows the large spacings to be more strongly 
represented near the exterior boundaries of 
the crystal, but also indicates that the spread 
of lattice spacings is not localized in projec- 
tion to one subregion of the particle. The 
result is consistent with the possibility that 
the spread results from an increase in lattice 
spacing near exterior particle boundaries. A 
careful study of thickness effects for crys- 
tals in the 200-A size range and analysis 
under tilting of more particle images are 
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FIG. 3. Image analysis sequence for Pb2.62Rul.3806.5 consisting of la) a digitized high-resolution TEM 
image and (b) a two-dimensional power spectrum of this image down the cubic pyrochlore (110) 
orientation. Single crystal spots (circled) show spreading representative of orientation or lattice parame- 
ter variations across the real image space. Inset (c) is a Fourier darkfield image of (a) as discussed in 
the text. Inset (d) shows a power spectrum without spreading from the image of a crystallite of 

Pb2.1sRul 8sO6.s. 

needed before this latter possibility can be 
confirmed. 

X-ray photoelectron spectroscopy. XPS 
data were collected on each of the five ruthe- 
nium pyrochlore oxides in both the valence- 
band and core-level regions. The X-ray exci- 
tation source contains not only the principal 
characteristic X-ray line but also minor 
components at higher photon energies that 
give rise to satellite photoelectron peaks. 

The most significant of these lines, Kot 3 and 
Ko~4, have been deconvoluted and sub- 
tracted along with the inelastic background 
from all spectra using software supplied by 
Physical Electronics (47). The relative 
height of the valence-band density of states 
(DOS) depends on the normalization proce- 
dure. For the A2+.rRu 2 xO6.5 samples, the 
valence band DOS was normalized using 
the nearby (A =) lead or bismuth 5d lines. 
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FIG. 4. XPS spectra in the valence band region overlayed in the Pb 5d region to show the relative 
intensity variations at the Fermi level for two expanded lattice lead ruthenium oxides. Note that the 
more highly B-site substituted Pb_,.62Ru13806. 5 compound in tracing B shows a lack of intensity at the 
Fermi level. 

Alternatively, relative scaling of the valence 
band DOS has been performed using the 
region containing oxygen 2p contributions 
(48). These procedures were employed to 
facilitate their comparison, but the essential 
feature, i.e., the different shapes of the 
DOS, is maintained. Core level lines for ru- 
thenium, lead, and bismuth of all five sam- 
ples showed asymmetric broadening on the 
higher binding energy side of the peaks sug- 
gestive of the presence of a second oxidation 
state species for each element. This asym- 
metric broadening was observed in replicate 
runs on all samples. 

Figure 4 displays the lead 5d and valence- 
band regions for Pbz.62Rul.3806. 5 and 
Pbz.06Rul.9406. 5. The XPS cross sections re- 
flect the dominance of the Ru 4d orbitals 
compared to the s and p orbital contribu- 
tions. The shape of the DOS for 
Pb2.62Ru 1.3806.5 indicates a lower Ru 4d con- 
tribution at the Fermi level regardless of the 
normalization procedure employed. For the 
two bismuth pyrochlore compounds, the in- 
tensities of the peaks at the Fermi level were 
intermediate to those shown in Fig. 4. 

Asymmetry on the high binding energy 
XPS peaks for the 4f core level regions of 
lead and bismuth in Pb2.62Rul.3806. 5 and 
Bi2.86Rul.14Ov_y, respectively, affords reso- 
lution into two pairs of peaks. Figure 5 dis- 
plays the resolved pair of4fy/2-4fv 2 spin-orbit 
doublets for Pb2.62Rul.3806. 5. The figure 
compares the original band envelope to that 
obtained from the sum of the resolved peaks 
and provides visual evidence for the good- 
ness of fit. The resolved doublets are sugges- 
tive of two different oxidation states of lead 
that reside on the surface. Fitting of the 
other XPS Pb and Bi 4fcore spectra using 
Gaussian-Lorentzian peak shapes yielded 
analogous pairs of 4jTi2-4fsi 2 doublets. 

Similar asymmetry on the high binding 
energy side of the ruthenium 3d peaks is 
observed for all five of the expanded lattice 
ruthenium pyrochlore oxides studied here. 
Because of the proximity of the carbon Is 
and ruthenium 3d peaks, the data analysis 
was more complex. Figure 6 depicts the 
band envelope in this region for 
Pb2.62RUl.3806.5 . In each compound, the con- 
tribution from the Ru 3din2 photoelectron 
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FI6 .5 .  Core level Pb "~f7/2 and Pb 4~/2 photoemiss ion  peaks for Pb2.62Rul.3806+ 5 showing resolution into 
two pairs of  peaks for the lower ( - -  -)  and upper  ( ) Pb valence state contributions.  The dotted 
line ( .. . . .  ) is the sum of  the resolved peaks that compares  closely to the original band envelope ( . . . .  ). 

line was first isolated and visually fit on the 
low binding energy side. The spin-orbit 
component from the Ru 3d3/2 line was then 
added using the tabulated splitting and theo- 
retical intensity ratio from the relativej-mul- 

tiplicities (49, 50). From a consideration of 
Coster-Kronig transition probabilities and 
other measured widths, there should not be 
significant differences in the measured pho- 
toelectron widths for the Ru 3d spin-orbit 

+ / /  z , I , ', , 

_..S+---.-,... .,,' ",, .,/ 5," "- ',.N. 

291 290 289 288 287 286 285 284 283 282 281 280 279 

BINDING ENERGY, EV 

FIG. 6. Band envelope ( ) for the photoemiss ion  peaks in the Ru 3d and C I s core level regions 
for Pb2.62Rut.3806.5. The original band envelope is resolved into a C Is componen t  centered at 284.6 eV 
and two Ru 3rise and Ru 3d3/2_ doublets  for two different surface Ru species  in Pb2.62Rut 3806.5. The short  
dashed line ( . . . . .  ) gives the sum of  the resolved C Is and two Ru 3d doublets .  
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doublets. Consequently, the widths were 
chosen to be the same. The carbon ls peak 
was revealed in the difference spectra in 
addition to a second ruthenium spin-orbit 
doublet. In all compounds examined here, 
attempts to fit the ruthenium contribution 
with only a single spin-orbit doublet were 
unsuccessful. The asymmetry of the Ru 3d 
lines did not permit a suitable or acceptable 
fit with even a broad Gaussian-Lorentzian 
profile. 

The oxygen Is photoelectron line for all 
of the pyrochlore oxide samples examined 
was found to be similar. It showed consider- 
able asymmetry toward the high binding en- 
ergy side. The low binding energy side of 
the peak was fit with a simple Gaussian line 
shape. This component was stripped from 
the observed spectral envelope and the pro- 
cess was repeated. Three components with 
the same full width at half-height maximum 
(FWHM) were sufficient to give an excellent 
visual fit. The FWHM values were compara- 
ble to that independently found for the C ls 
line. When the experimental measurement 
was made with the sample maintained at 133 
K, a fourth peak attributable to condensed 
moisture was also observed. The individual 
data were analyzed separately without re- 
course to each other but by the same pro- 
cedure. 

Table 2 summarizes the XPS binding en- 
ergies of the higher energy spin-orbit com- 
ponent for lead, bismuth, and ruthenium and 
the O ls region. Comparison between multi- 
ple independent fittings of repetitive data 
sets yields an estimated precision of -+0.2 
eV. The relative abundances of the different 
forms of the same element were calculated 
from the resolved intensities. They are given 
in parentheses with a relative precision of 
+- 15%. Note the similarity between the pro- 
portion of the two forms of lead and of bis- 
muth obtained from their respective 4f7/2 and 
5d5/2 lines. 

Table 3 compares the ratios of the A-site 
atom (post-transition metal)-to-ruthenium 
that appear in the bulk structure as deter- 
mined by powder XRD and on the surface 
from XPS. The relative intensity of the vari- 

ous photoelectron lines relates to the ele- 
mental composition. The PHI 560 spec- 
trometer has instrumental corrections 
preprogrammed in the software (47). The 
software allows for the relative response of 
the system operating in the constant pass 
energy mode of the electron analyzer for 
the different energy electrons. The software 
analysis accounts for the relative cross sec- 
tions of the orbitals according to calcula- 
tions of Scofield (51). Measurement of dif- 
ferent core levels of the same element 
affords a check on the elemental analysis. It 
should be noted that the escape depth for 
the photoelectrons varies for the different 
energies. For the principal lines from the O 
Is to the valence band regions, the kinetic 
energies range from 700 to 1250 eV. The 
mean free path using the "universal curve" 
indicates that XPS is sensitive to the upper 
10 to 15 A of the sample for about 67% of 
the signal with approximately 99% of the 
signal coming from the upper 50 ,~ of the 
material (52, 53). With this in mind, the ob- 
served XPS A/Ru ratios in Table 3 show that 
the lead-rich oxide with the Pb262 stoichiom- 
etry has even a greater enrichment of lead 
at the surface while the close-to-stoichio- 
metric lead oxides (Pb2.15 and Pb2.06 stoichi- 
ometries) have essentially no enrichment of 
lead at the surface. In the case of the two 
bismuth-ruthenium-pyrochiore oxides in 
Table 3, the surface XPS A/Ru ratios indi- 
cate a surface depletion of bismuth relative 
to that in the bulk composition; in other 
words, the surface in these two oxides is 
ruthenium rich. These results are qualita- 
tively confirmed in the TPROX data pre- 
sented below. Appropriate standards were 
not used for the quantification. Trends are 
therefore more substantive than absolute 
values. 

TPROX. The TPROX apparatus con- 
structed in these laboratories (39, 40) pro- 
vides quantitative rates of H 2 or 02 uptake 
in temperature-programmed or isothermal 
modes. Samples that are reactive toward 
hydrogen and oxygen such as those exam- 
ined here can be titrated to known levels of 
reduction (H2) or oxidation (02) at constant 
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TABLE 2 

XPS Binding Energies and Relative Intensities for Expanded Lattice Ruthenium-Pyrochlore Oxides" 

Oxide bulk Core line (% of total peak intensity) 
composition 

Pb 4)'7/2 Pb 5d5~ - , Bi 4f7, 2 Bi 5d~/2 Ru 3d5/2 O Is 

Pb2.62Rul.3806. 5 136.8 (77) 18.2 (85) 
138.3 (23) 19.3 (15) 

Pb2 jsRuLssO6. 5 136.6 (83) 17.7 (79) 
138.2 (17) 19.0 (21) 

Pb2.06Rul.94065 136.7 (85) 17.9 (81) 
138.5 (15) 19.3 (19) 

Biz.s6Rut MO7_ , 157.9 (83) 24.8 (80) 
159.3 (17) 25.9 (20) 

Bi2.39RUl.6107 ~ 157.8 (79) 24.8 (77) 
159.1 (21) 26.1 (23) 

281.2 (67) 528.4 (51) 
282.8 (33) 530.3 (33) 

531.8 (16) 
281.0 (63) 528.6 (58) 
282.5 (37) 530.2 (28) 

531.6 (14) 
281.0 (65) 528.7 (49) 
282.5 (35) 530.4 (34) 

532.1) (181 
281.5 (73) 528.9 (66) 
282.8 (27) 530.2 (23) 

531.4 (ll)  
281.3 (66) 528.8 (61) 
282.5 (34) 530.3 (25) 

531.9 (14) 

" Binding energies given in eV and referenced to a C Is binding energy for an adventitious carbon species of 
284.6 eV. 

temperatures as well as analyzed in flowing 
Hz/Ar or O2/Ar in the temperature-pro- 
grammed mode. 

Three A2+~Ru2 xO7-y oxides were exam- 
ined using temperature-programmed reduc- 
tion and oxidation methods. The highly B- 
site substituted oxide, Pb2.62RUL3sO6. 5, 
shows essentially no H2 uptake below 50°C 
in the TPR profile shown in Fig. 7. The rate 

TABLE 3 

Comparison of Bulk and Surface Compositions for 
A2+,.Ru 2 .,O7_y Oxides 

Composition A / R u  

Bulk (XRD) Surface (XPS)" 

Pb2.62RuI.3806. 5 1.90 2.9(3) 
Pb2. tsRu 1.s506.5 1.16 0.8(1) 
Pb2.o6Rul.9406. 5 1.06 1.0( 1 ) 
Bi2.s6RuI.1407 y 2.51 1.5(2) 
Bi2.39RHI.6107 y 1.48 1.2(2) 

" Numbers in parentheses represent precision rather 
than accuracy. The trend between the 3 Pb-Ru oxides 
emphasizes the uniqueness of the Pb2 ~2Rul.38Q s com- 
pound. 

of H 2 uptake increases rapidly above 100°C, 
and a total of 1094/zmol H2/g is consumed 
up to 175°C. For  a BET-ni t rogen  surface 
area of  44.8 m2/g and an oxide stoichiometry 
number of 6.5, this sample contains approxi- 
mately 1750 btmol Ru/g (369/zmol Ru/g at 
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FIG. 7. Temperature-programmed reduction profile 
for Pb2.62RuL3806.5 showing that little reduction occurs 
before reaching a temperature of 100°C. The sample 
was treated in 3% H,/Ar up to 175°C with thermal 
ramping at 5°C/min. 
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FIG. 8. Family o f  TPO profiles for Pb2.62Ru].3806.5 
after varying degrees of  H2 reduction showing that the 
max imum rate of  reoxidation all these curves  occurs  
between 120 and 150°C. 

the surface) and 8270 /xmol O/g. Conse- 
quently, the observed H 2 uptake is sufficient 
for only partial reduction of the available 
oxygen in the sample. 

Once the sample of Pb2.62RH1.3806. 5 was 
partially reduced with H2, the relative rate 
of reoxidation with oxygen can be examined 
through the following TPO procedure. With 
the sample held at 100°C, 212 tzmol H2/g 
was added, then the sample was purged with 
argon and cooled to 25°C. The reduced sam- 
ple was then treated with 3% O2/Ar while 
temperature programming up to 175°C. The 
TPO profile was recorded. After complete 
reoxidation in flowing O2/Ar, the sample 
was purged of OJAr with pure Ar at 150°C, 
partially reduced again at 100°C with 212 
/zmol Hflg, purged of H2/Ar with a pure Ar 
stream, then treated again from 25°C with 
3% O2/Ar up to 175°C. The resulting TPO 
profile was then compared to the first one. 
Very good reproducibility between the two 
treatments indicates that the oxide surface 
shows reversible redox behavior. 

The above TPO procedure can be ex- 
tended further to produce a family of TPO 
curves that result from varying amounts of 
H 2 reduction. These TPO profiles are dis- 
played in Fig. 8. Each TPO curve appears 

to reach a maximum in its oxygen reaction 
rate between 120 and 150°C. 

The TPR profile for Pb2.06Rul.g406.5 indi- 
cates that this sample reacts with H2 at lower 
temperatures compared to Pb2.62RuI.3806. 5. 
Figure 9 records the TPR profile for 
Pb2.06Ru] .9406.  5 u p  t o  2 0 0 ° C  at which point 
some 7080/zmol H2/g are consumed. When 
an H z uptake rate around 3300/zmol H2/h/g 
is reached at 90°C, the rate levels off to 
nearly a constant value up to 200°C. This 
behavior is an artifact of the instrumental 
operation. The H2 uptake rate is mass trans- 
fer limited by only 3% Hz present in the gas 
stream. 

The Bi~.39RUl.610 7 y sample exhibited the 
highest rate of H2 uptake at 25°C among the 
three oxides examined. Perhaps 20 mol% of 
the sample was reduced at 25°C based on an 
assumed oxygen stoichiometry number of 
7.00. Figure 10 gives the TPR profile for this 
bismuth ruthenium oxide sample. As in the 
case of Pb2.06RuL9406. 5 in Fig. 9, the TPR 
curve reaches a plateau around 100°C at 
which point the H 2 uptake rate by the sample 
then exceeds that available in the 3% H2/Ar 
gas stream. 
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FIG. 9. TPR profile for Pb2.06Rui.9406. 5 up to 200°C in 
3% H2/Ar. Note that the sample initially consumes  H 2 
at a very high rate (about 3300 tzmol H_~/hr/g) but this 
slows to a min imum around 60°C before increasing 
again on up to 200°C. Between 90 and 100°C the rate 
of  H 2 consumpt ion  by the sample has exceeded that 
available in the gas s tream. Hence ,  a plateaued curve 
is seen out  to 200°C. 
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FIG. 10. TPR profile for a sample of  Bi2.39RUl.610 7 
that closely resembles  the curve  seen in Fig. 9. Here 
the sample shows  an even higher rate of  H2 consump-  
tion with a decrease  in the rate of  uptake around 40°C. 
The rate quickly increases  up to 100°C at which time 
the H 2 uptake rate exceeds  that in the gas s t ream.  An 
artificial plateauing is seen on out  to 200°C. 

The oxygen reoxidation behavior of a par- 
tially reduced Bi2.39RUl.6107_y sample was 
also studied. The sample was first reduced 
in a limit titration with 841 /zmol H2/g at 
25°C. After purging with pure Ar, the TPO 
curve up to 200°C was recorded. This TPO 
behavior is qualitatively similar to that dis- 
played in Fig. 8, although here the reoxida- 
tion rate is much higher and begins at only 
25°C. The O~ adsorption rate reaches a max- 
imum (no mass transfer limitations) between 
80 and 90°C with a value between 700 and 
800 /xmol O2/h/g. This reoxidation rate is 
more than two times higher than the reoxi- 
dation rate for Pb2.62Rul.3806. 5. 

~802 exchange experiment. A sample of 
below 325-mesh powder of Bi2.39RHI.6107_ v 

was selected for an J80 2 exchange experi- 
ment on the basis of its relatively high rates 
of hydrogen reduction (Fig. 10) and oxygen 
reoxidation per gram of sample compared to 
those for the Pb2+xRu2_xO6. 5 samples. The 
sample was first purged in ~602-containing 
air at 100°C until a constant weight was ob- 
tained. The sample chamber was then 
purged down to 1 Torr. After ~802 gas was 
passed over the sample at 100°C, a weight 

increase was observed that corresponded to 
20 to 23% of the oxide '60 atoms substituted 
by J80 atoms. This weight gain provided the 
first evidence that '802 will dissociate over 
the Bi2.39RUl.610 7 y oxide sample at 100°C. 
The sample chamber was then again 
pumped down to 1 Torr and cooled to 25°C. 
Blank experiments previously showed that 
buoyancy corrections were negligible. The 
system was back-filled with a 5% H2/He gas 
stream and then the sample was heated to 
100°C over a 20-min period. Evolved gases 
were monitored for the m/e values of 18 and 
20 corresponding to the desorption of H 2 1 6 0  

and H2~80 from the sample. Abundance 
maxima for both m/e values of 18 and 20 
were recorded within 4 min after a tempera- 
ture of 100°C was obtained. The ratio of m~ 
e 20 to m/e 18 reached a maximum at 0.2 
then fell to 0.02 within 40 min at which point 
the experiment was terminated. These data 
provide conclusive proof that ~802 is dissoci- 
ated on the Biz.39Rul.6107 y surface to JsO 
species which are then scavenged by H2 to 
produce H2JsO according to the overall re- 
action 

A2+.,Ru2 .,O7 y + nH2----~ 

A2+xRu 2 xO7 y_,, + nH20. (2) 

DISCUSSION 

Characterization of five expanded lattice 
ruthenium pyrochiore oxides using XRD, 
TEM, XPS, and TPROX measurements af- 
fords insights into the structural and elec- 
tronic factors that contribute to their re- 
markable selective low temperature 
catalytic oxidation activity toward 1,2-diols 
and related substrates in aqueous alkaline 
solution. In Part I of this series (31), a corre- 
lation was presented between the lattice 
expansion parameter, x, in the generalized 
formula A2+xRU2_xO 7 y and the specific ac- 
tivity of the pyrochlore oxide to catalyze the 
oxidative cleavage of trans-i,2-cyclohex- 
anediol (TCD). The available data further 
showed that a highly (A =) lead substituted 
pyrochlore oxide (x =- 0.62) has higher spe- 
cific activity at 25°C than one of the (A =) 
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bismuth analogues (x = 0.39). In the sec- 
tions below, the effects of lattice expansion 
by substitution of the post-transition metal 
into the B-site pyrochlore oxide position are 
related to the results reported in this work. 

Surface Morphology, Composition, and 
Electronic" Structure 

Expanded lattice ruthenium pyrochiore 
oxides crystallize from strongly alkaline 
aqueous solutions over several days at 75 
to 90°C as fine powders with a pronounced 
tendency to agglomerate into larger clus- 
ters. Powder X-ray diffraction data pre- 
sented here show average crystallite sizes 
of 160 and 51 A for Pb2.62Rul.3806.5 and 
Bi2.39Rul.6jO7_y, respectively. Surveys of 
the TEM data show average crystallite sizes 
of 200 and 25 A for the corresponding lead- 
and bismuth-ruthenium oxides. Overall, 
these data are in excellent agreement with 
those reported several years ago (12) for 
Pb2+xRu2_xO6. 5 powders prepared by the 
same procedure. In that work an X-ray line 
broadening crystallite size was 155 A (ver- 
sus 160 A found here) while that determined 
using electron microscopy was 125 A. The 
average pore diameters reported in the pre- 
ceding paper (Table 1 of Ref. (31)) range 
from 256 to 70 .A for the lead and bismuth 
ruthenium oxides, respectively. The size of 
these diameters suggests that the pore struc- 
ture arises from agglomeration of the small 
crystallites in these powders rather than 
from cavities that form within the individual 
particles. Thus, the high surface areas of 
these powders are primarily a result of the 
fine crystallite size. However, high surface 
areas alone do not account for the activity 
trends of the A2+xRU2_xO 7 y oxides toward 
oxidative cleavage of 1,2-diols. Variations 
in the surface composition and electronic 
structure are key factors that contribute to 
the observed activities for 1,2-diol oxida- 
tion. Crystallite sizes of less than 200 ,~ for 
the expanded lattice ruthenium pyrochlore 
oxides preclude the use of electron micro- 
probe measurements to determine composi- 
tional variations across the particles. Due to 

the crystalline microstructure of the parti- 
cles, electron microscopy methods were 
used to estimate lattice parameter variations 
across a small particle. An image an- 
alysis sequence for a 100-,~ particle of 
Pb2.62Rul.3806. 5 (Fig. 3) suggested preferen- 
tial enrichment of lead about a 25-A region 
located on the exterior portions of the parti- 
cle. Such localized lead enrichment is con- 
sistent with a solution phase recrystalliza- 
tion mechanism in which the B-site Ru 
atoms are substituted by higher valent-lead 
species [i.e., Pb(IV)]. Lattice spacing mea- 
surements (TEM) within this 25-,~ region of 
Pb2.62Rul.3806. 5 give a Pb/Ru ratio of about 
2.2 compared to a value of i.90 calculated 
from the linear relationship between the py- 
rochlore unit cell constant (a) and the lattice 
expansion parameter (x). The XPS-deter- 
mined composition of Pb2.62Rul.3806. 5 was 
found to have an even higher Pb/Ru ratio of 
2.9. All four other A2+xRu2_xO7_y oxides 
have A/Ru ratios that according to the XPS 
data are less than or comparable to those 
ratios for the bulk (XRD) composition. 

Inspection of the valence-band region of 
the XPS spectra for each of the five A2+~ 
Ru2 .,-07_,. oxides reveals variations in the 
height of the DOS band. For Pb2.62Ru~.3806. 5 
that contains a lead-rich surface, the XPS 
spectrum of the DOS band has significantly 
less intensity compared to that for 
Pb2.06Rul.9406. 5 (cf., Fig. 5). Recent ultravio- 
let photoelectron spectral (UPS) data and 
band structure calculations on single crys- 
tals of Pb2Ru206.5 and Bi2Ru207 (48) suggest 
that the valence band near the Fermi level 
arises from a mixture of Ru 4d and O 2p 
states. Because the O 2p orbitals have a low 
photoelectric cross section toward X-rays, 
they contribute very little to the intensity of 
the XPS valence-band spectra. Conse- 
quently, the lack of intensity in the valence 
band of Pbe.62RUl.3806.5 c o m e s  from reduced 
Ru 4d orbital character, an expectation in 
line with the Pb(IV) substitution that occurs 
preferentially in the outer region of the par- 
ticles. 

In contrast to the variations observed in 
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the valence band region for the five A2+, 
RU2_xO 7 y oxides examined here, the core 
level photoelectron spectra are quite similar 
in both the binding energy values and the 
relative intensity ratios of multiple core 
lines. Consequently, the five A 2 +., 
RU2_xOv_y oxides will be considered to- 
gether in the following discussion. In order 
to gain some understanding of the core level 
binding energies reported in Table 2, com- 
parison to binding energies for some repre- 
sentative metal oxides is necessary. Refer- 
ence metal core line data are summarized in 
Table 4 for lead (54, 55), bismuth (56-58), 
and ruthenium (59-62) oxides as well as ox- 
ygen Is values (54-64). 

The binding energy data for Pb 4f and 
Bi 4f (Table 4) in typical lead and bismuth 
oxides show no significant correlation with 
formal oxidation state of the metal. For ex- 
ample, the Bi(V) species in NaBiO3 has an 
even lower binding energy than that of the 
Bi(III) compounds cited. The various Pb 
compounds have essentially the same Pb 
4f7/2 binding energies. However, it is rele- 
vant to note that all of these compounds 
are either insulators or semiconductors. The 
sole exception for the lead and bismuth ox- 
ides in Table 4 is BaPb0.25Bi0.7503 (58) for 
which the binding energy of the Bi 4f7/,_ line 
is comparable to the dominant component 
reported here. 

The binding energies of an element in a 
series of compounds often have been corre- 
lated with its formal oxidation state or frac- 
tional charge, i.e., initial state variations. 
There is another component which is related 
to the final state of the photoemission pro- 
cess known as the extra-atomic relaxation 
(65). This is the core hole screening by the 
valence electrons of neighboring atoms in 
the vicinity of the ionized atom. Effective 
screening occurs as a result of greater elec- 
tron density around the atom, more bonds 
to the atom that is ionized, and greater mo- 
bility of the valence or conduction electrons 
around the atom. The effect of the extra- 
atomic relaxation results in a lowering of the 
final state energy and hence, the measured 

binding energy. This is most clearly illus- 
trated for the trend in binding energies of 
metal clusters that ultimately yield the bulk 
metal binding energy. Smaller metal clusters 
are less electron rich and less capable of 
shielding (66, 67); hence, these clusters have 
slightly higher binding energies than the 
bulk metal. These considerations rationalize 
the Pb 4f7/2 and Bi 4f7/2 binding energies of 
the dominant components as the lower va- 
lent species of Pb(ll) and Bi(III), respec- 
tively. Similarly, the principal ruthenium 
3d5/2 line represents nominally the Ru(IV) 
valence state that has been widely studied 
in RuO 2 (59-62). 

The minor components of each core level 
at higher binding energy represent other 
species, presumably higher valent oxidation 
states of each atom that are nominally 
Pb(IV), Bi(V), and Ru(VI). An alternative 
explanation for the asymmetric line shapes 
arising from core hole-conduction electron 
coupling (68) can be discounted by refer- 
ence to work on RuO 2 (62, 69) and through 
the following argument. 

When the material under study is a metal 
and the ionized atom has a component of 
the local density of states at the Fermi level, 
then creation of the core hole results in sig- 
nificant screening by the conduction elec- 
trons. The manifestation of these electron- 
hole pairs is asymmetry on the high binding 
energy side of the core hole photoelectron 
line (58, 70-72). This asymmetry is detect- 
able on all core levels of the atom and hence 
the observation of broadening on the 4f7/2 
and 5d5/2 lines of lead and bismuth is not 
sufficient to distinguish between the pres- 
ence of additional oxidation states or core 
hole-conduction electron coupling. As 
noted by Wertheim et al. (58) and Shevchik 
(71), the asymmetry is eliminated for lines 
from an elemental component for which the 
local density of states at the Fermi level is 
reduced. Critical to this discussion is the 
valence-band density of states (cf., Fig. 4 
and Refs. (48, 68)). As noted previously, the 
X-ray cross section for Ru 4d is consider- 
ably greater for orbitals with lower angular 
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momentum (51, 72). The significant deple- 
tion of intensity in the XPS valence-band 
DOS for Pb2.62RUl.3806. 5 is consistent with 
depletion of Ru 4d character at the Fermi 
energy level and should be reflected in the 
coupling. The Ru 3d5/2 line for this oxide 
shows a comparable peak at higher binding 
energy compared to the other lead ruthe- 
nates examined. Furthermore, band struc- 
ture calculations (48) make this coupling 
mechanism suspect as an explanation of the 
asymmetry on the lead and bismuth core 
levels. The O ls line should also show asym- 
metry from core hole-conduction electron 
coupling but the overlap of lines from sev- 
eral different oxygen species precludes any 
experimental verification. The use of non- 
monochromatized X-ray radiation has an in- 
herent asymmetry, but with the limited peak 
resolution and experimental broadening, a 
nearly symmetrical Gaussian-Lorentzian 
function fits the core lines from standard 
reference insulating compounds. 

The magnitude of the core level shifts is 
reasonable for the assignments presented. 
In BaPb0.25Bi0.7503 (58), a small peak shifted 
by 0.85 eV from the principal Pb 4f7/2 line 
was ascribed to Pb(II) located on the Ba- 
sites. The Pb(II)-Pb(IV) splitting in these 
compounds is I.I eV. Similarly, RuO 3 (59) 
shows a comparable shift relative to that of 
RuO2 (Table 4) as reported for these pyro- 
chlores (Table 2). 

The O Is binding energies cannot be dis- 
cussed in detail because the A2+xRU 2 _xO7_y 
oxides were studied without any special sur- 
face treatments or handling. The principal 
O ls lines at 528.4 to 528.9 eV undoubtedly 
arise from an oxide oxygen species but the 
higher energy peaks may easily reflect the 
presence of surface impurities (e.g., H20 
and CO32-) that have been observed pre- 
viously (59, 63, 64). 

Surface Redox Reactions with Hydrogen 
and Oxygen 

From the results of TPR measurements 
using hydrogen, a consistent picture 
emerges for the expanded lattice ruthenium 

pyrochlore compounds that is qualitatively 
similar throughout the series but differs 
markedly in detail. TPROX data show 
that hydrogen reduction rates for 
Pb2.62RUl.3806.5, Pb2.06RUl.9406.5, and 
Bi2.39Rul.610 7 y follow the BET surface 
areas with the highest surface area sample 
(Bi2.39Rul.610 7 y) giving the highest rate of 
hydrogen uptake upon temperature pro- 
gramming to 175°C. A ruthenium-rich sur- 
face for the oxides appears to favor high 
rates of hydrogen uptake. Oxygen removal 
from each lattice of the A2+xRU 2 xO7 y ox- 
ides using hydrogen [Eq. (2)] follows a con- 
tinuous weight loss curve without apparent 
distinction between surface and lattice oxy- 
gen. Calculated oxygen stoichiometry num- 
bers are in good agreement with the struc- 
tural anion vacancy model (74) for 
Pb2.62Ru~.3806. 5 but deviate from those of ox- 
ygen deficient lattices in the cases of 
Pb2.06Rul.9406. 5 and Bi2.39RUl.6107_y. Diffi- 
culties in the establishment of lattice oxygen 
stoichiometry have been noted before (20) 
for these oxides. The reasons for the excess 
oxygen stoichiometry are not completely 
clear. 

While all samples examined here were 
prepared through coprecipitation of the 
metal nitrate salts followed by crystalliza- 
tion from hot aqueous alkaline solution, 
other work (20, 22, 30) has used an "incipi- 
ent pyrochlore" crystallization procedure in 
which the amorphous coprecipitated pow- 
der is collected immediately and subjected 
to a mild heat treatment at 300 to 400°C (22, 
30). In the case of the bismuth ruthenium 
oxide, this procedure yields the nonpyro- 
chlore Bi2+.~Ru2 xO7+y phase having the 
KSbO3 structure (75). The TEM studies in 
this work show the bismuth ruthenium oxide 
powder consists of fine grained crystallites 
(no evidence for a significant amorphous 
fraction) with lattice interplanar angles that 
are in agreement with the pyrochlore struc- 
ture type. 

Variations in hydrogen reducibility of ru- 
thenium oxides can in part be attributed to 
the methods of preparation. The TPR curve 
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TABLE 4 
Representative XPS Binding Energies for Some Metal Oxides Containing Lead, 

Bismuth, or Ruthenium" 
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Oxide compound Core line Reference 

Pb 4f7/2 Bi 4f7/2 Ru 3d512 0 ls 

A. Lead Oxides 
PbO 137.4 528.8 (54) 
Pb304 137.2 528.7 (54) 
PbO 2 137.2 528.5 (55) 

Bi203 
BizTizO7 
NaBiO 3 
BaPb0.25Bi0.7503 

RuO2 
RuO2.xH20 

RuOjTeflon 

529.6 

RuO 2 electrode 

RuO z, (110) surface 

RuO 2, (100) surface 

RuO 3 
RuO4 

B. Bismuth Oxides 
159.6 
159.5 
158.9 
157.8 

C. Ruthenium Oxides 
280.5 
281.0 
282.7 

528.5 

(56) 
b (57) 
b (57) 

(58) 

529.6 
529.5 
530.4 
531.0 
532.7 

281.1 529.6 
282.6 530.3 
284.3 531.0 

532.9 
280.7 529.2 (61) 
282.4 
280.5 529.0 (62) 
282.5 531.2 sh J 
280.9 529.6 (62) 
282.9 530.8 sh J 
282.3 530.5 (59) 
283.1 ~ (59) 

(59) 
(60) 

(60) 

D. Surface Oxygen Species 
RuO2 529.1 (02- ) (59) 

530.3 (H20) 
530.3 (carbonate) 

BaPbO 3 137.4 528.4 (02 ) (63) 
530.1 (O~) 
531.3 (O~-, CO~-) f 
534.1 (HCO3-) f 

MxPt304 e 530.6 (64) 
532.3 h 

Binding energies given in eV and corrected to a C ls binding energy for an adventitious carbon 
species of 284.6 eV. 

b Binding energy not reported. 
" Peak position not reported. 
d This peak assigned as a shoulder (sh) accompanying the main peak. 
e No peak reported due to the overlap of strong H20 peak. 
f Peak observed only after catalytic methane oxidation. 
e For M = Li, Na, Cd, Co/Na, Ni/Na, and Ni. 
h Peak assigned as adsorbed or chemisorbed oxygen species. 
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for RuO 2 prepared using an Adams-type 
(high-temperature calcination) procedure 
(76) with a resulting surface area in the range 
of 50 to 100 m2/g gives a maximum at 170°C 
(77). While hydrogen reduction of 
Bi2.39Rul.6107 v maximizes at just over 
100°C, a sample of Bi2.40Rul.6007_ ~' prepared 
through a high-temperature calcination 
method (78) that gives a high surface area 
material (34 m2/g) shows a maximum rate of 
reduction at 160°C (79). As shown in Fig. 7, 
the decreased reducibility of Pb2.62RUl.3806. 5 
may be attributed directly to the effect of 
Pb(IV) substitution into primarily the sur- 
face B-site positions that are normally occu- 
pied by ruthenium atoms in the pyrochlore 
structure. The implicit assumption here is 
that hydrogen reduction of the A2+ x 
Ru2 ~O7_y oxides occurs at sites associated 
with the ruthenium atoms: vacancies or oxy- 
gen atoms terminally or bridge bonded to 
the ruthenium atoms. Substitution of Pb(IV) 
into the ruthenium B-site positions leads to 
a surface with little or no reactivity toward 
hydrogen at temperatures below 100°C. 

The hydrogen reactivity data for 
Pb2.62Rul.3806. 5 indicate that the extent of 
reducibility of the oxide below 50°C (where 
essentially no reduction occurs) does not 
correlate with the catalytic activity of this 
oxide toward 1,2-diol oxidative cleavage 
(31). Examination of the reoxidation data 
using TPO in 3% Oz/Ar also reveals no rela- 
tionship to the liquid-phase catalytic oxida- 
tion data with trans-l,2-cyclohexanediol 
substrate. Figure 8 shows the rate of reoxi- 
dation for Pb2.62RUl.3806. 5 which had been 
previously reduced with hydrogen at 100°C. 
The discrepancy between the gas-phase hy- 
drogen and oxygen reactivity toward A2+ ~ 
RU2_xOy_y oxides and the reactivity toward 
liquid-phase hydroxyl-containing organic 
substrates are examined below. 

The results from the 180 2 exchange exper- 
iment with a sample of Bi2.39RUl.6107_y sug- 
gest heteroexchange between gas phase 180 2 
and the oxide surface at 100°C according to 

Bi2.39RUl.6107_y + Z1802 

Biz.39Rul.61 O7-y z(180):: -}- ,~ 180160. {3) 

Isotopic exchange of dioxygen has been re- 
viewed for a wide range of binary and mixed 
metal oxides (80) and recently it has been 
found that the number of oxides that un- 
dergo this gas-solid exchange reaction is 
much more widespread than previously 
thought (81). Further studies are needed to 
establish whether one or two surface oxide 
oxygen atoms are involved in the exchange 
with gas phase 02. In the second step of the 
JsO 2 exchange experiment, hydrogen was 
passed over the 180-labeled oxide at 25°C 
according to Eq. (2) to yield a mixture of 
H2180 and H2160. As in the case of the 
1802-Bi2.39RUl.6107 3, exchange, the molecu- 
lar details of this H2-Bi2.39RUl.610 7_ v- ~(180)z 
reaction are unknown. However, it has been 
noted (80) that H 2 does not undergo dissoci- 
ative adsorption on oxide surfaces but 
rather reacts with surface oxygen atoms di- 
rectly to give adsorbed water. 

Liquid-Phase Catalytic Oxidation o f  
Vicinal Diols and Alcohols 

The expanded lattice ruthenium pyro- 
chlore oxides constitute a new class of het- 
erogeneous catalyst for the direct conver- 
sion using molecular oxygen of vicinal (1,2-) 
diols and primary alcohols to carboxyl-con- 
taining products (31). These catalysts func- 
tion in aqueous alkaline solutions and the 
presence of hydroxide ions plays a critical 
role in the sequence of steps for the catalytic 
reactions. The collective physical charac- 
terization data reported here for the A2+x 
Ru2_xO7_y oxides now afford a possible pic- 
ture of how the 1,2-diol oxidation may pro- 
ceed. The preceding paper (31) examined 
the activity of several A2+xRU2_xO7_ v ox- 
ides toward vicinal diol and primary alcohol 
substrates under both batch autoclave and 
continuous trickle bed reactor conditions. 
For the purpose of this discussion, the re- 
sults from the batch autoclave reactor (31) 
are the most informative with respect to cat- 
alyst activity, composition, and structure 
relationships. 
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A. C-C Bond Cleavage 

O ~ H  + 2NaOH HO -2H20 " NeO (1) 

N a O ~  + P b l V ~ ~ \  
Pb Iv (2) ONe ",1 ~ O  ~" 

o ~ O p b [ V  ~ O H C  / ~ /  Clio + Pb" (3) 

B. Pb Iv Regeneration 

L4(Rub=O)--O--Pb" +2"+-- L4 (Ru~'-2--OH2)--O--pblv (4) 

C. Ru6"2/O2 Reactions 

L,3 (Ru~-2-OH2)+ O2 ~ Ls(Ru~-I--OH) + 02- + H + (5) 

20~ + H + ~ O 2  + HO2 (6) 

Ls (Ru~'I--OH) + H O 2 - ~  L s (Ru ~ = O) + 2OH (7) 

D. Aldehyde Group Oxidation 

+2 NaOH 
OHC ~ /  CHO + 02 -2H20 r NaO2C / ~ /  COaNa (8) 

E. Overall Reaction 

O O ~ H  3 + 2 NaOH H + ,~ 02 _2H20 " NeO2C / ~ / C O 2 N a  + HaO (9) 

FIG. 11. Proposed sequence of events for the cata- 
lytic oxidation of trans- 1,2-cyclohexanediol over a lead 
ruthenium oxide catalyst with an expanded lattice 
structure. In this scheme the higher valence state post- 
transition ion mediates the initial oxidative cleavage 
reaction. The ruthenium sites (which are polynuclear) 
serve to reoxidize the catalyst through electron transfer 
to 02. Overall, a six-electron oxidative cleavage has 
occurred with a dicarboxylate product formed. 

The first step in the oxidative cleavage of 
TCD by Pb2.62Rni.3806. 5 consists of adsorp- 
tion on a catalytically active site on the ox- 
ide surface. Differences in the sites on the 
Pb2.62RUl.3806. 5 surface for adsorption of 
TCD in aqueous alkaline solution and hy- 
drogen in the gas phase are suggested as a 
cause for the variations observed in TCD 
and H2 reactivity at 25°C. All available data 
suggest that TCD initially adsorbs and re- 
acts on the surface B-sites [i.e., Pb(IV)] 
present in Pb2.62Rul.3806. 5 . A schematic rep- 
resentation of these initial reaction steps 
leading to C-C bond cleavage is shown in 
Fig. 11, steps (1) and (2). In Fig. 11, the 
Pb(IV) species are assumed to be part of 
the Pb2.62Rul.3806. 5 surface. Ample evidence 
now exists to support this proposed reaction 
site for TCD. Pb(IV) reagents are known to 
cleave stoichiometrically 1,2-diols to give 

carbonyl compounds (82). The specific ac- 
tivity of Pbz+xRu2_xO6.5 oxides increases 
from 0.0040 (units of millimoles of TCD con- 
verted selectively to product per hr/m 2 of 
oxide catalyst surface) for Pb2.15Rul.8506.5 to 
0.0220 for Pb2.62RUl.3806.5, approximately in 
line with the expected increase in Pb(IV) 
present in the bulk structure. This activity 
increase occurs in spite of the decreased 
surface area of Pb2.62RUl.3806. 5 compared to 
that of Pb2.15Ru].8506.5. Electron microscopy 
image analysis and XPS data indicate an 
increased Pb/Ru ratio for Pb2.62Rul.3806. 5. 
The XPS data further show that 
Pb2.62Rul.3806. 5 has a Ru 4d valence band 
with reduced intensity relative to that of a 
Pb2.06Ruj.9406. 5 sample. Recent UPS studies 
on stoichiometric materials (48) show that 
the Ru 4d states are closely mixed with the 
O 2p states in the valence band. The TCD 
substrate contains low lying O 2p lone pair 
orbitals which are believed (83) to be the 
source for the initial two-electron oxidation 
resulting in C-C bond cleavage. In contrast 
to TCD which is nominally converted to dio- 
late by the solution hydroxide ions prior to 
adsorption, gas-phase hydrogen shows no 
reactivity (TPR data) toward the Pb-rich 
Pb2.62Rul.3806. 5 surface at 25°C. 

In Fig. I 1, once the TCD substrate trans- 
fers electrons to the catalyst surface that is 
shown initially as the Pb(IV) species, the 
reduced Pb(II) site must be reoxidized. Sec- 
tion B of Fig. 11 shows this reduced Pb(II) 
site adjacent to a coordinatively saturated 
Ru site that contains a surface R u = O  group. 
This R u = O  site is expected to be different 
electronically from the bulk R u O  6 sites and 
may therefore be expected to represent the 
second Ru species resolved in the XPS Ru 
3d-C ls band envelope. The bridging oxo 
groups that comprise the Pb2+xRU2_x06.  5 lat- 
tice are represented by " L "  in Fig. 11. A 
two-electron transfer from the reduced 
Pb(II) site to the Ru~-~-O site by way of the/z- 
oxo group concurrent with proton addition 
(originally from the TCD substrate) pro- 
duces a reduced Ru site containing an aqua 
ligand where there was once an oxo group. 
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Reduced ruthenium species are unstable 
in the presence of oxygen in aqueous alka- 
line solutions (84, 85). Section C of Fig. 11 
presents one proposed sequence of steps 
by which a surface Ru-OH2 species can be 
reoxidized entirely through outer sphere 
pathways to regenerate the R u ~ O  group. 

As shown in Section E of Fig. l l ,  the 
overall oxidative cleavage of TCD to diso- 
dium adipate is a six-electron oxidation. The 
remaining two two-electron oxidations in- 
volve the aldehyde groups formed (i.e., 1,6- 
hexanedial) after the oxidative cleavage of 
TCD. These aldehyde oxidations are appar- 
ently rapid and efficient in the presence of 
A2+xRU2_xOy_y catalysts relative to the ini- 
tial oxidative cleavage reaction. The rate 
enhancement observed with cis-l,2-cyclo- 
hexanediol (CCD) compared to the TCD iso- 
mer argues for this initial step as rate limiting 
in the overall oxidation. As noted before 
(31), aldehydes are readily oxidized by way 
of free radical processes in the presence of 
molecular oxygen (86-88). Peracid interme- 
diate decomposition to carboxyl-containing 
products may occur at either R u = O  (89) or 
A-atom (90, 91) sites on the A2+xRU2_xO 7 y 
surface. Previous studies (19) have shown 
that peroxo groups are rapidly decomposed 
o v e r  Az+xRU2_xOT_y surfaces. 

From the batch reactor data for 
Bi2.46Rul.540 7 y (31), the oxidative cleavage 
of TCD proceeds at a rate comparable to 
that observed with the same amount of 
Pb2.62RuL3806. 5 only when the temperature 
is raised from 25°C to 40°C. More batch re- 
actor experiments with the Bi2+xRU2_xOT_y 
oxides are necessary to define a correlation 
between the specific activity toward TCD 
oxidative cleavage and the lattice expansion 
parameter x, but the XRD, TEM, and XPS 
data presented here provide indications of 
structural and electronic relationships. Sur- 
face compositions obtained from XPS data 
in Table 3 suggest that no enrichment of 
bismuth occurs for a range of Bi2+ x 
Ru2_xOT_y oxides with x of 0.39 and 0.86. 
Accordingly, if the number of Bi atoms that 
occupy surface Ru (B) sites is proportional 

to the specific activity toward TCD, then 
lower activity of Bi2.46Rul.540 7 v toward 
TCD is expected relative to Pbz.62Rul.3806. 5 . 
This prediction is indeed what is observed 
(cf., Fig. 6 in Ref. (31)). Electronic structure 
differences between the expanded lattice 
lead and bismuth-ruthenium pyrochlores 
are also expected to contribute to the spe- 
cific activity toward TCD. Differences in 
the band structure near the Fermi level are 
observed in the stoichiometric lead and bis- 
muth ruthenium pyrochlore oxides (48). For 
the expanded lattice ruthenium pyrochlore 
oxides, the height of the XPS photoemission 
peaks near the Fermi level shows an inverse 
correlation to the specific activity toward 
TCD. The Bi2.46Rul.5407_y Fermi level band 
intensity is intermediate to those for 
Pbz.62Ruj.3806.5 (lowest intensity) and 
Pbz.06Rul.9406. 5 (highest intensity). This 
same sequence is followed in specific activ- 
ity toward TCD for two similar lead and 
bismuth compositions: Pb2.62Ruj.3806. 5 > 

Bi2.a6RUl.5407 y > Pb2.15Rul.8506. 5. 
Primary alcohols such as 1,6-hexanediol 

(HD) are also efficiently converted in the 
presence of oxygen to carboxyl-containing 
products with A2+xRuz_xO7_v oxide cata- 
lysts. However, with Pbz.62RUl.3806.5 as  a 
catalyst, the HD-alkali hydroxide solution 
must be heated to 55°C before a rate compa- 
rable to that observed for TCD at 25°C is 
obtained (31). A study has not been made 
of the effect of B-site substitution in the 
A2+xRU2_xO 7 y oxide catalysts on the ob- 
served rate of HD oxidation but it is likely 
that only the surface R u ~ O  groups are in- 
volved and not the post-transition metal 
substituted B-sites. Recent studies with 
R u ~ O  complexes (92-94) have established 
that the alcohol-to-carbonyl compound con- 
version occurs by a two-electron hydride 
transfer reaction (92). The presence of alkali 
hydroxide facilitates this hydride transfer 
(93). Complexes containing R u ~ O  groups 
are found to react with alcohols to produce 
first hydroxo and then alkoxo species that 
can be isolated and characterized (94). If 
a similar sequence occurs with HD on the 
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A2+xRU2_xO7_y surface, once the alkoxo 
group forms, then /3-hydride transfer will 
produce the carbonyl intermediate (or prod- 
uct) and a reduced Ru-OH 2 species. The 
carbonyl-to-carboxyl conversion will occur 
analogous to that found for TCD oxidation 
to give an adipate product. 

CONCLUSIONS 

(1) Expanded lattice lead and bismuth ru- 
thenium pyrochlore oxide powders consist 
of fine crystallites varying from about 25 to 
200 ,~ in diameter. Image analysis of elec- 
tron microscopy data suggests for one i 00-A 
Pb2.62RHI.3806. 5 particle that a range of lattice 
spacings occurs about the outer 25 A of the 
particle. Solution crystallization in which 
lead substitutes into the ruthenium B-sites 
provides the means for preferential lattice 
expansion about the outer portions of the 
particle. 

(2) Among the five A2+xRU 2 xO7 y oxides 
examined here, only Pb2.62RHI.3806. 5 shows 
an A/Ru ratio that is higher at the surface 
(XPS) than in the bulk (XRD). This Pb-Ru 
oxide shows distinct differences in the gas- 
and liquid-phase reactivities toward various 
substrates. 

(3) Analysis of the XPS data for the A2+ x 

Ru 2 xO7 y oxides shows two different sur- 
face species for both the post-transition 
metal and ruthenium atoms. 

(4) The intensities of the valence-band 
DOS as measured by the XPS spectra for 
the A2+xRU2_xO 7 y oxides show that the Ru 
4d contributions can be related to the low- 
temperature oxidative cleavage activities 
toward 1,2-diol substrates in the aqueous 
alkaline solution. Decreased Ru 4d charac- 
ter in the valence-band favors electron 
transfer from diolate O 2p orbitals in the first 
step of oxidative cleavage of 1,2-diols. 

(5) Surface redox reactions with the A 2 +.~ 

Ru2 xO7 y oxides studied using TPR/TPO 
do not correlate with the liquid-phase oxida- 
tion activities of these oxides toward 1,2- 
diols. Possible reasons include differences 
between gas- and liquid-phase environ- 
ments including the role of hydroxide ion 

and variations in the site preferences by the 
various substrates. B-site lead substitution 
at the surface of Pb2.62Ru 1.3806.5 modifies the 
surface composition and electronic struc- 
ture causing a decreased reactivity at 25°C 
toward gas-phase hydrogen but an increased 
catalytic activity toward trans-l,2-cyclo- 
hexanediol in aqueous alkaline solution. 

APPENDIX: THE TPROX CHEMISORPTION 
FACILITY 

The TPROX facility (39, 40) includes a 
number of subsystems which allow for sam- 
ple preparation and adsorption and desorp- 
tion of gases under controlled temperature 
conditions. The quantities of adsorbed and 
desorbed gases can be measured with high 
precision and accuracy. A gas manifold sys- 
tem with dynamic blending through a differ- 
ential flow control system is used to intro- 
duce the desired gases to the sample loop 
and the calibration loop. The argon, hydro- 
gen, and oxygen gases in the gas manifold 
system were purified through the use of high 
surface area sodium for Ar and H 2 (see Ref. 
(95) for preparative details) and 5A molecu- 
lar sieve traps for 02. The sample of interest 
is contained in a dip-tube style quartz reac- 
tor comprised of an inner 12-mm od by 150- 
mm-long tube with coaxial thermocouple 
tube contained within an outer 16-mm-od by 
275-mm-long tube connected with a pair of 
machined Swagelok fittings with O-ring 
seals. To heat the sample to the desired tem- 
perature, a home-built furnace is used. The 
furnace is heated using 18-gauge Kanthal 
A- I coils with a l-in Inconel tube serving as 
both a heat sink and a centering column for 
the quartz reactor to ensure uniform heating 
of the sample. A dry ice-acetone cooled 
cold trap is located downstream of the reac- 
tor in order to trap water that desorbs from 
the sample. 

In order to measure the total quantity of 
absorbed or desorbed gas accurately, it is 
necessary not only to measure the inte- 
grated detector signal when providing feed 
gas with a step change in concentration but 
also to take into account the effect of the 
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free volume of  the reactor  on the detected 
signal. A convenient  way to do this is to 
measure  the volume of  the empty  reactor  at 
the tempera ture  of  interest relative to the 
volume of  the calibration loop. A propor-  
tionality factor,  R / L ,  is derived f rom this 
measurement .  Using this proportionali ty 
constant ,  subtracting the true volume of the 
catalyst  (also ratioed to the calibration loop 
volume) f rom it to give the free volume of  
the reactor ,  and multiplying this by the cali- 
bration loop integral yields the correct ion to 
the signal measured  from the effluent gas to 
obtain the quantity of  adsorbed or desorbed 
gas. Compar ison  of  the quantity of  the gas 
of  interest in the reactor  effluent s t ream to 
the feed gas to the reactor  is accomplished 
by a differential thermal conductivi ty cell 
obtained f rom a Hewle t t -Packa rd  5750 gas 
chromatograph.  

The TPROX apparatus  is controlled by a 
dedicated mic rocompute r  (Southwest  Tech-  
nical Products Corporat ion Model 69/A 
with Motorola  6809 microprocessor) .  The 
microcomputer  contains a number  of  cus- 
tom interface cards including power  supply/  
solenoid valve drivers,  mult iplexer and ana- 
log-to-digital conver ter ,  safety circuitry, 
thermal conductivi ty analyzer  circuitry, 
thermocouple  signal conditioners,  and dif- 
ferential flow control circuitry. It provides 
a multitasking sys tem operating in both fore- 
ground (analog inputs-digital  outputs,  tem- 
perature control,  analyzer  signal pro- 
cessing, t imekeeping,  sequencing, report  
control,  and printer control) and back-  
ground modes.  

The frontal sorption integral (FSI , /~mol)  
is given by the equation 

FSI  = K[(reactor  integral) 

- /~(calibration loop integral)], 

where K is an integration constant  for each 
gas or gas blend in units of /~mol/ki locount  
f rom the thermal conductivi ty cell and/3 = 
( R / L )  - err = free reactor  mols/ loop mols,  
where R / L  is a sys tem constant ,  the ratio of  
reactor  mols (R) to loop mols (L), at 296 K 
(equal to the volume ratio) and aT = [true 

catalyst  volume/cal ibrat ion loop vol- 
ume][(296/T) + 273] for T given in degrees 
Kelvin. 

For  t empera tu re -programmed operat ion,  
the sorption rate R in /zmol /hr  is calculated 
f rom the differential thermal conductivi ty 
cell signal S (in units of/~volts-sec or counts) 
from the equation 

R = [ ( K / 1 0 0 0 ) 3 6 0 0 ] S .  

Gas flow rate and pressure effects on the 
differential thermal conductivi ty cell are 
compensa ted  by means of a chop valve lo- 
cated downs t ream of  the reactor.  The chop 
valve,  a delay loop that balances flow on 
both sides of  the thermal conductivi ty detec- 
tor, cus tom software that corrects  for the 
baseline drifts caused by flow and pressure 
variations during valve switching, and mi- 
c rocompute r  control combine to afford an 
order  of  magnitude higher repeatabili ty over  
that of  earlier chemisorpfion sys tems (42).  
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