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La,LiAuOg and La,BaPdO5: Comparing Two Highly Stable d® Square-Planar Oxides
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LayLiAuOg and La,BaPdOs, two previously known oxides, are presented as model compounds for examining the role
of isolated and immobilized Au®* and Pd®* ions in heterogeneous catalysis. Structural characterization, stability,
surface composition, and electronic structure of these compounds are presented. These are examined in studies
ranging from synchrotron X-ray scattering, including pair distribution function (PDF) and maximum entropy method
(MEM) analysis, to density functional calculations of the electronic structures. The exceptional stability displayed by
these compounds as verified by thermogravimetric analysis can be attributed to the presence of covalent Au—0 and
Pd—O interactions revealed in MEM studies, which suggests a criterion for stabilizing these highly oxophobic transition
metals in oxide environments. Catalytic testing of the two compounds as heterogeneous catalysts in the oxidation of
CO to CO, are presented. La,BaPdO5 appears to be an effective catalyst for CO oxidation, despite the low surface
area of the oxide being used. This is the first time that a fully ordered (rather than doped) Pd>* oxide had been used to
catalyze CO oxidation. LasLiAuQg on the other hand, is much less effective at catalyzing CO oxidation. Differences in
the reactivities of the two compounds are discussed with respect to differences in their density functional electronic

structures.

Introduction

There is increasing evidence pointing to the importance of
noble metal ions, particularly Pd**, Pt*", and Pt*" in
heterogeneous catalysis,'~’ and that too in systems where it
has been long believed that the catalysis took place on
zerovalent metals (nanoparticles). In the case of Au, although
it is now well established that nanoparticulate gold is cata-
Iytically active,*” the precise identity of the active species, and
the possibility of multiple active sites working in synergy,
remains an area of active investigation.'® Ascertaining which
gold species are active—whether zerovalent nanoparticles or
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charged Auions—has been particularly challenging, and is a
crucial component of being able to understand the underlying
mechanisms in heterogeneous catalysis b?/ gold. Resultsin the
literature are somewhat conflicting."' ' The choice of sup-
port is clearly intimately tied to the catalytic activity of
nanoparticulate gold, but the plethora of interactions that
can occur between gold and the support present significant
difficulties in modeling such systems.'* Considering the
minute amounts of ionic Au in many of the catalytic systems
investigated, untangling the identity of the active species is an
ongoing problem. In the light of these observations, we
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thought it of interest to prepare and carefully characterize
two well-defined oxide compounds containing the ions Au® "
and Pd*", and given their similar electronic propensities
(square-planar d®), to compare their reactivities in the light of
their electronic structures. We develop this theme in the
following.

Au is a unique metal in that it does not form a well-defined
binary compound with oxygen. Typical of a heavy metal
however, Au does admit of soft interactions, and is naturally
found in a bound state in the telluride mineral calaverite
AuTe,. The paucity of known oxoaurates is unsurprising
given the oxophobic nature of gold, which is the most
electronegative of metals. A few dozen mixed-metal oxides
containing gold have, however, been prepared, and many
of these are included in the review by Muller-Buschbaum.**
To make oxygen reactive toward gold, it helps to create the
necessary conditions for covalent oxygen—gold interactions.
These would arise in a structure where oxygen is otherwise
only weakly bound to the other cations. Such a concept has
been applied to the stabilization of a variety of 3d transition
metals in unusually high oxidation states. Mixed oxides
containing Fett P24 FeS*t 2520 ot 27 Nt 2829 apd
Cu’" are stabilized through the covalent M—O interactions
that arise when highly electropositive counter-cations are
present to drive electron donation from O to the more
electronegative transition metals, as discussed by Etourneau
et al.>' The majority of the known mixed metal oxides with
gold therefore contain relatively large and electropositive
alkali, alkaline earth, or rare earth ions as the other metal ion.
Many of the known oxide compounds with gold cations
require high pressure synthesis; only a few of the oxides
presented in the literature can be prepared at atmospheric
pressure in air, and of these, very few are stable under
ambient conditions.

First reported by Abbattista etal.,” the compound La,Li;,
2Au; 04 was originally believed to adopt the ordered
K,NiF, Ruddlesden—Popper (RP) structure, with slabs of
corner-shared, octahedral Li" and Au™". Single crystal X-ray
diffraction studies®® revealed that the structure is actually
based on a superstructure of Nd,CuQy, with square planar
coordination around lithium and gold, and the two cations
arranging themselves in a 2D rock-salt structure depicted in
Figure 1.
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Figure 1. (a) Crystal structure of LasLiAuQg. Isolated square planes of
AuQy are depicted. These are separated by LiO4, which corner share with
one-another in the plane. The planes are separated by layers of La and O.
Green spheres are Li, gold spheres are Au, orange are O, and dark gray are
La. (b) Crystal structure of La,BaPdOs. The isolated square planes of
PdO, are depicted. Blue spheres are Pd, light gray spheres are Ba, orange
are O, and dark gray are La.

LasLiAuOg can alternately be described as possessing slabs
of corner-connected squares of LiO4 and AuQy, separated by
fluorite-type bilayers of La and O (Figure 1). A study of
polycrystalline samples in the rare-earth series Ln,Lij -
Au; 04 (Ln = La, Nd, Sm, Eu, Gd) included a Mossbauer
study of Au in Nd,Li;Au;,04 to definitively assign the
oxidation state of gold as Au®".** In the same study, 'Li
NMR of the La compound was also performed, and indi-
cated the presence of two Li environments, possibly arising
from anti-site disorder between Li and Au in the sheets.**
Rietveld refinements in the originally proposed, incorrect
K,NiF, structure were appreciably improved by modeling
Au/Li site disorder.*” Disorder was not included in the
modeling in the single crystal study.*® A first-principles study
of the electronic structure was reported by Mattheiss,* where
it was shown that metallic behavior is predicted for the
K, NiF-type structure (7-type) with octahedral coordination
around Au and Li, while a band gap is present in the
Nd,CuOy (T'-type) structure where Au and Li are square
planar. A band gap would be consistent with the reported
yellow color of the material.

La,BaPdOs, reported originally by Taniguchi et al.*® is
isostructural with Y>BaPdOs,?” and contains isolated PdOy4
square planes (Figure 1). A series of closely related platinates,
Ln,BaPtOs (Ln = Nd, Eu, Sm, Gd), were considered for
application in 3-way automotive emissions catalysis
(oxidation of CO and hydrocarbons, and reduction of NO,
species);*® however, the study was focused on the viability of
using the mixed oxides as alternative materials rather than an
examination of the reactivity of oxides compared to oxide-
supported metal nanoparticles. Mechanisms proposed for
the oxidation of CO by Pd*" ty}})ically involve the participa-
tion of lattice oxide vacancies.” La,BaPdOs offers a fully
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stoichiometric compound, and should act as a good model
for elucidating the activity of square planar Pd*" ions in
the solid state, with the activity being delineated from simply
one of mobilizing the transport of oxide ions. The present
study is the first report of a pure (rather than lightly
substituted) Pd*" oxide being used for the catalytic conver-
sion of CO to CO,.

Here we report the preparation and characterization of
polycrystalline LayLiAuOg and La,BaPdOs, oxides that
contain isolated AuO, and PdOy square planes, respectively.
We present them as model compounds for examining the role
of (isoelectronic square planar) Au®" and Pd*" in hetero-
geneous catalysis. The structure, stability, surface character-
istics, and electronic structure of these compounds are
emphasized, investigated with techniques including synchro-
tron X-ray scattering, X-ray photoelectron spectroscopy,
thermogravimetric analysis (TGA) under different gasecous
atmospheres, and density functional calculations of the
electronic structures. TGA suggests the compounds are
remarkably stable toward thermal decomposition and even
reduction. The activity of the two compounds as hetero-
geneous catalysts has been tested in the oxidation of CO to
CO,. La,BaPdOs seems to effectively catalyze the conversion
of CO to CO,, while LayLiAuOg is not at all effective at
catalyzing this transformation. The differences in the reactivi-
ties of the two compounds are discussed with respect to
differences in their density functional electronic structures.

Methods

LayLiAuOg was prepared from stoichiometric mixtures of
La(OH); (Aldrich, 99.9%) and Au powder (Cerac, 99.95%),
thoroughly ground with a 50% molar excess of LiOH - H,O
(Aldrich, = 98%) in an agate mortar. Mixtures were pelle-
tized and heated on silver foil in air or in flowing O, at 750 °C
for 30 h with two intermittent grindings. The sample used in
the synchrotron scattering studies was prepared entirely in
air. Pale, yellow-gold powders were obtained. Evolution of
the target phase was monitored between heating cycles
(Phillips X'PERT MPD, CuK,, radiation). Samples treated
in flowing O, did not have the gold tint of samples synthesized
entirely in air, appearing a bright but still pale yellow. Excess
lithium was removed from samples by washing in deionized
water and drying at 150 °C. A fully reduced sample was
prepared by heating LasLiAuOg in flowing 5%-H, (N,
balance) at 600 °C for 5 h. A larger 2 g batch prepared for
SLi NMR showed a significant amount of La,O5 and fee-Au
metal after 30 h of heating, ~10% La,O3 and 1% Au(0) by
weight from quantitative Rietveld analysis of X-ray diffrac-
tion (XRD) data, and was treated for an additional 20 h
(10 h x 2) in flowing O,. The additional heating did not lead
to entirely phase pure product, but did yield a sample of
comparable purity to the smaller batches that were prepared,
with La>Os and Au® present in less than 4% by weight.

La,BaPdOs was prepared using the method described by
Taniguchi et al.*® Stoichiometric mixtures of La,O5 (Alfa
Aesar, 99.99%), BaCO; (Johnson and Matthey Specialty
Products), and PdO (Cerac, 99.95%) were ground in an agate
mortar and calcined in air for 10 h at 800 °C in a zirconia
crucible. The mixture was reground and pelletized, and to
avoid contact with the crucible the pellet was heated on a bed
of powder of the component mixture (“containerless” re-
actions) at 900 °C in air for 10 h. The color of the sample
changed from brown to beige after heating at 900 °C. After
regrinding, the mixture was pressed into a pellet and heated
containerless at 1100 °C for 10 h in flowing O,. This was
repeated three times to obtain phase-pure yellow La,BaPdOs.

Kurzman et al.

A reduced sample was prepared by heating La,BaPdOs in
flowing 5%-H; (N, balance) at 750 °C for 10 h.

Sample purity and the products of reduction were studied
using XRD data acquired on a Philips X’PERT diffracto-
meter with CuKa; radiation. Thermogravimetic analysis
(TGA) was performed on a Cahn TG-2141, monitored in
different atmospheres between room temperature (RT) and
950 °C for LayLiAuQOg, and between RT and 1000 °C (5% H,)
or 1100 °C (N, and air) for La,BaPdOs, with a ramp rate of
5 °C/min, and 2 h dwell time at the maximum temperature.

Synchrotron X-ray scattering data were collected at RT in
transmission mode on beamline 11-ID-B at the Advanced
Photon Source (Argonne National Laboratory) with an
X-ray energy near 90 keV, with samples contained in Kapton
tubes. The experimental setup has been described by Chupas
etal.®® Scattering data for LayLiAuOg were collected with an
image plate system (MAR345) at sample-to detector dis-
tances of 970 mm for Rietveld analysis, and ~230 mm for
pair distribution function (PDF) analysis. Scattering data for
La,BaPdOs were collected on an amorphous silicon detector
plate (GE) at a sample-to-detector distance of ~650 mm. The
image plate data were processed using the program FIT2D.*
A single exposure was collected for Rietveld analysis. Data
for PDF analysis were collected using three exposures and
averaged. The PDF, G(r) = 475er(:‘) — pol.*** was extracted
with the program PDFGOetX2,4‘ using a maximum momen-
tum transfer of O = 20 A~!. Bulk cubic CeO, was used as a
calibration standard, and yielded an effective wavelength of
A = 0.1370 A, as well as instrument parameters for PDF
analysis. The Rietveld method** was used to refine lab and
synchrotron X-ray data as implemented by the XND Riet-
veld code*® and synchrotron Rietveld data was also analyzed
by MEM/Rietveld method with RIETAN-2000*° and
PRIMA®* to map the charge density in LasLiAuOg and
La,BaPdOs. The unit cell depiction, charge density isosur-
faces and slices were visualized using VESTA.*® Full structure
profile refinements with the PDF data were carried out in the
program PDFFIT2 and PDFgui.*’ Bond valence analyses
were carried out with the Bond Valence Caculator.’® For
Au’™, the bond valence parameter determined by Brese and
O’Keeffe was used.”!

X-ray photoelectron spectra were obtained on a Kratos
Axis Ultra spectrometer with a monochromatic Al Ko
source (E = 1486 eV). Samples were mounted on a stainless
steel sample holder using double-sided carbon tabs. The
residual pressure inside the analysis chamber was below
7.0 x 10 ~° Torr. Survey spectra over a wide range of binding
energies were acquired using an analyzer pass energy of 80 eV.
Higher-resolution spectra of Au 4f and Pd 3d levels were
collected at a pass energy of 20 eV, with binding energies
measured to a precision of 0.2 eV. Binding energy corrections
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from sample charging effects were made by calibrating to the C
Is electron peak at 285.0 eV. Mixed Gaussian—Lorentzian
functions were used to model the Au-4f7,/Au-4fs,, and Pd-
3ds)>/Pd-3d;; doublets, constrained to an integrated area ratio
of 0.75 (0.67), and to a peak separation of 3.67 eV (5.26 eV).

SLi NMR experiments were carried out on a Bruker
AVANCE 500 MHz WB spectrometer, operating at 73.6
MHz for °Li, with a Bruker 4 mm double resonance H/X
MAS probe. Typical parameters used in the single pulse
method are as follows: pulse length 3 us (45°), acquisition
time 20.5 ms, spectral width 68 ppm, relaxation delay 5 s,
magic angle spinning frequency 10 kHz, and the total number
of scans were 28000 and 34000 for samples before and after
washing, respectively. The chemical shift was referenced to a
1 M solution of LiCl.

Diffuse reflectance UV/vis spectra were recorded in the
wavelength range 220 to 800 nm using a Shimadzu UV-3600
spectrometer equipped with an ISR-3100 integrating sphere.
Samples were mixed with BaSO,4. The absorbance spectrum
was obtained by applyin% the Kubelka—Munk relation
FR) = (1 - R)»Q2R) '°%°

The surface areas of reduced LayLiAuOg and reduced
La,BaPdOs were measured on a Micromeritics TriStar
3000 BET Analyzer. N, was used as the analysis gas, and
liquid N, was used as the cryogen. Powder samples were dried
and degassed by heating at 250 °C for 3 h under flowing N,
before measurement. The free space in the sample tubes were
determined with He, which was assumed to not adsorb. The
surface areas of as-prepared LayLiAuOg and La,BaPdOs
could not be determined accurately by N, sorption because
they are below the detection limit of the BET method, but can
be estimated as ~1 m* g~ .

Catalytic experiments were carried out in a Hiden CA-
TLAB fixed-bed tubular quartz microreactor of dimensions
18 cm x0.4 cm (inner diameter), located in a tubular oven
with temperature control between RT and 1100 °C. Catalyst
samples (25 mg, 60 mesh) were diluted with cordierite
(100 mg, 40/80 mesh, NGK Honeyceram), loaded in the
reactor to give a bed length about 1 cm, and held in place at
each end with quartzwool. The reactor was operated ata total
pressure of 1.0 atm, and the pressure drop ( <0.03 atm) was
neglected. The reaction temperature was monitored by a
K-type thermocouple touching the catalyst bed. Reactant
and product compositions were monitored by an online
quadrupole mass spectrometer (HR-20, Hiden Analytical
Ltd., U.K.). The oxidation of CO was studied as a tem-
perature-programmed reaction, using premixed 1000 ppm
C0O/9.5% O,/Ar balance (AccuAir), and a flow rate of
50 cm® min~'. Conversion was monitored using the signal at
m/je = 44 for CO,, after baseline correction with the feed gas
(no catalyst) and calibration using a standard gas mixture
containing 1000 ppm CO,.

Density functional electronic band structures were calcu-
lated using the linear muffin-tin orbital (LM TO) method>*>>
performed within the atomic sphere approximation. Scalar-
relativistic Kohn—Sham equations were solved within the
local-density approximation.®® In addition, all relativistic
effects were taken into account except for the spin—orbit
coupling. For LayLiAuOg, the calculations were performed
on 441 irreducible k points within the primitive wedge of the
Brillouin zone, while the calculations on La,BaPdOs; em-
ployed 360 irreducible k points. The input crystal structures
for the calculations were obtained from the reported single
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Figure 2. Rietveld refinement of synchrotron powder diffraction pat-
tern collected with a X-ray energy near 90 keV. The open circles are data,
red line is the Rietveld fit, the contribution from fcc-Au metal is shown,
multiplied by 5, below the fit, and the trace at the bottom is the difference
profile. Vertical lines at the top of the figure are the expected peak
positions for LayLiAuQOg. Peak positions for La,O3, La(OH)3, and Au
not shown.

crystal structure of LayLiAuOg,™> and from the synchrotron
diffraction study reported here for La,BaPdOs. Crystal orbi-
tal Hamiltonian populations (COHP) were calculated follow-
ing the prescription of Dronskowski and Blochl®’ as a means
of extracting the strength of Au—O and Pd—O interactions
from the electronic structure calculations.

Results and Discussion

LasLiAuQg. Preparation and Structure. Nearly phase-
pure yellow LayLiAuOg samples were obtained when a
50% molar excess of LiOH - H,O was used, and following
three cycles of heating at 750 °C for 10 h with intermediate
grinding, with the samples contained in silver foil. No
apparent corrosion of the silver foil was noted after the
reaction. The reactions were performed both in air and in
flowing O,, and there is some evidence from X-ray diffrac-
tion and X-ray photoelectron spectroscopy (XPS) that
heating in O, results in slightly cleaner final product
distributions. However, in neither case were the samples
completely phase pure.

The results of synchrotron X-ray Rietveld analysis per-
formed on a sample prepared in air are displayed
in Figure 2. The use of a very short wavelength, 1 =
0.1370 A, ensures a large scattering range and stable
refinements of all parameters. The impurities in the final
product were identified as La,Os, La(OH);, and fec-Au,
and quantitative phase analysis estimated all of these to be
less than 4 wt % with respect to the main phase. Crystal
structure parameters obtained from the Rietveld refine-
ment are compared in Table 1 with values reported from the
single crystal structure determination of Pietzuch et al.*

It was necessary to introduce Li/Au anti-site disorder in
the Rietveld model to obtain a satisfactory fit, refining the
extent of site exchange, 0 as defined by writing the
formula of the compound LayLi;_sAusAu;_sLisOg. At
the end of the refinement, 0 was found to have the value
0.082(2), suggesting that approximately 8% of the Li sites
have Au atoms on them and vice versa. The position of O1

(57) Dronskowski, R.; Bloechl, P. E. J. Phys. Chem. 1993, 97, 8617-8624.
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Table 1. La,LiAuOg”

Rietveld PDF single crystal

a (é‘) 5.757(1) 5.742(2) 5.768(<1)
b (A) 5.762(1) 5.758(2) 5.762(<1)
c(A) 12.465(1) 12.446(2) 12.466(1)
V(A% 413.5(1) 411.5(2) 414.28(7)
Lal, z 0.1489(1) 0.1495(4) 0.14907(3)
Lal, U, 0.0062(3) 0.0050(2) 0.0023(1)
La2, z 0.3499(1) 0.3503(4) 0.35036(3)
La2, U, 0.0062(3) 0.0050(2) 0.0022(1)
Li/Au, 0 0.082(2) 0 0

Li/Au, U,, 0.010(1) 0.0049(4) 0.0025(1)
Ol, x 0.259(2) 0.261(6) 0.2530(5)
Ol,y 0.253(2) 0.256(6) 0.2469(6)
o1, U, 0.012(3) 0.021(4) 0.0071(9)
02, x 0.265(2) 0.234(6) 0.2492(5)
02, U, 0.004(2) 0.018(3) 0.0051(8)

“Space group Ammm (No. 65). The atom positions are: Lal (4i) at
(0,0,2), La2 (4j) at (1/2,0,2), Li (2b) at (0,0,1/2), Au (2d) at (1/2,0,0), O1
(80) at (x,,0) and O2 (8m) at (x,1/4,1/4). O refers to the extent of mixing
between Li and Au, when the composition is written LagLi;_sAus-
Au;_sLisOg. The single crystal results are taken from reference 33.

Table 2. Bond Valence Sums Calculated from the Cation-Anion Distances
Obtained from the Different Structural Analyses

Rietveld PDF single crystal
Au 2.9 2.9 2.9
Li 0.8 0.9 0.8
Lal 2.7 3.5 3.0
La2 3.4 3.0 3.0
Ol 1.7 1.8 2.0
02 2.2 2.4 2.0

was strongly correlated with 6. Au—O and Li—O bond
distances were significantly affected by the modeling of
site exchange, but agreed well with the published ordered
structure once the model was relaxed. To obtain a stable
refinement of the occupancy, the total amounts of Li and
Au in the unit cell were set to unity, and the thermal
parameters of Li and Au were constrained to the same
refined value. The thermal parameters for Lal and La2
were similarly constrained. The introduction of site ex-
change notably improved refinement statistics, which con-
verged at R,,, = 4.3% and %* = 1.14. It is interesting that
the single crystal study of Pietzuch et al.*? is reported to
have been performed on a fully ordered crystal with 6 = 0.

Bond valence sums (BVS) extracted for all ions from
the near-neighbor distances obtained in the Rietveld
refinement are displayed in table Table 2. The BVS values
calculated from the single crystal structural data pre-
sented by Pietzuch et al.*® almost precisely match the
expected valences, with the exception of Au and Li which
are both slightly underbonded. The discrepancies be-
tween expected bond valence sums for the different ions
and the values obtained from Rietveld analysis are a little
larger.

The structure obtained from Rietveld analysis was used
as a starting model in the analysis of the PDF. However,
all PDF refinements converged, within experimental
error, to values of the site mixing 6 = 0, implying that
the local structure is best described by an absence of Li/
Au anti-site disorder. With regards to disorder, the local
structure as obtained from the PDF analysis is therefore
distinct from the average structure obtained from Riet-
veld refinement which does suggest anti-site disorder

Kurzman et al.
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Figure 3. PDF refinement of synchrotron powder diffraction pattern
collected with an X-ray energy of 90 keV. The circles are data, the red line
is the fit to the bulk crystal crystal structure without anti-site disorder, and
the trace at the bottom is the difference profile.

(Figure 3). Structural parameters obtained from the re-
finement of the PDF to 50 A are presented in Table 1, with
BVS extracted from all the near-neighbor distances pre-
sented in Table 2. The PDF analysis yields cation—anion
distances which are very similar to those obtained from
the Rietveld analysis. Lattice parameters obtained from
synchrotron PDF refinements typically show some dif-
ferences with those calculated in Rieveld refinements,
owing to the effects of instrumental broadening in the
scattering data that are not removed before generation of
the PDF.*

The Maximum entropy method (MEM/Rietveld) was
employed to determine the charge density distribution
in LayLiAuOg. The MEM offers many advantages in
extending the useful information obtainable from diffrac-
tion data, independent of a structural model. MEM yields
the most probable distribution of the numerical quanti-
ties over the ensemble of voxels.”™® " Because of the
difficulty in obtaining a satisfactory Rietveld refinement
with an ordered structure, only the disordered model was
considered in the MEM study. The 268 observed struc-
ture factors derived from the Rietveld analysis and esti-
mates of the structure factors for 16 additional reflections
were used in the MEM analysis. The analysis was per-
formed with the unit cell divided into 64 x 64 x 128
voxels. The weighted R factor based on the structure
factors for the final MEM charge density is 3.9%.

Equicontour isosurfaces are shown in Figure 4(a), and
a projection of the electron density on the (110) plane of
the structure in Figure 4(b). No residual density was
observed apical to lithium, even though Li is commonly
sited in the centers of distorted octahedra in Ruddlesden—
Popper type perovskites. The electron density between
Au and O is indicative of the covalent character in the
Au—O bonding, and this is distinctly not seen in the
region between Li and O. We return to this aspect of

(58) Collins, D. M. Nature 1982, 298, 49.

(59) Takata, M.; Nishibori, E.; Sakata, M. Z. Kristallogr. 2001, 216, 71.

(60) Nishimura, S.-I.; Kobayashi, G.; Ohoyama, K.; Kanno, R.; Yashima,
M.; Yamada, A. Nat. Mater. 2008, 7, 707.
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Figure 4. (a) MEM electron density displayed within the unit cell of
LayLiAuOg. The isosurface of the electron density is set to a value of
0.8 A7, (b) Map of the electron density projected on the (110) planes.
Some contour lines are drawn for clarity, shown on a linear scale, and
color coded according to the bar on the right, ranging from 0.0 A% to
3.0 A7% at intervals of 0.8 A™>. Note smearing in the electron density
between Au and O suggestive of covalent bonding.

LayLiAuOg in the text that follows, and point to the role
that such covalency plays in stabilizing Au®" in an oxide
environment.

La,LiAuOg was the subject of a 'Li NMR study by
Tresse et al.,** who observed two peaks separated by
3.5 ppm that they assigned to two different Li environ-
ments. We performed °Li studies, as this nucleus has a
much smaller quadrupole moment, and compensated for
its lower abundance by use of a relatively high-field
instrument and collection of a large number of transients
(>25000). The as-prepared LasLiAuOg sample showed
four signals in the "Li MAS NMR spectrum: two narrow
resonances at —3.70 ppm and 0.27 ppm that integrated to
relative populations of 69.5% and 11% respectively, and
two broad peaks at 0.55 ppm and 2.9 ppm that integrated
to relative populations of 10.5% and 9%. However,
washing the sample in DI water led to the disappearance
of both broad resonances, and a dramatic decrease in the
intensity of the sharp signal at 0.27 ppm, Figure 5. We
recall here that the samples are prepared with excess
LiOH-H,0. The title compound therefore possesses a
single Li environment with a resonance at —3.70 ppm.

From the XRD study, we expect that nearly 10% of the
Li are involved in some sort of anti-site disordering with
Au. This suggests that some of the Li might possess
distinct chemical environments from others. It is clear,
however, that if the additional NMR resonances were due
to a distinct anti-site Li environment, the ratio of peak
areas would not be affected by washing the excess LIOH
used in preparation away from the sample. A single,
isotropic, °Li signal suggests that the lithium environment
is unaffected by the disorder in the average structure. The
defects in LasLiAuOg thus manifest in spite of the pre-
sence of coherent LiO4/AuQy planes. This is also the
finding from the PDF studies, and it is expected that
the PDF is strongly weighted by the structural correla-
tions within the LiO4/AuQOy planes, and is less strongly
weighted by correlations between the planes, since these
occur at longer vectors where there are contributions to
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Figure 5. °Li MAS NMR of LasLiAuOg before washing (bottom) and
after washing with water (top). The suppression of all minor resonances
after washing supports the presence of only one, isotropic, Li site.
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Figure 6. (a) TGA of LayLiAuOg under different atmospheres. The
approximate decomposition onset temperatures are 935 °C in air, 785 °C
in N,, and 480 °Cin 5% H,/Ar. (b) X-ray Rietveld analysis of the products
of reduction showing complete conversion of LasLiAuOg to La,O3 and
fee-Au, following TGA in N,.

the G(r) from many more atom—atom pairs. All evidence
of anti-site disorder (0 # 0) in the Rietveld analysis and in
the MEM electron density, both of which are average
techniques, are therefore suggested here as arising from
faults in registry between different LiO4/AuOy4 planes.
TGA. Considering the oxophobicity of gold, Lay.
LiAuOg is remarkably stable. The thermal stability of
Lay4LiAuOg in air, N», and 5%-H,/Ar was monitored by
TGA. The onset of rapid weight loss was observed at
935 °C in air, 785 °C in N», and 480 °C in the reducing
atmosphere of 5%-H>, as seen in Figure 6. Abbatista et al.
reported a decomposition temperature of 890 °C in air,
and identified the phase LaLiO, in products quenched
from 900 °C.>? The weight loss of 2.7% observed here
corresponds to the formation of metallic Au and either,
2La,05 + '/,Li»0, or 1.5La,03 + LiLaO,. The smooth
nature of the weight change suggests that there are no
intermediates formed before complete reduction to fcc
Au. We observed only one small diffraction peak that
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Figure 7. Au 4f XPS spectra of as-prepared LayLiAuOg. Observed Au
47> binding energies: Au’t = 86.4+0.2eV, Au’, bulk = 83.8+0.2¢V.

could be indexed to LiLaO,. The XRD of the sample
decomposed in air showed mostly La,O; and fce-Au
metal, though a small amount of LasLiAuOg remained.
Lanthanum hydroxide was also observed in some of the
TGA products and in the sample reduced in 5%-H,/N,
for catalysis studies. Samples appeared dark brown im-
mediately after decomposition, lightening to a maroon
over time, possibly because of sintering of the initially
formed small gold particles.

X-ray Photoelectron Spectroscopy. The Au 4f XPS
spectrum for as-prepared LayLiAuOg is shown in Fig-
ure 7. The spectrum reveals the g)resence of both Au’ " and
Au® species. The observed Au®" 4f7), binding energy of
86.4 + 0.2 eV in LayLiAuOg is slightly larger than
reported for Au,O; and Au(OH), 85.9 eV.%""%* Peaks
corresponding to Au’ were notably broader than the
sharp peaks observed for bulk gold. Such line broadening
has been observed for nanoparticulate gold.*> A peak
shift to higher binding energy occurs with a decrease in
particle size, accompanied by substantial peak asymme-
try on the higher energy side of the Au 4f peaks.®>** For
example, Ono and Cuenya reported shifts of 0.3 £0.1 eV
and 0.9 + 0.1 eV to binding energies relative to bulk gold
for 5 and 1.5 nm Au particles, respectively, supported on
Si0,.%* The second gold phase corresponding to the Au’
species may be a decomposition product of LasLiAuOg
rather than unreacted starting material. The ratio of
integrated areas for Au’'t and Au® in the 4f region
quantifies the amount of Au® on the grain surfaces to be
10 wt %. This is larger than that calculated from the scale
factors of the multiphase Rietveld fits, and again suggests
that some LayLiAuOg decomposes on the surface. An
alternate explanation is that the Au particles are not
homogeneously distributed, and accumulate at or close
to the surface of the powders. XPS of reduced samples
showed a single contribution from metallic Au (84.0 eV).
No evidence for Au'" is found either in the as-prepared
samples or the ones studied after reduction.

(61) Pireaux, J.; Liehr, M.; Thiry, P.; Delrue, J.; Caudano, R. Surf. Sci.
1984, 141, 221-232.
_ (62) Juodkazis, K.; Juodkazyte, J.; Jasulaitiene, V.; Lukinskas, A.;
Sebeka, B. Electrochem. Commun. 2000, 2, 503-507.

(63) Zhang, P.; Sham, T. Phys. Rev. Lett. 2003, 90, 245502(1).

(64) Ono, L. K.; Cuenya, B. R. J. Phys. Chem. C 2008, 112, 4676-4686.
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Figure 8. Rietveld refinement of synchrotron powder diffraction pat-
tern collected with an X-ray energy near 90 keV. The open circles are data,
red line is the Rietveld fit, and trace at the bottom is the difference profile.
Vertical lines at the top of the figure indicate the expected peak positions.

Table 3. LazBan05a

atom X v z Uy BVS
La 0.17324(6) x+1/2 12 0.0035(1) 3.2
Ba 0 0 0 0.0081(2) 1.7
Pd 0 1/2 0 0.0036(2) 1.6
Ol 0.3606(4) x+1/2 0.2463(7) 0.006(1) 1.9
02 0 0 12 0.003(2) 1.9

“Space group P4/mbm (No. 127). a = 6.8857(2) A, ¢ = 5.9274(3) A,
and V = 281.04(2) A°.

La,BaPdOs. Preparation and Structure. Phase-pure
La,BaPdOs was prepared from stoichiometric mixtures
of La,O3, BaCOs, and PdO, in the method described by
Taniguchi et al.,*® with calcination at 800 and 900 °C in
air, followed by repeated heating in O, at 1100 °C with
intermittent grindings. The color of the mixture changed
from brown to beige after calcination at 900 °C. After
each successive heating in O, the color of the powder
became increasingly yellow. XRD confirmed the presence
of small amounts of La,O; and BaCOj3 remaining until
after the fourth heating, after which an X-ray pure
product was obtained. La,BaPdOs is isostructural to
Y,BaPdOs,*” with isolated PdOy square planes, bicapped
LaOg prisms, and bicapped BaO;q cubes.

The single-phase synchrotron X-ray Rietveld refine-
ment for La,BaPdOs is displayed in Figure 8, with crystal
structure parameters obtained from the refinement
given in Table 3. The amorphous silicon detector used to
collect scattering data from La,BaPdOs is larger than the
MAR image plate used with LayLiAuOg and provides a
substantially wider angular range of data (26,,,, = 22°).
Lattice parameters, atomic positions, and thermal para-
meters refined very stably, converging with a weighted R
factor of 3.0% and x> = 1.07. BVS extracted from near-
neighbor distances indicate slight underbonding to Pd
and Ba, with La slightly overbonded. This is consistent
with valence sums calculated for the structures reported
for Ln,BaPdOs (Ln = Eu, Gd, Dy, Ho), which were
determined by single crystal X-ray diffraction (Pd: 1.6 to
1.7; Ba: 1.8 to 1.9; Ln: 2.9 to 3.1).%° The large relative

(65) Muller-Buschbaum, H.; Wulff, L. Z. Naturforsch. B 1996, 51, 461—
464.
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Figure 9. (a) MEM electron density displayed within the unit cell of
La,BaPdOs. The isosurface of the electron density is set to a value of
0.8 A 3. Pd and O atoms are shown for clarity. (b) Map of the electron
density projected on the (220) planes. Some contour lines are drawn for
clarity, shown on a linear scale, and color coded according to the bar on the
right, ranging from 0.0 A “t0 3.0 A ~>atintervals of 0.8 A ~>. Note smearing
in the electron density between Pd and O suggestive of covalent bonding.

uncertainty in the thermal displacement factor for O2
reflects the difficulty in detecting oxygen with X-rays
when present among heavy atoms.

MEM/Rietveld was also employed to determine the
charge density distribution in La,BaPdOs. Structure
factors derived from 1719 observed reflections in the
Rietveld analysis and estimates for 86 additional struc-
ture factors were used in the MEM analysis, with the unit
cell divided into 64 x 64 x 64 voxels. The weighted R
factor for the final MEM charge density is 2.6%. Equi-
contour isosurfaces and a map of the charge density in the
(220) plane are shown in Figure 9, panels a and b,
respectively. The electron density between Pd and O
indicates covalent character in the Pd—O bond. The
covalency is caused by charge donation to oxygen by
the highly electropositive La and Ba cations. As with
LayLiAuQOyg, the localized bonding observed in La,Ba-
PdOs appears to be an important factor contributing to
the stabilization of Pd*" in an oxide environment.

(66) Zhang, H.; Gromek, J.; Fernando, G.; Boorse, S.; Marcus, H.
J. Phase Equilib. 2002, 23, 246-248.
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Figure 10. (a) TGA of La,BaPdOs under air, insert, and reducing
atmospheres. The approximate decomposition onset temperatures are
1090 °C in N,, and 570 °C in 5% H,/N,. (b) X-ray Rietveld analysis of the
products of reduction showing conversion of La,BaPdOs to BaLa,Oy,
La,03, and fec Pd, following heat treatment in 5% H,/Ar for Shat 700 °C.

TGA. The Pd*" oxidation state is very effectively
stabilized in La,BaPdOs. Whereas PdO decomposes
in air at about 800 °C,%® La,BaPdOs is stable to almost
1100 °C in an inert atmosphere (N;) and decomposes
rather slowly at this temperature, as shown by TGA in
Figure 10. The stability of La,BaPdOs toward reduction in
5% H, is more remarkable, with the onset of decomposi-
tion not occurring until about 570 °C. For comparison,
oxide-supported PdO is reduced below 100 °C under these
conditions.®” The localized Pd—O bonding observed in the
MEM electron density determination is believed to impart
the unusual thermal stability and resistance to reduction
displayed by this compound.

A mass loss of 2.7 wt % corresponds to loss of one
oxygen per formula unit in connection with the reduction
of Pd>". The products identified by XRD in freshly
reduced samples are Pd-metal, BalLa,O4, and La,O;
(Figure 10). The formation of La,Os3, present at approxi-
mately 10 mol % by quantitative analysis of the powder
diffraction pattern, is likely due to decomposition of
Bal.a,Oy4. The structure of BalLa,O, for Rietveld refine-
ment was adopted from BaHo0,0,,% with starting lattice
parameters taken from Mitamura et al.*® Lattice para-
meters obtained in the refinement agree well with re-
ported values. After 4 months of storage, no BalLa,0,
was observed by XRD, although it has been reégorted that
this compound is quite sensitive to moisture.

X-ray Photoelectron Spectroscopy. The Pd 3d XPS
spectrum of as-prepared La,BaPdOs is shown in Figure 11.
The observed Pd-3ds), binding energy of 337.4 eV is
characteristic of Pd*", and is shifted to higher binding

(67) Luo, M.; Zheng, X. Appl. Catal., A 1999, 189, 15-21.

(68) Doi, Y.; Nakamori, W.; Hinatsu, Y. J. Phys.. Condens. Matter 2006,
18, 333-344.

(69) Mitamura, T.; Ogino, H.; Kobayashi, H.; Mori, T.; Yamamura, H.
J. Am. Ceram. Soc. 1993, 76, 2127-2128.
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Figure 11. Pd 3d XPS spectra of as-prepared La,BaPdOs. Observed Pd
3ds, binding energy, Pd”" = 337.4 £ 0.2eV.

energy than Pd*" measured from a sample of PdO
(336.8 ¢V), consistent with Pd in La,BaPdOs being more
ionic.®”® No contribution from metallic Pd is detected.
Quantification of the cation ratios in the survey scan
correspond well with the nominal stoichiometry, indicating
a slightly Ba-rich surface composition: Pd (19.2%), Ba
(22.3%), La (58.5%).

The XPS spectrum in the Pd 3d region of reduced
La,BaPdOs (not shown) contains contributions from
two Pd states, a signal from Pd® at 334.8 eV, and a signal
from an oxidized Pd species (Pd®*) at 335.8 eV. The Pd°*
contribution remained present even after reduction in 5%
H, at 1000 °C, indicating a highly stabilized state, and the
observed binding energy agrees with that reported in
ref 71.

Electronic Structure and Optical Properties. Total den-
sities of states (DOS), partial DOS of the Au 5d and Pd 4d
states, and Au—O and Pd—O crystal orbital Hamiltonian
populations from LMTO calculations are shown in pa-
nels (a), (b), and (c) of Figure 12, respectively, with the
Fermi energy (Ey) referenced to the top of the valence
band. The calculated band gap within the local density
approximation is just a little smaller than 2 eV for
LayLiAuQOg, and about 2.4 ¢V for La,BaPdOs.

In LayLiAuOg, the Au 5d states form bonding combi-
nations with the 2p states of O1, which neighbors Au, in
the region centered at —5.5 eV. The filled Au d states
extend to around —3.5¢eV. Between —3 eV and the valence
band maximum, states are largely derived from O1 and
02 2p (projections not shown). The empty states above
the Fermi energy are once again Au 5d and, in a crystal
field picture, would correspond to empty d.._ > orbitals.
These states are antibonding with O 2p orbitals. Char-
acteristic of the interaction of filled d levels with filled p
levels, there are also antibonding states just at the top of
the valence band. The electronic structure is effectively
that of a 16-electron square planar complex.

The electronic structure of LayLiAuOg shares many
similarities with isoelectronic La,BaPdOs; the Pd model

(70) Li,J.; Singh, U. G.; Bennett, J. W.; Page, K.; Weaver, J.; Zhang, J. P.;
Proffen, T.; Rappe, A. M.; Scott, S. L.; Seshadri, R. Chem. Mater. 2007, 19,
1418-1426.

(71) Tsyrul'nikov, P. G.; Afonasenko, T. N.; Koshcheev, S. V.; Boronin,
A. 1. Kinet. Catal. 2007, 48, 728-734.
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Figure 12. (a) LMTO-ASA densities of state for LayLiAuOg and La,.
BaPdO:s, including projected Au and Pd d states. (b) Crystal orbital
Hamiltonian population (COHP) for a single AuO(1), square, and a
single PdO(1), square. Most of the Au bonding states are centered at
—5.5eVin LayLiAuOg, with antibonding states just below and above the
E. The bonding states in La,BaPdOs are somewhat more dispersed and
not found so deeply below Er. The sharp antibonding feature at the
conduction band edge reflects the pseudomolecular nature of the PdO,
squares.
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Figure 13. Energy band structures of (a) LasLiAuOg and (b) La,BaPdOs.

compound can also be considered essentially a 16-electron
square planar compound. In La,BaPdOs, however, the
filled d states are more disperse and not as low in energy,
and the empty d states are closer to the valence band
maximum. The significantly lower filled d states of Au®"
in contrast to those in Pd*" can be attributed in part to
the higher positive charge on the cation, and the relati-
vistic effects that make Au the most electronegative
metal.

The band structure of LayLiAuOg is displayed in panel
(a) of Figure 13. The band gap arises from a direct
transition at the R point of the Brillouin zone. The bands
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with low dispersion centered at —5.5 eV have mostly Au
5d character, verified by constructing “fatbands™> (not
shown here) which are a means of decorating the different
energy bands with widths indicative of specific orbital
contributions. The use of this technique also confirms
that the band centered at —4 eV has some Au 5d char-
acter, as do bands just at the top of the valence band and
at the bottom of the conduction band.

Figure 13(b) shows the band structure of La,BaPdOs.
The band gap arises from an indirect transition from the
Z point to the R point of the Brillouin zone. As indicated
by the densities of states in La,BaPdOs, the bands
between —5 and —3.5 ¢V and —2 eV and Ep have
significant Pd 4d character. In LasLiAuOg, there is a
substantial dispersion of the lowest lying conduction
band. In La,BaPdOs, however, the lowest energy con-
duction band is very flat. This is expected considering the
molecularity of the PdO,4 units in La,BaPdOs, and ac-
counts for the high population of states at the bottom of
the conduction band. The small dispersion of this band,
corresponding to the Pd 4d,._ . orbital, should facilitate
partial reduction of Pd*" much more readily than the
analogous band in LasLiAuOg, which has a dispersion
width on the order of 1.5 eV.

The UV—vis spectra of LayLiAuOg and La,BaPdOs,
obtained from Kubelka—Munk transformation of the
diffuse reflectance spectra, are shown in Figure 14. The
optical band gap of LayLiAuOg was determined by plot-
ting [F(R)hv]* against hv, and extrapolating the linear
part of the absorption edge to zero. The measured band
gap, 3.0 eV, is about 1.1 eV larger than suggested by the
DFT-LDA clectronic structure. It is well-known that
density functional theory with the usual approximations
underestimates band gaps, particularly in compounds
which do not possess extended networks. Attempts to
determine the optical band gap of La,BaPdOs; were
hindered by the lack of a well-defined (linear) absorbance
edge feature in either of the conventional plots of
[F(R)hv]'? or [F(R)hv]'? against hv for indirect band
gap materials. This is in keeping with the band structure
which indicates an indirect gap in La,BaPdOs.

Catalysis. The catalytic activity of as-prepared and
fully reduced LasLiAuOg for CO oxidation was studied
in an O,-rich stream. The temperature-programmed
reactions show the expected S-shaped light-off profiles
and a regular increase to 100% conversion for both materi-
als, Figure 15. Fully reduced LasLiAuOg, with T5, =
240 °C, is considerably less active than highly dispersed
gold in supported catalysts,”>~ " but the activity is appreci-
able considering the very low surface area of the reduced
material (= 3 m” g~ ') and the large average particle size of
Au’, 43 nm, estimated from Scherrer broadening.

The CO oxidation activity of as-prepared LasLiAuOgis
much lower, with 75, = 315 °C. Since the as-prepared
material does contain some Au” on its surface that may
contribute to its activity, this result suggests that Lay-
LiAuOg is rather inactive for CO oxidation. The mecha-
nism for CO oxidation over Au/CeO> has been proposed
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Figure 14. UV—vis spectra of LayLiAuOg and La,BaPdOs, obtained
from Kubelka—Munk transformation of the diffuse reflectance spectra.
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Figure 15. CO-oxidation light-off curves for as-prepared and reduced
LayLiAuOg and La,BaPdOs.

to involve the ready formation of oxygen vacancies in the
CeO, support where O,(g) can be activated.”>’® In this
light, Metiu and co-workers have argued for the role that
gold ions play, as substituents in titania’’ and ceria,”® in
activating neigboring oxygen and thereby catalyzing
oxidations. LasLiAuOg lacks redox-flexible cations other
than Au’", which is difficult to reduce (as the TGA
experiments described above show), and the compound
therefore supports few oxygen vacancies. We note that in
principle, Au** compounds could reduce to the inter-
mediate 1+ state during the catalytic process. In the TGA
experiments, we noted that somewhat harsh conditions
(well above 400 °C in 5%-H,) are required to reduce
LasLiAuOg, and in view of this, we do not believe that
Au'" species are involved in the catalysis.
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The CO oxidation activity of as-prepared and reduced
La,BaPdOs; was studied under the same conditions.
La,BaPdOs is much more active than as-prepared Lay.
LiAuOg for CO oxidation. The as-prepared La,BaPdOs
shows high activity at low temperature, with 75, =
123 °C. XPS of La,BaPdOs after catalysis showed no
change from the as-prepared material, with no discernible
contribution from metallic Pd. Similarly, postcatalysis
XRD showed single phase La,BaPdOs. Unlike reduced
LayLiAuQOg, reduced La,BaPdOs (= 5 m? g ') shows
lower activity than the as-prepared material for CO
oxidation, with Tsy = 170 °C, although the activity is
still significant given the large average particle size of Pd®,
53 nm. The relatively high activity of the reduced sample
could be related to the persistence of oxidized Pd species
revealed by XPS.

Recent studies of platinum group metal (PGM) sub-
stituted CeO, indicate that Pd-substituted materials offer
significantly enhanced activity over Pt- or Rh-substituted
ceria.” It has been shown that an increase in the ionicity of
Pd*", determined from core level XPS binding energies,
improves CO oxidation activity.® A highly ionic Pd*"
environment was identified in Pd-substituted BaCeOs,
and it was shown that the aliovalent substitution of Pd>"
for Ce*" places the oxygen vacancy required for char%e
balance adjacent to Pd, leaving it nearly square planar.”
In the case of BaCe;_ PdO3_s (6 = x), it was found that
increases in the Pd-substitution level and the correspond-
ing number of vacancies lowered the light-off tempera-
ture for CO oxidation.* La,BaPdOs similarly contains a
highly ionic Pd*" environment with Pd in square planar
coordination, but considering its stability toward reduc-
tion and the presumable difficulty associated with labilizing
lattice oxide in the compound, La,BaPdOs provides an
excellent model for examining the mechanism associated
with immobilized square planar Pd>" ions that is distinct
from one driven by the transport of oxide ions. An in-depth
study of the activity of La,BaPdOs is under way.

Conclusions

The quaternary oxide of gold LasLiAuQg, and the qua-
ternary oxide of palladium La,BaPdOs, are models for
investigating the role of cationic metal ions in catalysis, with
crystallographically well-defined Au**O4 and Pd*"O, square
planes. LayLiAuQOg can be prepared in air at modest tem-
peratures, and stabilizes the Au® " oxidation state even above

Kurzman et al.

450 °C in 5% H,. La,BaPdOs stabilizes the Pd*>" oxidation
state to 550 °Cin 5% H,. The stability of these compounds is
attributed to the presence of covalent Au—O and Pd—O
bonding as revealed in MEM analysis; such bonding arises
from the presence of the highly electropositive counter-
cations. La,BaPdOs is an effective CO oxidation catalyst,
and in this, is perhaps the first example of an extended Pd*"
oxide with a distinct Pd*" site (as opposed to small substitu-
tions of Pd*" on other cationic sites). It is notable that the
crystal structure does not suggest that the catalytic activity is
strongly linked to the mobilization of the oxide sublattice,
although further investigation is called for. Despite the
related crystal structure and the presence of a square-planar
d® species, LayLiAuOg is not an effective catalyst for
the reaction studied here. The crucial difference between
the two compounds is revealed in DFT electronic structure
calculations—filled Au-d states are much deeper in energy
that the corresponding Pd-d states, and partial reduction of
the metal (for example, Au’" to Au®") is much harder
than the corresponding reduction of palladium because of
the smaller population of states at the bottom of the conduc-
tion band, and the greater dispersion of the Au 5d,._ . orbitals
relative to the Pd 4d,._. orbitals. This result, in light of
the extensive recent work that has emerged on supported
gold particles as catalysts, would suggest that at least in
CO oxidation, isolated Au*" ions may not play an important
role.
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