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Abstract

Three-way catalysts containing Au and/or Pd supported on either CeZrOx (CZ) or La2O3/Al203
(LA) were studied with respect to their performance in a model feed and characterized by
various techniques (physisorption, CO chemisorption, TEM, XRD, XPS, XANES). A drastic
support influence was found in both catalytic behavior and Pd-Au relation. While Au was a
strong poison for all catalytic functions of Pd (oxidation, NO reduction) on LA, poisoning was
much mitigated on CZ, rendering all Pd containing catalysts superior to a commercial reference.
After ageing, the poisoning by Au was aggravated on LA. On CZ, Pd-rich bimetallic
combinations retained better activity than Pd/CZ, which still outperformed the reference. As
Au did not significantly contribute to propene oxidation and NO reduction, activity of Pd was
markedly increased under a promoting influence of Au. Stabilization of Pd" by ceria and

delayed Pd-Au alloy formation are key features in the CZ-supported PdAu catalysts.



1. Introduction

Three-way catalysis, which converts the harmful exhaust components CO, unburned hydrocar-
bons (HC), and NOx (NO and NO) into COz2, N2, and H20, is a cornerstone of the technology
for mitigating the environmental impact of cars. It remains, therefore, an important area of
research and innovation [1]. In traditional three-way catalysts (TWCs), the active components
Pt, Pd, and Rh are supported in different combinations on refractive oxides as y-Al203 and ZrOz,
which are stabilized against sintering by additives (e.g., BaO, La203), or on the oxygen storage
component, which is typically based on Ce-Zr mixed oxides [2]. Low-temperature operation,
e.g. during the cold start phase or under idling conditions, belongs to the challenges even with
the mature catalyst formulations available nowadays. While it can be addressed by a number of
secondary approaches (traps, close-coupled converters) [3], further improvement of the TWC
itself might solve the problem more directly.

In the effort to enhance the low-temperature performance of TWCs, the attention to nanopar-
ticulate gold, which combines an extraordinary activity for CO oxidation [4] with appreciable
activity for hydrocarbon oxidation [5] and even for the selective reduction of NO by propene
[6], was limited so far. This may have been due to the low melting point of the metal, although
several groups have reported that the thermal stability of gold nanoparticles on the surface of
AL20O3 and some other oxides by far exceeds expectations based on melting behavior due to a
quasi-epitaxial interaction between small Au crystallites and the support surface [7-12]. In an
early study of Mellor et al. [13], which was later discussed by several authors without new
evidence [14-16], Au deposited on a complex support was shown to catalyze all required
reactions under reducing conditions, although the light-off temperature (Tso - temperature of 50
% conversion) was rather high for NO reduction: #573 K for a sample additionally containing
Rh, 653 K without Rh. Under oxidizing conditions, NO reduction did not reach even 50 %

conversion [13].



In a recent study, our group confirmed the attractive oxidation activity of monometallic Au on
several supports. Gold outperformed a commercial reference catalyst in particular when sup-
ported on CeZrOx, while the NO reduction conversion hardly ever achieved 40 % even under
stoichiometric conditions [17]. However, in the model feed containing CO, propene, and NO,
a strong inhibition of CO oxidation by propene was observed, which was most persistent under
dry conditions and on irreducible supports (y-Al203, La-Al203), while the increase of Tso found
for Au/CeZrOx was only moderate. In a subsequent study on reactant interactions in three-way
catalysis over supported gold catalysts [18], we identified two poisoning mechanisms, one of
them based on competitive adsorption combined with unfavorable electron transfer. The other
one operating at somewhat higher temperatures in propene-containing feed, was ascribed to the
deposition of carbonaceous residues around the Au particles. These residues, which did not
block CO adsorption sites, but prevented the supply of active oxygen by the adjacent support
surface, were combusted by the active oxygen upon temperature increase. As a result, poisoning
was lifted under conditions which depended on the availability of active oxygen species on the
support surface.

With respect to durability, the oxidation activity of supported Au catalysts was only moderately
affected by a 6 h exposure to an atmosphere containing 5 % Oz and 10 % H20 at 923 K, well
in agreement with earlier reports on surprising thermal stability of Au nanoparticles [7-12]. An
analogous treatment at 1223 K caused, however, inacceptable, though not complete, deactiva-
tion [17].

In the light of these results, we have now examined the combination of Au with a different
noble metal in order to improve its behavior with regard to two aspects: to delay sintering by
anchoring it at the surface of a more refractory metal, and to combat coking of the adjacent
support surface by using a metal active for the hydrocarbon oxidation. A similar approach was
proposed by some of us earlier for the application of Au in diesel oxidation, where physical

mixing of Au and Pt-based catalysts protected gold from deactivation by hydrocarbons [19].
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Among the noble metals relevant for TWC, Pd was selected, because it can be easily
differentiated from Au in diffraction and X-ray absorption techniques. With Pd prices currently
exceeding those of gold, this choice has meanwhile acquired even practical relevance. Among
the supports used in [17] and [18], y-Al203 and CeZrOx exerted the most divergent influences
on the supported Au particles. However, given its importance in real three-way catalysis, La-
Al203 was compared with CeZrOx in the present study instead of y-Al203.

Much attention has been paid to supported PdAu catalysts in recent literature because of their
attractive catalytic properties in a number of reactions, e.g. vinyl acetate synthesis [20], CO
oxidation [21-31], total oxidation of hydrocarbons [32, 33], anodic oxidation of H2 [34], H202
synthesis [35], N2O decomposition [36], reduction of NO by CO [37], in the selective oxidation
of alcohols [38], of toluene [39], and of styrene [40]. Their application in a model lean engine
effluent (CO, propene, NO, with excess oxygen) was described in recent patents (e.g. [41]),
where full conversion was reported for CO at 423 K and for propene at 450 K, while the fate of
NO was not commented. In open literature, there is ample coverage of CO oxidation, mostly,
however, in excess oxygen, and some studies on total hydrocarbon oxidation and on NO
reduction with CO.

With respect to CO oxidation, results of theoretical calculations and studies on model catalysts
raise the expectation that the activity of Pd can be improved by alloying with Au, although Pd-
rich compositions may be unfavorable [21, 42, 43]. Literature reports on CO oxidation with
real supported bimetallic catalysts are inconsistent, but mostly in conflict with these predictions.
PdAu supported on the weakly interacting SiO2 support should be most similar to the model
systems. However, several studies with SiO2-supported PdAu catalysts agree in the deleterious
influence of Au on the CO oxidation activity of Pd/SiO2 [22-24]. While some groups reported
even monometallic Au to be inferior to Pd on the SiO2 support [22, 23], Qian et al. [24] found
Au/SiOz2 to convert CO at lower temperature than Pd/SiOz, but with a unusual temperature de-

pendence featuring a peak conversion <100 % instead of the well-known S-shaped conversion
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curve, which was exhibited by Pd/SiO2. The mechanism operating on Au/SiO2 was poisoned
by adding Pd and the mechanism operating on Pd/SiO2 was poisoned by adding Au, i.e.
catalysts with intermediate metal ratio were inefficient in both mechanisms and exhibited
deplorable performance. Opposed to this, Xu et al [25] found small amounts of Au causing
enormous improvement over monometallic Pd/SiO2, though not beyond the activity of
monometallic Au/SiO2 (with an S-shaped conversion curve), while Au-rich alloys lagged even
behind monometallic Pd.

In a study comparing alumina- and titania-supported Au-rich AuPd alloys for CO oxidation and
cyclohexene hydrogenation, Ward et al. [26] found the alloys somewhat less active than Au on
Al203, but somewhat more active on TiO2, while CO oxidation could not be detected at all over
the monometallic Pd catalysts under the respective conditions. From work with alumina-sup-
ported PdAu, Suo et al. [27] derived that the alloyed surface provides low activity while
coexistence of PdO with Au is favorable. In a remarkable contradiction to the data in ref. [26],
Guczi et al. reported comparable values for both reaction rate and TEM-related TOF for
Au/TiO2 and Pd/TiO2 while the rate over a bimetallic catalyst slightly exceeded the value
expected by linear combination of Pd and Au contributions [28]. In later work of the same group
[29], the Pd/TiOz reference was even superior to Au/TiO2 while no synergism was observed in
the alloy catalysts studied.

Comparing the catalytic behavior of supported PdAu alloys in gas- and liquid-phase reactions,
Carter et al. [30] used a similar Ce-Zr oxide support as in the present study. The response of
CO oxidation to alloying reminded that reported by Qian et al [24] for SiO2-supported alloys:
Pd poisoned Au gradually, rendering AuiPd; still more active than monometallic Pd, and Au
poisoned Pd. As a consequence, the lowest activities were obtained with Pd-rich compositions.
Covering only Au/Pd ratios >1, Olmos et al. [31] observed a similar monotonous decrease of
activity when Pd was added to CeZrOx-supported gold, with AuiPdi/ CeZrOx still slightly

exceeding the monometallic Pd/CeZrOx. Different from observations of Qian et al. with the
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silica support [24], gold oxidized CO along the typical S-shaped temperature dependence of
conversions when supported on CeZrOx [31].

Unlike CO oxidation, coverage of hydrocarbon oxidation and NO reduction is scarce in the
literature. However, the optimistic outlook of ref. [21] on the oxidation activity of PdAu
catalysts was supported by a study of propene and toluene combustion over PdAu supported on
mesoporous TiO2[33], where light-off temperatures between 470 and 530 K were obtained for
different bimetallic samples, more than 100 K below Tso of Au/TiO2. A core(Au)-shell(Pd)
preparation and an alloyed catalyst even outperformed the Pd/TiOz reference. In work with an
AuPd(100) model catalyst, Gao et al. [44] found enhanced activity in NO reduction by CO and
improved N2 selectivity compared to the unmodified Pd(100) surface: these authors even
recommended combining Pd with gold for solving the cold-start problem.

Thus, while the literature suggests a loss in CO oxidation activity upon alloying gold with Pd,
a moderate decrease may be an acceptable price for an improvement in both NO reduction and
hydrocarbon oxidation activity.

The present paper is focused on the catalytic data of the bimetallic catalysts in a TWC model
feed, which highlight drastic differences in the performance of the PdAu combination on two
supports (La-Al203, CeZrOx) and a benefit of adding gold much different from the expectations.
In this paper, information on structural properties will be confined to the results of standard
characterization of the initial catalysts and some key experiments that shed light on the likely
reasons of the differences in performance. A more detailed analysis of the interactions between
Pd, Au, and the support surfaces in the initial state and after relevant thermal treatments will

follow in a subsequent publication.

2. Experimental

2.1. Catalyst preparation



Pd and/or Au were deposited on supports that were already used in our earlier work [17, 18]:
La-stabilized Al2O3 containing ca. 2 wt-% La, (further abbreviated by LA, donated by Sasol
Germany GmbH) and ceria-zirconia mixed oxide (“CZ”), donated by Umicore & Co. KG
Hanau (Germany). The bimetallic catalysts were prepared in a two-step protocol along the
direct redox route described in refs. [45] and [46].

Pd was initially introduced by incipient wetness impregnation using a solution of Pd(NOs3)2 in
0.15 M HNO:s. After drying in air overnight, the samples were heated in flowing Ar at 393 K
for 2 h and at 523 K for another 3 h. The Pd was reduced in flowing H2 during a 3 K/min
temperature ramp from 393 to 523 K and a 2 h isothermal hold at 523 K, followed by cooling
to room temperature in Ha. For the introduction of Au, the atmosphere was changed to Ar and
the samples were transferred under inert conditions to a thermostated glass reactor, in which an
aqueous Au solution obtained by neutralization of HAuCls with NaOH and purged with Ar was
added to the freshly reduced Pd-containing samples (deposition-precipitation technique [47,
48]. The suspension was quickly heated to 343 K and kept at this temperature under vigorous
shaking. After filtration, washing with water, and drying in vacuo at 333 K, the samples were
finally reduced in flowing hydrogen at 523 K for 2 h. The preparation of monometallic Au
catalysts was reported in ref. [17].

For reference, the catalytic behavior of a commercial TWC donated by Interkat Katalysatoren
GmbH (Konigswinter, Germany, Pd : Pt : Rh =13 : 1 : 1, total precious metal content =2 wt.%)

was also studied.

2.2. Catalyst Characterization

The catalysts were characterized in their initial states and after a thermal ageing procedure (see
section 2.3) by a number of techniques.

Precious metal contents were determined by X-ray fluorescence analysis using an ARL instru-

ment (Rh anode, operated at 50 kV, 40 mA). The support texture was studied in both states by



nitrogen physisorption at 77 K after previous outgassing at 673 K using a Quantachrome Auto-
sorb-1-MP instrument. The surface area was evaluated from the isotherms applying the BET
equation to the p/po = 0.05 - 0.35 range, the pore volume was determined at p/po = 0.98, and the
mean pore size was obtained from a standard BJH treatment of the data.

The Pd dispersion frd = n(exposed)/n(total) in the initial samples was determined by CO
chemisorption by exposing the samples to CO pulses in flowing He at 294 K. The method has
been described in some detail in [49]. Prior to the measurement, the samples were treated in
flowing H> at 373 K for 15 min, with subsequent cooling in hydrogen. For the evaluation of
n(exposed), a stoichiometry of CO/Pd = 1 was assumed. Reproducibility was £1.5 %rel or better.
We are aware that the real stoichiometric coefficient should be between 0.7 and 1 because of
the existence of bridged forms of adsorption. On mixed AuPd surfaces, this stoichiometry is,
however, likely to vary in this range. As our intention was to identify pronounced tendencies
rather than to evaluate exact particle sizes, CO/Pd = 1 should be an acceptable approximation.
Monometallic Au did not adsorb CO under the conditions of the pulse technique.

Electron micrographs of the initial samples were obtained with a JEM-2010 instrument (JEOL,
Japan) at an acceleration voltage of 200 keV, where lattice resolution is specified as 0.14 nm.
Particle size analysis was performed sampling between 180 and 320 particles, assuming a
spherical particle shape.

X-ray diffractograms of samples after preparation and after thermal ageing were recorded in a
range of 20 = 5-90 ° with an Panalytical Empyrean diffractometer using CuKa radiation (A =
1.540598 A). Crystalline phases were identified by employing the powder diffraction files
(PDF) of the International Center of Diffraction Data (ICDD) and the X’Pert HighScore Plus
software (Panalytical).

X-ray photoelectron spectra of the initial samples were measured on a SPECS instrument
equipped with a Phoibos-150-MCD-9 hemispherical analyzer, using non-monochromated

MgKa radiation (hv =1253.6 eV, 150 W). The charging effect was corrected using the Zr 3d
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peak from CZ at 182.3 eV or the Al 2p peak from LA at 74.5 eV as an internal reference. Line
intensities were integrated over Shirley backgrounds, and the atomic concentrations were
evaluated from them using Scofield atomic sensitivity factors [50].

X-ray absorption spectra at the AuLm and PdK edges (11.919 and 24.350 keV, respectively)
were measured at station P65 of the Petra III storage ring (Hasylab at Desy, Hamburg, Ger-
many). Supplementary measurements were performed at the CLAESS beamline at Alba
(Barcelona, Spain) and at the BioXAS beamline at the Canadian Light Source (CLS, Saskatoon,
Canada). The spectra shown in this paper refer to the state of the catalysts after preparation
(with a final reduction at 523 K) and after ageing at 1223 K (see section 2.3). After the
treatments, the samples were cooled to room temperature in He, pressed to pellets of suitable
optical path lengths and wrapped in Kapton. During this conditioning, the exposure to ambient
was less than 2 h. The spectra were recorded at room temperature. All scans were repeated on
the same sample to ensure reproducibility.

In the present paper, the XAS analysis will be limited to the XANES region, the EXAFS will
be discussed in a subsequent paper. Data treatment was carried out with the software package
ATHENA [51]. It comprised adjustment of the energy scale, subtraction of the pre-edge
background with a Victoreen polynomial fitted to the pre-edge region, and normalization to the
step height. From the PdK-edge XANES, the abundance of Pd in the oxidation states 0 and +2
was estimated by Linear Combination Fitting (LCF) using the XANES of the Pd/LA sample

after ageing at 1223 K and of PdO as references.

2.3. Catalytic studies

The catalytic behavior was studied in a microflow reactor at atmospheric pressure ramping the
temperature between 323 and 673 K or 823 K at 5 K/min as described in more detail elsewhere
[17]. 183 mL min! of a stoichiometric model feed consisting of 1.1 vol-% CO, 0.1 vol-% NO,

0.1 vol-% propene, 0.95 vol-% Oz, and 10 vol-% H:0, balance He were fed over 125 mg of
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quartz-diluted catalyst samples, which resulted in a gas-hourly space velocity (GHSV) of
60,000 h!. After removing moisture from the effluent stream by a cold trap, the effluent compo-
nents were analyzed by combining calibrated mass spectrometry (O2, NO, propene) and non-
dispersive IR photometry (CO, CO2, N20), with due account of the N2O fragmentation pattern
on mass-spectrometric NO analysis. Conversions were evaluated using eq. (1) (given for CO,
index 0 — initial)
Xco = (Co,co - Cco)/Co,co (1)

N20 formation will be reported as ppm content in the effluent.

Catalytic data will be also reported for the state achieved after using the catalysts for a certain
period of time (stabilized state). The data were measured in a fourth temperature ramp from
room temperature to 670 K following three ramps with successive feed variation (stoichio-
metric, rich, lean). To examine durability, the catalysts were calcined in a flow of 5 % Oz and
10 % H20, balance He, at the same GHSV for 6 h at 923 K or at 1223 K. The presentation will

be focused on the results obtained after the latter treatment.

3. Results and Discussion

3.1 Structural properties of supported PdAu catalysts

3.1.1 Composition, texture, particle size from electron microscopy and CO chemisorption
Precious metal contents of the samples are reported in Table 1 together with the labels used in
this paper for their identification. In the preparations, a noble metal content of 2 wt-% was
targeted. The results of chemical analysis show that this was successful. A few outliers (Au/CZ,
AusPd/CZ) deviate by just 20 %, which is insufficient to explain the drastic differences in the
catalytic behavior to be described below. The bimetallic catalysts were designed to have a Pd-
rich, an Au-rich and a 1 : 1 composition. This was achieved as well. For the CZ support, data

from a catalyst with a moderate Pd excess (AuPd2) will be also reported.
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Examples for micrographs used for the determination of average metal particle sizes are shown
in the supporting information together with histograms of the particle size distribution (Figures
S1, S2). Micrographs of the monometallic Au catalysts were shown in [17]. In the resolution
achieved, it is not possible to decide if the metals are mixed or segregated in the nanoparticles.
Number-weighted average sizes of metal particles (di) are summarized in Table 1 (for
volume/surface- and mass-weighted averages see Figures S1 and S2). They are mostly well
below 3.5 nm. On the LA support, they are scattered between 1.6 and 3.2 nm. Overlap between
ranges covered by the standard deviations around almost all di values discourages the
identification of tendencies. The range of particle sizes is much wider on the CZ support, where
standard deviations are quite small in some cases. A rather distinct tendency to smaller particles
in Pd-rich compositions is disrupted by AuPda. It is, however, worth noting that the particle
size of monometallic Pd is significantly below the Au particle size on CZ while it is comparable
on LA, maybe even slightly larger.

Table 1 reports also evidence on the accessibility of Pd atoms as measured by CO
chemisorption. The Pd dispersion is ~0.3 on the LA support, but clearly larger, mostly around
0.5 on CZ. It will be shown below that Pd was partly ionic in the initial catalysts, on CZ to a
larger extent than on LA. Corrected Pd dispersions were evaluated by relating the CO
chemisorption capacity only to Pd’, the percentage of which was estimated from the XANES
(see Table 4 below). The dispersion is slightly above 1 for the CZ-supported samples, which
suggests that all Pd° atoms in them were accessible from the gas phase. The complete
accessibility of Pd® is well in agreement with particle sizes of 1 nm (Table 1) where deviations
from the spherical shape due to interactions with the support are likely anyway, but it disagrees
with particle sizes of 3 nm as found in most Au-containing samples. It may be therefore
assumed that the larger particles contain almost no Pd, while Pd° coexists with these gold
particles decorating them or (contrary to intentions) segregated in separate patches. It is unclear

why gold was not deposited in larger particles in AuPd2/CZ. For the LA-supported catalysts,
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the corrected dispersions were in the range of 0.4-0.6. These values are compatible with the
particle sizes reported.

Typical texture data of our catalysts are summarized in Table 2. It can be seen that the
introduction of two metals via two wet procedures slightly decreased the BET surface area, in
the case of LA also the mean pore diameter. The variation of the metal ratio had little influence
on the texture, with the exception of a moderate drop in the BET surface area of AuPd4/CZ. As
expected, ageing at 1223 K significantly decreased the BET surface area of both supports, with
the stronger decrease for CZ. Notably, the pore volume of LA was not affected at all by the
thermal stress — it just became accommodated in wider pores. The increase of pore widths was
less pronounced in CZ, therefore, the support had lost much of its pore volume after treatment

at 1223 K.

3.1.2 X-ray Diffraction

In Figure 1, relevant parts of the X-ray diffractograms of all catalysts in the initial state (i.e.
after a final reduction at 523 K, cf. section 2.1.) are presented. The 20 regions were selected to
allow observing reflections of Au and Pd undisturbed from the support reflections, which is
illustrated by some examples for full-range diffractograms presented in Figure S3. In the case
of CZ (Fig. 1a), this is possible between 35° and 48° where the (111) and (200) reflections
appear at 38.18° (Au) and 40.12° (Pd) and at 44.39 ° (Au) and 46.66 ° (Pd), respectively. In the
diffractograms of LA-supported samples, the support exhibits intense signals in this range, but
also beyond, none of the Au(Pd) reflection appears without any overlap with the support. Fig.
1b shows the 70 — 90 ° range allowing the best tradeoff between a broad and weak Al>O3 signal
at 77.22° and the 311 reflections of Au (77.55°) and Pd (82.10°), while even the (222) reflection
(for Au expected at 81.72 °, for Pd at 86.22°) could be observed in some samples.

The most conspicuous feature observed with the CZ-supported catalysts is that all Au-contain-

ing samples exhibit an Au reflection while there is hardly any indication of Pd even in the
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diffractogram of the monometallic Pd/CZ (Fig. la). The inclined background feigns an
asymmetry of the Au(111) reflection as illustrated by the Au/CZ sample. The behavior of this
signal with increasing Pd content is complex: while there is hardly any shift on the angle that
might indicate alloying, the signal becomes narrower and very small at higher Pd content. From
the line width of Au/CZ (1.34°), an average crystallite size of 6.1 nm can be deduced with the
Scherrer equation, about twice the mass-weighted size observed in the TEM (Fig. S2). The
apparent contradiction between the TEM and XRD data on the particle sizes (see also below)
can be explained by the fact that the samples contain coarse Au crystallites, which could be
seen only in a few micrographs. Some examples are shown in Figure S4, the situation is similar
as encountered in earlier work [52]. As these aggregates are irrelevant for catalysis, they have
not been in the particle size distribution. With increasing Pd content, the line width decreases
to 0.33° (AuPd2/CZ), and slightly increases again to 0.53° in AuPd4/CZ, which corresponds to
crystallite sizes well beyond 15 nm. At the same time, there is no change of the signal width at
the base from Au/CZ to AuPd/CZ, which indicates the coexistence of smaller particles. Indeed,
the Au(111) reflection of AuPd/CZ is clearly composed of a narrow and a broad signal,
indicating a bimodal particle size distribution as has been observed earlier and supported by
Rietveld analysis in Au/C and AuPd/C preparations in refs. [53, 54] At higher Pd content, the
(111) signal becomes narrow also at the base: the smaller particles fall below the detection limit
of XRD in these samples. Indeed, relative to Au/CZ, the area of the (111) reflection in
AuPd>/CZ and AuPd4/CZ decreased stronger (by 75 % and 80 %, respectively) than the Au
content (by 38 and 56 %, respectively, cf. Table 1). The shape of the superimposed broad (111)
reflection of AuPd/CZ suggests, that they contain only a small percentage of Pd, if any, but
there is no evidence on that point for the Pd-rich samples.

On the LA support (Fig. 1b), the relation between Au and Pd is very different. The series on the

two supports resemble only in the poor visibility of the Pd signal in the monometallic catalyst.
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As in Pd/CZ, an intensity assignable to Pd® can be discerned only by subtracting the diffracto-
gram of the support from that of Pd/LA. On the other hand, already in AusPd/LA, the Au(311)
reflection is slightly shifted towards higher 20 relative to the very broad (311) signal in Au/LA.
In AuPd/LA, the alloying is quite obvious, but the signal is decreased. In AuPd4/LA, a (311)
signal can be discerned only by subtracting the support background, and its 2@ indicates a Pd-
rich composition. The decreasing signal intensities suggest a very high dispersion of the alloy
particles, but a coexistence of alloyed and monometallic Pd clusters cannot be excluded.

Diffractograms taken after ageing at 1223 K (Figure 2) reveal a number of processes induced
by the thermal stress. The much narrower line widths are according to expectations. On the
monometallic Au catalysts, the average crystallite size has increased to ca. 10 nm on LA, and
20 nm on CZ. But now, the monometallic Pd catalysts exhibit intense and narrow lines as well,
which indicate similar particle sizes. Alloys have been formed in all bimetallic catalysts, but
with characteristic differences. On CZ, the average compositions derived from the peak position
via the Vegard rule, are significantly enriched in Au: AussPd in AusPd/CZ, AusPd in AuPd/CZ,
and AuPd in AuPd4/CZ. These (111) reflections are much broader than those of the monome-
tallic catalysts. This is, however, most likely not due to a small particle size, but rather to a
distribution in the composition of particles, as illustrated also by the shape of the (200)
reflections at 20 = 45°. Notably, CZ-supported catalysts with an Au/Pd metal ratio <1 contain
non-alloyed Pd coexisting with the alloy particles, which supports the assumption of non-
alloyed Pd patches in the initial catalysts made on the basis of CO chemisorption data. On the
contrary, non-alloyed gold is not present to any significant extent at Au/Pd > 1, where bimodal
particle size distributions were identified in the initial samples. Apparently, on the CZ surface,
even the large Au particles of the initial samples were included in alloying with Pd during the

thermal treatment.
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As already in the initial samples (Fig. 1b), the tendency of alloying is more pronounced on the
LA than on the CZ support (Fig. 2). In AuPd/LA, the average alloy composition is near the
nominal one (Aui.osPd, cf. Table 1, Aui2sPd from Fig. 2b). The samples with one excess
component contain a wide distribution of alloy compositions around the nominal ones:
AusPd/LA from AuisPd to Au23Pd, AuPd4/LA from AuPdi.¢to AuoPd (Fig. 2b). The tendency
to preserve non-alloyed Pd particles is higher on CZ than on LA. Segregated Pd exists in
AuPd/CZ (where the Au/Pd ratio is actually 1.5, cf. Table 1), but not in AuPd/LA. At Pd excess,
there is a wide continuum of alloy compositions (though with peaks at AuPdi.¢ and at pure Pd)
on LA (Fig. 2b) while the abundance of particles with intermediate compositions between
Au/Pd = 1 and pure Pd is very small on CZ (Fig. 2a).

3.1.3. XPS

Photoelectron spectra measured with the bimetallic supported AuPd catalysts in the initial state
are reported in Figures S5 and S6, the most important results are summarized in Table 3. The
Pd 3d region is overlapped by the Au 4ds» peak. The Pd 3d spectra of LA-supported Au-Pd
catalysts shown in Fig. S5 were obtained by subtraction of the Au 4ds contribution deduced
from the shape and the area of the (non-affected) Au 4ds2 component from the experimental
signal. Unfortunately, on the CZ support, this binding energy (BE) region is additionally
overlapped by the intense Zr 3p doublet of the CZ support. Therefore, no quantitative data could
be extracted for CZ-supported palladium. The gold is metallic in all cases, while a significant
part of the Pd was found in the +2 oxidation state on the LA support. Some shoulders at the
intense Zr 3p signals (Figure S6) suggest that metallic and oxidized states of Pd may coexist
also in the CZ-supported samples.

In the monometallic catalysts, the binding energies of Au and Pd are very close to those of the
bulk metals. In LA-supported bimetallic catalysts, both Au 4f72and Pd 3ds/ (of Pd°) are shifted
to lower BEs by 0.3-0.4 eV, but without any trend. A significant, though smaller downshift can

be also seen in Au 4172 of the CZ-supported catalysts (Table 3). Such BE shifts have been often
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claimed to indicate alloying [55-60]. However, due to the small effects and the complicated
nature of samples and spectra, we are cautious with conclusions in the present case. The
observed tendencies are not compatible with evidence from XRD: in the LA-supported
catalysts, where some alloying is indeed confirmed by XRD, there is no trend on the BE shifts
while there is one on the alloying degree (Figure 1b). A significant, though smaller shift was
found also for Au in CZ-supported catalysts, while there does not seem to be any alloying in
these samples (Fig. 1a, see; however, below).

As found in XPS work with the monometallic Au catalysts in [17], the concentration of Au (and
likewise of Pd) in the near-surface region is close to the bulk concentration on the LA support
(Table 3). This suggests that the particle size is mostly <2 nm, which is compatible with the
evidence from TEM. On the other hand, Au is surface-enriched in the CZ-supported catalysts,
most likely because of the lower surface area of CZ. Notably, the surface concentration of Au
did not decrease with growing Pd content on the CZ support (Table 3). On LA, there was only
a minor decrease of the surface Au concentration up to AuPd/LA. Conversely, the Pd surface
concentration increased monotonously with growing Pd content. The resulting surface Au/Pd
ratio was somewhat below the bulk one for AusPd/LA ((Au/Pd)s = 1.9), while surface and

nominal Au/Pd ratios were similar in the other catalysts.

3.1.4 X-ray Absorption: XANES

X-ray absorption spectra were measured for the catalysts used in this study in the initial state,
for most samples after ageing at 1223 K (and after an analogous ageing at 923 K) and for
selected samples after catalytic tests. In the present paper, the XANES in the initial state and
after ageing at 1223 K are presented (for the AulLin-edge in Figure S7, for the PdK-edge in
Figure 3) while the EXAFS will be discussed in a follow-up report dedicated to a more detailed

study of the relation between Pd and Au.
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Differences between the AuLin-edge XANES of the initial CZ-supported catalysts are only
minor (Fig. S7a). In the Au-rich catalysts, the weak structure in the XANEST of the Au foil is
almost completely washed out, the peak at 11946 eV is slightly shifted to higher energies. This
may be due to the small Au particle size in these catalysts. Conversely, the XANES of
AuPd2/CZ is very close to that of bulk Au, its structure is even more pronounced. The reason
is not clear at the moment, but the presence of Au particles well above 10 nm as disclosed by
XRD (Fig. 1a) may play a role for this effect. On the LA support, differences in the AulLn
XANES spectrum are more pronounced (Fig. S7b). Compared with Au/CZ, Au/LA exhibits
more intensity right above the edge, which may indicate some electron transfer from the gold
to the support. Beyond the missing white line, the XANES of AuPd/LA and AuPd«/LA differ
also in a significant shift of the 11946 eV peak and a strong increase of the originally weak
feature around 11935 eV.

Although the catalysts had been reduced at 523 K, the Pd K-edge XANES of the CZ-supported
samples resembles more the XANES of PdO than that of bulk Pd (Fig. 3a). The less pronounced
decrease towards 24390 eV in most spectra suggests, however, significant contributions also
from the metal. On the LA support, the contribution of Pd’, which results in a weak maximum
around 24380 eV, is more visible (Fig. 3b). The distributions of Pd oxidation states obtained by
LCF of the PdK-edge XANES are presented in Table 4. It should be noted that some details of
the XANES shapes, e.g. shoulders around 24373 eV in the XANES of AusPd/CZ and AuPd>/CZ
(Fig. 3a), could not be resolved, but edge positions and shapes, white line intensities and the
extent of the intensity decay towards 24390 eV were well reproduced. While the values in Table
4 are therefore subject to quite some uncertainty, the general trends revealed by them can be
trusted.

The data shows that more than 50 % of the Pd atoms supported on CZ are in the cationic state
—typically 50-70 %. On LA, Pd is not completely reduced either, but the percentage of oxidized

Pd is lower — 35-45 %. Although Pd is partly oxidized on both supports, a significant percentage
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of Pd is metallic. The almost complete absence of XRD intensity due to Pd in these catalysts
can, therefore, not be ascribed exclusively to the oxidation of the metal. Rather, the Pd metal
particles are extremely small on both supports.

After ageing at 1223 K, the AuLin-edge XANES of CZ-supported samples (Fig. S7c) exhibits
more changes than in the initial state (Fig. S7a), although the spectrum of AuPd/CZ is still
almost identical with that of Au/CZ. At higher Pd contents, the spectra change in a similar way
as observed with the initial LA-supported catalysts (Fig. S7b): the feature at 11946 eV shifts to
higher energies and the intensity increases around 11935 eV, forming a weak maximum in
AuPd4/CZ. These tendencies are continued in the LA-supported catalysts (Fig. S7d), where the
feature at 11935 eV develops into a pronounced second peak. The XANES of AuPd4+/CZ and
AuPd4/LA differ in the better definition of this signal and lower intensity in the white-line
region of the latter. These changes obviously arise from interactions with palladium, most likely
alloying (cf. Fig. 2b), which are more pronounced on the LA support.

These observations are corroborated by the PdK-edge XANES spectra, which show Pd
completely metallic on the LA support (Fig. 3d, see also Table 4). On CZ, (auto)reduction of
Pd*" can be also observed, but it is by no means complete: ca. 50 % of the Pd remains cationic
— though with a remarkable exception (AuPd4/CZ). It should be noted that the treatment
temperature was well above the temperature of PdO decomposition (ca. 1020 K). This shows
that Pd*" is strongly stabilized by the surface of the Ce-containing oxide as has been reported

earlier for cationic Pt [61] and later for Pd** by several groups [62-64].

3.2 Catalytic results
3.2.1 Initial catalysts
In Figures 4 and 5, the behavior of the CZ- and LA-supported mono- and bimetallic AuxPdy
catalysts in the conversion of the TWC model feed is compared and contrasted with the

performance of the commercial reference catalyst. In the CZ series (Fig. 4), the catalyst with
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the Au/Pd metal ratio of 1 has been omitted to avoid overcrowding, the data can be found in the
supporting information (Figure S8. The results show a major influence of the support on the
catalytic properties.

All CZ-supported preparations of this study outperform the commercial reference in the oxida-
tion reactions (Fig. 4a, b), the Pd-rich ones also in NO reduction (Fig. 4c). Moreover, the strong
N20 evolution of the reference catalyst in the light-off range was dramatically decreased over
all catalysts of this study, although some of the catalysts released significant N2O concentrations
at lower temperatures. The positive first impression is, however, somewhat clouded by the
observation that the best performance among all samples was delivered by the monometallic
Pd/CZ. Although its advantage in CO oxidation (Tso = 375 K vs. 389-395 K for the other
catalysts, see Fig. 4a; 385 K for AuPd/CZ, Fig. S8a) is apparently related to the enhanced low-
temperature N2O formation (Fig. 4d), Pd/CZ exhibited also the lowest light-off temperature for
propene (Fig. 4b) and NO (Fig. 4c). The introduction of Au deteriorated the catalyst behavior,
but not dramatically. Despite slight deficits around 50 % conversion, AuPd4/CZ even stands
out for the complete conversion of all components at temperatures where the other catalysts
still approach 100 % rather gradually. This advantage was, however, lost already with
AuPd2/CZ. With increasing Au content, the light-off curves shifted to higher temperatures. The
relation between CZ-supported AusPd and Au may be noted as a remarkable detail. While the
bimetallic catalyst achieved full NO conversion still at an acceptable light-off temperature and
in great contrast to Au/CZ (Fig. 4c), it was outperformed by the monometallic sample in
propene oxidation (Fig. 4b). AuPd/CZ fits completely into the ranking with respect to propene
oxidation and NO reduction, although it behaved rather similar to Pd/CZ in CO oxidation (Fig.
S8a). This low-temperature CO conversion was again accompanied by an enhanced N2O release
below 390 K.

The influence of stabilization on the catalytic behavior of the CZ-supported samples is reported

in Figure S9, where the initial curves of Pd/CZ, PdAu/CZ, and Au/CZ are repeated for
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comparison, and in Figure S10 for AuPd/CZ. After stabilization, the propene and NO
conversion curves of all catalysts remained in narrow ranges and identical ranking, but were
shifted upward by ca. 20 K. With only a few exceptions, the catalysts remained better than the
(initial) reference catalyst (Fig. S9b, c). The effect of stabilization on CO oxidation was more
severe (Fig. S9a): Tso of all catalysts were now in a +7 K range around 420 K, but still far below
the light-off temperature over the reference (500 K). The advantage of Pd/CZ in CO oxidation
had completely disappeared (Fig. S9a), but with it also the low-temperature release of N2O (Fig.
S9d). Notably, the performance of Pd/CZ was affected also in other aspects. Its CO conversion
curve was now suspended by a shoulder slightly above 60 % (much alike that of Au/CZ in Fig.
4a), which delayed full CO conversion stronger than over all other catalysts. In addition, while
N20 formation during light-off at 500-550 K tailed to higher temperatures over most initial
catalysts (Fig. 4d), this effect was strongly enhanced just for Pd/CZ after stabilization (Fig.
S9d). Based on the data of Fig. S9, the modification of Pd/CZ with small amounts of Au makes
sense: despite minor deficits in the light-off temperature (not more than 10 K), AuPd4/CZ kept
its advantage of steep approach to 100 % conversion for propene and NO (Fig. S9b, c), though
not for CO (Fig. S9a), and combined it with a steep decay of N2O formation right above its
maximum at #540 K (Fig. S9d).

On the LA support, the variation in the performance of the AuxPdy catalysts was much stronger
than on CZ (Figure 5). The peculiar CO conversion curve of Au/LA (Fig. 5a) has been discussed
in some detail in refs. [17] and [18]. The pronounced dip between 400 and 600 K is most likely
due to the poisoning of the active support surface around Au by carbonaceous residues, which
are burnt away above 500 K [18]. The expectation that Pd might help against the deposition of
these species was not fulfilled. Instead, Au was very effectively poisoned by small amounts of
Pd. Notably, the CO conversion curve of AusPd/LA exhibited a minimum as well, decreasing
after having achieved just 18 % before finally lighting off at 605 K. Such minimum can be also

observed in the curve of AuPd/LA, but it faded out at high Pd content. On the whole, the result
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with respect to CO oxidation in the TWC mixture is negative: Pd poisons Au, and Au poisons
Pd. Reminiscent of some literature work on CO oxidation in a binary feed, the catalytic
performance of the Au-rich bimetallic catalyst was the poorest in the series.

In propene oxidation (Fig. 5Sb) and NO reduction (Fig. 5¢), the situation is less complex due to
missing or less pronounced low-temperature conversion peaks. In propene oxidation, the
relation between the metals is similar as in CO oxidation: Au poisons Pd, and Pd poisons even
the rather low propene oxidation activity of gold. As a result, the range of light-off temperatures
for propene oxidation is as wide as 115 K on LA, as compared to 43 K on the CZ support (Figs.
5b, 4b). The situation in NO conversion differs insofar as NO reduction activity of Au alone is
too low to be effectively poisoned by Pd (Fig. 5¢). Indeed, even very small Pd contents imparted
the catalysts a NO reduction activity sufficient to achieve large conversions, though at high
temperatures (Tso of AusPd/LA — 658 K). The ranking of the remaining catalysts is as in
propene oxidation.

In NO conversion, the Pd-rich catalysts exhibited a pronounced low-temperature peak, with
high selectivity to N2O (Fig. 5d). The spread between light-off temperatures for NO reduction
(excluding the low-temperature peak of Pd/LA) is 142 K on LA, as compared to 52 K on CZ
(Fig. 4c). Correspondingly, the high-temperature peaks of N2O release related to NO light-off
spread over 120 K.

For the LA-supported catalysts, similar stabilization tendencies were observed. A comparison
of conversion curves measured with AuPd4/LA in the initial state and after three runs —
however, with a slightly lean mixture — reveals that low-temperature N2O formation is
suppressed by stabilization on this support as well (Figure S11).

3.2.2. After ageing at 1223 K

The performance of CZ- and LA-supported AuPd catalysts after ageing at 1223 K is

summarized in Figures 6 and 7, respectively. The behavior of the reference catalyst after the
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same ageing procedure is reported as well, and the conversion curves of the initial catalysts are
repeated for comparison. The data for AuPd/CZ can be found in Figures S8 and S10.

As expected, the thermal stress caused serious losses in activity. Over the CZ-supported
catalysts, the light-off temperatures of CO, propene, and NO conversion increased by 160 K,
60 K, and 70 K on average, respectively (Figure 6). However, all aged catalysts still
outperformed the aged reference in CO oxidation, and all but Au/CZ and Au4Pd/CZ in propene
oxidation (Fig. 6a, b). In NO reduction, only the Pd-rich compositions were competitive, the
remaining catalysts (including AuPd/CZ, Fig. S7c) dropped behind the reference TWC (Fig.
6¢). Correspondingly, only the N0 peaks of the Pd-rich samples appeared at lower
temperatures than that of the reference (Fig. 6d). The N2O release of the latter was dramatically
suppressed by the thermal treatment, therefore, N2O formation over the Pd-rich catalysts and
over the reference TWC was on the same order of magnitude. Notably, a significantly enhanced
N20 release tailing to higher reaction temperatures was exhibited by AuPd/CZ (Fig. S8d) and
by AusPd/CZ (Fig. 6d).

In Fig. 6, all conversion curves of Pd/CZ, AuPd4/CZ, and AuPd>/CZ are close together while
those of the remaining catalysts (including AuPd/CZ, Fig. S8c) are shifted to higher
temperatures. Moreover, over wide temperature ranges, the curves of the Au-containing
samples, which are almost indistinguishable, proceed at slightly lower temperatures than that
of Pd/CZ. The light-off temperatures of these catalysts are decreased by 5-8 K. Apparently, the
modification of Pd/CZ with small amounts of Au has a favorable effect on the catalyst stability.
Among the LA-supported samples, only the monometallic Pd/LA catalyst can compete with the
reference after thermal ageing (Fig.7). The remaining catalysts stayed back behind the reference
in the conversion of all reactants. The damage was most drastic in CO oxidation where the light-
off temperatures of Pd/LA and AuPd4/LA increased by ca. 200 K, and that of Au/LA by 150 K
even if only the re-activation after the conversion dip is taken into account (Fig. 7a). For the

remaining reactions, the losses were less dramatic, with average increases of Tso by 80 K both
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for propene oxidation (except for Au/LA, Fig. 7b) and NO reduction (except for AusPd/LA,
Fig. 7¢), slightly more than on the CZ support. In the Pd-rich LA-supported catalysts, thermal
stress suppressed the disposition to N2O formation even stronger than in the reference (Fig. 7d).
As observed with the CZ-supported samples (Fig. 6d), N2O formation increased with growing
Au content. This can be clearly seen in the data of AuPd/LA (Fig. 7d), but the same N>O
selectivity (ca. 20 %) was also obtained at the peak NO conversion achieved by AusPd/LA

slightly above 800 K.

3.3. Gold as a poison and a promotor in Pd-Au three-way catalysts

The catalytic data presented in section 3.2 indicate that the proper use of gold in a three-way
catalyst offers opportunities for improving the catalytic performance. The favorable effect of
gold is, however, very different from expectations based on prior studies. It can be achieved
only in a narrow range of catalyst compositions, which needs to be well specified to escape
poisoning effects exerted by gold in a much wider range of catalyst compositions.

At a first glance, the AuPd system is dominated by poisoning rather than by promotion. The
poisoning of Pd activity by gold is obvious. However, even Pd acts as a poison: it damages the
oxidation activity of gold, most effectively on the LA support, on CZ only the activity for
propene oxidation. On LA, the high CO oxidation activity of gold breaks down by adding just
a few wt-% Pd (Fig. 5a), but the extent of poisoning shows that this palladium cannot even
exhibit its own CO oxidation activity. At temperatures around 475 K, where Pd/LA achieves a
CO conversion of 95 % with 2.2 wt-% Pd (cf. Table 1), a conversion of ca. 65 % would be
expected on the basis of a first-order rate law from a catalyst containing one seventh of the Pd
amount at comparable dispersion. The actual conversion was, however, 18 %, and it decreased
with growing temperature in a range where Pd/CZ achieved full conversion (Fig. 5a). It has
been proposed in literature that Au poisons the oxidation activity of Pd by destroying

contiguous Pd sites required for Oz activation [24, 65]. In the light of this idea, there must be a

24



close relation between Au and Pd in AusPd/LA, although XRD detected only small amounts of
Pd in bulk alloy structures (an average composition of AuioPd was estimated from Fig. 1b).
More Pd’ might decorate the surfaces of Au particles, which are rather small in this catalyst, so
that the abundance of contiguous ensembles of Pd° was low. With increasing Pd/Au ratio, bulk
and surfaces of Au particles cannot bind all Pd atoms, which facilitates the formation of
contiguous Pd metal sites allowing for a strongly enhanced oxidation activity. The Pd-Au
interaction mentioned above might explain that an Au 472 binding-energy shift was also found

for bimetallic CZ-supported catalysts, though of smaller size than in the LA-supported samples.

While the former discussion may be extended also to the tendencies in propene oxidation (Fig.
5b), the intermediate dip in CO conversion over all Au-containing bimetallic catalysts (Fig. 5a)
deserves more attention. Its similarity with the minimum in CO conversion over Au/LA is
spurious: it arises from Pd rather than from Au. Indeed, none of the bimetallic catalysts achieved
any CO conversion below the onset temperature of Pd/LA: the CO oxidation activity of gold
was completely killed by the palladium, probably by destroying the Au-support interaction. As
mentioned above, some of the low-temperature CO conversion over Pd originates from the
reduction of NO, mostly to N20O (N20 selectivity in the NO conversion peak is close to 90 %,
cf. Figs. 5c, d). The decay of NO conversion above the peak temperature does probably not
result from a lost competition for the reductant, but rather from thermal instability of a critical
adsorbate. Over Pd-rich catalysts, the unreacted CO may be oxidized by O2 instead in this
temperature range, which mitigates the effect on CO conversion: its further increase is just
delayed. Due to their lower oxidation activity, catalysts containing more gold are less capable
to compensate the vanishing NO/CO reaction by CO oxidation, which results in more or less
pronounced CO conversion dips. The upsurge of CO, propene, and NO conversions to 100 %
started above 500 K, rather simultaneous for the Pd-rich samples. In the case of AusPd/LA, the

oxidation reactions clearly preceded the NO reduction. With the low-temperature CO oxidation
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sites poisoned on both Au and Pd surfaces, this high-temperature increase of the oxidation rates
seems to be due to an alternative reaction mechanism at least over this catalyst.

The major differences between LA- and CZ-supported catalysts certainly arise from the strong
stabilization of Pd*" by CeO:-containing surfaces [62-64]. In the initial samples, Pd** and Pd°
coexisted on both supports (Tables 4 and 3) despite the initial reduction in Hz at 523 K. Irrespec-
tive of whether this is due to an incomplete reduction or to re-oxidation during storage, it proves
a stabilization of Pd** by both supports: bulk PdO is reduced in hydrogen below 273 K [66],
and the reverse is unlikely to happen at ambient without assistance by a stabilizer for Pd*".
Although the relation between Pd** and Pd’ in the initial catalysts suggests that the stabilization
is stronger on CZ, the ultimate confirmation for this conclusion comes from the samples aged
at 1223 K (Table 4, Fig. 2): while Pd was completely metallic (and alloyed) on LA, significant
amounts of Pd remained cationic on CZ, and the Pd metal formed was not completely alloyed.
The easy interchange between the +2 and 0 oxidation states on CZ competes also with the
aggregation of Pd (cf. Pd dispersion on LA and CZ in Table 1) and with the tendency of Pd to
interact with Au: while there is no indication of alloying (or even of interaction) in the
diffractograms and the AuLmi-edge XANES of the CZ-supported catalysts (Figs. la, S7a),
alloying is indicated by XRD already in the initial LA-supported samples (Fig. 1b), and changes
can be clearly seen in the AuLii-edge XANES (Fig. S7b), which are most likely caused by the
influence of Pd.

The CO and propene conversion curves of the different CZ-supported catalysts are close
together as might be expected when the differences are caused only by varying quantities of the
active components (Fig. 4a, b). As mentioned above, the extra low-temperature CO conversion
over Pd/CZ (and to some extent AuPd/CZ, Fig. S8a) arises from the capability of Pd to catalyze
NO reduction to N20, which is also reflected by high NO conversions and N2O releases in this
temperature range. However, just the attenuation of low-temperature N2O formation in most of

the Au-containing catalysts (Fig. 4c, d) suggests that Au and Pd are not completely segregated
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on the CZ support either. Indeed, the propene conversion curve of AusPd/CZ lags behind that
of Au/CZ (Fig. 4b), much as found with the Au-rich LA-supported catalysts (Fig. 5b). The rates
of the high-temperature oxidation process are, however, much higher on CZ than on LA (Tso
of AusPd/CZ — 535 K, of AusPd/LA — 625 K). As a result, the spread of the propene light-off
temperatures over the whole series is smaller on CZ than on LA (Figs. 4b, 5b). On the other
hand, the spread of the propene light-off temperatures on CZ is close to that of NO reduction,
to which gold cannot contribute at all (Fig. 4b, c¢). By analogy, this suggests that Au does not
contribute to the propene oxidation over AusPd/CZ either. Together with the drastic differences
between spread ranges on CZ and LA, this may suggest that both propene oxidation and NO
reduction on the Au-rich catalysts proceed on isolated Pd atoms shuttling between Pd® and Pd**
because this Pd oxidation is strongly favored on the surface of CZ.

Notably, the same Au-Pd interaction that resulted in delayed propene oxidation over the Au-
rich catalysts (Figs. 4b, 5b) did not poison CO oxidation to any significant extent on CZ
(AusPd/CZ, Fig. 4a), while it killed the Au-related reaction completely in the case of AusPd/LA
(Fig. 5a). This difference suggests mechanistic differences also in CO oxidation over Au sites
on the two supports. We will come back to this point in a subsequent paper on the basis of more
evidence on structural properties.

The breakdown of the low-temperature N2O formation over Pd/CZ after stabilization (Fig. S9)
suggests that this feature may be caused by extremely disperse structures, which aggregate
already under relatively mild conditions. In all reactions, activity decrease was stronger for
higher Pd contents, which resulted in a further narrowing of the spread between light-off
temperatures. In CO oxidation, it became less than 15 K. The outstanding performance just of
Au/CZ and AusPd/CZ in CO oxidation (Fig. S9a) emphasizes that there is no poisoning of Au
sites for this reaction by Pd on CZ unlike on LA. The stronger impact of the stabilization on the
Pd-rich preparations may result from the extremely high dispersion of Pd in the initial catalysts

(Fig. 1a), which renders the Pd more prone to transient behavior than the bigger Au particles.
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The catalytic properties of the aged LA-supported catalysts (Fig. 7) emphasize the unfavorable
effects of alloying between Au and Pd, which are implied already by the data of the initial
catalysts (Fig. 5). Opposed to this, the results of the CZ-supported catalysts reveal a surprising
performance of the Pd-rich bimetallic samples that maintained a slightly higher residual activity
than the monometallic Pd catalyst (Fig. 6). Even for a sceptic ascribing the lag of the latter to
experimental scatter, the catalysts with Pd/Au > 2 are indistinguishable, i.e., the performance
of Pd/CZ can be achieved with 1 wt-% Pd instead of 2.2 wt-% (Table 1). In the specific relation
between Pd and Au realized in these aged CZ-supported catalysts, Au is a promotor for Pd: its
activity is inferior in CO and propene oxidation (Fig. 6a, b) and almost zero in NO reduction,

but its influence increased the activity of Pd sites in Pd-rich preparations by more than 100 %.

Notably, this increase was absent in the initial catalysts (Fig. 4), where its presence might have
suggested that it occurs without any assistance by gold, e.g. by smaller particle sizes at lower
Pd contents. Now, the conversions of all three components clearly decrease with decreasing Pd
content in the initial samples also on the CZ support. The improved behavior of the Pd-rich
alloys is the result of the high-temperature treatment, which causes mobility of both Pd and Au
as indicated by the increased sizes of metal particles (Figs. 1 and 2). It is, therefore, very likely
that Au is indeed involved in the processes resulting in higher residual activity of the bimetallic
catalysts, although it is as yet unclear, how this might occur. The characterization data reported
in this paper just indicate a coexistence of Au-Pd alloy particles with Pd in segregated
monometallic particles and in cationic form (Table 4, Fig. 2b). This is definitely insufficient to
describe the obviously rather complex surface after ageing at 1223 K. We will come back to
this problem on the basis of more comprehensive structural data in a subsequent paper, which
will also be used to try and describe the state of CZ-supported Pd under reaction conditions and
to discuss some mechanistic aspects only touched upon in this communication in some more

detail.
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4. Conclusions

The combination of Au with Pd does not remove the poisoning effects that restrain gold from
exhibiting its high oxidation activity in reaction environments typical for three-way catalysis.
Instead, Au poisons both the oxidation and the NO reduction activity of Pd. This poisoning is
most pronounced on a La;03/Al203 support (LA), but only minor on a Ce-Zr mixed-oxide
support (CZ).

Therefore, all CZ-supported Pd and Au-Pd catalysts studied were superior to a commercial
reference in oxidation and most of them also in the NO reduction. After an ageing treatment (5
% 02, 10 % H20 in He, 6 h at 1223 K), the poisoning influence of Au was just aggravated on
the LA support, while the residual activity of Pd-rich Au-Pd/CZ catalysts was the same as (or
better than) that of Pd/CZ, although Au does not contribute significantly to NO reduction and
propene oxidation under the given reaction conditions. Allowing for identical activity with less
than 50 % of the Pd in Pd/CZ, Au turned out to operate as a promotor in these catalysts, with
all of them outperforming the aged reference sample.

Characterization shows a stabilization of Pd in the +2 oxidation state on CZ, most likely by a
specific interaction between CeOx and Pd*". The resulting facile oxidation of Pd’ and the delay
of alloy formation between Pd and Au are major reasons for the different support influences by
LA and CZ. While Pd was found only partially reduced on both supports initially, significant
alloy formation could be detected on LA, but not on CZ, where details of the catalytic results
nevertheless suggested the existence of Pd-Au interactions, maybe via decoration. After ageing
at 1223 K (above the decomposition temperature of PdO), Pd was completely metallic and
alloyed on LA, while Pd*" still coexisted with (alloyed) Pd° on CZ. More characterization work
will be, however, necessary to elucidate the relation between the surface structure and the

transformation of Au from a poison into a promotor.
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Table 1 — Metal loadings, particle sizes (TEM) and Pd dispersion (CO chemisorption) of

supported AuPd catalysts

Sample Wt.% Atom-%* Average particle diameter®, | Pd dispersion®
code Au Pd Au Pd di £+ o, nm fra [frd,corr]
Au/LA 1.8 - 1 1.7+0.3
AuwsPd/LA | 1.8 0.3 | 0.76 0.24 1.6+0.3 0.29 [n. a.]
AuPd/LA | 1.2 0.6 | 0.51 0.49 26+1.0 0.34 0.5]
AuPd4s/LA | 0.6 1.2 | 0.21 0.79 32+12 0.26 [0.4]
Pd/LA - 2.1 1 24+0.6 0.32 [0.6]
Av/CZ 1.6 - 1 2.84+0.6
AusPd/CZ | 2.1 03 1] 079 021 3.3£0.7 0.38 [1.3]
AuPd/CZ | 1.6 0.6 | 0.59 041 29+0.8 0.51 [1.1]
AuPd2/CZ | 1.0 1.0 | 0.35  0.65 1.1+£0.2 0.52 [1.0]
AuPds/CZ | 0.7 1.5 ] 020 0.80 2.7+0.7 0.51 [n. a]
Pd/CZ - 2.2 1 1.2+0.3 0.46 [1.2]

arelated to noble metal content

®d, = ¥ d;/N, N — number of particles included,

o — standard deviation; for averaged according to different weightings see supporting

information, ° fp; = n(exposed)/n(total), n ... number of atoms

d f Pd,corr —

fra Npa/Npgz+, with npg 2+ derived from XANES

Table 2 — Texture data of catalysts after preparation and after ageing at 1223 K

Catalysts Surface area?, Mean pore diameter®, | Total pore volume?,
m?/g nm cm’/g
Au/LA 135 13.3 0.45
AuPd/LA 130 [86] 10.0 [18.2] 0.40 [0.39]
AuPds/LA 127 [84] 10.0 [17.9] 0.41 [0.38]
Au/CZ 65 14.8 0.24
AusPd/CZ 61 [24] 15.1 [18.8] 0.20 [0.11]
AuPd/CZ 61 [22] 15.1 [17.8] 0.21 [0.10]
AuPd4/CZ 54 [22] 15.1 [17.8] 0.20 [0.10]

value after preparation [after ageing at 1223 K]
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Table 3 — XPS binding energies and atomic ratios of the supported AuPd catalysts, surface concentrations compared with bulk concentrations

.../LA BE, eV Atomic ratios® ../ICZ BE, eV Atomic ratio
Au*  Pd®®  Pd*"® | Pd**/Pd’ (Au/Als (Aw/Als (Pd/Al)s (Pd/Al)s Au® | (Au/CZ)s (Au/CZ)s
Au 83.8 - - - 0.0037 | 0.0048 - - Au 83.9 0.040 0,.012
AusPd | 83.4 | 334.6 |336.0| 0.53 0.0033 | 0.0048 | 0.0018 | 0.016 | AusPd | 83.7 0.047 0.016
AuPd | 83.5 | 3345 | 336.0 0.54 0.0030 | 0.0032 | 0.0029 0.027 AuPd 83.7s 0.048 0.013
AuPd> 83.7 0.040 0.0082
AuPds | 83.4 | 334.4 | 336.0 0.85 0.0012 | 0.0016 | 0.0057 0.058 | AuPds4 83.65 0.053 0,0051
Pd - 3349 | 336.6 | 0.65 - 0.011 0.011 Pd - - -
aAu 4t ®Pd 3ds) S — surface (XPS), B — bulk (XRF) °Au/(Ce + Zr)




Table 4 — Chemical state (content in %) of Pd as derived from linear combination analysis of

the XANES spectra in Figure 3

Catalyst Initial state Aged at 1223 K
Pd** Pd’ Pd** Pd°
Pd/LA 45 55 0 100
AuPds/LA 35 65 0 100
AuPd/LA 35 65 0 100
Pd/CZ 60 40 50 50
AuPds/CZ n. a. n.a 20 80
AuPd2/CZ 50 50 60 40
AuPd/CZ 55 45 40 60
AusPd/CZ 70 30 n. a. n. a.
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Figure captions

Figure 1 -

Figure 2 —

Figure 3 —

Figure 4 —

Figure 5 —

Figure 6 —

Figure 7 —

X-ray diffractograms of supported Pd, Au, and AuPd catalysts in the initial state
(after reduction at 523 K and storage); support diffractogram added for comparison;
a — CeZrOx support (CZ), b — La-Al2O3 support (LA).

X-ray diffractograms of supported Pd, Au, and AuPd catalysts after ageing in 5 %
02, 10 % H20, balance He at 1223 K for 6 h; a — CeZrOx support (CZ), b — La-Al2O3
support (LA); signal at 26 ~ 85 ° in b originates from support (cf. Figure 1).
PdK-XANES spectra of supported Pd and AuPd catalysts in the initial state (a - CZ-
supported catalysts, b - LA-supported catalysts) and after oxidative ageing at 1223 K
(c - CZ-supported catalysts, d - LA-supported catalysts).

Catalytic performance of CZ- supported Pd, Au, and AuPd catalysts in the conversion
of a TWC model feed, compared with the performance of a commercial reference
(“Ref™); conversions of CO (a), of propene (b), of NO (c¢), N2O formation (d)
Catalytic performance of LA-supported Pd, Au, and AuPd catalysts in the conversion
of a TWC model feed, compared with the performance of a commercial reference
(“Ref™); conversions of CO (a), of propene (b), of NO (c¢), N2O formation (d).
Influence of ageing at 1223 K on the catalytic performance of CZ-supported Pd, Au,
and AuPd catalysts and of a commercial reference in the conversion of a TWC model
feed; conversions of CO (a), of propene (b), of NO (c), N20O formation (d).
Influence of ageing at 1223 K on the catalytic performance of LA-supported Pd, Au,
and AuPd catalysts and of a commercial reference in the conversion of a TWC model

feed; conversions of CO (a), of propene (b), of NO (c), N20O formation (d).
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Figure 1 — X-ray diffractograms of supported Pd, Au, and AuPd catalysts in the initial state

(after reduction at 523 K and storage); support diffractogram added for comparison; a —

CeZrOx support (CZ), b — La-Al203 support (LA)
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Figure 2 — X-ray diffractograms of supported Pd, Au, and AuPd catalysts after ageing in 5 % Oa,
10 % H20, balance He at 1223 K for 6 h; a — CeZrOx support (CZ), b — La-Al2O3 support (LA);

signal at 20 = 85 ° in b originates from support (cf. Figure 1).
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Figure 3 — PAK-XANES spectra of supported Pd and AuPd catalysts in the initial state (a - CZ-supported
catalysts, b - LA-supported catalysts) and after oxidative ageing at 1223 K (c - CZ-supported catalysts, d -
LA-supported catalysts)
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Figure 4 — Catalytic performance of CZ- supported Pd, Au, and AuPd catalysts in the conversion of a TWC model feed, compared

with the performance of a commercial reference (“Ref”); conversions of CO (a), of propene (b), of NO (c), N20O formation (d)
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Figure 5 — Catalytic performance of LA- supported Pd, Au, and AuPd catalysts in the conversion of a TWC model feed, compared with the

performance of a commercial reference (“Ref”); conversions of CO (a), of propene (b), of NO (c), N2O formation (d).
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Figure 6 — Influence of ageing at 1223 K on the catalytic performance of CZ-supported Pd, Au, and AuPd catalysts and of a commercial reference

in the conversion of a TWC model feed; conversions of CO (a), of propene (b), of NO (c), N2O formation (d).
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Figure 7 — Influence of ageing at 1223 K on the catalytic performance of LA-supported Pd, Au, and AuPd catalysts and of a commercial reference in the

conversion of a TWC model feed; conversions of CO (a), of propene (b), of NO (c), N2O formation (d).
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