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Abstract: Bimetallic AuPd nanoparticles supported on TiO; are known to catalyze the reduction of
NO with CO. Here, we investigated the effects of the addition of lanthanum oxide to a AuPd/TiO,
catalyst with a AuPd particle size of 2.1-2.2 nm. The addition of La,O3 enhanced the catalytic activity;
for example, at 250 °C, there was 40.9% NO conversion and 49.3% Nj-selectivity for AuPd/TiO,, and
100% NO conversion and 100% Nj-selectivity for AuPd-La (1:1)/TiO;. The temperature requiring
100% NO conversion dropped from 400 °C to 200 °C by the simple post-impregnation of La;O3 onto
AuPd/TiO;. In situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) combined
with modulation excitation spectroscopy (MES) demonstrated that CO adsorption occurs first on Au
atoms and then, within 80 s, moves onto Pd atoms. This transformation between two adsorption
sites was facilitated by the addition of LayOs.

Keywords: bimetallic AuPd; in situ DRIFTS; La,O3; modulation excitation spectroscopy; NO reduc-
tion with CO

1. Introduction

Fundamental discoveries in the 1970s and 1980s [1,2] that gold nanoparticles sup-
ported on metal oxides act as a catalyst in a low temperature range is one of the most
fascinating observations in chemistry. Before that, bulk Au had been considered inert and
unreactive because of its electron negativity (2.54), which is close to the value of carbon
(2.55) [3]. Au nanoparticles need to be finely dispersed on the metal oxide support [1,2] and
their preparation method greatly influences the catalytic performance of the Au catalysts [4].
In addition, the valence electrons, the nature of support materials, interface/perimeter
between Au and metal oxide, and their charge transfer strongly affect the catalytic perfor-
mance of Au catalysis [5]. Au catalysis covers a wide range of chemical reactions such as
oxidation [6], hydrogenation [7], cross-coupling reaction [8], fine chemical synthesis [9],
and photocatalysis [10]. Its high potential has opened a path for the industrialization of Au
catalysis in biorefinery, fine chemical synthesis, and pharmaceutical industries [11].

Nitric oxide and carbon monoxide emitted from internal combustion engines are
dangerous to public health and ecological balance [12]. Noble metals such as Rh, Pt, and
Pd supported on metal oxides have been extensively explored for eliminating NO and CO
simultaneously [13-20]. Catalytic reduction of NO with CO proceeds via the formation of
isocyanate (-NCO) species and their reaction with NO to form Ny and CO, [14]. Pd-based
catalysts have been reported to be an alternative to traditional three-way catalysts [19,21].
However, the limitation of the Pd catalysts is its low selectivity to dinitrogen. There are
two main factors to control the Nj-selectivity regulated by the following reactions:

2NO +2CO — N, +2 CO, )
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2NO + CO — N,O + CO, @)
N,O + CO — N, + CO, (3)

Reaction (1) is the direct to path to form Nj. Reactions (2) and (3) indicate the indirect
path via N,O formation and its subsequent reaction with CO. Generally, reaction (3)
governs the Nj-selectivity [22]. To facilitate reaction (3), a number of attempts have
been made for Pd-based catalysts such as the modification of support materials [23-25],
additives [13,26,27], and alloying [28-30]. Alloying Au nanoparticles with Rh has also
been reported to facilitate reaction (3) [31]. Among them, bimetallic AuPd nanoparticles
supported on TiO, was reported to catalyze the above reactions efficiently [32]. AuPd
(1:1)/TiO; outperforms monometallic Pd and Au catalysts [32]. In particular, monometallic
Au catalysts without any additives cannot promote reaction (3) [33,34]. However, even
with highly active bimetallic AuPd catalysts, the full NO conversion requires temperatures
as high as 350 °C and the Nj-selectivity never reaches 100% [33,34]. Therefore, in this
study, we focused on achieving 100% NO conversion and 100% Nj-selectivity at lower
temperature by modification of the AuPd/TiO, catalyst.

Lanthanide elements (e.g., La, Ce) were widely used as an additive to improve catalytic
performance [15,35-37]. For example, the addition of lanthana (LayOs) or ceria (CeOy)
does not only improve the catalytic activity of Pd, but also stabilizes its metallic-state
nanoparticles [15,36]. The model proposed to describe the Pd-lanthana interaction is based
on an assumption of the metal decoration with LaOy (x < 1.5) overlayers migrating from
the support material at the Pd-LaOy interface in a strong metal-support interaction (SMSI)
under reductive conditions [36]. In this study, we combined bimetallic AuPd nanoparticles
and LayOj3 supported on TiO; to harmonize promotional effects for catalytic reduction of
NO with CO. AuPd-LayO3/TiO; catalysts showed high NO conversion and Np-selectivity
in the low temperature range. The effects of the La,O3 were characterized by means of
spectroscopic techniques.

2. Results and Discussion

Figure 1 shows the annular dark-field transmission electron microscope (ADF-TEM)
images of each catalyst and size distribution histograms of bimetallic AuPd nanoparti-
cles. The bimetallic nanoparticles with an average particle size of 2.1-2.2 nm were finely
dispersed on the TiO, support for all samples. The addition of LapO3 had no influence
on the size distribution, whereas BET surface area dropped from 52.1 m?/g to 37.0 m?/g
as in Table 1. Figure 2a,b shows a focused image of a bimetallic AuPd/TiO, particle and
the corresponding energy-dispersive spectroscopy (EDS) line scan of Au and Pd. Au and
Pd elements perfectly overlap each other, which led us to conclude that the bimetallic
AuPd nanoparticles were in the form of a well-mixed alloy. Because the size of AuPd
nanoparticles is not affected by the AuPd-La ratio, effects of La,O3 addition on catalytic
performance can be reasonably evaluated.

Figure 3 shows X-ray photoelectron spectroscopy (XPS) spectra of the Au 4f, Pd 3d,
and La 3d regions of the catalysts pre-treated with pure hydrogen at 300 °C for 1 h. For the
AuPd/TiO,, a peak of Au 4f;/, centered at 82.8 eV was assigned to metallic Au. Two peaks
at 339.9 and 334.6 eV were assigned to metallic Pd [38]. The lower binding energy (BE) for
both Pd3/, and Au 4f;,, compared to the standard values of corresponding metals arose
from the net charge flowing into Au (higher Au s or p electron densities) and Pd (gaining d
electrons from Au) [38—40], indicating the formation of an alloy through the modification
of the electronic structure between Au and Pd. The ratio of Au to Pd (Au/(Au + Pd)) on
the surface was 0.43 (Table S1 in the Supplementary Materials), indicating that Pd was
slightly more present on the surface of the bimetallic nanoparticles. With the addition of
LayOs, the peaks of Au 4f;,, and Pd 3d5,, further shifted toward lower BE, implying the
formation of electron-enriched Au®~ species. The increased electron density on gold is
known to facilitate CO adsorption and thus to enhance catalytic activity [41,42]. Because of
a partial coverage of AuPd particles by Lay,Os, the signals of Au and Pd were attenuated
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(see Table S1 in the Supplementary Materials). The XPS spectrum of La 3d at 834.6 eV
evidenced that La was in the oxidation state of La%* as La,O3 [43]. Moreover, the La 3ds /2
BE values were close to the value of the finely dispersed La;O3 phase (835.0 eV), but they
were substantially higher than the value observed for the pure La,O3 phase (833.5 eV) [44],
indicating the well-dispersed La,O3 on the catalyst surface. This accounts for a reason as
to why the crystalline phase of LayO3; was not observed by XRD (Figure S1).
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Figure 1. TEM images and size distribution profiles of (a,e) AuPd/TiO,, (b,f) AuPd-La(2:1)/TiO,,
(c,g) AuPd-La(1:1)/TiO;, and (d,h) AuPd-La(1:2)/TiO;.



Catalysts 2021, 11, 916

40f11

Counts / a.u.

Distance / nm

Figure 2. (a) TEM image of a bimetallic AuPd particle and (b) EDS line scan of AuPd/TiO,.

Table 1. BET surface area and AuPd particle size of AuPd, AuPd-La, and La supported on TiO,.
Catalyst designations are given in the Experimental Section.

Catalyst Mean Size of Metal Particles/nm BET Surface Area/m? g1
AuPd/TiO, 2.1 52.1
AuPd-La(2:1)/TiO, 22 47.1
AuPd-La(1:1)/TiO, 2.1 432
AuPd-La(1:2)/TiO, 2.2 37
La/TiO, - 19.2
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Figure 3. XPS spectra of (a) Au 4f, (b) Pd 3d, and (c) La 3d regions.

Figure 4 shows the catalytic performance for the reduction of NO with CO (2000 ppm
NO, 2000 ppm CO, He balance: 150 mL/min). AuPd/TiO, only showed low NO conversion
and Nj-selectivity. In addition, it required 400 °C for 100% NO conversion with 75% Nj-
selectivity. Hence, the unpromoted catalyst was proven to be inefficient for the reduction
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of N,O with CO (Reaction (3)). On the other hand, the addition of La,O3 to AuPd/TiO,
drastically changed the catalytic performance. The best performance was achieved with
AuPd-La(1:1)/TiO,: 100% NO conversion and 63.7% Nj-selectivity at 200 °C; and 100%
NO conversion and 100% Nj-selectivity at 250 °C. Further addition of LayOj3 (i.e., AuPd-
La(1:2)/TiO,), deteriorated the catalytic performance probably due to covering the AuPd
nanoparticles by the La;O3 layers. For the catalysts other than AuPd-La(1:1)/TiO,, the
conversion and selectivity dropped in the temperature range of 250-350 °C (Figure 4).
This occasionally happens for the catalytic reduction of NO with CO due to switching
between two different mechanisms: the bimolecular mechanism at low temperature and the
dissociative mechanism at high temperature [29]. As clearly seen in Figure 4, Lay;O3/TiO,
(dotted line) showed poor activity, confirming the unique synergistic effect of bimetallic
AuPd and La0s.
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Figure 4. (a) NO conversion and (b) Nj-selectivity during catalytic reduction of NO with CO; Gas
mixture: 2000 ppm NO, 2000 ppm CO, He balance; Total flow rate: 150 mL/min; GHSV: 12,000 h1
Reaction temperature: 50400 °C.

To further study the surface properties of bimetallic AuPd nanoparticles and their syn-
ergy with La,O3, carbon monoxide was used as a probe molecule. Its adsorption-desorption
behavior was followed by using in situ diffuse reflectance Fourier transform infrared spec-
troscopy (DRIFTS) in tandem with modulation excitation spectroscopy (MES). Figure 5
displays the phase-domain (a, ¢, €, g) and time-domain (b, d, f, h) DRIFTS spectra taken
during repeated cycles of CO adsorption-desorption at 50 °C. In Figure 5a,b (AuPd/TiO,),
a broad IR band at 2150-2220 cm~! was assigned to CO adsorbed on TiO, [45,46]. A
sharp and intense band at 2108 cm~! was assignable to CO linearly-adsorbed on metallic
Au [38,47]. Both bands were detected at the same in-phase angle of 310° and, hence, these
bands appeared at the same time. Interestingly, the band at 2108 cm ™! shifted gradually
and reached its maximum at 2080 cm ™! at an in-phase angle of 260°. This unambiguous
shift observed in the time-domain spectra is rationalized by CO changing its binding
partner from Au to Pd. This transformation completed within 80 s. This new band is
characteristic of linearly-adsorbed CO on Pd [38,47]. The addition of Lay,O3 accelerated
this transformation and enhanced CO adsorption property on Pd revealed by the in-phase
angle of Au-CO at 2108 cm ™! increasing by 30° (310° — 340°). This indicates that CO
adsorption on Au occurred more rapidly, and its change in binding partner from Au-CO to
Pd-CO was also accelerated. AuPd-La(1:2)/TiO, showed intense band of Pd-CO, and its
desorption was considerably delayed compared to the catalysts with a lower amount of
LayO5 addition. The excess addition of Lay,O3 appeared to strengthen the Pd—CO bond.
As evidenced from the XPS spectra (Figure 3), electron-enrichment of AuPd surfaces were
induced by the addition of LayOj3. Electron-enriched metal surfaces are known to facilitate
electron back-donation to 2 pi (7r) anti-bonding molecular orbital of C-O, leading to strong
affinity of adsorbed CO to the metal surfaces. This characteristic affinity was confirmed
by the time-resolved MES-DRIFTS spectra (Figure 5h). This would account for the deteri-
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orated catalytic performance with AuPd-La(1:2)/TiO;. On the other hand, MES-DRIFTS
revealed no influence of the addition of Lay;O3 on NO adsorption as shown in Figure S2 in
the Supplementary Materials. Au nanoparticles were reported to adsorb almost no NO
molecules on the surface [45]. Therefore, the role of bimetallic AuPd nanoparticles would
be a separation of the adsorption site; NO adsorbs preferentially on Pd sites while CO first
adsorbs on Au sites, which migrates to Pd sites to react with adsorbed NO. The synergistic
effect by La,O3 seems to enhance this effect.
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Figure 5. (a,c,e,g) Phase-domain and (b,d,f,h) time-domain DRIFTS spectra during CO adsorption
and desorption on (a,b) AuPd/TiO;, (c,d) AuPd-La(2:1)/TiO,, (e f) AuPd-La(1:1)/TiO,, and (g,h)
AuPd-La(1:2)/TiO, at 50 °C.

Figure 6 shows in situ time-domain and phase-domain DRIFTS spectra during NO + CO
reaction (CO-concentration modulation) at 300 °C. At such high temperature, the band
at 2108 cm~! (Au-CO) was not observed while the band at 2065 cm ™! (Pd-CO), together
with a broad band of bridged CO at 1850-1980 cm~!, directly appeared. This indicates
that at high temperature, CO-transfer from Au to Pd sites occurs rapidly. Compared to
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the CO adsorption spectra (Figure 5), an obvious redshift (2081 cm~! — 2065 cm™!) of
CO adsorption on Pd was observed in the presence of NO at 300 °C. The band at around
2065 cm ™! was reported to be relevant to small Pd clusters covered with O atoms [45].
NO molecules adsorbed on Pd dissociated to N and O atoms, resulting in the Pd clusters
covered with O atoms. This is consistent with our assumption that CO and NO share
the same active sites. After saturation of the surface with adsorbed CO, a new band
at 2204 cm~! gradually emerged with a phase-delay of ca. 30° compared to adsorbed
CO (in-phase angle of 352°). This IR band is characteristic of the stretching vibration
of isocyanate species (—NCO) on the TiO, surface [34,46]. The formation of isocyanate
and its reaction with NO is an important intermediate step to produce N, and CO, [18].
The addition of La,;Oj3 shifted the band position of isocyanate to lower wavenumbers of
2183-2175 cm ™!, which was assigned to the isocyanate adsorbed on metal surfaces [46,48].
This might have promoted further reaction of -NCO with NO to form Nj and CO; on the
bimetallic particles. The fact that the addition of La,O3; doubled the amount of isocyanate
detected on the surface supports this assumption. Nonetheless, its reaction with NO
occurred in the almost same in-phase angle of 318-324°, indicating that the reaction rate of
isocyanate with NO also doubled. Interestingly, by adding LayO3, the band of isocyanate
species on TiO; (2202 cm ') completely disappeared. The presence of La,O3 might have
suppressed the formation of isocyanate on TiO, and facilitated its formation only on
bimetallic nanoparticles.
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Figure 6. (a,c,e,g) Time-domain and (b,d,f,h) phase-domain DRIFTS spectra during catalytic reduc-
tion of NO with CO on (a,b) AuPd/TiO,, (c,d) AuPd-La(2:1)/TiO,, (e,f) AuPd-La(1:1)/TiO;, and
(g,h) AuPd-La(1:2)/TiO, at 300 °C.
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3. Materials and Methods
3.1. Catalyst Preparation

Titanium(IV) oxide (Sigma-Aldrich, Burlington, USA, a mixture of anatase and rutile,
99.5%) was used as a catalytic material support. Chloroauric acid (HAuCly-H,O, Xi’an
Wonder Energy Chemical Co., Ltd., Xi’an, China, 98%), palladium(Il) sodium chloride
(NapPdCly, Xi’an Wonder Energy Chemical Co., Ltd., Xi’an, China, Pd > 35.5%), sodium
hydroxide (J&K Scientific Ltd., Beijing, China, 1 M), and tetra (hydroxymethyl) phospho-
nium chloride (Sigma-Aldrich, Burlington, USA) were used for the synthesis of bimetallic
AuPd nanoparticles. Lanthanum(IlI) nitrate hexahydrate (LaN3Og-6H,0O, Sigma-Aldrich,
Burlington, USA, >99%) was used for post-impregnation of La,O3 as a promoter.

Bimetallic AuPd nanoparticles supported by TiO, were prepared according to a report
by Duff et al. as follows [47,49]: HAuCly and NayPdCly as Au and Pd precursors and
THPC as a reducing agent were dissolved in deionized water. The molar ratios of Au to Pd
were adjusted to 1:1. The ratio of NaOH, THPC, and the metals (Au + Pd) was adjusted
to 6:1.4:1. The resulting colloidal solution was stirred vigorously at room temperature for
1 h, and then added into a suspension of TiO, in 100 mL of deionized water. The total
metal loading amounts to 2 wt%. After the pH value of the suspension was adjusted at 2.0
with nitric acid, the suspension was filtered and washed with 3 L of deionized water. The
obtained material was dried overnight at 80 °C in air.

AuPd-La/TiO, with different AuPd:La molar ratios (2:1, 1:1, 1:2) were prepared by
impregnating the lanthanum precursor onto the above prepared AuPd(1:1)/TiO; catalyst.
The lanthanum(III) nitrate hexahydrate was dissolved in deionized water and stirred for
30 min. Then, AuPd(1:1)/TiO, powders were added and stirred for another 1 h. The
suspension was aged for 1 h at 60 °C in a rotary evaporator and dried at 35 °C under
vacuum. The obtained powders were further dried at 60 °C in an oven overnight. A
reference catalyst, La/TiO,, whose La molar amount corresponded to the AuPd-La(1:1)/
TiO; catalyst, was synthesized in the same impregnation manner. Even though La was
present as La;O3, the promoted catalysts are denoted as AuPd-La/ TiO, for simplicity.

3.2. Catalytic Reaction

The catalytic activity test was carried out in a fixed bed micro-flow reactor system. A
total of 400 mg of catalyst powder was loaded into a stainless-steel tube reactor with an
inner diameter of 8.2 mm. Prior to catalytic reaction, the catalysts were pre-treated at 300 °C
for 1 h under pure Hy (flow rate of 100 mL/min) with a ramping rate of 5 °C/min. To
remove gaseous Hj in the gas lines and adsorbed hydrogen atoms on the catalyst surface,
the catalyst was then kept in a pure He stream at 300 °C for 10 min. Subsequently, the
reactor was cooled down to 50 °C and the reaction mixture (2000 ppm of CO, 2000 ppm
of NO, balanced with He) was introduced at the total flow rate of 150 mL/min, corre-
sponding to a gas-hourly space velocity (GHSV) of 12,000 h—!. Catalytic performance in
the temperature range of 50—400 °C was evaluated with a gas chromatograph (NINGBO
HaiShu Sklon Electronic Instrument Co.,Ltd., Ningbo, China, 9750 GC) equipped with a
thermal conductivity detector (TCD) and a capillary column (Molecular Sieve 5A) and a
NO-NO,-NOx analyzer (Thermo Fischer Scientific, Waltham, USA, 42i-HL). All data were
recorded after waiting for 30-70 min until the gaseous compositions reached a steady state
at each measurement temperature. The same experiments were repeated at least twice
to ensure the reproducibility of the data. A blank test without any catalyst showed no
catalytic activity by the inner wall of the stainless-steel tube reactor. The mass balance
of carbon and nitrogen atoms were almost 100% for all the catalysts tested in the entire
temperature range.

3.3. Catalyst Characterization

BET surface area was measured by the adsorption of nitrogen molecules at liquid
nitrogen temperature by employing a Quadrasorb SI instrument (Quantachrome, Boynton,
FL, USA). Prior to each of the measurements, the sample powders were vacuumed at
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150 °C for 1 h to remove the adsorbed molecules (H,O and CO;) on the catalyst surface
and in the pores of the TiO; support. X-ray diffraction (XRD) patterns were measured with
a PANalytical X'Pert diffractometer (Malvern Panalytical, Malvern, UK) equipped with
Pd-filtered Cu K« radiation at 60 kV and 55 mA. X-ray photoelectron spectroscopy (XPS)
was used to record the surface compositions and oxidation state of each element using
a Thermo ESCALAB 250Xi (Thermo Fischer Scientific, Waltham, USA). Al K« radiation
(1486.6 eV, 15 kV, 10.8 mA) was selected to excite photoelectrons at the 50 eV pass energy.
Transmission electron microscopy (TEM, JEOL, Tokyo, Japan, JEM-2100, 200 kv) was used
to analyze the mean size of bimetallic AuPd nanoparticles. The EDS line scan was applied
to gain information about the elemental distribution of Au and Pd in the nanoparticles. In
situ infrared studies were performed with an infrared spectroscopy (Bruker Corporation,
Billerica, MA, USA, Vertex 70) equipped with an MCT detector at the spectral resolution
of 4 cm~!. A total of 20 mg of the sample was loaded into a porous ceramic cup and
placed in an in situ diffuse reflectance FTIR spectroscopic (DRIFTS) cell (ST Japan, Tokyo,
Japan). Prior to each measurement, the samples were pre-treated with pure Hj at the flow
rate of 100 mL/min for 1 h at 300 °C (ramping rate: 5 °C/min). Modulation-excitation
spectroscopy (MES) was coupled with in situ DRIFTS by periodically changing between two
different gas mixtures: (i) CO (2000 ppm) in He and pure He (CO adsorption-desorption
modulation); and (ii) CO (2000 ppm) and NO (2000 ppm) in He and NO (2000 ppm) in
He (CO-modulation during NO-CO reaction). The spectra of the initial three cycles were
disposed to obtain stable responses. Afterward, the five cycles were averaged as one
cycle to increase the signal-to noise (S/N) ratio. Phase-domain spectra were obtained by a
mathematical treatment of the time-domain spectra according to the following equation:

A (o) = 2 [" Awsin(keot + o) at @

where T represents the length of a cycle; w is the frequency of modulation; (pf 5D is the phase

angle used for demodulation; k is the demodulation index (k = 1 in this study); and A(t)
and Ay are the responses of the active species in the time- and phase-domains, respectively.

4. Conclusions

This work showed a promotional effect of bimetallic AuPd nanoparticles supported
on TiO, by the addition of LayOs in terms of both NO conversion and Nj-selectivity for the
catalytic reduction of NO with CO. XPS study revealed electron-enrichment of bimetallic
AuPd nanoparticles in the presence of Lay O3, leading to a beneficial CO adsorption property.
In situ MES-DRIFTS demonstrated that CO first adsorbs on Au sites and then gradually
move to Pd sites. This site transformation was considerably amplified by the addition
of LapyO3. Another critical role of La;O3 is to promote the formation of the isocyanate
intermediate. This effect seems critical to facilitate the sequential reaction of isocyanate
with NO to produce N, and CO; efficiently. In this study, we focused on the effect of LayO3
addition to the AuPd/TiO; catalyst under model gas conditions (only NO and CO in the
feed gas). There were some reports that under industry-relevant conditions, Pd can be
easily oxidized [50,51]. In light of this, the effect of LapO3 addition onto the behavior of
AuPd alloys should be the next scope of this research direction.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/catal11080916/s1, Table S1: XPS results of AuPd, AuPd-La, La supported on TiO,, Figure S1:
XRD patterns, Figure S2: Phase-domain IR spectra during NO adsorption-desorption cycles at 50 °C.
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