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Abstract

In situ Fourier transform infrared spectroscopy was used to study transient CO
oxidation over a series of bimetallic Pd-Pt catalysts with different Pd:Pt molar ratios.
The catalysts were found to contain both alloyed PdPt nanoparticles (particle sizes
25-35 nm) and monometallic Pd nanoparticles (sizes below 10 nm). For oxygen-free
conditions, CO reduces the surface while simultaneously function as a chemical probe
molecule whereby the CO adsorption sites can be characterised. Under these conditions
it is shown that adsorbed carbonyl species form both on the Pd and Pt. On platinum,
CO adsorbs predominantly linearly on top, whereas on palladium it adsorbes in bridged
configurations. This behaviour is used for site speciation of the catalysts. The spectra
from the bimetallic Pd-Pt catalysts are more complicated than a direct superposition
of the spectra for the monometallic catalysts as a consequence of alloy formation and
enrichment of Pd at the surface of the reduced catalysts. The temperature programmed
CO oxidation results show that the addition of Pd to the Pt catalyst supported on
alumina shifts the CO-poisoned state to lower temperatures therefore increasing the

temperature range for the CO oxidation at low temperatures.



Introduction

Oxidation of carbon monoxide is one of the most studied catalytic reactions in heteroge-
neous catalysis not only for its importance in environmental applications such as automotive
emission control but also for its use as probe reaction in the development of new catalysts.
Further, CO is a suitable molecule for characterisation of surfaces and probing of different
binding sites on catalytic surfaces.!? Both the CO/Pd and CO/Pt systems have previously

18 and references therein. The

been studied by several groups, as summarised in references
results indicate that CO adsorbs mainly linearly on atop surface sites on Pt surfaces while
for Pd surfaces hollow sites are preferred at low CO coverages and bridge/on-top sites are
populated at higher coverages.! For bimetallic Pd-Pt catalysts, however, less work has been
devoted to CO adsorption and the characterisation of their surface structure using CO as
probe molecule.

We study bimetallic palladium-based catalysts used in various reactions such as oxidation
of hydrocarbons,®!® hydrodesulfurization,'® or hydrodeoxygenation,? because of their en-
hanced activity compared to monometallic Pd or Pt catalysts. The properties of bimetallic
catalysts are often different from those of the constituent components with high structural
complexity. Often a preferential distribution of Pd atoms at the nanoalloys surface has been
observed both experimentally?! and theoretically???? for the Pd-Pt nanoparticles. A review
of the effect of metal addition to Pd-based catalysts has previously been presented by Coq
and Figueras.?*

Recent studies have demonstrated that the structure, composition, and chemical state of
the surface of bimetallic catalysts play a critical role in determining their catalytic properties.
The surface composition of alloys, in particular the composition of the topmost surface layer,
is generally different from the bulk composition due to segregation processes.? 27 Several
studies on Pt-Pd bimetallics dispersed on a support have reported segregation of Pd on the
surface of bimetallic particles under both oxidative or reducing environments even thought

the alloy formation has not always been questioned. 83!



Previously, we have studied the influence of temperature and atmosphere during catalyst
calcination on the alloy formation and oxidation/reduction behaviour of bimetallic Pd-Pt
catalysts supported on alumina containing 2 wt.% Pd and 0.4 wt.% Pt using a combination
of X-ray absorption spectroscopy (XAS), low-energy ion scattering spectroscopy (LEIS),
transmission electron microscopy (TEM) and X-ray diffraction (XRD).?? It was shown that
bimetallic Pd-Pt nanoparticles alloy is evident in the catalysts calcined at 800 °C, both in dry
and wet air. In addition to alloy nanoparticles, these samples show the presence of smaller Pd
nanoparticles. Further, the bimetallic nanoparticles were found to expose a Pd-Pt metallic
surface under reducing conditions (Pd enriched), while under oxidising conditions, a PdO
phase dominates the surface. No alloy formation was observed for the catalyst calcined at
500 °C, but individual monometallic Pd or Pt nanoparticles that are oxidised to PdO and
PtO, under oxidising conditions.

Further, the same series of bimetallic Pd-Pt catalysts showed a similar behaviour of
the alloyed nanoparticles during lean and rich methane oxidation conditions as previously
observed during oxidation and reduction treatments.® In situ diffusive reflectance infrared
Fourier transform spectroscopy (DRIFTS) measurements showed the formation of adsorbed
carbonyl species during rich conditions over the catalysts and the measurements indicate that
the non-alloyed nanoparticle sample (calcined at 500 °C) exposes both Pd and Pt during
reaction conditions, while the samples calcined at 800 °C mainly expose Pd, which is easily
oxidised to PdO under lean conditions. The measurements suggested that using CO as
probe molecule combined with an easy-available characterisation method such as DRIFTS
may provide a clear evidence of alloy formation in bimetallic catalysts.

In the present work, transient CO oxidation has been studied over a series of bimetal-
lic Pd-Pt catalysts and their surface structure has been characterised by in situ DRIFT
spectroscopy using CO as probe molecule. Particular focus is paid on the formation on
carbonyl species during oxygen-free conditions. The catalysts contain alloyed nanoparticles

with different metal loadings and Pd:Pt molar ratios and were initially calcined in air at 800



°C, since our previous results indicated the existence of PdPt alloy at 800 °C for a similar

system. 32

Experimental section

Catalyst preparation and ex situ characterisation

Model catalysts (from here referred to as catalysts) with different Pd and Pt loadings sup-
ported on « -Al,O3 were prepared by incipient wetness impregnation followed by calcination
in air 800 °C for 10 h. For comparison, additional samples containing either 2.0 or 0.4 wt.%
Pd or Pt were prepared. The different samples are summarised in Table 5. For simplicity,
the samples will hereafter be referred to by their sample ID.

Inductively coupled plasma optical emission spectroscopy (ICP-OES) analysis was used

to confirm the noble metal content of all samples.

Table 1: Nomenclature for the catalyst samples used in this study.

Sample ID Molar ratio Pd:Pt Metal content ICP metal content Assay metal content  Alloy composition
Pd (wt.%) Pt (wt.%) Pd (wt.%) Pt (wt.%) Pd:Pt (at.%) Pd:Pt (at.%)
2 Pd-0.4 Pt 9:1 2.0 0.4 1.76 0.35 89:11 54:46
1.2 Pd-1.2 Pt 2:1 1.2 1.2 1.10 1.10 63:37 51:49
0.4 Pd-2 Pt 0.4:1 0.4 2.0 0.36 1.81 25:75 15:85
2 Pt - - 2.0 - 1.77 - -
0.4 Pt - - 0.4 - 0.36 -
2 Pd - 2.0 - 1.77 -
0.4 Pd - 0.4 - 0.37 -

The crystal structure and alloy formation of the samples were studied by X-ray diffraction
at beamline 1711 at the MAX IV Laboratory in Lund, Sweden, 334 using a Newport diffrac-
tometer equipped with a Pilatus 100K area detector, at a fixed wavelength (A = 0.9941 A)
The detector was scanned continuously from 0 to 120° in approximately 20 min, recording
125 images/° (step size of 0.008°). The true 2-theta position of each pixel was recalculated,
yielding an average number of 100000 pixels contributing to each 2-theta value. The samples,

contained in 0.3 mm spinning capillaries, were measured in transmission mode.



In situ Fourier transform infrared spectroscopy

The in situ Fourier transform infrared spectroscopy measurements were performed in diffuse
reflectance mode with a BRUKER Vertex 70 spectrometer equipped with a high-temperature
stainless steel reaction cell (Harrick Praying Mantis™ High Temperature Reaction Chamber)
with KBr windows and a nitrogen-cooled MCT detector. The reaction cell contains a sample
cup with a diameter of 6 mm and a depth of 3 mm. The wavenumber region between 1700-
2500 cm~! was measured with a spectral resolution of 2 cm ™! and a time resolution of about
1.5 s. The temperature of the sample holder was measured by a thermocouple (type k) and
controlled by a PID regulator (Eurotherm). Feed gases were introduced into the reaction cell
via individual mass flow controllers, providing a total flow of 100 ml/min in all experiments.
Prior to the temperature ramp experiments, each sample was pre-treated at 250 °C in a flow
of Hy for 10 min and subsequently in a flow of Os for 10 min. An IR background was recorded
after the sample was reduced in Hy. The sample was then exposed to 0.1%CO+2%0, and
the temperature was decreased in steps of 5 °C/min to 50 °C and finally increased to 250
°C after 10 min at 50 °C.

For the CO oxidation step response experiments the sample was pre-treated with a net-
oxidising CO/O9/Ar feed for 20 min at the actual temperature to be studied and then
a background spectrum was collected of the sample in the feed since it will contain no
absorption bands for CO bonded to the nobel metal particles under oxidising conditions.
Two different measurement series of transient CO oxidation over the different Pt, Pd and
Pd-Pt catalysts at different CO/O, ratios were performed as described in Table 2. In the
first series, the samples were exposed to 0.1%CO/1%0,/Ar for 60 s, followed by a exposure
to 0.1%CO/Ar flow for 300 s (reduction phase) and then exposure to 0.1%CO/1%0y/Ar for
another 240 s (oxidation phase) at three different temperatures (350, 250 and 150 °C). In the
second experimental series, the CO concentration was increased to 1% and the experiment
was repeated at 250 °C under otherwise the same reaction conditions. The product stream

was continuously analysed by mass spectrometry (Hidden Analytical, HPS-20 QIC) following



the m/e ratios 2 (Hsy), 15 and 16 (CHy), 18 (HyO), 28 (CO), 40 (Ar) and 44 (CO,).

Table 2: Summary of step response experimental conditions for the DRIFTS experiments.

Experiment Gas composition Duration Process
El 0.1%C0O/1%02/Ar 20 min  Pre-treatmnent
0.1%CO/1%02/Ar 60 s
0.1%CO/Ar 300 s Reduction phase
0.1%C0O/1%02/Ar 240 s Oxidation phase
E2 1%CO/1%02/Ar 20 min ~ Pre-treatmnent
1%C0O/1%02/Ar 60 s
1%CO/Ar 300 s Reduction phase

1%CO/1%02/Ar 240 s Oxidation phase

Results and discussion

Ezx situ characterisation of as-prepared samples

The metal loadings of Pd and Pt of the catalysts have been determined from the ICP-OES
(shortly ICP) and are presented in Table 1. It can be observed that the actual metal loadings
are very similar to the theoretically expected values.

X-ray diffraction patterns were recorded for each of the samples to investigate both the
presence and crystallinity of different phases as well as the apparent crystal size of catalyst
particles. Fig. 1 shows the XRD patterns for the as-prepared Pd, Pt and Pd-Pt/Al,O3
catalysts calcined at 800 °C in air. The Pd/Al,O3 catalysts show the presence of Al,O3
(denoted by black and green lines at the bottom) and PdO (denoted by red lines), while the
Pt/Al,O3 catalysts show the presence of metallic Pt (denoted by blue lines) in addition to
alumina. The different reflections were assigned using the ICSD data for Pd, Pt, PdO and
alumina at a wavelength of 0.9941 A.3® The PdO peaks are relatively broad implying that
PdO are highly dispersed over the surface of the support. A clear analysis of the XRD data
suggests the support to be a mixture of different alumina phases for all samples, even though

the gamma phase dominates the diffraction patterns.
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Figure 1: XRD patterns of as-prepared Pd, Pt and Pd-Pt catalysts supported on AlyOj
and calcined at 800 °C in air. The coloured bars at the bottom represent the reflections
calculated using the ICSD database for Pt (blue), PdO (red), and alumina (black- v phase
and green- combination of 7-v-0 phases).



For the bimetallic Pd-Pt samples no peaks due to metallic Pt or Pd are observed in
addition to alumina, but PdO reflections and additional reflections (denoted by *) which are
attributed to Pd-Pt scattering, similar to the results presented in our previous publication.3?
We find the strongest new reflections to appear at 25.25 and 29.25° for the 2 Pd-0.4 Pt and
1.2 Pd-1.2 Pt samples, while they are slightly shifted towards metallic Pt for the 0.4 Pd-2 Pt
sample (25.15° and 29.15°), suggesting that the structure of the alloy Pt-Pd nanoparticles
in this sample is similar to the Pt nanoparticle sample. The new reflections are sharp for
the 1.2 Pd-1.2 Pt and 0.4 Pd-2 Pt samples suggesting larger crystallites as compared to
the 2 Pd-0.4 Pt sample where broader Pd-Pt reflections are observed. Further, only minor
amounts of PdO are observed for the bimetallic samples with Pd:Pt molar ratio equal or
lower than 2:1, suggesting that palladium is well dispersed in these samples.

The full width at half maximum (FWHM) values of the characteristic peaks of PdO(101)
(20= 21.7°), Pt(111) (260= 25°) and Pd-Pt (20= 25.25° or 25.15°) are used to calculate the
apparent crystallite sizes, using Scherrer’s equation® (t = K*\ / (B(260)*cos(f)), where t=
apparent size of the ordered domains, A=0.9941 A, B(26)=FWHM, #=Bragg angle, K=0.89,
the shape factor), and the results are listed in Table 3. An increase in the PdO crystallite
size is observed for the Pd-Pt catalysts compared to the Pd catalyst containing the same
amount of Pd, while, for the Pd-Pt catalysts, less sintering of Pd-Pt crystallites is observed
compared to Pt crystallites of the Pt monometallic catalysts. Lowering the amount of Pd or

Pt in the bimetallic samples will result in smaller crystallites.

CO oxidation over bimetallic Pd-Pt/alumina model catalysts
Temperature programmed CO oxidation

The CO oxidation was performed under a flow of 0.1%CO+2%0O, while the temperature
was reduced from 250 °C to 50 °C in steps of 5 °C/min and then increased to 250 °C after
10 min at 50 °C. Figure 2 shows the time evolution of the IR bands in the interval 1700-

2500 cm~! during the cooling and heating in a flow of CO+0O, for the bimetallic samples
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Table 3: Apparent particle sizes calculated from XRD patterns using Scherrers equation at
a wavelength A\ = 0.9941 A.

Sample ID Pd:Pt 20 PdO dpdo 20 Pd-Pt dpd_pt 20Pt dpt
(weo) () (om) (%) (om)  (°)  (om)
2 Pd-0.4 Pt 2:0.4 21.7 11.0 25.25 26.0 - -
1.2Pd-1.2 Pt 1.2:1.2 21.7 5.0 25.25 30.0 - -
0.4 Pd-2 Pt 0.4:2 21.7 <3.0 25.15 31.0 - -
2 Pt 0:2 - - - - 25.0.0 33.0

0.4 Pt 0:0.4 - - - - 25.0 270
2 Pd 2:0 21.7 7.5 - - - -
0.4 Pd 0.4:0 - - - - - -

2Pd-0.4 P/ALO,

0.4 Pd-2 P/ALO, 1.2Pd-1.2 PY/ALO,

ainjesadwa)

1000 2000 3000 4000 5000 1000 2000 3000 4000 5000 1000 2000 3000 4000 5000
Time (s) Time (s) Time (s)

Figure 2: Time resolved IR absorption spectra in the wavenumber region 1700-2500 cm™*

for the Pd-Pt catalysts supported on Al,O3 and calcined at 800 °C in air and exposed to
0.1%CO+2%0, while the temperature has been reduced from 250 °C to 50 °C in steps of
5 °C/min and then increased back to 250 °C after staying at 50 °C for 10 min for the 0.4
Pd-2Pt (left panels), 1.2 Pd-1.2 Pt (middle panels) and 2 Pd-0.4 Pt (right panels) catalysts.
Bottom: Intensity of the CO adsorption band at 2083 cm™! (linear) or 1983 cm™! (bridge).
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together with the integrated peak intensity for the adsorbed CO species (linear and bridge
configurations) formed during the measurement. Formation of CO, in the gas phase can be
detected in the IR spectra at temperatures above ~160 °C (bands centred at 2350 cm™!) for
all samples indicating the proceeding reaction. The COy bands disappear for temperatures
below ~160 °C when CO adsorption is observed. This is confirmed by the mass spectrom-
etry data presented in Figure S1 in the Supplementary Information. Table 4 shows the
formation temperature of CO adsorbed species for the different bimetallic catalysts during
the temperature programmed CO oxidation measurements both during cooling and heating
ramps. The differences observed between the different samples may be explained by a size-
dependent effect of Pd nanoparticles: smaller particles will be completely oxidized (0.4 Pd-2
Pt sample), whereas for the samples with intermediate particles sizes partial oxidation takes
place (1.2Pd-1.2Pt and 2Pd-0.4Pt samples) and can, therefore, be reduced faster.3”

Carbon monoxide and oxygen adsorb competitively, where CO adsorption is favored at
low temperatures as seen in the FTIR spectra by the formation of CO adsorbed species. This
gives rise to the hysteresis behavior observed for all samples during the heating and cooling
ramps, due to the different adsorbates formed during the oxidation (above 160 °C) and
reduction (below 160 °C) periods for CO oxidation. For the 0.4 Pd-2 Pt sample, adsorbed
CO blocks Oy dissociation below 150 °C with the appearance of a dominant signal at about
2080 cm~! which has previously been assigned to linearly adsorbed CO on metallic Pt,
suggesting that mainly Pt is exposed at the surface of the catalyst reduced by CO. By
increasing the Pd content and lowering the Pt metal content, the intensity of the adsorption
band for CO on Pd (mainly bridge-bonded CO) increases correspondingly. The assignment
of the different bands will be discussed in more detail under the CO adsorption measurements
section (3.2.3). The 1.2 Pd-1.2 Pt and 2 Pd-0.4 Pt samples show an increased intensity for
the absorption band for bridge-bonded CO on Pd indicating the presence of metallic Pd on
the surface during CO oxidation below 130 °C.

Those results indicate that the surface of the bimetallic catalysts is covered by CO below

11



~160 °C, with CO adsorbing on both Pd and Pt metallic surfaces. A slight shift of the
CO adsorption bands towards lower wavenumbers is observed for all samples during the
temperature increase, which is likely due to the decreased CO coverage, i.e., CO-CO lateral
interaction.

Table 4: The formation temperature of CO adsorbed species for the different bimetallic
catalysts during the temperature programmed CO oxidation measurements.

Catalyst T ramp down T ramp up
0.4 Pd-2 Pt 145 °C 155 °C
1.2 Pd-1.2 Pt 130 °C 145 °C
2 Pd-0.4 Pt 125 °C 140 °C

During the low reaction rate regime, the metallic surface is CO covered (the reaction is
CO self-poisoned), while in the state with a high reaction rate, no adsorbed CO is observed
and the surface of the catalysts is expected to be covered with O species. Only CO adsorp-
tion on reduced metal sites is detected during the CO oxidation at low temperatures. This is
in agreement with previous studies of CO oxidation over Pt, reporting CO adsorption which
poisons Pt sites with respect to oxygen adsorption and therefore inhibits CO oxidation at
low temperatures.3® The results show that the addition of Pd to the Pt catalyst supported
on alumina shifts the CO-poisoned state to lower temperatures therefore increasing the tem-
perature range for the CO oxidation at low temperatures. Further, the transition from an O
to a CO covered surface occurs slower than the reverse transition from a CO to an O covered
surface as also illustrated in Figures S2-S4 in the Supporting Information and as previously

t.39 This may indicate that possibly a restructuring of the nanoparticles takes

reported for P
place during CO adsorption as discussed below. The results show that CO can be used as
a probe molecule to characterise the surface structure of the nanoparticles at temperatures

below ~150 °C when it accumulates on the surface.
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Figure 3: Top: Time resolved IR absorption spectra in the wavenumber region 1700-2500
cm ™! for the Pd-Pt catalysts supported on Al,O3 and calcined at 800 °C in air and exposed
to 0.1% CO + 1% O for 1 min followed by a flow of 0.1% CO for 5 minutes (reduction
phase) and 0.1% CO-+ 1% O, for 4 min (E1) at 250 °C for the 0.4 Pd-2 Pt (left panel),
1.2 Pd-1.2 Pt (middle panel) and 2 Pd-0.4 Pt (right panel) catalysts. The middle panels
show the peak intensities for the linearly (red) or bridge-bonded (blue) CO adsorbed on the
noble metal nanoparticles, while the bottom panels show the mass spectrometry signals for
O3 (32), CO (28) and CO; (44) during the experiment.
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Oxygen step-response experiments

Additional experiments were performed to investigate the changes in the oxidation state for
the noble metal particles of the bimetallic catalysts during the CO oxidation reaction. The
IR results from the first series of the step response experiments (E1 according to Table 2)
with 0.1% CO and 1% O5 at 250 °C are presented in Figure 3 for the bimetallic catalysts
with different Pd:Pt molar ratios. Figure 3 shows the time evolution of the absorption bands
in the interval 1700-2200 cm ™! at 250 °C during step changes of the O, concentration for the
bimetallic samples together with the integrated peak areas for the carbonyl species formed
during the reduction phase. The results of the same series of experiments (E1) performed at
150 and 350 °C are similar to the ones performed at 250 °C and are presented in Figures S2
and S3 (Supporting Information)’. A trend from these figures is the formation of clear CO
adsorption on metal bands after the O5 supply has been turned off at t = 60 s. No bands are
observed during the oxidation phase and no clear shift is observed in the absorption bands
during the reduction phase for any of the samples at each constant temperature. Therefore,

we focus the remaining discussion on the results obtained at the end of the reduction phase.

CO adsorption on reduced bimetallic Pd-Pt/alumina model catalysts

Since the transient CO oxidation measurements presented above do not give any information
on the oxidation state of the supported particles, i.e., no band of CO adsorbed on the oxidised
metal is observed immediately after the switch to oxygen-free conditions, CO is used mainly
as probe molecule while it simultaneously acts as a reducing agent.

Selected spectra collected from all investigated samples at the end of the reduction phase
(i.e., after the samples have been exposed to 0.1% CO for 5 minutes) are presented in Figure
4 for each constant temperature measurements (150, 250, and 350 °C). During the reduction
phase the main absorption bands evolve, corresponding to carbonyl species adsorbed on the
nobel metal nanoparticles.

We will start by discussing the results obtained at 150 °C. For the 2 Pt sample, a strong
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Figure 4: IR absorption spectra in the wavenumber region 1700-2200 cm~! for the Pd, Pt
and Pd-Pt catalysts supported on Al,O3 and calcined at 800 °C in air and exposed to 0.1%
CO for 5 minutes (reduction phase) at 150 °C (left panel), 250 °C(middle panel) and 350 °C
(right panel).

Table 5: Assignment of IR absorption bands within the wavenumber region 1800-2200 cm ™!
observed in this study.

Wavenumber (cm™!) Species Reference
2070-2090 CO linearly bonded on Pt 8,39
1825-1850 Bridge-bonded CO on Pt 8,39
2050-2070 CO linearly bonded on Pd 40,42
1900-2000 Bridge-bonded CO on Pd 1,2,40,42
1850-1900 Three-fold hollow CO on Pd 142
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absorption band around 2090 cm~! with a shoulder on the lower wavenumber side of the
maximum is observed together with a weaker broad band around 1825 cm™! after the sample
has been exposed to 0.1% CO for 5 minutes (reduction phase) at 150 °C. Those are attributed
to linearly adsorbed CO and bridge-bonded CO, respectively, on metallic platinum, as pre-
viously assigned®3 (Table 5). The shoulder on the lower wavenumber side close to the band
from linearly bonded CO is probably due to geometric effects as previously reported for CO
adsorption on Pd4%4! (a high CO coverage reduces the back-bonding capability and leads to
a blue-shift of the absorption band).

For the 2 Pd sample, it is interesting to note that there is a strong bonding of CO to
bridge sites at particles edges, as observed by the high intensity peak at about 1980-1930 cm !
and previously reported for supported Pd nanoparticles. 24%42 In addition, a weaker band
around 2065 cm™! is observed which has previously been assigned to linearly-bonded CO in
metallic Pd4%4243 (Table 5). The integrated intensity of the band for bridge-bonded species
is significantly higher than that of linear complexes, in agreement with previous reports:
CO adsorbs predominantly bridge-bonded on the Pd surfaces, at temperatures above room
temperature, therefore the higher intensity of the bridge-bonded component.*?

For the 0.4% monometallic samples, the intensity of the bands is much weaker compared
to the 2% monometallic samples as expected due to the lower content of metal, i.e., lower
surface concentration and, therefore, less CO will adsorb.

The spectra of CO adsorbed on the bimetallic catalysts are different than simple su-
perpositions of the spectra of CO adsorbed on the corresponding monometallic Pd and Pt
catalysts with different metal contents. As supported by the XRD results, the bimetallic
nanoparticle samples contain both alloyed PdPt and smaller Pd nanoparticles (see Table 3).
The intensity of the absorption bands for the bimetallic catalysts is lower compared to the
monometallic catalysts with similar metal loadings indicating the existence of an interaction
between Pd and Pt in the bimetallic samples, which partly affects the CO adsorption as

suggested earlier.'? Another explanation may be the larger particle sizes for the bimetallic
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samples compared to the monometallic ones, which will lead to lower metal surface area
and therefore less CO adsorption. According to Table 3, the particle sizes are compara-
ble for the monometallic and bimetallic samples, with even less sintering for the bimetallic
catalysts, therefore the existence of an interaction between Pd and Pt is a more plausible
explanation for this difference. This evidence of alloy formation between Pd and Pt from
DRIFTS combined with the XRD results presented above supports our assumptions that the
samples calcined at 800 °C contain alloyed nanoparticles. Decreasing the Pt content in the
bimetallic samples and increasing the Pd content, induces a decrease of the intensity of the
band mainly characteristic of CO adsorbed on Pt (band between 2080-2090 cm ™) while the
absorption characteristic of CO adsorbed on Pd (bands below 2000 cm™) develops progres-
sively. Further, the bimetallic samples containing similar or higher amount of Pt compared
to Pd show a broadening of the bands below 2000 cm™!. It is noteworthily mentioning that
these changes are even observed on the bimetallic catalysts containing low metal loadings
such as 0.4 wt.% metal.

The spectra from the 2 Pd-0.4 Pt and 1.2 Pd-1.2 Pt samples (i.e., Pd:Pt molar ratio
of 2:1 or higher), resemble the 2 Pd sample spectra, with a prominent broad band visible
below 2000 cm ™!, which corresponds to bridge-bonded CO on metallic Pd. Due to a broad
signal below 2000 cm ™!, it is difficult to observe a possibly small shift in the absorption band
positions assigned to CO adsorbed on Pd and even some abundance of threefold coordinated
CO on Pd cannot be excluded. The integrated intensity of the band of CO adsorbed on
these bimetallic catalysts is much lower than that of the corresponding intensity for the
monometallic Pd catalyst and, in addition, no clear band of linearly adsorbed CO on Pt is
visible. This can be either due to a particle size effect or an enrichment of Pd at the surface
of Pd-Pt alloyed particles. Since the XRD results indicate somewhat larger PdO crystallites
for the 2 Pd-0.4 Pt sample and relatively large Pd-Pt particles (26-30 nm) for both samples,
this explains partly the decreased intensity of the spectrum of CO adsorbed on the bimetallic

catalysts. However, this does not explain the lack of absorption bands corresponding to CO
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adsorbed on Pt. Thus, these observations suggest an increased amount of Pd at the surface
of the reduced Pd-Pt nanoparticles. This conclusion agrees well with our previous study of
oxidation/reduction behaviour on bimetallic Pd-Pt catalysts.3?

The absorption spectrum for CO adsorbed on the 0.4 Pd-2 Pt sample is quite similar
to that of CO absorbed on the monometallic 2 Pt catalyst. It contains two absorption
bands with maxima at 2080 cm™! and 2035 cm™!, which are slightly lower wavenumbers
than the ones observed for CO adsorbed on pure Pt. This in an interesting observation
and indicates some electronic modification of Pt due to alloy formation (ligand effect) as
previously reported for a similar system.*! The alloy formation between Pd and Pt will
result in electron density transfer from Pd to Pt, since the electron affinity of Pt is higher
than for Pd. Due to the similarity to the corresponding spectrum of CO linearly adsorbed on
Pt, the bands at 2080 cm ™! and 2035 cm ™! most probably correspond to linearly adsorbed
CO on surface Pt atoms. Even more, the shift in the CO adsorption band can be due
to a restructure of the particles surface during the CO adsorption. Due to a broad signal
below 2000 cm ™!, even some bridge- or three-fold bonded CO on Pd cannot be excluded,
even though it is not possible to determine the maxima in this range. The low intensity is
most likely related to a lower dispersion of Pd in the reduced catalyst, also suggested by
the XRD results. The surface concentration of Pt in this sample is much lower than in the
monometallic 2 Pt catalyst. This cannot be explained by lower particle size, since, according
to Table 3, smaller particles are observed for the bimetallic sample. Therefore, one has to
conclude that the surface of the alloy particles is enriched with Pd.

Similar results are obtained after repeating the measurements at 250 and 350 °C. A slight
shift towards lower wavenumbers is observed for the carbonyl bands as the temperature is
increased which is coherent with previous results and discussed elsewhere.3?414445 Tn addi-
tion, the band for the bridge-bonded CO increases in intensity and sharpens by decreasing
the temperature suggesting an increasing coverage on Pd at lower temperatures, while the

opposite yields for CO on Pt (increased coverage at higher temperature).
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The mass spectrometry data recorded during the FTIR measurements for the E1 exper-
iments are presented in Figure 3 (250 °C) and Figures S2-S3 (150 and 350 °C) (Supporting
Information). The data show a similar behavior for all bimetallic catalysts investigated in
this study: during the reduction phase, after the Oy switch (t= 60 s), there is a slow ex-
tinction of the CO oxidation reaction for about 100 s as illustrated by the decrease of the
m/e 44 and an increase of the m/e 28 signals. During this period a continuous increase of
the linearly and bridge bonded CO on metal is seen. The start of this increase depends on
the temperature: the lower the temperature the fastest the increase (i.e., at 70 s for 150
°C, 100 s for 250 °C, and 105 s for 350 °C). Both bands increase rather quickly for the first
30 s and then reach a plateau for the remaining time of the reduction phase. At t=360 s
the Oy supply is turned on again (oxidation phase) and the onset of the CO oxidation is
indicated by the decrease of the m/e 28 signal and the increase of the m/e 44 signal. The
formed carbonyl species decrease and disappear immediately after the Oy switch. The delay
in the formation of carbonyl bands as the temperature is increased may indicate a higher
oxidation state of the metal particles which require additional time to be reduced at higher
temperatures. By increasing the CO concentration this time shall significantly be reduced
as discussed below.

In the second series of IR experiments, the CO concentration was increased by a factor
of 10 and the results from the reduction phase at 250 °C are presented in Figure 5. The
absorption band for gas phase CO is visible on all spectra between 2100-2200 cm™!. Similar
results are obtained as compared to the measurements presented in Figure 4, with a slight
shift in frequency of the C-O stretching mode between the two experiments depending on
coverage. The complete second series of measurements (E2) for the bimetallic samples at 250
°C are presented in Figure S4 (Supporting Information). Similar to the E1 measurements,
no shift of the CO adsorption bands is observed at this temperature. Further, the formation
of carbonyl species takes place earlier (70 s) after the O has been switched off compared

to the same experiment at lower CO concentration (100 s) as described above for the E1
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experiment.
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Figure 5: IR absorption spectra in the wavenumber region 1700-2500 cm~! for the Pd, Pt
and Pd-Pt catalysts supported on Al,O3 and calcined at 800 °C in air and exposed to 1%
CO for 5 minutes (reduction phase) at 250 °C.

The CO adsorption measurements on the reduced bimetallic catalysts indicate that CO
adsorbs mainly on the Pd sites for the 1.2 Pd-1.2 Pt and 2 Pd-0.4 Pt samples and on the
Pt sites for the 0.4 Pd-2 Pt sample, even though some CO adsorption on Pd cannot be
excluded for this sample, indicating that Pd segregates to the surface of Pd-Pt particles
during reducing conditions. This may indicate a mixed chemical ordering on the Pd-Pt
systems with Pd segregation to the surface sites, as previously reported by Bazin et al.?!

Previous adsorption and reactivity studies of Pd-based catalysts, reported on the CO-
induced changes on particles size and shape for the Pd nanoparticles® also confirmed by
DFT calculations of CO chemisorption on Pd and Pt nanoclusters Pt.5 Therefore, we cannot
exclude that a restructure of particles surface structure may occur in the bimetallic Pd-Pt
nanoparticles during CO adsorption. The presented results are supporting our previous

findings on the characterisation of the surface structure during reducing conditions of 2 Pd-
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0.4 Pt catalyst, which reported that a Pd enriched surface is exposed at the surface of the
reduced catalyst.3? Even more, the results support the alloy formation for the bimetallic Pd-
Pt samples calcined at 800 °C as we have previously reported.®3? Thus, the method presented
in this study can be used to provide information on alloy formation and to characterise the
surface of bimetallic catalysts with different surface compositions.

Some previous studies have shown that long CO exposure on Pd/alumina may lead to
formation of CO carbide species.*6 Therefore, one could expect a similar situation during
the present measurements. Our complementary in situ XRD results (not shown) do not
show any changes in the unit cell parameters during the same set of experiments, therefore

excluding the possibility that such species may form during the low exposure time (5 min).

Conclusions

The surface structure of various bimetallic Pd-Pt catalysts has been characterised using CO
as probe molecule by in situ FTIR spectroscopy. This spectroscopic study shows that the
spectra for bimetallic Pd-Pt catalysts are not superpositions of the corresponding spectra for
Pt and Pd, confirming our previous conclusion about PdPt alloy formation for the samples
calcined at 800 °C. The results also show that the surface of the alloy particles is enriched
with Pd for the reduced catalysts when the Pd:Pt ratio is higher or equal to 2:1 and a Pt
enriched surface is exposed when the catalysts contains mainly Pt. The presented method
can be used as a starting point to characterise the surface of bimetallic catalysts with different

surface compositions.
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