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Palladium catalysts supported on various metal oxides were characterized using X-ray photoelectron
spectroscopy (XPS), X-ray diffraction (XRD) and transmission electron microscopy (TEM) to investigate
why these catalysts do not show any correlation between the measured Pd surface area and the catalytic
activity for the oxidative coupling of 4-methylpyridine to 4,4'-dimethyl-2,2’-bipyridine.

The XPS data confirm the classification of n-Al,03(+), n-MgO and p-SiO, as non-interacting supports,
since the Pd 3dsj, binding energy (BE) of palladium on these supports is 336.1 eV, consistent with bulk
PdO. In contrast, catalysts supported on p-TiOz, n-Zn0O, n-ZrO,, n-ZrO(Ce0, ), and n-CeO, have Pd 3ds;
BEs ranging from 336.3 to 337.4 eV, which reveal varying degrees of metal-support interactions. Metal
support interactions leading to electron deficient Pd2* species are likely beneficial for the reaction due to
a facilitated C-H insertion step.

While both the PdO/p-TiO, and PdO/n-TiO, catalysts have a Pd 3d BE of 336.3 eV, their differences
in activity can be attributed to (1) the PdO/n-TiO, catalyst as prepared having a significantly higher
number of hydroxyl groups on the surface compared with the PdO/p-TiO, catalyst, and (2) the p-TiO,
support being crystalline with an anatase phase, while the n-TiO, support is nearly amorphous. The
presence of surface hydroxyl groups before reaction could hinder the first C-H activation step, and an
anatase phase of the support can result in more favorable palladium-support interactions compared with
an amorphous TiO,. The XPS data also indicates that while Pd-support interactions are beneficial, very
strong interactions, such as in the case of CeO,, can lead to migration of the support over Pd, which
reduces the Pd surface area and explains the lower than expected activity of the PdO/n-CeO, catalyst.

On some supports in this study leaching may occur during the reaction, but the characterization data
indicate that other factors of catalyst deactivation are more important. XRD reveals that the complete
reduction of the PdO particles on the surface is very fast compared to the reaction time. This observation
explains why reducible supports with mobile oxygen are beneficial in this reaction. These supports can
facilitate the reoxidation of palladium due to strong metal-support interactions. Migration of the support
over the active palladium species is another deactivation pathway that appears to be more severe than
leaching on these catalysts.

Keywords:
Palladium
Nanoparticle oxide
4-Methylpyridine
C-H activation
Aromatic coupling

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Palladium is an excellent oxidation catalyst that has been used
in both complete oxidation reactions of various compounds [1-8]
and selective oxidation reactions, such as conversion of hexane to
benzene [9] and oxidation of alcohols to aldehydes or ketones [10].
C-C coupling reactions are also commonly catalyzed by palladium
complexes [11,12]. While many C-C coupling reactions involve
halogenated compounds, palladium can insert into C-H bonds and
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bring about C-C coupling without halogenated precursors [13].
The C-H activation and C-C coupling of 4-methyl pyridine, as
well as other pyridine derivatives, over palladium catalysts has
been reported in the literature [14-16]. These reactions are often
slow with low yields, resulting in relatively high prices for these
products; such as $5640 per kg for 4,4'-dimethyl-2,2’-bipyridine
[17]. However, this reaction is a relatively simple one-step pro-
cess (Scheme 1) with environmental benefits as water and the
terpyridine are the only byproducts and halogenated precursors
are avoided. Improving these palladium/palladium oxide catalysts
through a better understanding of their activity is desirable.

The most commonly used palladium catalyst for the coupling
of 4-methylpyridine is palladium on carbon (Pd/C), while com-
mercial palladium on alumina (Pd/Al;03) has been reported to
be inactive [14-16,18]. Recent research has demonstrated that


dx.doi.org/10.1016/j.molcata.2010.11.036
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:hweaver@che.ufl.edu
dx.doi.org/10.1016/j.molcata.2010.11.036

L.M. Neal et al. / Journal of Molecular Catalysis A: Chemical 335 (2011) 210-221

CHs HaC CHs
"Xy, PdO/nano-oxide — -
2 —_— + H0
7\ ’
N/ 0, \ i \N /

Scheme 1. Oxidative coupling of 4-methylpyridine over a palladium oxide catalyst.

alumina-supported catalysts can be active in the coupling reac-
tion of 4-methylpyridine, but the activity is dependent on the type
of alumina support and the preparation method [19]. The best
catalysts to date for this reaction are 5% palladium precipitated
onto alumina nanoparticles (PdO/n-Al,03(+) [20]) or porous tita-
nia (PdO/p-TiO, [21]), with yields of 2.5-2.6g of product per g
of catalyst or 50-52 g/g palladium [19,22]. Other supports, such
as nanoparticle magnesia, zirconia, ceria-doped zirconia and zinc
oxide, can also be used to prepare active catalysts [22]. This repre-
sents a wide range of supports with varying properties. In previous
research the measured Pd dispersion and the number of acidic or
basic sites of the supports were found to have no simple corre-
lation with activity. The most active catalysts were prepared using
either high surface area supports (>400 m?2/g) or using oxides which
have been shown to exhibit strong metal-support interactions with
palladium [22].

A detailed investigation has been carried out in which selected
catalysts were subjected to (I) X-ray photoelectron spectroscopy
(XPS) to probe the surface composition and chemical states of the
palladium phase in the fresh and spent catalyst, (II) transmission
electron microscopy (TEM) to image the structure and palladium
dispersion of prepared catalysts, and (III) X-ray diffraction (XRD)
to determine the crystal structure and particle sizes of the cata-
lyst supports. The objective of this study was to determine if the
measured properties correlate with the activity of these catalysts.

2. Experimental
2.1. Catalyst preparation and reaction

A number of 5 wt% Pd catalysts supported on various oxides [22]
were carefully characterized using XPS, XRD and TEM to obtain
structural and compositional information. The catalysts included
in this study are palladium oxide supported on: nanoparticle tita-
nia (n-TiO,), porous titania, (p-TiO;), nanoparticle ceria (n-CeO5),
nanoparticle zirconia (n-ZrO;), CeO,-doped ZrO, nanoparti-
cles (10% CeO;: n-ZrO,(Ce0O,)), nanoparticle magnesium oxide
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(n-MgO), nanoparticle zinc oxide (n-ZnO) and porous silica (p-SiO,)
[23]. These catalysts were prepared by precipitation of palladium
nitrate onto the supports from an aqueous solution by sodium
hydroxide as described in previous work [19]. More specifically,
1.9¢g of support was dispersed in 100 ml of water under constant
stirring. Pd(NOs3), (0.25g) was dissolved in 5ml deionized H,O
and was poured into the support/water mixture. Pd(OH), was
deposited onto the support by adding, dropwise, 100 ml of a NaOH
solution containing a 50% stoichiometric excess of base (0.028 M) to
the resulting dispersion under vigorous stirring at room tempera-
ture. The precipitate was then aged over night before it was filtered,
redispersed in deionized water and left under continuous stirring
for another 20 h. The aging step was necessary to prepare a repro-
ducible and active catalyst and washing was necessary to remove
residual sodium ions and any chloride contaminant as these can
accumulate on the surface and reduce activity. Washing the catalyst
by redispersing in water and stirring over night is the most efficient
procedure to remove the contaminants as these catalysts are diffi-
culttofilter. The same preparation method was used for all catalysts
under investigation. Only for supports that form very dense aggre-
gates, such as the nanoparticle alumina minus [26], did this prepa-
ration method resultin palladium deposition only on the outermost
surface of the support. The reaction data from these catalysts
has been presented previously and the results are summarized in
Table 1. The catalysts were used in the reactions without reduction.

After exposure to the reaction conditions (reflux in 4-
methylpyridine for 72 h), the spent catalysts were recovered using
a glass micro-fiber filter and washed with chloroform three times
to remove the product. After filtration, they were dried briefly at
room temperature before they were placed in the XPS system.

Reduced catalysts were prepared by reduction in 5% hydrogen
in nitrogen for 1h at 170 °C, outgassed in nitrogen at 170°C for an
additional hour and then cooled to room temperature with con-
tinued nitrogen flow. The catalyst samples were kept sealed in
nitrogen until preparation for XPS.

2.2. Chemisorption experiments

The fresh catalysts were reduced in 5% H, in nitrogen at 170°C
for 1 h and then outgassed in nitrogen at 170°C, as described pre-
viously [22]. Selected spent catalysts were outgassed in nitrogen
at 170°C before they were subjected to the same reduction treat-
ment as the fresh catalysts. These catalysts were then subjected
to CO adsorption measurements to determine the Pd surface area.
Estimates of the Pd particle sizes were made from these CO adsorp-
tion measurements and are included in Table 1. The details of the

Table 1

Summary of previous results [22].
Catalyst: Support SA Catalyst SA CO adsorbed Pd SA Pd diameter Yield [g/g Yield [g/g TON¢ Support NH3 Support CO;
5% Pd on [m?/g]2 [m?/g]? [mol/g cat] [m?/g]® [nm]¢ cat]d pd]d cm3/gf cm3/gf
n-Al;O3(+) 695 180 205 9.7 2 25 50 70 9.0 0.75
n-AlOs(+) spé 695 180 52 25 8.4 - - - - -
p-TiO, 120 115 195 9.2 2 2.6 52 70 9.9 1.0
n-TiO; 505 210 185 8.8 2.5 1.6 31 45 4.0 0.6
n-CeO, 60 60 245 11.6 2 1.5 29 35 7.3 0.8
n-ZrO, (CeO3) 45 40 145 6.9 3 245 49 110 2.6 1.1
n-ZrO, 35 35 95 4.50 4.5 23 47 130 4.7 0.3
n-MgO 685 85 105 5.0 4 23 46 120 34 2.0
p-SiO; 240 230 20 0.95 22 1.6 32 435 5.7 0.0
n-ZnO 70 35 75 3.6 6 21 44 150 143 0.2

2 SA=surface area.

Palladium surface area, calculated from the amount of CO adsorbed assuming a 1:1 Pd:CO ratio and a surface density of 1.42 x 10'> atoms/cm? [19].

b
¢ Pd particle size calculated from the Pd surface area.

4 Yield of 4,4'-dimethyl-2,2’-bipyridine product per g catalyst or per g palladium.
¢ TON: turnover number, mol of product per mol surface palladium.

f Measured uptake of NH3 (acidic sites) or CO, (basic sites) on the supports only (before palladium deposition).

& sp=spent, i.e. catalyst after reaction.
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calculations for Pd dispersion, surface area and crystallite size are
given in the previous work [22].

2.3. X-ray photoelectron spectroscopy

The fresh, spent and reduced catalyst powders were pressed
into aluminum cups prior to insertion into the ultra-high vacuum
(UHV) chamber (base pressure 1 x 10710 Torr). XPS was performed
using a double pass cylindrical mirror analyzer (PHI model 25-270
AR). Spectra were taken in retarding mode with a pass energy of
50 eV for survey spectra and 25 eV for high resolution spectra using
a Mg Ko X-ray source (PHI 04-151). Data were collected using a
computer interface and then digitally smoothed. A value for the
C 1s binding energy of 284.6 eV was assigned to correct for static
charging and work function differences [24].

The XPS spectra are presented without background subtraction.
However, peak area analyses were carried out on spectra corrected
using a Shirley background subtraction. In the case of the Pd 3d
peaks from the ZrO,-containing catalysts, this region was manu-
ally fitted with four Gaussian peaks: the Zr 3p;, and 3p;, and
the Pd 3ds), and 3d3, peaks. The Pd 3d peak area was then calcu-
lated by integrating the two fitted Gaussian curves for the Pd 3ds,
and 3dsj, peaks. As the Gaussian peaks do not account for all the
peak intensity in this region, the calculated peak areas for the Pd 3d
peaks on the ZrO,-containing catalysts are slightly underestimated.
This does not significantly affect data interpretation as the trends in
surface concentration between the ZrO, catalysts are investigated
rather than actual concentrations.

For the Pd 3d, Zr 3d and Ti 2p peaks, both peaks, i.e. the 3ds,
and 3ds, or 2psp; and 2pqjp, were integrated together since in all
cases the peaks overlapped to some degree. The calculated peak
areas were then corrected using the following atomic sensitivity
factors; C 1s: 0.25,0 1s: 0.66, Pd 3d: 4.6, Ti 2p: 1.8, Zr 3d: 2.1 and Ce
3d: 10 [25] before the surface concentrations and peak-area ratios
were calculated. As uncertainties are introduced using these atomic
sensitivity factors, and since the catalyst compositions vary consid-
erably in the near surface region, both laterally and vertically, only
trends in concentrations and elemental ratios within a family of
supports are discussed.

2.4. Transmission electron microscopy

TEM grids were prepared by dispersing the catalyst into water
by ultrasonication and then placing a drop of the dispersion onto
lacy carbon grids. After evaporation of the water, micrographs and
energy dispersive spectroscopy (EDS) spectra were collected using
a JEOL TEM 2010F instrument, with a 200kV electron source. The
PdO particles on the catalysts were identified using EDS at different
spots on the catalysts, or by comparing the TEM pictures of bare
supports to those of the respective catalysts.

2.5. X-ray diffraction

The XRD data were collected using a Philips powder X-ray
diffractometer with a Bragg-Brentano geometry and Cu Ka radi-
ation (A =1.54A). Diffraction patterns were obtained for selected
calcined, reduced and spent catalysts. The catalyst powders were
secured onto a glass slide with double-sided sticky tape. The aver-
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age particle sizes were calculated from the line-broadening of the
XRD peaks using the Scherrer equation

KA

4= SWAM cos(9)

In this equation, K is a constant generally taken as unity, A is the
wavelength of the incident radiation, FWHM is the full width at half
max and 6 is the peak position.

3. Results and discussion

Results from previous studies are summarized in Table 1. The
most active catalysts to date, with the highest product yield per
gram of palladium, are PdO supported on n-Al,03(+) or p-TiO,, fol-
lowed by PdO/n-ZrO,(CeO,), PdO/n-ZrO, and PdO/n-MgO. From
Table 1 it is evident that there is no simple correlation between
the catalytic activity and the Pd surface area or the support prop-
erties (surface area, acidity or basicity). Therefore, several catalysts
were analyzed using XPS, TEM and XRD to obtain more information
about the properties of importance for a high catalytic activity. As
the proposed reaction mechanism is important for the discussion
of these catalysts, it is presented in Fig. 1. It is our hypothesis that
the pyridine nitrogen coordinates to the Pd?* on the surface and
the nearby oxygen of the PdO species facilitates the H abstraction.
After two consecutive C-H insertions, a reductive elimination gives
the bipyridine. Water is formed from the two hydroxyl groups on
the surface, which also results in an oxygen vacancy. To close the
catalytic cycle, oxygen must be added to the surface.

3.1. XPS analysis

All of the oxide-supported catalysts included in Table 1 were
subjected to XPS measurements.

3.1.1. Titania-supported catalysts

Fresh PdO/p-TiO, and PdO/n-TiO, catalysts, as well as spent
and reduced PdO/p-TiO, catalysts were analyzed using XPS to
determine differences in surface composition and oxidation states
between the two catalysts and between different treatments of the
p-TiO,-supported catalyst.

3.1.1.1. Fresh TiO, catalysts. The relative compositions and calcu-
lated elemental ratios from the TiO,-supported palladium catalysts
are given in Table 2. The main difference between the PdO/n-TiO,
and PdO/p-TiO, catalysts appears to be that more Ti resides in the
near surface region of the PdO/p-TiO, catalyst. Therefore, the Pd/Ti
ratio is significantly higher for the PdO/n-TiO, catalyst. This dif-
ference is mainly due to the higher oxygen concentration on the
PdO/n-TiO, catalyst and is likely caused by hydroxyl groups block-
ing the Ti at the surface (as indicated in the O 1s XPS peaks below).

As seen for the alumina-supported catalysts [26], the titania-
supported catalyst with the broader Pd 3d peaks (PdO/p-TiO,)
exhibits the higher activity of the two PdO/TiO, catalysts (Fig. 2).
The Pd 3ds), peaks are located at a slightly higher binding energy
(336.3eV) compared to the 336.1eV value obtained from the
PdO reference sample and the PdO/n-Al,03(+) catalysts [26]. This

QH_‘F_’?? M”@

DH Pd

F‘d OH Pd C‘) F"d |_T1

Fig. 1. Proposed reaction mechanism.
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Table 2
Compositional results from XPS analysis.

Supports or 5% Pd catalysts

TiO, Cls 01s Pd 3d Ti 2p Pd/Ti Pd/C Ti/C Pd/O Ti/O C/O
p-TiO, support 24.2% 54.0% - 21.7% - - 0.90 - 0.40 0.45
PdO/p-TiO; fresh 22.3% 54.8% 1.9% 21.0% 0.09 0.09 0.94 0.04 0.38 0.41
PdO/p-TiO; reduced 25.4% 53.0% 1.6% 20.0% 0.08 0.06 0.79 0.03 0.38 0.48
PdO/p-TiO; spent 24.0% 55.3% 0.9% 19.8% 0.05 0.04 0.82 0.02 0.36 0.43
PdO/p-TiO, spent sputtered 18.0% 57.8% 1.2% 23.0% 0.05 0.07 1.28 0.02 0.40 0.31
PdO/n-TiO; fresh 26.2% 59.9% 1.9% 12.0% 0.16 0.07 0.46 0.03 0.20 0.44
CeO, u”[Ce 3d? Cls O1s Pd 3d Ce 3d Pd/Ce Pd/C Ce/C Pd/O Ce/O c/O0
n-CeO, support 0.11 51.4% 28.9% - 19.7% - - 0.38 - 0.68 1.78
PdO/n-CeO, fresh 0.08 54.5% 30.7% 3.1% 11.7% 0.26 0.06 0.21 0.10 0.38 1.77
PdO/n-CeO; reduced 0.07 48.4% 33.7% 2.7% 15.2% 0.18 0.06 0.31 0.08 0.45 1.44
Zr0, Cls O1s Pd 3d Zr3d Pd/Zr Pd/C Zr/C Pd/O ayle] c/o
n-ZrO; support 22.0% 54.8% - 23.2% - - 1.05 - 0.42 0.40
PdO/n-ZrO, fresh 23.9% 53.5% 3.6% 18.9% 0.19 0.15 0.79 0.07 0.35 0.45
PdO/n-ZrO, reduced 20.3% 55.3% 4.1% 20.3% 0.20 0.20 1.00 0.07 0.37 0.37
PdO/n-ZrO,(CeO,) fresh 21.1% 56.7% 4.4% 17.8% 0.25 0.21 0.84 0.08 0.31 0.37
PdO/n-Zr0,(CeO,) reduced 25.9% 52.4% 3.3% 18.4% 0.18 0.13 0.71 0.06 0.35 0.49
PdO/n-ZrO,(Ce0,) spent 28.3% 50.6% 3.1% 18.0% 0.17 0.11 0.64 0.06 0.36 0.56

2 Ratio of u” peak area over the total Ce 3d peak area (see Fig. 6).

reveals that the Pd2* on the surface is more electron deficient com-
pared to the Pd2* in bulk PdO. While the n-TiO, also results in an
electron deficient Pd%* species on the surface, it is possible that the
presence of hydroxyl groups already at the surface could hinder the
H abstraction in the first step of the reaction mechanism (as active
oxygen sites would be blocked by H before reaction, see Fig. 1). This
in turn would explain why the n-TiO, is not as efficient a support
as the p-TiO,.

Unlike the Pd 3d peaks, there is no significant difference
between the Ti 2p peaks obtained from the two catalysts (Fig. 3).

PdO/TiO, Catalysts
LA R R B R R R A A R R B
Pd 3d,,
Pd 3d3/2 E .
PdO/p-TiO, Ar’ /
g PdO/p-TiO, Sp E
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@ i
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Binding Energy (eV)

Fig. 2. Pd 3d peaks obtained from TiO,-supported PdO catalysts. The dashed and
dotted lines mark the Pd 3ds, peak positions of PdO and Pd metal, respectively. Fr:
fresh; Red: reduced; Sp: spent; Ar*: bombarded with argon ions.

However, palladium deposition appears to result in a small shift
of the Ti 2p3); peak to a slightly lower binding energy (458.5eV)
relative to the bare support (458.6) for both the PdO/n-TiO, and
PdO/p-TiO, catalysts. While this shift in the binding energies of
the Ti 2p3p, peaks is within the accuracy of the measurements, the
shift in BEs of the Pd 3ds;, peaks together with the results from
the reduced and spent catalysts (vide infra) indicate that there are
metal-support interactions on these catalysts. The transfer of elec-
tron density from palladium to titania is likely beneficial for the
catalysts as it leads to a more electropositive palladium. An elec-

X Ti2p ,
PdO/p-TiO, Ar

PdO/p-TiO, Sp

PdO/p-TiO, Red

N(E) (arbitrary units)

PdO/p-TiO, Fr

PdO/n—TiO2 Fr

470 465 460 455
Binding Energy (eV)

Fig. 3. Ti 2p peaks obtained from TiO,-supported PdO catalysts. The dashed and
dotted lines mark the Ti 2ps, peak positions of TiO, support and TiO,-supported cat-
alysts after reaction, respectively. Fr: fresh; Red: reduced; Sp: spent; Ar*: bombarded
with argon ions.
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PdO/TiO, Catalysts
I

O 1s

PdO/p-TiO, Ar’

PdO/p-TiO, Sp

PdO/p-TiO, Red

N(E) (arbitrary units)

PAO/p-TiO, Fr

535 530 525

Binding Energy (eV)

Fig.4. O 1s peaks obtained from TiO,-supported PdO catalysts. The dashed and dot-
ted lines mark the O 1s peak positions of fresh catalysts and catalysts after reaction
(orreduction), respectively. Fr: fresh; Red: reduced; Sp: spent; Ar*: bombarded with
argon ions.

tron deficient Pd2* species can pull more electron density from the
pyridine ring and results in a weakened C-H bond, which in turn
facilitates the H abstraction step (Fig. 1).

The O 1s peaks obtained from the TiO,-supported catalysts
(Fig. 4) are shifted to slightly higher binding energies (529.8 eV)
compared to that of the p-TiO, support (529.6eV). This is most
likely due to the contributions from PdO-related O 1s and Pd 3p
peaks. Apart from the difference in Pd 3d peak width between the
PdO/n-TiO, and PdO/p-TiO, catalysts, the only other significant dif-
ference in the XPS data from these catalysts is a higher oxygen
concentration on the PdO/n-TiO; catalyst(Table 2). This higher oxy-
gen concentration is due to a larger number of hydroxyl groups on
the surface of the PdO/n-TiO, catalyst, which is evident as a shoul-
der at 531.7eV on the O 1s peak in Fig. 4 (a Ti(OH)4 or TiO(OH),
species increases the O:Ti ratio).

3.1.1.2. Reduced TiO, catalysts. Reduction of the PdO/p-TiO, cat-
alyst in hydrogen at 170°C reduces the PdO on the surface to
Pd metal, as is evident in the lower binding energy of the Pd 3d
peaks (335.1eV) after the reductive treatment. However, there
is still a shoulder at a binding energy of 336.3 eV. This shoulder
likely indicates some surface oxidation after the reduction due
to the brief air exposure during the sample transfer, although
incomplete reduction of the PdO particles cannot be excluded.
The reductive treatment also causes a shift of the O 1s peak
from 529.8 to 529.3eV and the Ti 2p3;; peak shifts from 458.6
to 458.2 eV. The magnitude of the O 1s shift is higher than that
expected from any changes in the PdO-related peaks during reduc-
tion of PdO to Pd metal. Similar shifts in the Ti 2p;;, have been
attributed to oxygen vacancies [27]. Consequently, this indicates
that even mild reduction conditions induce oxygen vacancies on
the porous TiO, support. This is not observed on the alumina
support, but is in agreement with titania being classified as a
reducible oxide and is an indication of strong metal-support inter-
actions. Strong metal-support interactions are known to occur

for catalysts consisting of precious metals supported on titania
[28,29].

3.1.1.3. Spent TiO5 catalysts. The amount of visible palladium is
significantly lower and the carbon content higher on the spent
PdO/p-TiO, catalyst compared to the fresh catalyst (Table 2). In
contrast to the PdO/n-Al,03(+) catalysts, for which the Pd/Al ratios
were similar for the fresh and spent catalysts [26], the Pd/Ti ratio is
significantly smaller on the spent PdO/p-TiO, compared with the
fresh catalyst (Table 2). While the lower Pd/Ti ratio after reaction
could be due to preferential deposition of carbon on Pd, the Pd/Ti
ratio after Ar* sputtering indicates that this is not the case (vide
infra).

The Pd 3ds, peak obtained from the spent PdO/p-TiO; catalyst
has a very low binding energy, 334.0 eV (Fig. 2), which is below the
334.5 eV reported for high-dispersion surface Pd® [30]. This could
be due to differential charging caused by carbon deposition. There-
fore, the spent PdO/p-TiO, catalyst was sputtered to remove some
of the surface carbon. After sputtering the carbon content on the
catalyst is lower and the Pd 3ds/, peak is located at 334.9eV con-
sistent with Pd metal [30] (Fig. 2). Removal of carbon increases the
relative concentration of both Pd and Ti on the surface of the cata-
lyst (Table 2) and does not alter the Pd/Ti ratio. Therefore, the Pd/Ti
ratio is reduced during the reaction, indicating that either some
palladium is leached into the reaction solution or that TiOx species
covers the palladium after reaction due to Pd or TiOx migration. Any
reduction in the Pd/Ti ratio is undesirable as it reduces the amount
of active phase on the catalyst, and this negatively affects catalyst
regeneration.

After reaction the Ti 2p;p, peak is located at 458.0 eV, which is
even lower than the Ti 2p3), binding energy of the reduced PdO/p-
TiO, catalyst. It appears that there is efficient transfer of oxygen
from the p-TiO, support to palladium, and this is likely the reason
the PdO/p-TiO; is a highly active catalyst.

3.1.2. Ceria-supported catalysts
Fresh and reduced PdO/n-CeO, catalysts were also examined
using XPS to probe metal-support interactions.

3.1.2.1. Fresh CeO, catalysts. The Pd 3d peaks obtained from the
PdO/n-CeO, catalyst are located at very high binding energies
(Fig. 5). The Pd 3ds), peak at 337.4¢eV is higher than the binding
energies reported for PdO in the NIST database (335.6-337.1eV
[31]). However, these high binding energies have been reported for
CeO,-supported, or CeO,-promoted, palladium catalysts [32-34].
This together with the XPS data from the Ce 3d region indicate
that the high binding energies are due to strong metal-support
interactions rather than differential charging.

The Ce 3d peaks obtained from the nanoparticle CeO, are typical
for a Ce** species (Fig. 6) [35]. The fine structure in this region is due
to the empty Ce 4f orbitals, which give rise to two satellites each for
the Ce 3ds); and Ce 3dsj, peaks. This is in contrast to Ce3*, which
gives rise to a simpler spectrum with only one satellite for each of
the Ce 3d peaks [35]. The extent of Ce** reduction to Ce3* can be
determined by calculating the ratio of the Ce**-specific 3ds; peak
(u”) area to the total Ce 3d peak area [32,36] (Fig. 6). The ratio for
the nanoparticle CeO, is 0.11, which is slightly lower than the value
reported in the literature for bulk CeO, (0.13) [37]. Deposition of
palladium onto the CeO, support results in broadening of the Ce 3d
peaks. The u” peak area ratio after palladium deposition is reduced
to0 0.08, which indicates reduction of some Ce** to Ce3* species. This
reveals strong metal support interactions that result in electron
transfer from palladium to CeO-, which gives an electron deficient
Pd2* species and is consistent with the high Pd 3d binding energies
on this catalyst.
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Fig. 5. Pd 3d peaks obtained from CeO,- and ZrO,-supported PdO catalysts. The
dashed lines mark the peak positions of the Zr 3p peaks and the dotted lines indicate
the positions of the Pd 3d peaks (PdO and Pd).

The O 1s peak obtained from the CeO, nanoparticles is located
at 529.1eV, in agreement with literature values (529.2 eV, Fig. 7)
[31]. The O 1s peak obtained from the PdO/n-CeO, catalyst is
significantly broader than that obtained from the CeO, support.
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Fig. 6. Ce 3d peaks obtained from CeO,-supported PdO catalysts. The dashed lines
mark the peak positions of the Ce 3d peaks and some of the satellites obtained from
the CeO, support.
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Fig. 7. O 1s peaks obtained from CeO,- and ZrO,-supported PdO catalysts. The
dashed lines mark the O 1s peak positions of the n-ZrO, and n-CeO, supports. The
dotted line indicates the O 1s peak position of OH-groups.

Apparently there is a substantial contribution from species with
binding energies of 534 eV and higher on this catalyst. This may be
attributed to a high contribution from PdOy; i.e. increased intensity
at binding energies of 530.3 eV (O 1s of PdO) and above 533 eV (Pd
3ps3p, of PdOx, where x> 1), and is consistent with both the high
Pd 3ds, binding energy and the high Pd surface area relative to the
total catalyst surface area (11.5 versus 60 m?/g) on this catalyst. The
presence of a large number of hydroxyl groups cannot be excluded
either.

3.1.2.2. Reduced CeO, catalysts. Reductive treatment decreases the
palladium content in the near surface region of the PdO/n-CeO, cat-
alyst(Table 2). The carbon content is also reduced, whileitis evident
in Table 2 that more ceria is visible on the surface of this catalyst
after reaction. The significantly lower Pd/Ce ratio after reduction
could be due to migration of CeOy that results in CeOx-decoration of
the palladium particles, which has been observed previously during
low temperature reduction of PdO/Ce0O, [38,39].

The Pd 3d binding energies after exposure to reductive condi-
tions reveal that the major species on the surface of the PdO/n-CeO,
catalystis Pd metal. However, there is alarge shoulder at 336.6 eV in
the spectrum obtained from this catalyst, which indicates that there
is also a significant amount of oxidized palladium on the surface
of this catalyst. The contribution from PdO is much higher on the
reduced PdO/n-Ce0, compared to reduced or spent PdO/p-TiO, and
the PdO/n-Al,05 catalysts in the previous study [26]. This is con-
sistent with results from the literature, which have indicated that
palladium on CeO, supports is easier to oxidize to PdO compared
to palladium supported on other oxides [36]. Therefore, exposure
to air at ambient conditions may be sufficient to cause oxidation of
highly dispersed palladium on a ceria support. This again is indica-
tive of strong metal-supportinteractions and could explain the high
Pd dispersion and the reasonable activity of the PdO/n-CeO, cat-
alyst despite the low initial support surface area. Unfortunately,
in this case, the very strong metal-support interactions lead to
migration of CeOx over the palladium, which in turn reduces the
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Fig. 8. Zr 3d peaks obtained from ZrO,-supported PdO catalysts. The dashed line
indicates the Zr 3ds, peak position of n-ZrO,.

active sites and decreases the activity despite the favorable oxygen
mobility properties. Furthermore, the presence of a high number
of hydroxyl groups on the surface cannot be excluded, which could
also hinder the reaction.

The Ce 3d peaks after reduction reveal a slight increase in the
Ce3* concentration (Ce,03) compared to the fresh catalyst. The ratio
of the Ce* -specific peak (u”) area to the total Ce 3d peak area
is reduced from 0.08 on the fresh catalyst to 0.07 on the reduced
catalyst. This is in agreement with the Pd 3d data, where oxygen
transfer from CeO, to Pd metal would result in more PdO com-
pared to other supports with less mobile oxygen. The shift in the Ce
3d peaks to lower binding energies is another indication of strong
metal support interactions.

3.1.3. Zirconia-supported catalysts

From Table 2 it is evident that the palladium signal intensities
are higher on the PdO/n-ZrO,(Ce0;) catalyst compared with the
PdO/n-ZrO,. This is in agreement with the higher dispersion on the
PdO/n-Zr0O,(CeO,) catalyst.

3.1.3.1. Fresh ZrO, catalysts. The Pd 3d region from the ZrO,-
containing catalysts is complicated by the Zr 3p peaks which
overlap the Pd 3d peaks (Fig. 5). Quantification therefore requires
resolution of the Pd and Zr peaks, as described in Section 2.3.
Again, the higher Pd 3d to Zr 3p peak area ratio observed on the
PdO/n-Zr0,(Ce0,) catalyst compared with the non-doped PdO/n-
ZrO, catalyst is evident in Fig. 5. The binding energies of the Pd
3dsj, peaks are located at 336.6eV for both the PdO/n-ZrO, and
PdO/n-Zr0,(Ce0,) catalysts. These Pd 3ds;, binding energies are
higher than those observed for the PdO/Al, 03 and PdO/TiO, cata-
lysts (336.1-336.3 eV) indicating the presence of electron deficient
Pd2* species on the surface. This is likely due to strong palladium-
support interactions.

Deposition of palladium onto the ZrO, supports results in
slightly broader Zr 3d peaks (Fig. 8). There is an indication of a shoul-
der at low binding energies and the intensity in the region between
the two Zr 3d peaks is increased. This suggests strong Pd-ZrO,

Supported PdO Catalysts
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Fig.9. Pd 3d peaks obtained from PdO supported on n-MgO, n-ZnO, and p-SiO,. The
dashed lines indicate the Pd 3d peak positions of PdO and Pd.

interactions that lead to electron transfer from the Pd to ZrO,. The Zr
3d peaks obtained from the CeO,-doped nanoparticle ZrO, support
are located at a slightly lower binding energy (181.5 eV) compared
with the nanoparticle ZrO, support (181.8 eV, Fig. 8). This reveals
strong electronic interactions also between the CeO, and the ZrO,
in the support.

The O 1s binding energy region is naturally dominated by the
oxygen atoms from the ZrO, support (Fig. 7). The O 1s peak obtained
from the ZrO, nanoparticles is located at 529.7 eV. This binding
energy is lower than the commonly reported 530.5eV [31], but a
value of 529.9 eV has been reported for ZrO, [40]. Adding 10% of
CeO,, to the ZrO, results in a significant shift in the O 1s peak to
529.4 eV which is in between the O 1s of ZrO, (529.7 eV) and CeO,
(529.1eV). This again indicates that the presence of CeO, signifi-
cantly influences the ZrO, support.

3.1.3.2. Reduced ZrO, catalysts. In contrast to the PdO/n-CeO, cat-
alyst, reduction of the PdO/n-ZrO, catalyst does not decrease the
palladium content in the near surface region (see Table 2). Instead,
removal of a significant amount of carbon during the reduction pro-
cess results in a relative increase in palladium concentration in the
near surface region. This is not true for the PdO/n-Zr0O,(Ce0O,) cat-
alyst, where the Pd/Zr ratio is lower after the reduction treatment.
As for the PdO/n-CeO,, catalyst, this is most likely due to migration
of CeOy over the palladium particles on the surface due to strong
Pd-CeOy interactions. Evidently, the ZrO, is less prone to reduction
and migration over the Pd particles revealing that Pd-ZrO, interac-
tions may be weaker compared to Pd-CeO, interactions. The latter
is supported by the higher Pd 3ds, binding energy on the CeO, sup-
port versus the ZrO, support. This is also evidenced by the lower
contribution from PdO on the surface of reduced PdO/n-ZrO, com-
pared with the reduced PdO/n-CeO,, catalyst (Fig. 5). However, due
to the overlapping Zr 3p peaks in this region, quantifying the con-
tribution from PdO on the reduced PdO/n-ZrO, catalysts is difficult.

For both the PdO/n-ZrO, and PdO/n-ZrO,(Ce0Q,) catalysts,
reduction alters the Zr 3d peaks slightly. A small shoulder at low
binding energies appears on both reduced catalysts. This may be
due to the introduction of some oxygen vacancies (ZrO,_y ) after the
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a. PdO/p-TiO; b. PdO/n-TiO; c. PdO/n-MgO

f. PdO/n-Zr0,(CeOy)

Fig. 10. TEM pictures obtained from (a) PdO/p-TiO,, (b) PdO/n-TiO3, (c) PAO/n-MgO, (d) PAO/n-CeO,, (e) PAO/n-Zr0,, and (f) PdO/n-Zr0O,(Ce0,) catalysts. The scale bars are
50 nm for the top figures, and 10 nm (a-c) or 20 nm (d-f) for the bottom figures.

reductive treatment and is in agreement with ZrO, being classified on the surface (Fig. 5), and more carbon is present on the surface
as an interacting support [41]. after exposure to the reaction conditions (Table 2). The Pd/Zr ratio

is significantly reduced after reaction, which may partly be due to
3.1.3.3. Spent ZrO,(CeO,) catalyst. The spent PdO/n-ZrO,(CeO,) CeOx migration onto the palladium because this would increase
catalystis reduced with Pd metal being the major palladium species the Zr and decrease the Pd content in the near surface region. How-
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Fig. 11. TEM pictures obtained from (a) PdO/n-Al,03(+), (b) PdO/p-TiO,, (¢) PdO/n-ZrO;, (d) PdO/n-Al,03(+), (e) p-TiO2, (f) n-ZrO,. The scale bars are 20 nm for all figures,
except for the high-resolution image of the PdO/n-Al,03(+) catalyst figure (a), where the scale bar is 5 nm.

ever, the Pd/Zrratio is slightly lower on the spent catalyst compared
with the reduced PdO/n-ZrO,(CeO,) catalyst, which could indicate
that some palladium is lost from the surface of this catalyst due to
leaching into the reaction solution or that carbon is preferentially
deposited on the palladium.

3.1.4. Metal-oxide-supported catalysts
For comparison, three additional catalysts were character-

ized with XPS; PdO/n-MgO, PdO/p-Si0O, and PdO/n-ZnO. They
were selected to determine if the previous classification of
interacting/non-interacting supports could be confirmed [22].

3.1.4.1. Fresh catalysts. The Pd 3d peaks obtained from the fresh
PdO/n-MgO, PdO/p-SiO, and PdO/n-ZnO catalysts are presented in

Fig. 9. The Pd 3ds), binding energies of the palladium supported
on n-MgO and p-SiO-, are consistent with those of PdO/Al,03 [26]
and bulk PdO (336.1eV). In contrast, the Pd 3ds, peak obtained
from fresh PdO/n-ZnO is located at 336.3 eV, which is similar to
the Pd 3ds), binding energy obtained from PdO/TiO, but lower
than those obtained from PdO/n-CeO, (337.4eV) and PdO/ZrO,
(336.6 eV) catalysts. These binding energies are consistent with the
previous conclusion that n-MgO, p-SiO, and Al,Os3 [all the alu-
mina supports tested; y-Al,03, n-Al;03(—) and n-Al,O3(+)] are
non-interacting supports; i.e. they do not induce strong electronic
metal-support interactions, while n-ZnO, p-TiO;, n-CeO;, and n-
ZrO, result in medium to strong metal-support interactions. The
only exception of the catalysts investigated is PdO/n-TiO,, which
behaves like a catalyst on a non-interacting support even though
the Pd 3dsj, binding energy is 336.3 eV. In the case of TiO,, this
could be due to the presence of hydroxyl groups on the fresh cata-
lysts, and the crystal structure of the support is also important (see
Section 3.3.1.1).

The XPS results also support the observation that strong metal-
support interactions can result in high palladium dispersions
relative to the support surface area and higher than expected cat-
alytic activities from the measured Pd surface area. However, the
catalytic activities do not exhibit a simple correlation with either
palladium surface area or metal-support interaction strength. This
may indicate that the reaction is structure sensitive and only PdO
particles of certain size or structure are active in the reaction.

3.2. TEM/EDS data

Selected catalysts were subjected to TEM measurements. Rep-
resentative micrographs obtained from PdO/p-TiO,, PdO/n-TiO5,
PdO/n-MgO, PdO/n-CeO,, PdO/n-Zr0O,, and PdO/n-Zr0,(Ce0,) are
presented in Fig. 10. For comparison, the data obtained from PdO/n-
Al,03(+)isincluded in Fig. 11. The PdO particles are visible as small
darker spots (see arrows and circles in Fig. 10) and the particle
sizes observed in the TEM micrographs are reasonably consistent
with those expected from the Pd particle sizes calculated using the
CO adsorption measurements. Identifying the PdO particles on the
support is facilitated by comparing TEM images obtained from the
bare supports and the catalysts. Representative micrographs from
p-TiO, and n-ZrO, catalysts and supports are included in Fig. 11. In
the case of the n-Al,O3(+)-supported catalyst, the crystalline PdO
particles are easily identified on the nearly amorphous alumina
support (Fig. 11a).

Compared to the PdO/n-Al,03(+) studied in the previous work,
the catalysts in the present study are composed of supports which
exhibit less fine structure; i.e. no nanometer sized rods or strands
(Figs. 10 and 11). However, the p-TiO3, n-TiO, and n-CeO, reveal
small (10 nm or less) support particles in the agglomerates (Fig. 10,
top images). The particle sizes of the n-ZrO, and n-ZrO,(CeO,)
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are larger, but consistent with the 20-30 nm oxide particle size
reported from the vendor. The larger support particle sizes for the
n-ZrO; and n-ZrO,(Ce0;) supports (Fig. 10e and f) relative to the n-
CeO, support (Fig. 10d) are expected considering the lower surface
areas of the n-ZrO,-based supports (Table 1). The smaller support
particle size of the n-ZrO,(Ce0,) relative to the n-ZrO, support is
also consistent with the slightly higher surface area measured on
the n-ZrO,(Ce0O,) support. The support particle size of the PdO/n-
MgO catalyst is more difficult to discern in Fig. 10c. Compared to
the other catalysts, the PdO/n-MgO appears to be more agglomer-
ated. This is consistent with the significant smaller surface area of
the catalyst (85 m?/g) compared to the support (685 m2/g, Table 1).
The PdO/n-MgO surface area is significantly smaller than that of
PdO/n-Al,03(+) (180 m2/g), which is a support with similar surface
area to the n-MgO.

The main differences between the PdO/p-TiO, and PdO/n-TiO,
catalysts appear to be (1) a more crystalline TiO, structure for
the PdO/p-TiO, catalyst and (2) a less uniform distribution of PAO
particle sizes for the PdO/n-TiO, catalyst. This is consistent with
the XRD data obtained from these catalysts and the slightly lower
Pd surface area measured on the PdO/n-TiO, catalyst. A stronger
Pd-TiO, interaction on the anatase phase is consistent with the
higher dispersion, and the more crystalline structure of the PdO/p-
TiO, catalyst compared with the PdO/n-TiO, catalyst.

The PdO/n-CeO, catalyst exhibits very fine structure, and the
visible small PdO particles appear to be consistent with both the
high Pd dispersion and the Pd particle sizes reported for the reduced
catalyst. The small PdO particles are easily identified on the PdO/n-
ZrO, catalyst when comparing the TEM obtained from the catalyst
to the one obtained from the bare n-ZrO, support (Fig. 11c and
f). The PdO particle sizes on the ZrO,-supported catalysts are rea-
sonably consistent with the Pd particle sizes (3-4.5 nm) calculated
from the Pd surface area measurements. This suggests that the
reductive treatment before the CO chemisorption measurements
does not result in significant sintering of the palladium on the sup-
port.

3.3. XRD data analysis

Asitisdifficult to detect small PdO particles on highly crystalline
supports, only selected catalysts were subjected to XRD analysis.

3.3.1. Titania-supported catalysts

The titania supports and selected TiO,-supported catalysts were
analyzed using XRD to determine the crystal structure of the sup-
ports and if the palladium species can be detected using this
technique.

3.3.1.1. Fresh TiO, catalysts. The XRD patterns obtained from the
n-TiO, and p-TiO, supports as well as the PdO/p-TiO, catalysts
are presented in Fig. 12. The n-TiO, support has poor crystallinity.
An anatase phase can be discerned [42], but at least one other
crystalline phase is present. In agreement with the TEM data,
the p-TiO, is much more crystalline, and the anatase is the only
detectable phase in this support. As the anatase TiO, phase has
been shown to result in stronger palladium-support interactions
compared to other TiO, phases (such as rutile) [43], the TiO,
phase may explain the observed differences in the properties
of the PdO/p-TiO, and PdO/n-TiO, catalysts. The anatase phase
present in the PdO/p-TiO, catalyst, with its stronger Pd-TiO,
interactions, may explain why the p-TiO, support with a surface
area of 120m?2/g results in a catalyst with a higher palladium
dispersion compared with the n-TiO, support with a surface
area of 505m?2/g. The PdO/p-TiO, catalyst also has a higher
turnover number than the PdO/n-TiO,, indicating more favorable
palladium-support interactions, which result in more active pal-

TiO,-Supported Catalysts
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Fig. 12. XRD patterns obtained from TiO, supports and TiO,-supported PdO cata-
lysts. Peak positions for anatase TiO; (v) and rutile TiO, (O) are indicated.

ladium species. This is consistent with the previous classification
of p-TiO, as an interacting oxide inducing palladium-support
interactions, while n-TiO, behaves as a non-interacting oxide
[22].

The PdO particle size of the fresh PdO/p-TiO, catalyst calculated
from the Scherrer equation and the line broadening of the peak
(full width at half maximum after peak deconvolution) is ~4.0 nm.
This PdO particle size is larger than that observed on the PdO/n-
Al, 05 catalyst (2.9 nm), but it is consistent with the slightly higher
Pd surface area measured on the PdO/n-Al, 03 catalyst, particularly
considering the uncertainties associated with particle size estima-
tion using XRD.

3.3.1.2. Spent and reduced TiO, catalysts. A spent PdO/p-TiO, cata-
lyst was also subjected to XRD analysis to determine if only the near
surface region is reduced during the reaction. The region between
20=30° and 45° is presented in Fig. 13a. As was the case for the
n-Al,03(+)-supported catalysts [26], no PdO can be detected in the
spent catalyst. In fact, experiments reveal that the reduction of PdO
onthe surfaceis fast relative to the time of reaction (72 h). XRD anal-
ysis on a catalyst removed after only an hour of reaction does not
detect any PdO in the catalyst, and the XRD spectrum (not shown)
is very similar to the one obtained from the spent catalyst after 72 h
of reaction. While the presence of amorphous PdO, or a very small
PdO core of the particles, cannot be excluded, this indicates that the
crystalline PdO in this catalyst is fully reduced during reaction, i.e.
not only the surface but also most of the bulk PdO. This is an impor-
tant observation since complete reduction of PdO to Pd metal on the
catalyst surface likely results in a species that is much more difficult
to reoxidize than a PdO particle with a Pd surface layer. It also sug-
gests that a surface oxide is the active species during reaction. The Pd
particle size on the spent catalyst is estimated to be slightly larger
than the PdO particle size on the fresh catalyst; 4.6 versus 4.0 nm,
respectively. This could be due to some particle growth during reac-
tion or preferential leaching of the smaller particle sizes. However,
considering the uncertainties in the particle size estimation from a
fitted XRD peak width and the Scherrer equation, the difference in
particle size is not significant. For comparison, the Pd particle size
obtained from a catalyst exposed to reductive treatment is 5.1 nm.
This is considerably larger than the particle size calculated based
on the measured Pd surface areas (2.4 nm) and indicates the pres-
ence of amorphous palladium phases or very small (below 1-2 nm
diameter) palladium particles that cannot be detected with XRD.
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Fig. 13. High-resolution XRD patterns obtained from (a) TiO- and (b) CeO,-supported PdO catalysts.

3.3.2. Ceria-supported catalysts

The XRD spectra obtained from n-CeO, and the fresh PdO/n-
CeO, catalyst are presented in Fig. 14. The cubic phase of ceria is
evident in these samples [44]. The catalyst preparation procedure
does not alter the support structure or particle size significantly.
No peaks due to PdO are apparent in the spectrum obtained from
the fresh PdO/n-CeO, catalyst. While this may be partly due to the
overlap of the main PdO peaks, (101) and (002) [45], with the
(200) peak of the CeO, support (Fig. 14) [44], no other peak due to
PdO can be resolved nor is there a measurable shoulder on the CeO,
(200) peak due to the main PdO peaks in the high-resolution spec-
tra obtained from this catalyst (Fig. 13b). The PdO on the surface of
this support probably is amorphous and thus XRD invisible or the
particle sizes could be below the XRD detection limit, which would
be consistent with the higher CO uptake and larger calculated Pd
surface area compared with the PdO/n-Al,03(+) catalyst. However,
a complicating factor for the CeO, support is that the scattering
factor of cerium is much higher relative to palladium compared to
the differences between palladium and titanium or palladium and

CeO,-Supported Catalysts
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Fig. 14. XRD patterns obtained from n-CeO, and PdO/n-CeO,. Peak positions for
cubic CeO, (®) and tetragonal PdO (V) are indicated.

aluminum. This results in a significantly higher contribution from
the oxide support to the XRD signal obtained from the PdO/n-CeO,
compared to the PdO/n-Al,03(+) and PdO/p-TiO, catalysts. Conse-
quently, the PdO signal may be obfuscated in the ceria background
on the PdO/n-CeO, catalyst.

4. Conclusions

The catalyst characterizations in this study have provided a sig-
nificant amount of information about the behavior of palladium
supported on various oxides.

The XPS analysis of the Pd 3ds, binding energy (BE) region con-
firms our previous hypothesis of interacting and non-interacting
supports. The PdO on the non-interacting supports (n-Al,03(+), n-
MgO and p-SiO3 ), in all cases have Pd 3ds, BEs 0of 336.1 eV, which is
consistent with bulk PdO. The oxides classified as interacting sup-
ports; p-TiOy, n-ZnO, n-ZrO,, n-ZrO,(CeO, ), and n-CeO,, all have
electron deficient Pd?* species on the surface, i.e. Pd 3ds; BEs
ranging from 336.3 to 337.4eV. Metal-support interactions lead-
ing to electron deficient palladium species are likely beneficial to
the reaction, as the palladium will pull electrons from the pyridine
nitrogen and thereby weaken the nearby C-H bonds, which in turn
could facilitate the subsequent H abstraction. Strong metal-support
interactions on reducible supports or supports with mobile oxygen
are likely also advantageous as they could lead to oxygen transfer
from the support to the palladium and thus regenerate the active
PdO species on the surface. Another benefit of strong metal-support
interactions is that it can lead to high palladium surface areas on
the catalysts. This is indeed observed on the PdO/n-CeO,, PdO/n-
Zr0,(Ce0,) and PdO/n-ZrO,, catalysts, as the palladium dispersions
on these catalysts are significantly higher than expected from the
support surface areas (35-60 m?/g).

The Pd 3ds, BE 0f 336.3 eV on the PdO/n-TiO; catalyst is consis-
tent with an interacting support, and explains the high Pd surface
area measured on this catalyst. However, the XPS data also reveals
that there is a significant amount of hydroxyl groups on the PdO/n-
TiO, catalyst, which could hinder the reaction. Another important
observation that may explain the difference in catalytic behavior
between the PdO/p-TiO, and PdO/n-TiO, catalyst is that the p-TiO,
support consists of a crystalline anatase phase, while the n-TiO; is
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mainly amorphous. As an anatase phase is expected to result in
favorable Pd-TiO, interactions, this is a significant difference.

The XPS data also indicates that there is likely an optimum Pd-
support interaction. If the Pd-support interactions are too strong,
as in the case of the n-CeO, support, it can lead to migration of
support species over the palladium. This in turn reduces the active
metal surface area and results in a decreased catalytic activity and
a lower than expected turnover number.

XRD analysis reveals that all the PdO on the surface of the PdO/p-
TiO, catalyst reduces very quickly. This indicates that a surface
oxide is likely the active species and reveals that reoxidation is a
critical step in the reaction.

In summary, metal-support interactions leading to an electron-
deficient palladium species on the surface is beneficial for the
reaction as long as the migration of the promoter over the palla-
dium and palladium leaching into the solution during reaction can
be suppressed. It is possible that the catalytic activity of these cat-

alysts can be improved by adding promoters with mobile oxygen
to high surface area supports.
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