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a b s t r a c t

A number of palladium and palladium oxide on alumina catalysts for the oxidative coupling of 4-
methylpyridine were characterized using X-ray photoelectron spectroscopy (XPS), transmission electron
microscopy (TEM) and X-ray diffraction (XRD) to obtain more information about the properties that
govern these reactions.

The most active catalysts, the impregnated and precipitated PdO/n-Al2O3(+), were found to have very
broad Pd 3d peaks, suggesting the presence of both PdO2 and Pd0, in addition to PdO, on the surface.
This could be due to strong metal–support interactions, which result in more electrophilic palladium
or a reduced palladium catalyst that is easier to reoxidize, both of which are expected to result in high
catalytic activities. As the PdO is completely reduced to Pd metal on spent catalysts (according to XPS
and XRD), facilitated reoxidation could be important in this reaction. While reoxidation is a potential
deactivation pathway, carbon deposition is also evident in the XPS spectra and this could block active
sites. In contrast, both the XPS and the XRD data indicate that Pd leaching into the reaction solution is

not a significant deactivation pathway in the PdO/n-Al2O3(+) catalyst system.

The nm-sized fine structure observed in the supports of the PdO/�-Al2O3 and PdO/n-Al2O3(+), together
with their measured activities compared to the poorly active PdO/n-Al2O3(−) catalyst with no such
fine structure, supports our hypothesis that low-coordination sites on a support can result in strong
metal–support interactions and very active catalysts. Highly active crystalline PdO particles with sizes
of 5 nm or below may explain the observed lack of correlation between the measured Pd surface area

ith t
(which should correlate w

. Introduction

Palladium is one of the more versatile active metals since it can
erve as a catalyst in a large number of reactions [1–4]. Not only
s palladium a very efficient hydrogenation catalyst [5], it is also
n excellent catalyst for both selective oxidation (such as hexane
o benzene [6] and alcohols to aldehydes or ketones [7]) and com-
lete oxidation of for example CO [8,9], CH4 [4,10,11] and volatile
rganic compounds (VOCs) [12–14]. One important reaction that
as received relatively limited attention is the C–H activation
nd C–C coupling of aromatic systems over palladium catalysts.

f these, the palladium-catalyzed oxidative coupling of 4-methyl
yridine to 4,4′-dimethyl-2,2′-bipyridine is of particular interest
Scheme 1). The bipyridine product has the ability to coordinate
o transition metal cations and form complexes with interesting

∗ Corresponding author at: Department of Chemical Engineering, University of
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ax: +1 352 392 9513.
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he PdO surface area) and the catalytic activity.
© 2010 Elsevier B.V. All rights reserved.

photo- and electro-chemical properties [15–20]. Organometal-
lic bipyridine complexes are also very efficient catalyst systems
[21,22]. The 4,4′-dimethyl-2,2′-bipyridine is a particularly impor-
tant bipyridine due to the facile oxidation of the methyl groups
in the four position [15,23,24], which allows further reaction and
attachment of catalyst complexes to a support [25]. Moreover,
the oxidative coupling of 4-methylpyridine to 4,4′-dimethyl-2,2′-
bipyridine over palladium catalysts is a simple, environmentally
friendly, one-step process, where water and the terpyridine are
the only byproducts. This is, thus, an important alternative to the
route of using expensive halogenated precursors to form the bipyri-
dine, particularly since the latter is formed with an undesired halide
byproduct. However, the coupling reaction is slow with relatively
low yields [26], so significant improvements would be desirable.

The most commonly used palladium catalyst reported in the
literature for this reaction is palladium on carbon (Pd/C), while

commercial palladium on alumina (Pd/Al2O3) catalysts had been
shown to be practically inactive [27–30]. In contrast, recent
research studies have demonstrated that 5% palladium precipitated
onto alumina nanoparticles (PdO/n-Al2O3) [31] or porous titania
(PdO/p-TiO2) [32] results in the highest yields reported to date for

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.2010.03.024
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Scheme 1.

his palladium-catalyzed reaction, i.e. 2.5 g of product per g of cat-
lyst or ∼50 g/g palladium [33,34]. Previous results indicated that
he catalytic activity was dependent on the alumina support and
he preparation method used [33]. To this point, no systematic cor-
elation between palladium dispersion and catalytic activity has
een found.

As, no distinct correlation between catalyst properties and
atalytic activity was previously determined, a more thorough cat-
lyst characterization study is needed to further improve these
atalysts. The catalysts have therefore been subjected to the follow-
ng catalyst characterization techniques: (I) X-ray photoelectron
pectroscopy (XPS) to probe the surface composition and chem-
cal states of the Pd phase in the fresh and spent catalysts, (II)
ransmission electron microscopy (TEM) with energy dispersive
pectroscopy (EDS) to image the structure and dispersion of pre-
ared catalysts, as well as (III) X-ray diffraction (XRD) to determine
he crystal structure of the catalyst supports and if the palladium on
he surface can be detected with XRD. The objectives of this work
ere to characterize the Pd/PdO crystallites in fresh and selected

educed or spent catalysts for (1) crystallite size and dispersion,
2) oxidation state and electronic binding energy, and (3) support
tructure to determine if any of these properties correlate with the
atalytic activity of the catalysts.

. Experimental

.1. Catalyst preparation and reaction

The commercial catalysts, 5% Pd/C (dry, reduced) and 5%
d/Al2O3 were obtained from Alfa Aesar and used after drying
t 105 ◦C for at least 1 h. A number of alumina-supported cata-
ysts with 5% palladium loading were prepared using precipitation

ith sodium hydroxide and a calcination temperature of 350 ◦C as
escribed in previous work [33] and were subjected to careful char-
cterization. Unless otherwise stated, the prepared catalysts were
sed without reductive pretreatment. Therefore, they are most
ppropriately labeled as PdO on the support, i.e. PdO/n-Al2O3(+)
31], PdO/n-Al2O3(−) [35] and PdO/�-Al2O3 [36].

The reactions were carried out by placing fresh calcined cat-
lyst and doubly distilled 4-methylpyridine under reflux for 72 h
33]. After a complete reaction the catalyst was recovered using
glass micro-fiber filter and washed with chloroform to dissolve

he product. The recovered spent catalyst was stirred in additional
hloroform and filtered, followed by brief drying at room temper-
ture before it was analyzed using XPS or XRD.

Reduced catalysts were prepared by reduction in 5% hydrogen in
itrogen for 1 h at 170 ◦C, outgassed in nitrogen at the same temper-
ture for an additional hour, and then cooled to room temperature
nder continued nitrogen flow. As the catalysts are used in the reac-
ion without reduction, i.e. in PdO form rather than as Pd metal, the
eduction conditions are kept at low temperatures to reduce sin-
ering of the palladium. The reduced catalyst samples were kept

ealed in nitrogen until immediately before XPS and XRD sample
reparation. One reduced PdO/n-Al2O3(+) catalyst was transferred
o the reaction flask for reaction. While the brief room-temperature
ir exposure may result in some surface oxidation, it is not expected
o cause significant oxidation of the Pd on the surface.
lysis A: Chemical 325 (2010) 25–35

2.2. Chemisorption experiments

The chemisorption measurements were performed on in situ
reduced catalysts, as described above. While PdO is necessary for
the reaction, these measurements are done to obtain a qualita-
tive measure on how the PdO is distributed on the surface (as it is
expected that the measured Pd metal surface area correlates with
the PdO distribution). A spent PdO/n-Al2O3(+) catalyst was out-
gassed in nitrogen at 170 ◦C for 1 h and then subjected to the same
reductive pretreatment applied to the fresh catalysts before the CO
adsorption experiments. The pulsed CO chemisorption technique
was used to measure the amount of CO adsorbed on each cata-
lyst, and the Pd surface area was calculated from these experiments
assuming a 1:1 Pd:CO ratio. Even though there are likely bridged CO
molecules (and perhaps some CO bound at hollow sites) present on
the surface after adsorption, particularly on the low dispersion cat-
alysts, a conservative 1:1 ratio was used to give a lower bound for
the surface areas. Estimates of the Pd particle sizes were also made
from these CO adsorption measurements for comparison with the
TEM and XRD data. The details of the calculations for Pd dispersion,
surface area and crystallite size are given in previous work [34].

2.3. X-ray photoelectron spectroscopy (XPS)

The fresh, spent or reduced catalyst powders were pressed into
aluminum cups prior to insertion into the ultra-high vacuum (UHV)
chamber (base pressure 1 × 10−10 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 surveys and 25 eV for high resolution spectra using a Mg K�
X-ray source (PHI 04-151). Data were collected and then digitally
smoothed using a computer interface. A value for the C1s binding
energy of 284.6 eV was assigned to correct for static charging [37].

The XPS spectra are presented in the figures without background
subtraction. However, peak area analyses were carried out on spec-
tra corrected using a linear background subtraction. The integrated
peak areas were corrected for the atomic sensitivity factors [37]
before the surface concentrations and elemental ratios were cal-
culated. Due to the possible errors introduced while calculating
background-subtracted peak areas and the uncertainties in the
atomic sensitivity factors used, together with the fact that the cat-
alyst compositions on these catalysts vary significantly in the near
surface region, both laterally and vertically, only the trends in rela-
tive concentrations and the elemental ratios between catalysts are
discussed.

Peak fittings using Gaussian functions for the peak shapes were
also performed on the Pd 3d5/2 peaks after background subtraction
to facilitate comparisons between catalysts. As each Gaussian func-
tion contains three parameters, the peak position, the peak width
and the peak area, peak fitting is rather arbitrary if the exact peak
positions and peak widths are not known, which is the case in
this study. Therefore, the peak position and peak width of a ref-
erence PdO sample were used as the starting point in the peak
fittings. Peaks of Pd0 and “PdOx” (x > 1) were then added at 334.9
and 337.5 eV with similar peak widths. Peak fitting was initiated
by relaxing the peak position and the peak width slightly using
an automatic fitting routine. The parameters of the Gaussian func-
tions were then adjusted slightly manually to get the best fit. As
there are nine parameters total to fit the Pd 3d5/2 peak, the actual
values of the parameters are rather arbitrary. Therefore, the peak
fitting is used mainly to aid in determining differences between the

Pd 3d5/2 peaks from the various catalysts. The peak areas are only
calculated to determine trends between catalysts and are not to be
taken as absolute numbers. The best fits for the Pd 3d5/2 peaks are
obtained by including the three states, PdOx, PdO and Pd0, for all
catalysts.
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Table 1
Results from surface area and chemisorption measurements on the alumina sup-
ports used in the current study.

Support Surface area [m2/g] NH3
a [S cm3/g] CO2

b [S cm3/g]

n-Al2O3(+) 695 9.0 0.75
n-Al2O3(−) 275 8.3 0.6
L.M. Neal et al. / Journal of Molecula

.4. Transmission electron microscopy (TEM)

TEM grids were prepared by dispersing the fresh calcined cata-
ysts into water by ultrasonication and then placing a drop of the
atalyst dispersion onto lacy carbon grids. After evaporation of the
ater, micrographs and EDS spectra were collected on a JEOL TEM

010F, with a 200-kV electron source. Several TEM images were
ecorded at various locations on the sample and at different mag-
ifications to confirm that the structures observed were present
hroughout the catalyst. For each catalyst representative images
re presented in the figures.

.5. X-ray diffraction (XRD)

The XRD data were gathered on a Philips powder X-ray diffrac-
ometer using Bragg–Brentano geometry with Cu-K� radiation
� = 1.54 Å). Diffraction patterns were obtained for selected cal-
ined, reduced and spent catalysts. The catalyst powders were
ecured onto a glass slide with double-sided sticky tape. Average
article sizes were calculated from the line-broadening of the XRD
eaks using the Scherrer equation (1).

= K�

FWHM cos(�)
(1)

n this equation K is a constant generally taken as unity, � is the
avelength of the incident radiation, FWHM is the full width at
alf maximum and � is the peak position. As the PdO and alumina-
elated peaks overlap in the XRD patterns, Philips ProFit software
v. 1.0, 1996) was used to deconvolute the overlapping peaks and
etermine the FWHM for each peak.

. Results and discussion

While these reactions in very early research were carried
ut on supported “palladium metal” catalysts, such as Pd/C
nd Pd/Al2O3 rather than PdO-based catalysts [27–29], more
ecent studies have revealed that PdO is likely the active phase
26,33,34]. Looking at a suggested reaction mechanism, it is evi-
ent how an oxidized Pd species would facilitate the reaction
Fig. 1).

.1. Proposed reaction mechanism

In the proposed catalytic cycle for the palladium-catalyzed cou-
ling of 4-methylpyridine, the first step is most likely coordination
f the pyridine nitrogen to a palladium atom on the surface (Fig. 1).
he C–H activation is probably facilitated by an oxygen atom in
lose proximity to the palladium on the surface. The result of the
–H activation is a hydroxyl group on the surface and a pyridine
onded to palladium via a carbon rather than the nitrogen. After
wo consecutive C–H insertions, a reductive elimination gives a

oordinated bipyridine (not shown in Fig. 1) which later desorbs
o give the product. Also, water is formed from the two surface
ydroxyl groups and desorbs leaving an oxygen vacancy on the
urface. To close the catalytic cycle the surface oxygen must be
egenerated. This step is likely not trivial, given the nature of the

Fig. 1. Proposed reaction mechanism for the PdO-catalyzed oxidativ
BM Y-AI2O3 260 1.6 1.75

a NH3 uptake in standard cm3/g.
b CO2 uptake in standard cm3/g.

reaction. Consequently, the C–H activation and the reoxidation of
the reduced catalyst are two candidates for the rate determining
step of this reaction. It is expected that the properties of the sup-
port influence the palladium dispersion and thus also the number
of active sites. The properties of the support may also affect the
rates of some steps, but is not likely to alter the overall mechanism.

3.2. Reaction data

The reaction data and surface area measurements for some of
the catalysts characterized in this study have been reported previ-
ously [33]. A summary of the relevant results has been included
in Tables 1 (supports) and 2 (catalysts), along with subsequent
measurements. Table 1 reveals that the acidic and basic surface
properties (i.e. NH3 and CO2 uptake) are similar on the n-Al2O3(+)
and n-Al2O3(−) supports, while the product yields are very differ-
ent (Table 2). This indicates that other catalyst properties, such as
support and PdO structure, likely influence dispersion and catalytic
activity for these catalysts.

It is evident from the results that this is a catalytic rather than
stoichiometric reaction. If no reoxidation takes place, there is only
sufficient PdO on the surface to yield less than 0.1 g of product per g
of catalyst before complete reduction of PdO. The >2.5 g of product
per g of catalyst reported for the most active catalysts is more than
an order of magnitude higher than the stoichiometric yield.

Included in Table 2 are results showing that an impregnated
PdO/n-Al2O3(+) catalyst can be quite active, when using different
batches of support and palladium precursor from those used to pre-
pare the poorly performing catalyst in previous work [33] (Table 2,
entries 8 vs. 9 and 10). The yields from an impregnated catalyst
are reasonably reproducible as long as the same batch of Pd(NO3)2
and n-Al2O3(+) support is used. The cause of the sensitivity to the
batch of precursors used for the impregnated catalysts is not evi-
dent as no such sensitivity has been observed for the precipitated
catalyst (as long as the Pd(NO3)2 precursor does not contain sub-
stantial amounts of PdO before catalyst preparation [33]). This may
be attributed to trace amount of contamination in the Pd(NO3)2
precursor or alumina support (such as chloride ions), which would
be left on the surface of the catalyst since the impregnation method
does not include a rinsing step. Differences in the crystallinity and
phase of the n-Al2O3(+) can also potentially influence the catalyst

since it may alter the palladium–support interactions.

To determine the importance of PdO in these reactions, a PdO/n-
Al2O3(+) catalyst was reduced using the same reduction treatment
as before the CO adsorption measurements. The reduced PdO/n-
Al2O3(+) catalyst does exhibit some activity, with a product yield

e coupling of 4-methylpyridine. (�) Marks an oxygen vacancy.
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Table 2
Results from surface area, chemisorption and catalytic activity measurements.

Entry Catalyst: 5% Pd loadinga Catalyst SA [m2]b CO adsorbed [�mol/g cat] Pd SAc [m2/g] Pd diameter [nm] Yield [g/g cat]d Yield [g/g Pd] TONe

1 Activated Cf,g 695 110 5.2 4 1.8 36 90
2 Y-Al2O3

f,g 155 85 4.0 5 0.1 2.6 10
3 n-Al2O3(+)Prg 180 205 9.7 2.1 2.8 56 75
4 n-Al2O3(+)Prg,h 180 205 9.7 2.1 2.5 50 65
5 n-Al2O3(+)Pri,j ND 202 9.6 2.2 2.7 54 70
6 n-Al2O3(+)Pr Reducedi ND 202 9.6 2.2 1.1 20 25
7 n-Al2O3(+)Pr Spenti ND 52 2.5 8.4k NA NA NA
8 n-Al2O3(+)Img 170 70 3.3 6 0.2 4 15
9 n-Al2O3(+)Imi ND 133 6.3 3.3 2.9 57 115

10 n-Al2O3(+)Imh,i ND 133 6.3 3.3 2.6 51 105
11 n-Al2O3(−)g 155 15 0.7 30 0.3 5.8 105
12 BM y-Al2O3

g 200 6.5 0.3 68 1.2 24 1000

a Commercial Pd/C and Pd/Al2O3 catalysts and bimodal (BM). �-Al2O3 support from Alfa Aesar; n-Al2O3(+) and n-Al2O3(−) supports from NanoScale Inc.
b ND: not determined.
c The Pd surface area (SA) and average particle diameter have been calculated using 1:1 as the CO:Pd stoichiometry and a surface atom density of 1.27 × 1015 atoms/cm2.
d NA: not applicable.
e TON: turnover number, i.e. number of moles of product formed per mole of surface Pd.
f Commercial catalyst.
g Results from previous work [33]. Only the average surface areas and particle sizes for the same batch of catalyst is reported.

RD. Consequently, the calculated particle size is meaningless.
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h Repeated run on same batch of catalyst.
i Results from present work.
j Repeated run on different batch of catalyst.
k The low CO adsorption is consistent with carbon fouling according to XPS and X

f 1.1 g/g of catalyst (Table 2). This yield is higher than for the
ommercial Pd/Al2O3, but significantly less than for the same unre-
uced catalyst. Consequently, reducing the PdO on the surface of
he catalyst is detrimental to the reaction.

In addition, the CO chemisorption measurement on a spent cat-
lyst after reductive treatment is included in Table 2. The result
eveals that a lower amount of CO is adsorbed on the spent cat-
lyst compared to the fresh catalysts after the same treatment.
he calculated average particle size (∼8.4 nm) is much larger than
hat calculated for reduced fresh catalyst (2 nm). The lower amount
f CO adsorbed could be due to sintering of the palladium during
he reductive treatment or during reaction, leaching of the palla-
ium into the reaction solution, or carbon deposition that blocks
he active palladium sites. The latter is suggested by XPS and XRD
s discussed below.

.3. XPS analysis

.3.1. Survey spectra
The XPS survey spectrum obtained from the fresh, precipitated

dO/n-Al2O3(+) catalyst is displayed in Fig. 2. This spectrum is
ypical for these catalysts, as it is dominated by the oxygen and
luminum signals from the support. In addition to the signals due

o O, Al and Pd, there is also a small amount of sodium on the sur-
ace of this catalyst. This is a residue of the NaOH, which was used
o precipitate the palladium onto the support. As the O 1s peak at
31.0 eV from the Al2O3 support dominates the XPS spectra, only
he binding energy region from 400 to 0 eV is used to facilitate the

able 3
esults from the XPS compositional analysis.

5% Pd catalystsa Relative surface concentrations [%]

C 1s 0 1s Pd 3d A1 2p

PdO/n-Al2O3(+) Pr. Fr. 8.5 50.9 1.3 39.4
PdO/n-Al2O3(+) Pr. Sp. 15.3 52.2 1.0 31.6
PdO/n-Al2O3(+) Pr. Sp, Ar+ 10.8 54.0 0.9 34.3
PdO/n-Al2O3(+) Im. Fr. 11.8 51.2 0.9 36.1
PdO/n-Al2O3(−) Pr. Fr. 12.6 48.8 5.0 33.6
PdO/y-Al2O3 Pr. Fr. 11.2 49.6 1.5 37.7
Pd/Al2O3 Com. Fr. 8.9 49.8 3.0 38.4
n-Al2O3(+) As received 13.2 52.2 0.0 34.6

Pr.: precipitated; Fr.: fresh; Sp.: spent; Ar+: Ar+ sputtered; Im.: impregnated; Com.: com
Fig. 2. XPS survey spectrum obtained from precipitated PdO/n-Al2O3(+).

comparison between the alumina-supported catalysts (Fig. 3). The

compositional analysis for these catalysts is presented in Table 3.
Considering the high dispersion of the precipitated PdO/n-Al2O3(+)
it is surprising that the palladium signals are so weak on this
catalyst. The XPS survey obtained from the commercial Pd/Al2O3
catalyst exhibits a more intense palladium peak, as is expected from

Peak area ratios

Pd/Al Pd/C Al/C Pd/O Al/O C/O

0.03 0.15 4.65 0.02 0.77 0.17
0.03 0.07 2.07 0.02 0.60 0.29
0.03 0.08 3.19 0.02 0.64 0.20
0.02 0.07 3.05 0.02 0.70 0.23
0.15 0.40 2.72 0.10 0.69 0.26
0.04 0.13 3.39 0.03 0.76 0.22
0.08 0.33 4.33 0.06 0.77 0.18
0.00 0.00 2.63 0.00 0.66 0.25

mercial.
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Fig. 4. Pd 3d XPS spectra obtained from PdO (PdO reference sample) and the
following catalysts: Pd/C: commercial Pd/C; Pr(−): precipitated, PdO/n-Al2O3(−);
Pr(+): precipitated PdO/n-Al2O3(+); Im(+): impregnated PdO/n-Al2O3(+); Pr(�):
precipitated PdO/�-Al2O3; Pr(+)Sp: precipitated, spent PdO/n-Al2O3(+); and Com:
ig. 3. XPS survey spectra obtained from Pr(−): precipitated PdO/n-Al2O3(−);
r(+): precipitated PdO/n-Al2O3(+); Im(+): impregnated PdO/n-Al2O3(+); Pr(�):
recipitated PdO/�-Al2O3; Pr(+)Sp: precipitated, spent PdO/n-Al2O3(+); and Com:
ommercial Pd/�-Al2O3 catalysts.

he high palladium dispersion on this catalyst. However, the XPS
ignal is also dependent on the porosity of the support. For example,
he large reduction in overall surface area after catalyst preparation
or the n-Al2O3(+) support (see Tables 1 and 2) may, in addition to
intering, indicate that the palladium fills the voids in the support.
onsequently, a large fraction of the added palladium is not present

n the surface region probed with XPS (which is roughly 10 atomic
ayers from the surface [38]). The same phenomenon is observed
o some extent on the impregnated PdO/n-Al2O3(+) catalyst.

In contrast, the palladium signal obtained from the low disper-
ion, precipitated PdO/n-Al2O3(−) catalyst is unexpectedly high.
his is likely due to less efficient palladium penetration into the
oids of this support, resulting in more palladium deposited in the
ear surface region probed with XPS (see also Section 3.4). The
ame appears to be true for the palladium precipitated onto the
-Al2O3 support. For both supports [n-Al2O3(−) and �-Al2O3], the
alladium dispersions are very low and the reduction in the ini-
ial surface area of the support, compared to the overall surface
rea of the resulting catalyst, is considerably less than the reduction
n surface area from the preparation of the n-Al2O3(+)-supported
atalysts.

After reaction, the palladium signal from the precipitated
dO/n-Al2O3(+) catalyst is lower than before reaction, while the
arbon signal is considerably higher. This has been observed before
n Pd/C catalysts and was attributed to carbon-containing species
n the surface covering the palladium as well as some palladium
eaching from the surface [26]. As the palladium-to-alumina signals
re similar on the fresh and spent catalysts (Table 3) the lower Pd
ignal on the spent catalyst appears to be mainly carbon deposition

n the catalyst surface (which also covers the alumina support and
owers the Al peak intensities). This suggests that the amount of
alladium leaching from the PdO/n-Al2O3(+) catalyst is low, which

s important for possible catalyst regeneration.
commercial Pd/�-Al2O3. The dashed lines mark the binding energies of Pd 3d5/2 and
Pd 3d3/2 from PdO and the dotted lines denote the Pd 3d5/2 and Pd 3d3/2 from Pd
metal.

3.3.2. High resolution spectra
The Pd 3d XPS spectra obtained from the palladium catalysts

supported on the various alumina supports are presented in Fig. 4.
The commercial Pd/C and Pd/Al2O3 catalysts, as well as a PdO sam-
ple, have been included for comparison. The major species on most
catalysts, including Pd/C, is located at a binding energy of 336.1 eV,
which is consistent with the reference value reported for the Pd
3d5/2 peak of PdO (336.3 eV [39,40] with values reported between
335.6 and 337.1 eV [41]). In contrast, the major species on the com-
mercial Pd/Al2O3 catalyst is located at 334.5 eV, which is lower than
that reported for bulk Pd metal (334.9 eV [39]), but is in agreement
with values typically observed for surface Pd0 in high dispersion
catalysts [42]. A small shoulder at 336.1 eV indicates that there is
some surface PdO on this catalyst. There is also an indication of
a Pd species with an oxidation state higher than PdO on both the
commercial Pd/C and Pd/Al2O3 catalysts (Fig. 5A). This could be a
Pd(OH)2 or a PdOx species (x > 1). These results, and the lower yield
from a reduced catalyst, are consistent with PdO being the active
phase on these catalysts and explain why the commercial Pd/Al2O3
catalyst exhibits little if any activity in these reactions, while the
Pd/C (or more accurately PdO/C) is an active catalyst.

The Pd 3d5/2 peak obtained from the spent PdO/n-Al2O3(+) cata-
lyst is located at a low binding energy (334.9 eV), which is indicative
of Pd metal as has been observed previously for spent Pd/C catalysts
[26]. Peak fitting reveal that the amount of PdO is less on this cat-
alyst compared with the commercial Pd/Al2O3 catalyst (Fig. 5A).
While the contribution from the PdOx or Pd(OH)2 appears to be
higher on the spent PdO/n-Al2O3(+) catalyst according to the peak
fitting results, this peak is likely overestimated in the peak fitting
due to the higher signal-to-noise in the spectra obtained from the

spent PdO/n-Al2O3(+) catalyst compared with those from the com-
mercial Pd/Al2O3 catalyst. The low concentration of PdO or PdOx

on the surface of the spent catalyst is a potential reason for catalyst
deactivation in these systems, as these catalysts are likely limited
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ig. 5. Peak fitting results for the Pd 3d5/2 peaks obtained from the catalysts unde
dO peak at ∼336.1 eV, ( ) PdOx (x > 1) or Pd(OH)2 peak at ∼337.6 eV, and (
egend, the reader is referred to the web version of the article.)

y the reoxidation of the palladium species to close the catalytic
ycle (see Fig. 1).

While the major species is PdO on all the prepared fresh cat-
lysts, the Pd 3d peak widths vary significantly on the different
lumina supports. The Pd 3d peaks obtained from the fresh cata-
ysts (impregnated and precipitated) supported on the nanoparticle

l2O3(+) are considerably broader than those obtained from the
-Al2O3(−)- and �-Al2O3-supported catalysts (Fig. 4). The distinct
houlders at 337.3–337.6 and 334.4–334.8 eV on the PdO/n-
l2O3(+) catalysts are due to larger contributions from the PdOx

or Pd(OH)2) and Pd0 states respectively compared to the other

able 4
esults from the XPS peak fitting of the Pd 3d5/2 peaks of the catalyst in the study.

Catalyst Pd/C PdO/n-Al2O3(−) PdO/n-Al2O3(+)
Description Fresh Prec. Fresh Prec. Fresh

PdO Peak position 336.1 336.1 336.1
Peak width 1.5 2.0 1.9
Peak area 670 2600 578
Peak area % 53 82 53

Pd Peak position 334.7 334.4 334.4
Peak width 1.8 2.0 1.7
Peak area 395 265 241
Peak area % 31 8 22

PdOx Peak position 337.7 338 337.6
(x > 1) Peak width 1.6 1.7 1.7

Peak area 198 315 270
Peak area % 15 10 25
tigation. ( ) Actual data, ( ) Pd metal peak at ∼334.6 eV, ( )
) sum of model peaks. (For interpretation of the references to color in this figure

catalysts (Fig. 5B and Table 4). As the PdO/n-Al2O3(+) catalysts
are the most active of the alumina-supported catalysts, it is pos-
sible that the presence of PdOx (x > 1) is necessary to ensure
a high catalytic activity. According to the reaction mechanism
presented in Fig. 1, a more electrophilic palladium (such as a
state at BEs of 337.3–338.1 eV) is likely more reactive in the first

coordination of the reactant and may facilitate H+ abstraction
compared to PdO. It is also possible that a Pd0 and PdOx pair
(Pd0–Pdy+, where x ≥ 1 and y ≥ 2) is responsible for the high cat-
alytic activity observed for these catalysts. Yet, another possibility
is that the “PdOx” (x > 1) phase observed reveals palladium–support

PdO/n-Al2O3(+) PdO/y-Al2O3 PdO/n-Al2O3(+) Pd/Al2O3

Imp. Fresh BM Fresh Prec. Spent Com. Fresh

336.1 336.2 335.9 336
1.7 1.8 1.7 1.7
315 722 300 495
50 65 15 20
334.8 334.8 334.5 334.3
1.7 2.1 2.2 2.3
160 265 1375 1760
25 24 70 71
337.3 338.1 337.3 337.3
1.7 1.7 1.6 1.6
155 125 295 235
25 11 15 9
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ig. 6. TEM pictures obtained from the catalysts under investigation at two differe
ial Pd/C; middle: commercial Pd/�-Al2O3; right: precipitated PdO/�-Al2O3 (bimo
recipitated PdO/n-Al2O3(−).

nteractions which result in a palladium phase that is easier to

eoxidize.

The similarities in the Pd 3d peak shapes of the impregnated and
he precipitated fresh catalysts are in agreement with the higher
ctivities observed from the impregnated catalyst in the present
tudy compared to the previous results. It is difficult to explain why
gnifications (top: scale bar = 10 nm, bottom: scale bar = 50 nm). (A) Left: commer-
B) Left: precipitated PdO/n-Al2O3(+); middle: impregnated PdO/n-Al2O3(+); right:

some preparations of the impregnated catalyst would be inferior to

the precipitated catalyst on the basis of XPS.

Due to the low dispersions of the PdO/n-Al2O3(−) and PdO/�-
Al2O3 catalysts, most of the palladium signal from these catalysts
arise from non-active species, i.e. species that are below the out-
ermost surface palladium. Consequently, discerning the active
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urface species for these catalysts would be challenging at best. It is
herefore not surprising that the Pd 3d peaks obtained from these
atalysts are similar (Fig. 4), even though their activities are signifi-
antly different. The peak fitting reveal that the contributions from
oth the PdOx and the Pd0 states are higher on the PdO/�-Al2O3
ersus the PdO/n-Al2O3(−) catalyst (Fig. 5B). This is in agreement
ith the more active catalyst being the one with the broader Pd

d5/2 peak, i.e. the PdO/�-Al2O3 catalyst.
The O 1s binding energy region is dominated by the Al2O3 oxy-

en at 531.0 eV on these catalysts, so no significant differences in
he O 1s peaks between the catalysts can be observed (not shown).
he Al 2p peaks at 74 eV obtained from these catalysts are also not
nformative (not shown).

.4. TEM/EDS data

The prepared alumina-supported catalysts (after calcination)
nd the commercial Pd/C and Pd/Al2O3 (as received) were subjected
o TEM analysis.

.4.1. Commercial catalysts and supports
The TEM obtained from the commercial catalysts are typical,

howing fine, nanometer-sized support features and relatively uni-
orm distribution of Pd particles on the surface of the support
visible as darker spots in the TEM pictures, Fig. 6A, left and mid-
le). The smaller Pd/PdO particle size on the Pd/C compared with
he Pd/Al2O3 catalyst is in agreement with the calculated particle
ize from the palladium surface areas of the two catalysts (Table 2).
he PdO precipitated onto the bimodal �-alumina (�-Al2O3) looks
ery different from the commercial catalysts. It is difficult to discern
he PdO particles on this catalyst and it appears that the palladium
xide particles and their particle sizes are inhomogeneously dis-
ributed on the surface of this support. EDS scans on this catalyst
not shown) reveal that there are some large palladium oxide parti-
les on this catalyst and their particle size is indeed consistent with
he >50 nm reported from the Pd surface area measurements on a
educed catalyst. At a lower magnification (Fig. 6A bottom right),
t is evident that the structure of the support is very different from
he carbon and alumina supports of the commercial catalysts. The
upport appears to consist of interlaced nanometer-sized rods or
trands, and this is similar to the n-Al2O3(+) support (Fig. 6B bottom
eft).

.4.2. Catalyst supported on nanoparticle alumina
The PdO precipitated onto the n-Al2O3(+) support appears to

esult in a relatively uniform distribution of palladium oxide parti-
les on the surface (Fig. 6B, left). The 2-nm Pd particle size calculated
rom metal surface area measurements after catalyst reduction are
easonably consistent with the PdO particle size observed in the
EM picture of the unreduced catalyst. The palladium oxide dis-
ribution on the impregnated PdO/n-Al2O3(+) catalyst is not as
niform compared to the precipitated catalyst (Fig. 6B, middle).
ome particles, although not all, are larger on the impregnated
ompared with the precipitated catalyst, which is consistent with
he lower dispersions and the average particle size calculated from
he palladium surface area measurements. The structure of the
-Al2O3(+) support exhibit some similarity with the BM �-Al2O3
upport in that it does contain some nanometer-sized strands.
owever, the n-Al2O3(+) also contains finer structures in the form
f small irregular particles, which are on the order of a few nanome-
ers.
The structure of the n-Al2O3(−) support is very different from
he n-Al2O3(+) and �-Al2O3 supports. It appears to consist of close-
acked larger crystals (Fig. 6B, right) compared with the small

rregular particles and strands of the n-Al2O3(+) and �-Al2O3 sup-
orts. From the lower magnification it appears that the palladium
lysis A: Chemical 325 (2010) 25–35

oxide is deposited as fairly large crystals on the outermost surface of
this support. The PdO particle sizes appear to be smaller than on the
PdO/�-Al2O3 support, which again is consistent with the Pd particle
sizes obtained from the Pd surface area measurements. More palla-
dium oxide on the outermost surface of this support also explains
the higher Pd peak intensities in the XPS data obtained from this
catalyst compared to the catalysts supported on n-Al2O3(+).

The PdO particle sizes observed in the TEM micrographs are
consistent with the Pd particle sizes measured from the catalysts
after reduction, which suggests that the reduction treatment does
not significantly alter the distribution of palladium on the surfaces
of these supports. The fact that the PdO/�-Al2O3 is moderately
active despite the low palladium surface area is consistent with our
hypothesis that supports with low-coordination corner and edge
sites can lead to highly active catalysts, as this support does have
significant fine structure on the nanometer scale. It is our belief that
a high number of low-coordination sites, such as corners and edges
[43], can result in strong metal support interactions and unique
catalytic properties. Although the support structure in the case of
the PdO/�-Al2O3 catalyst does not lead to a high palladium sur-
face area, it appears that some palladium on this surface is highly
active, perhaps due to favorable palladium–support interactions at
the low-coordination sites. Compared with the n-Al2O3(+) there
are fewer of these low-coordination sites on the �-Al2O3 support.
This hypothesis would also explain why the PdO/n-Al2O3(−) is not
a very active catalyst, since this support does not appear to have
the same structure with low-coordination sites.

3.5. XRD data analysis

The supports and prepared catalysts were subjected to XRD
analysis to determine any crystal structure present and obtain a
measure of the crystalline particle sizes.

3.5.1. Alumina supports
The XRD patterns obtained from the different alumina supports

used in this study are presented in Fig. 7A. All supports except the n-
Al2O3(+) are composed of �-Al2O3 [44]. The pattern obtained from
the n-Al2O3(+) is unexpected as the supplier indicated the alumina
to be amorphous [31]. When compared to reference patterns from
the JCPDS data base, the phase present in the n-Al2O3(+) support
was identified as bohemite (aluminum oxide hydroxide, AlO(OH))
[45]. When the n-Al2O3(+) support is calcined at higher tempera-
tures (above 350 ◦C), the AlO(OH) releases water and is converted
to the �-Al2O3 phase (Eq. (2) and Fig. 7A). The n-Al2O3(+) sample
was therefore analyzed using thermogravimetric analysis (TGA) to
determine how much weight is lost in this process. After drying at
105 ◦C to remove any absorbed moisture, the additional weight lost
from the n-Al2O3(+) sample would correspond to ∼85% AlO(OH) by
weight. While this support thus more accurately should be referred
to as nanoparticle AlO(OH), the n-Al2O3(+) label is kept for reasons
of consistency.

2AlO(OH)
�→Al2O3 + H2O (2)

It is possible that the hydroxyl groups on the aluminum oxide
hydroxide “n-Al2O3(+)” support results in favorable interactions
with the palladium ions in the deposition step giving very high
dispersions compared to the n-Al2O3(−) and BM-Al2O3 supports,
which are composed of �-Al2O3. In the case of the PdO/BM-Al2O3
catalyst, the nanometer-sized features of the support may explain

why this catalyst is more active than the PdO/n-Al2O3(−) despite
the low palladium dispersion. Both the n-Al2O3(+) and the BM-
Al2O3 supports exhibit nanometer-sized support features, which
could lead to favorable palladium–support interactions, that are
absent on the n-Al2O3(−) support.
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Fig. 7. XRD patterns obtained from selected supports and catalysts. (A) n(+): n-
Al2O3(+) as received (batch 2); n(+)8: n-Al2O3(+) calcined at 800 ◦C; n(−): n-Al2O3(−)
as received; and p-(�): porous, bimodal �-Al2O3, as received. (B) Pd(−): precipitated
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Fig. 8. XRD patterns obtained from impregnated and precipitated PdO/n-Al2O3(+)
calcined at 350 and 450 ◦C. Im(+): impregnated PdO/n-Al2O3(+); and Pr(+): precipi-
tated PdO/n-Al2O3(+). The legend for the data is as follows: (�) AlO(OH) (bohemite),
(�) PdO (tetragonal), and (�) �-Al2O3.
dO/n-Al2O3(−); Pr(�): precipitated PdO/�-Al2O3; and Com: commercial Pd/�-
l2O3. The legend for the data is as follows: (�) �-Al2O3, (�) AlO(OH) (bohemite),

�) Pd metal, and (�) PdO (tetragonal).

.5.2. Fresh catalysts
The XRD patterns obtained from the catalysts under investiga-

ion are presented in Figs.7B–9. The PdO [46] peak intensities for
he fresh 5% PdO/n-Al2O3(−) are surprisingly low considering its
ow Pd surface area and, thus, large PdO particle sizes (Fig. 7B).
his indicates that the PdO on this catalyst is mainly amorphous,
.e. most of the PdO is XRD invisible as it has no long-range order.
ue to the amorphous nature of this catalyst, determining the PdO
article size on this catalyst is subject to significant errors. There-
ore, the PdO particle size determined from the XRD data is not
ncluded in Table 5. In contrast, the PdO peak intensities in the XRD
attern obtained from the PdO/�-Al2O3 catalyst are significant, in
greement with the low palladium surface area observed on this
atalyst. However, the PdO particle sizes calculated for this catalyst
rom the Scherrer equation and the full-width-at-half-maximum
FWHM), gives an average particle size of crystalline PdO in the
ange of ∼5 nm (Table 5). This is significantly smaller than the par-
icle size determined from the measured Pd surface area on the

educed catalyst. Consequently, a significant amount of the PdO on
he surface of this catalyst is also amorphous. This is supported by
he fact that considerable sintering, i.e. from 5 to >50 nm, of the
alladium during the low temperature reduction of the Pd surface

Fig. 9. XRD patterns obtained from impregnated and precipitated PdO/n-Al2O3(+).
(A) Impregnated catalysts, Fr: fresh; Re: reduced; and Sp: spent. (B) Precipitated
catalysts, Fr: fresh; Re: reduced; and Sp: spent. The legend for the data is as follows:
(�) AlO(OH) (bohemite), (�) Pd metal, and (�) PdO (tetragonal).
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Table 5
Pd and PdO particle sizes determined from the XRD data using the Scherrer equation
and the full-width-at-half-maximum (FWHM).

Catalyst PdO particle
size [nm]

Pd particle
size [nm]

PdO/n-Al2O3(+) Prec. Fresh 2.9 –
PdO/n-Al2O3(+) Prec. Reduced – 3.4
PdO/n-Al2O3(+) Prec. Spent – 3.5
PdO/n-Al2O3(+) Imp. Fresh 3.7 –
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the reaction and could reveal palladium–support interactions that
PdO/n-Al2O3(+) Imp. Reduced – 2.9
PdO/n-Al2O3(+) Imp. Spent – 3.3
PdO/y-Al2O3 Prec. Fresh 5.1 –

rea measurements is unlikely and the TEM measurements also
ndicate large PdO particles. This said, the PdO on the PdO/�-Al2O3
atalyst is much more crystalline than the PdO on the n-Al2O3(−)
upport. The more crystalline PdO on the PdO/�-Al2O3 catalyst may
e taken as a indication of a more favorable metal–support inter-
ction compared with the PdO/n-Al2O3(−), which could lead to a
igher catalytic activity.

As expected, no PdO can be detected on the commercial
d/Al2O3 catalyst and Pd metal is difficult to discern since the Pd0

eaks [47] overlap with those of the �-Al2O3 support (Fig. 7B).
he only Pd metal peak that can be distinguished from the sup-
ort peaks is the Pd(1 1 1) at 2� = 40.1◦. Apart from this small
eak, the pattern from the Pd/Al2O3 catalyst is very similar to
he one obtained from the n-Al2O3(+) support calcined at 800 ◦C
Fig. 7A).

Despite the high dispersions and the low palladium loadings,
he presence of PdO is evident in the XRD pattern obtained from
he fresh 5% PdO/n-Al2O3(+) catalysts (Figs. 8 and 9). The XRD pat-
erns in Fig. 8 reveal the differences in support structure between
alcinations at 350 and 450 ◦C. Evidently, the phase transformation
rom AlO(OH) to �-Al2O3 occurs somewhere in this temperature
ange, as catalysts calcined at 350 ◦C contain only the AlO(OH)
hase while catalysts calcined at 450 ◦C contain only the �-Al2O3
hase (Fig. 8). This phase transformation does not appear to affect
he palladium on the surface significantly as the catalytic activi-
ies from the 350 ◦C- and 450 ◦C-calcined catalysts are similar. For
xample, the PdO/n-Al2O3(+) catalyst results in ∼52 g of product/g
d if calcined at 350 ◦C and ∼50 g product/g Pd when calcined at
50 ◦C. This is within the standard deviations of ±6–10% of the
xperiments. The low palladium oxide signal and overlapping fea-
ures with �-Al2O3 or bohemite makes it difficult to determine the
eak widths of the palladium oxide peaks. Consequently, calculat-

ng the particle sizes using the Scherrer equation is challenging at
est for these catalysts. Furthermore, as long-range order in the
rystalline structure is necessary to give an XRD signal, any PdO
articles below 1–2 nm will be XRD invisible. For this reason, XRD

s expected to overestimate the average particle sizes of high dis-
ersion catalysts, unless of course the particles are amorphous,
s is the case for the PdO/�-Al2O3 and PdO/n-Al2O3(−) catalysts.
espite the limitations of the XRD technique, it is evident that

he particle sizes calculated from the XRD peak widths are con-
istent with the particle size trend obtained from the measured
alladium surface areas of the fresh impregnated and precipitated
atalysts (see Tables 2 and 5). At both calcination temperatures
350 and 450 ◦C), the precipitated catalysts have the broader peaks,
s expected from the higher palladium surface areas and smaller
article sizes measured on these catalysts, compared to the impreg-
ated ones. Using a software to deconvolute the peaks of the
atalysts calcined at 350 ◦C, the PdO particle sizes on the impreg-

ated and precipitated catalysts are 3.7 and 2.9 nm, respectively
Table 5). The trend in particle size is in very good agreement with
he data obtained from the Pd surface area measurements (3.3
nd 2.1 nm), considering that the XRD particle sizes are expected
lysis A: Chemical 325 (2010) 25–35

to be overestimated due to the limitations of XRD in this size
range.

3.5.3. Reduced catalysts
The XRD patterns obtained from the reduced precipitated and

impregnated catalysts reveal that the PdO is completely reduced
to Pd metal during the mild reduction conditions (Fig. 9A and
B). No peaks due to PdO can be detected on the reduced cat-
alysts and new peaks due to Pd metal are evident. Based on
the peak widths, the Pd particle sizes on these catalysts are
2.9 (impregnated Pd/n-Al2O3(+)) and 3.4 nm (precipitated Pd/n-
Al2O3(+)). While the PdO particle sizes were smaller on the fresh
precipitated Pd/n-Al2O3(+) catalyst (2.9 nm) compared to the Pd
particle sizes after reduction, the differences are not significant con-
sidering the uncertainties in determining the particle sizes using a
peak deconvolution routine and the limitations of XRD particle siz-
ing in this size range. Therefore, reduction treatment before the
Pd surface area measurements does not cause significant sinter-
ing.

3.5.4. Spent catalysts
The XRD patterns obtained from the spent catalysts are very

similar to the XRD patterns obtained from the reduced catalysts
(Fig. 9A and B). The fact that no PdO-related peaks are visible indi-
cates that the PdO particles are fully reduced during the reaction,
as opposed to just the surface and near surface PdO. The FWHM
of the spent impregnated and precipitated catalysts give particles
sizes on the order of 3.3–3.5 nm, which is similar to the Pd parti-
cle sizes on the reduced catalysts. The similarity in Pd metal peak
widths and signal intensity between the reduced and spent cata-
lysts indicates that there is no significant sintering of the palladium
on the surface during reaction. Furthermore, the XRD data does not
reveal any evidence of significant leaching of the palladium from
these catalysts. Consequently, the XRD data supports our conclu-
sion from the XPS section, namely that the catalysts after reaction
are covered with carbon and have not lost a significant amount of
palladium due to leaching. This carbon is not removed during the
reductive treatment, and results in low amounts of CO adsorbed
on the spent catalysts during the CO chemisorption measurements
(Table 2).

As the PdO on the surface is fully reduced during the reaction,
these reactions are likely limited by reoxidation of the formed pal-
ladium as the oxygen is only present in the gas phase above the
reaction medium.

4. Conclusions

This study supports the previous conclusion that PdO is neces-
sary for an active catalyst. After reaction both XPS and XRD reveal
that the PdO is completely (both the surface and the crystalline
bulk) reduced to Pd metal. Oxygen supply to the catalyst may thus
be the main limitation in this reaction. The XPS data also indi-
cates that the catalyst surface after reaction is covered with carbon,
which could indicate poisoning or coking. As the Pd/Al ratio is not
significantly reduced after reaction, leaching does not appear to
be a significant deactivation pathway for the PdO/n-Al2O3(+) cata-
lyst.

The most active catalysts, the impregnated and precipitated
PdO/n-Al2O3(+) catalysts, have very broad Pd 3d peaks, indicating
the presence of both PdO2 and Pd0 in addition to the PdO. The pres-
ence of PdOx (x > 1) or a Pd0–Pdy+ (y ≥ 1) pair, may be beneficial to
result in a palladium phase that is easier to reoxidize.
The structure and morphology of the support is also important in

the preparation of active palladium catalysts. The n-Al2O3(+) sup-
port can yield very high dispersions and high catalytic activities,
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evealing favorable palladium–support interactions. This support
xhibits nm-sized fine structure and corroborates our hypothe-
is that low-coordination sites on a support can result in strong
etal–support interactions and very active catalysts.
It is possible that PdO crystals below a certain particle size are

he most active in this reaction, which would explain why the
atalytic activity does not exhibit a simple correlation with the
easured palladium surface area.
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