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Effects of the addition of titania on the thermal characterization
of alumina-supported palladium
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Abstract

The detailed thermal characterization of Pd/TiO2–Al2O3 catalysts under oxygen and hydrogen atmosphere was conducted
by means of thermal gravimetric analysis/differential scanning calorimetry (TG/DSC), temperature-programmed reduction
(TPR) and temperature-programmed desorption (TPD). A simultaneous TG/DSC measurement revealed that the heat evolved
during oxygen adsorption at 25◦C varied slightly with the supports and had a higher value for the smaller palladium crystallite.
Hydrogen chemisorption and BET measurements revealed that the coating of Pd/Al2O3 catalysts with titania modified the
support character to achieve a high dispersion of palladium. TPR and TPD characterizations of oxidized samples further
demonstrated that the coating of Pd/Al2O3 catalysts with titania promoted the reduction and decomposition of PdO into
palladium. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Supported palladium catalysts are the most active
for the catalytic combustion of methane [1–6]. Among
commonly used supports, alumina is unique because
of the ability to retain a high surface area at high
temperature and interact strongly with metal [7–10].
Accordingly, we have extensively studied focusing on
the alumina-supported ones.

Moreover, the mechanism of Pd/Al2O3 towards
methane combustion includes an oscillation of the
active ingredient between a reduced form (Pd) and
an oxidized form (PdO) according to the following
equation:
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2Pd+ O2 → 2PdO (1)

CH4 + PdO→ Pd+ CO2 + H2O

+ (adsorbed carbonaceous materials) (2)

The activity of the methane combustion, therefore,
depends heavily on the nature of PdO. A decrease in
the strength of the PdO bond should enhance reaction
(2) at low temperatures.

The addition of La2O3 to the Pd/Al2O3 was found
by Chou et al. [2] to reinforce the bond strength of
PdO on Pd/Al2O3 catalysts and reduce the sintering
rate of palladium crystallites at high temperatures.
Based on the methane combustion activity test, Seo
and co-workers [11–13] suggested that the loading
of TiO2 to the Pd catalyst supported on mesoporous
materials can promote methane combustion activity.
Therefore, we have had interest in coating Pd/Al2O3
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with n-type oxides, TiO2, and carried out the thermal
characterization of the resultant catalysts.

Thermal gravimetric analysis/differential scanning
calorimetry (TG/DSC), temperature-programmed red-
uction (TPR) and temperature-programmed desorp-
tion (TPD) are valuable techniques for investigating
the thermal properties of supported catalysts [14–16].
However, no systematic study has been made of the
thermal characterization for the Pd/TiO2–Al2O3 cat-
alysts. The aim of the this work is to pursue a more
detailed thermal characterization of the Pd/TiO2–
Al2O3 catalysts by means of oxygen adsorption,
oxidation, reduction and thermal decomposition.

2. Experimental

2.1. Sample preparation

Titania-modified alumina supports (x%TiO2–Al2O3
with x% of TiO2 in weight) of various TiO2 loading
were prepared by impregnation of�-Al2O3 (Merck,
surface area= 108 m2 g−1) with appropriate solution
of Ti(O–i-C3H7)4 dissolved in 2-propanol. The im-
pregnated samples were subsequently dried overnight
at 110◦C, calcined at 600◦C for 6 h and stored
as carriers for preparing supported palladium cata-
lysts. Palladium was impregnated on various supports
(Al2O3 andx%TiO2–Al2O3) by the incipient wetness
method with hot H2PdCl4 (99%, Aldrich) solution.

Table 1
Dispersion and heats of adsorption of oxygen on palladium measured at 25◦C

Sample Hydrogen chemisorption Oxygen chemisorption

Da db (nm) Nad
O /NPd

c −�Had (kJ mol−1 O2)

10.09%Pd/Al2O3 0.14 7.9 0.10 253
4.72%Pd/Al2O3 0.21 5.2 0.14 293
0.98%Pd/Al2O3 0.38 2.9 0.27 308
1.07%Pd/Al2O3 0.52 2.1 0.33 334
1.08%Pd/Al2O3 0.80 1.4 0.48 346
2.47%Pd/TiO2 0.20 5.5 0.13 270
1.95%Pd/TiO2 0.33 3.3 0.22 265
1.10%Pd/TiO2 0.50 2.2 0.31 272
0.98%Pd/6%TiO2–Al2O3 0.60 1.8 0.41 280
1.02%Pd/10%TiO2–Al2O3 0.75 1.5 0.49 282
0.96%Pd/20%TiO2–Al2O3 0.80 1.4 0.46 285

a Dispersion of palladium metals.
b Average particle size.
c Uptake of oxygen atoms on palladium at 25◦C.

Pd catalyst was obtained by drying up overnight at
110◦C followed by calcinations at 500◦C for 4 h
before storing as testing samples. These palladium
catalysts are designated as fresh samples.

2.2. Calorimetric measurements

Isothermal energy changes and amounts of oxy-
gen uptake during oxygen adsorption were measured
using a Setaram TG/DSC 111 dual port calorimeter.
The apparatus has been described in detail elsewhere
[17–22]. Before the adsorption measurement, each
Pd/x%TiO2–Al2O3 sample was pre-reduced in flow-
ing hydrogen gas at 150◦C (300◦C for Pd/Al2O3
samples) for 1 h and subsequently evacuated for 1 h
at 200◦C (350◦C for Pd/Al2O3 samples).

2.3. Adsorption measurements

BET surface area was measured through physisor-
ption of nitrogen at−195◦C on samples pretreated
with evacuation at 300◦C. Dispersion (D, percentage
of atoms exposed to surface) of palladium crystallites
on reduced Pd/x%TiO2–Al2O3 samples were esti-
mated by the hydrogen chemisorption measurements
performed on a vacuum system at 25◦C under an
assumption that H/Pds = 1.1 [23] for the monolayer
chemisorption. Prior to chemisorption measurement,
each Pd/x%TiO2–Al2O3 sample was reduced by
flowing hydrogen and evacuated at 150◦C (300◦C
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for Pd/Al2O3 samples). Dispersions of palladium on
reduced samples are shown in Table 1.

2.4. TPR/TPD measurements

Both TPR and TPD studies were performed in a
fixed bed apparatus. For TPR characterizations, a
30 ml min−1 flow of 10% H2 in Ar was used as the
reducing gas when the sample temperature was raised
from −60 to 180◦C at a constant rate of 7◦C min−1.
The rate of hydrogen consumption during sample
reductions was monitored by a thermal conductivity
detector (TCD). For TPD characterizations, a flow of
He (purity 99.999%) was used in the experiments to
purge away the oxygen desorbed from the oxidized
samples upon heating from 25 to 1000◦C at a rate of
10◦C min−1. The rate of oxygen desorption was mon-
itored by the TCD in the downstream of the He flow.

3. Results and discussion

3.1. Calorimetric measurements

A typical TG/DSC time profile on reduced 4.72%
Pd/Al2O3 sample during oxygen chemisorption at
25◦C is shown in Fig. 1. The rate of adsorption is
fast at the initial stage, but decreases with the reaction

Fig. 1. The TG/DSC results of oxygen adsorption on 4.72%Pd/Al2O3 sample at 25◦C.

time. The oxygen uptake in each adsorption,Nad
O , is

confined to the palladium metal surface and deter-
mined according to the�mox (where�mox denotes
the weight gain after an oxidation time reached
2 × 103 s). Integral heats of adsorption of O2 mea-
sured at 25◦C, �Had, are listed in Table 1. This study
has shown that integral, isothermal O2 heats of ad-
sorption on palladium can be easily and reproducibly
measured for the catalysts in situ pretreated before
the adsorption measurement. Despite some scatter
among the data, observed heat varies with the palla-
dium dispersed onx%TiO2–Al2O3 supports and the
palladium dispersion. The results are consistent with
previous studies on supported palladium [20,24,25]
and unsupported bulk palladium [26–30].

Fig. 2 correlates the−�Had of oxygen adsorption
measured from the TG/DSC with the average diameter
(d) of palladium crystallites dispersed on Al2O3 and
TiO2–Al2O3 supports. Apparently, the heat evolved
upon adsorption of oxygen on palladium crystallites
varies significantly with the supports and the diam-
eter. For Pd/Al2O3 catalysts, the evolved heats of
adsorption increased by about 100 kJ mol−1 O2 as the
size of palladium crystallites decreased from 8.0 to
1.5 nm. The crystallite size clearly affects the heats
of oxygen adsorption on Pd/Al2O3 catalysts that may
be due primarily to an electronic effect. However,
for Pd/TiO2–Al2O3, the evolved heats of adsorption
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Fig. 2. Variations of−�Had of oxygen adsorption with the average diameter of various supported palladium metal crystallites: Pd/Al2O3

(�) and Pd/x%TiO2–Al2O3 (�).

increased by only about 20 kJ mol−1 O2 as the size of
palladium crystallites decreased from 5.5 to 1.5 nm.
In the small variations of�Had for oxygen adsorp-
tion on Pd/TiO2–Al2O3 catalysts, crystallite size in-
dependence is assumed. In a microcalorimetric study
of oxygen adsorption on supported palladium, Chou
and Vannice [25] observed the variations in the Pd–O
bond strength. They concluded that changes in the
electronic properties of small palladium crystallites
are mainly responsible for the observed increase in
the Pd–O bond strength. Comparison of above values,
the−�Had for oxygen adsorption on Pd/TiO2–Al2O3
are smaller than on Pd/Al2O3 mainly due to a signifi-
cant difference in the Pd–O bond strength. The coat-
ing of Pd/Al2O3 catalysts with TiO2 can weaken the
bond strength of Pd–O.

Table 2
The surface area ofx%TiO2–Al2O3 supports and the dispersion of Pd/x%TiO2–Al2O3 catalysts

Support BET surface
area (m2 g−1)

Catalyst Hydrogen chemisorption

D d (nm)

Al2O3 234 0.98%Pd/Al2O3 0.38 2.9
TiO2 53 1.10%Pd/TiO2 0.50 2.2
6%TiO2–Al2O3 188 0.98%Pd/6%TiO2–Al2O3 0.60 1.8
10%TiO2–Al2O3 170 1.02%Pd/10%TiO2–Al2O3 0.75 1.5
20%TiO2–Al2O3 158 0.96%Pd/20%TiO2–Al2O3 0.80 1.4

3.2. BET surface area and dispersion
measurements

The BET surface area ofx%TiO2–Al2O3 supports
and dispersion of Pd/x%TiO2–Al2O3 catalysts for var-
ious contents of TiO2 are collected in Table 2. The ad-
dition of TiO2 decreases the surface area of the Al2O3
support. This may be due to the fact that a certain num-
ber of the pores of Al2O3 support are plugged by TiO2.
Although the surface area of TiO2 support is lower
than the Al2O3 support, the dispersion of palladium on
the Pd/x%TiO2–Al2O3 catalysts increases with TiO2
loading. It increases abruptly from 38 to 80% withx
from 0 to 20 on the Pd/x%TiO2–Al2O3 catalysts. This
indicates that the TiO2 support has a strong interac-
tion with palladium. The coating of TiO2 on the high
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surface area of Al2O3 can modify the character of the
support to achieve a high dispersion of palladium.

3.3. TPR measurements

Assuming that oxygen and hydrogen atoms can
diffuse readily through the well dispersed palla-
dium crystallites (d < 3 nm) in our samples, the
relative strength of the Pd–O bond may be com-
pared by the temperature required for reaction (1) as
well as the following reduction reaction. For com-
parison the TPR spectra of Pd/Al2O3, Pd/TiO2 and
Pd/x%TiO2–Al2O3 catalysts are displayed. Fig. 3
shows the characteristic TPR spectra of these cata-
lysts oxidized at 500◦C to study the effect of sup-
port composition. The amount of oxygen atom (NO)
reduced in TPR experiments has been calibrated
with the hydrogen consumption and converted to
NO/NPd (whereNPd denotes the number of palladium
atom in each sample). TheNO/NPd in Fig. 3 are
determined to be 0.90, 1.00, 1.02 and 1.13, respec-
tively, for 0.98%Pd/Al2O3, 0.98%Pd/6%TiO2–Al2O3,
0.96%Pd/20%TiO2–Al2O3 and 1.10%Pd/TiO2. This
shows that the dominant species upon oxidation at
500◦C is PdO.

A positive peak is observed around 30◦C for
0.98%Pd/Al2O3. This peak around 30◦C is attributed
to both reactions (3) and (4) for hydrogen consump-

Fig. 3. TPR profiles of different supported palladium catalysts.

tion during the reduction of PdO to palladium

1.5H2 + PdsO → PdsH + H2O (3)

(1 + 1
2x)H2 + PdbO → PdbHx + H2O (4)

PdbHx → Pdb + 1
2xH2 (5)

A negative peak around 80◦C is assigned to the des-
orption of absorbed hydrogen from PdbHx according
to the reaction (5) [31]. The onset temperature of
the main reduction stage decreased in the sequence
Pd/Al2O3, Pd/x%TiO2–Al2O3 and Pd/TiO2. Increas-
ing the coating of TiO2 on Pd/x%TiO2–Al2O3 cata-
lysts cause distinct shifts of the reduction peak to lower
temperature. Profile for 0.98%Pd/6%TiO2–Al2O3 dis-
plays that an additional peak of hydrogen consumption
occurs around 0◦C besides the peak around 30◦C.
The temperature of this new peak shifted to a lower
temperature and its intensity relative to that of the
peak around 30◦C is increased as the amount of added
TiO2 is increased. The TPR profile for 1.10%Pd/TiO2
shows that the catalyst is reduced below 0◦C. Appar-
ently, observed changes of the TPR profiles in Fig. 3
indicate variations in the distribution of palladium ox-
ide with support composition. The peak around 0◦C
should be the PdO dispersed on titania-rich grains and
the peak around 30◦C should be the PdO dispersed on
alumina-rich grains. Probably, the coating of Pd/Al2O3
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Fig. 4. Oxygen TPD profiles from PdO/x%TiO2–Al2O3 catalysts.

catalysts with TiO2 can increase the titania-rich grains
to decrease the reduction temperature.

3.4. TPD measurements

The effect of TiO2 coating on Pd/Al2O3 can also
be characterized with the TPD technique. Fig. 4 indi-
cates a series of TPD spectra of oxygen obtained from
PdO/Al2O3, PdO/TiO2 and PdO/x%TiO2–Al2O3. The
NO/NPd in Fig. 4 are determined to be 0.63, 1.08,
0.89 and 0.96, respectively, for 0.98%Pd/Al2O3,
0.98%Pd/6%TiO2–Al2O3, 0.96%Pd/20%TiO2–Al2O3
and 1.10%Pd/TiO2. Since the desorption of oxy-
gen is not complete at 1000◦C, the NO/NPd for
0.98%Pd/Al2O3 is small than 1.

The oxygen desorption temperature has shifted tow-
ards a higher temperature in the sequence PdO/TiO2,
PdO/x%TiO2–Al2O3 and PdO/Al2O3. The supported
PdO/Al2O3 becomes unstable atT > 800◦C and was
thermally decomposed into metallic palladium in the
heating process according to reaction (1). The degree
of the shift towards a lower temperature obviously in-
creased with the loading of titania. The temperature
gradually lowers from 800 to 600◦C with increas-
ing loading amount of titania from 0 to 100 on the
1%Pd/x%TiO2–Al2O3 catalysts. This improvement is
ascribed to the interactions between palladium and

titania through oxygen that enhances the decompo-
sition of palladium oxide at low temperature.

4. Conclusions

Analysis of the TG/DSC, TPR and TPD records
proves a useful tool for studying the thermal prop-
erties of supported catalysts. The overall results give
some evidence for the character of the coating titania
on the Pd/Al2O3 catalysts. These results reveal that
the coating of Pd/Al2O3 catalysts with titania can dec-
rease the�Had for oxygen adsorption and promotes
the reduction/decomposition of PdO into palladium.
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