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Characterization and catalytic properties of combustion synthesized
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Ceria-supported Au catalyst has been synthesized by the solution combustion method for the first time and characterized by X-ray
diffraction (XRD), transmission electron microscopy (TEM) and X-ray photoelectron spectroscopy (XPS). Au is dispersed as Au® as well
as Au*" states on CeO, surface of 20—30 nm crystallites. On heating the as-prepared 1% Au/CeO, in air, the concentration of Au** ions
on CeO, increases at the expense of Au’. Catalytic activities for CO and hydrocarbon oxidation and NO reduction over the as-prepared
and the heat-treated 1% Au/CeO, have been carried out using a temperature-programmed reaction technique in a packed bed tubular
reactor. The results are compared with nano-sized Au metal particles dispersed on a-Al,O3 substrate prepared by the same method. All
the reactions over heat-treated Au/CeO, occur at lower temperature in comparison with the as-prepared Au/CeO, and Au/Al,O5. The
rate of NO + CO reaction over as-prepared and heat-treated 1% Au/CeO, are 28.3 and 54.0 umolg~'s™! at 250 and 300 °C respectively.
Activation energy (E,) values are 106 and 90 kJ mol~! for CO + O, reaction respectively over as-prepared and heat-treated 1% Au/CeO,

respectively.
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1. Introduction

Bulk gold has been regarded to be a catalytically
inactive metal due to its 5d'° configuration. Recent
studies have shown that small gold particles dispersed
on different oxide supports such as Fe,O3;, MnO,,
Co304, NiO, CuO, ZnO, TiO, SiO,, ZrO, and Al,O;
are active for low temperature CO oxidation [1-12].
Gold catalysts are now being studied intensively also
for low temperature hydrogenation, water—gas shift
reaction, hydrocarbon oxidation and NO reduction
[13—-22]. However, preparation conditions, size of gold
particles, catalyst pretreatment and presence of suitable
metal oxide substrates play an important role for high
activity of supported gold catalysts [23—28]. Further,
the exact nature of active species is not yet fully under-
stood. It has been suggested that the catalytic activity
is attributed to the presence of ionic Au species or
metallic Au. Recent studies predict that Au™ species
are more active than Au’ [29,30].

Generally gold is dispersed on oxide supports by
conventional methods such as impregnation, deposi-
tion—precipitation or co-precipitation. However, rela-
tively little study exists in the literature on CeO,
supported Au catalyst [18,31,32]. Shaw et al. [31] have
shown CO hydrogenation over Au/CeO, catalyst. Liu
and Flytzani-Stephanopoulos [32] have reported oxida-
tion of CO and CH, over Au/CeO, catalyst prepared
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by the co-precipitation method. Recently, our group
has reported the synthesis of CeO, and Al,O5 supported
Cu, Pt, Pd and Ag catalysts by the combustion method
and their catalytic activities towards NO reduction, CO
and hydrocarbon oxidation [33—36]. Here we report the
dispersion of Au on CeO, support by the combustion
technique where Au is present in the Au’ as well as
the Au’" state. Thermally treated Au/CeO, shows an
increase in Au’t ion concentration on CeO, and higher
catalytic activities toward NO reduction, CO and hydro-
carbon oxidation in relation to as-prepared Au/CeQO,.
On the other hand, fine Au particles dispersed on
Al,O; support by the same method [34] shows the
lowest catalytic activity.

2. Experimental
2.1. Synthesis

The combustion mixture for the preparation of 1%
Au/CeO, contained (NH,4),Ce(NO;3)s, HAuCl; (Ran-
baxy Laboratories, Ltd., 99%) and C,H¢N,O, (oxalyl-
dihydrazide) in the mole ratio of 0.99:0.01:2.376.
Oxalyldihydrazide (ODH) was used as the fuel. In a
typical preparation, 10 g of (NH4),Ce(NOs)g (E. Merck
India Ltd., 99%), 0.063 g of HAuCl, (E. Merck India
Ltd., 99.9%) and 5.175 g of ODH were dissolved in the
minimum volume of water in a borosilicate dish of
130 cm® capacity. The dish containing the redox mixture
was introduced into a muffle furnace maintained at
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350°C. The solution boiled with frothing and foaming,
and ignited to burn with a flame (~1000 °C) yielding a
voluminous solid product within 5 min. 1% Au/CeO,
sample is light violet in color. Similarly, 2% Au/CeO,
was also prepared by this method. Details of the prepar-
ation of Au/Al,O; have been described elsewhere [34].
As-prepared 1% Au/CeO, was heated at 800°C for
100 h in air and the color of the sample changed from
light violet to light gray.

2.2. Characterization

XRD patterns of Au/CeO, were recorded on a JEOL
JDX-8P diffractometer using Cu K, radiation with a
scan rate of 2°min~'. TEM studies of as-prepared as
well as heat-treated Au/CeO, powders were carried out
using a JEOL JEM-200CX electron microscope operated
at 200 kV.

XPS of the supported Au catalyst were recorded on an
ESCA-3 Mark II spectrometer (VG Scientific Ltd., Eng-
land) using Al K, radiation (1486.6 ¢V). Binding energies
were calculated with respect to C(1s) at 285¢eV. For XPS
analysis the powder samples were made into pellets of
8 mm diameter and placed into an ultra high vacuum
(UHV) chamber at 107’ Torr housing the analyzer.
Before mounting the sample in the analyzing chamber it
was kept in the preparation chamber at 10~° Torr for
5h in order to desorb any volatile species present on the
sample. The experimental data were curve fitted with
Gaussian peaks after subtracting a linear background.
The concentrations of different states were estimated
from the area of the respective Gaussian peaks.

2.3. Temperature programmed reaction (TPR)

The gas—solid reactions were carried out in a home-
made TPR system equipped with a quadrupole mass
spectrometer QXK300 (VG Scientific Ltd., England)
using a packed bed tubular reactor. Typically, 0.1-0.2 g
of the catalyst was taken in a quartz tube reactor of
20cm length and 6 mm diameter which was heated
from 30 to 750 °C at a rate of 15°Cmin~'. The quartz
tube was evacuated to 10~® Torr. The gaseous products
were sampled through a fine control leak valve to a
UHYV system housing the quadrupole mass spectrometer
at 107’ Torr. The gases were passed over the catalyst at a
flow rate of 25 yumols~' which can be varied from 10 to
40 pmols™'. Accordingly, the space velocity was in the
range 5x 107> to 2 x 10 *molg™'s™!. The dynamic
pressure of gases was in the range 1-20Torr in the
reaction system in all the experiments. All the masses
were scanned in every 10s. The intensity of each mass
as a function of temperature (thermogram) was gener-
ated at the end of the reaction. The gases were obtained
from Bhoruka Gases Ltd., Bangalore. Their purities
were better than 99% as analyzed by the quadrupole
mass spectrometer.

3. Results
3.1. Structrual studies

The XRD patterns of as-prepared 1% Au/CeO, show
that the diffraction lines can be indexed to the fluorite
structure and the d values agree well with those for
CeO,. In addition to diffraction lines due to CeO,, a
very weak peak of Au metal is observed in the XRD
pattern. The crystallite sizes of CeQO, calculated from
Debye—Scherrer method are in the range 20-35nm.
The XRD pattern of heat-treated Au/CeO, did show
an Au(111) peak but with less intensity. Relative inten-
sity of Au(111) to CeO,(111) is 1.8% in the as-prepared
sample against 1% in the heated sample. Au/CeO,
prepared by co-precipitation, however, shows intense
Au metal peaks in XRD patterns [32]. Therefore,
decrease in Au(111) peaks suggests that part of Au in
the as-prepared sample might have reacted with the
CeO, matrix.

TEM of 1% Au/CeO, shows that the average size of
CeO, crystallites is 30nm. Small gold metal particles
could be observed on the CeO, crystallite surface. The
particle sizes of Au calculated from TEM are 5-10 nm.
The electron diffraction ring pattern could be indexed
to polycrystalline CeO, in a fluorite structure along
with the Au(111) metal ring. The morphology of CeO,
crystallites is cubic. TEM of thermally treated Au/
CeO, does not distinguish Au particles as seen in the
as-prepared sample. There is increase in average crystal-
lite size of CeO, from 30 to 40 nm due to heat treatment.
Further, a distinct Au(111) ring is not observed in the
electron diffraction pattern of the heat-treated sample.
Bright field images of as-prepared and heat-treated
samples are given in figure 1.

3.2. XPS studies

XPS of Au(4f) in 1% Au/CeO, shows the peaks due
to multiple oxidation states. Typical XPS of the core
level region of Au(4f) in as-prepared and heat-treated
1% Au/CeO, are shown in figure 2. The Au(4f) spectrum
for Au/Al,Oj is also shown in figure 2(c) for comparison.
As seen from figure 2, the intensity of Au(4fs/,) envelope
is higher than the Au(4f;/;) in Au/CeO,. This clearly
indicates that Au is in multiple oxidation states. Accord-
ingly, Au(4f) peaks in Au/CeO, could be deconvoluted
into sets of spin—orbit doublets and Au(4f;/,5/5) peaks
at 84.0, 87.9eV and 87.1, 90.8eV correspond to Au’
and Au’" oxidation states. Relative intensities of Au’
and Au’" are 70 and 30% respectively in as-prepared
1% Au/CeO, (figure 2(a)). However, Au(4f;/y5/)
peaks are observed at 84.0, 87.8¢V and 86.6, 90.3¢V in
the heat treated sample. The shifted Au(4f) peaks
could be assigned to the Au’" state [1,37] and relative
intensities of Au’ and Au*" are 57 and 43% respectively.
On heating, increase in total Au(4f) as well as particular
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Figure 1. TEM of (a) as-prepared and (b) heat-treated 1% Au/CeO,.

Au’" intensities is observed. In 1% Au/Al,O;, Au is
present only in the Au’ state, as can be seen from
figure 2(c). Thus, in the combustion synthesized 1%
Au/CeO,, Au is present in metallic as well as +3 oxida-
tion states. In figure 3, Ce(3d) spectra obtained from
as-prepared and heat-treated 1% Au/CeO, are given.
The spectra with satellite features (marked in the
figure) correspond to Ce*" in CeO, [38]. No significant
variation in the Ce(3d) spectrum is seen in the heat-
treated sample, indicating that Ce is present in the +4
state after heat-treatment. XPS of 1% Au/CeO, catalyst
after CO + O, and CH, + O, reactions was also carried
out. There is no noticeable change in the XPS of
Au(4f) and Ce(3d) core level regions in the spent catalyst.

The surface concentration of Auin 1% Au/CeO, has
been estimated by the relation:

Xauw _ Iaw 0ceAceDe(Ce)

= 1
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Figure 2. XPS of Au(4f) core level region in (a) as-prepared, (b) heat-
treated 1% Au/CeO, and (c) 1% Au/Al,O;.

where X, I, o, A and Dg are the surface concentration,
intensity, photoionization cross section, mean escape
depth and geometric factor respectively. Integrated
intensities of Au(4f) and Ce(3d) peaks have been taken
into account to estimate the concentration. Photoioniza-
tion cross sections and mean escape depths have been
obtained from the literature [39,40]. Accordingly, surface
concentrations of Au are 10 and 16% on as-prepared and
heat-treated 1% Au/CeO, respectively. On the other
hand, surface concentration of Au in 1% Au/Al,Oj is
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Figure 3. XPS of Ce(3d) core level region in as-prepared 1% Au/CeO,.

0.8%, which is close to the bulk concentration of Au
metal in 1% Au/Al,O5. Thus, higher dispersion of Au
is achieved over CeO, support.

3.3. TPR studies

Catalytic properties of Au/CeO, towards NO reduc-
tion by CO, NH;, CH, and C;Hg and oxidation of
CO, CH; and C;3Hg have been investigated. CO
oxidation was carried out in the presence of O,. Typical
TPR profiles of reactants and products for CO + O,
reaction are shown in figure 4. CO oxidation by O,
starts at 170°C and complete CO oxidation occurs
below 350°C. In contrast, complete CO to CO, con-
version occurs below 200°C over thermally treated
Au/CeO, (figure 4(b)).

Complete oxidation of CH4 over as-prepared 1% Au/
CeO, occurs below 600°C, whereas complete C;Hjg
oxidation to CO, and H,O occurs below 425°C. The
complete CH, and C;Hg oxidation occur at 530 and
360 °C respectively over the heat-treated 1% Au/CeO,.

Similarly NO and CO in 1:1 ratio were passed over
the as-prepared Au/CeO, catalyst. NO reduction by
CO starts at 200 °C and complete NO conversion to N,
occurs below 450 °C. On the other hand, complete NO
conversion over the heat-treated sample occurs below
350°C.

NO reduction by NH; over this catalyst was also
carried out with NO+NH; in 6:4 ratio. Complete
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Figure 4. TPR profiles of CO + O, reactions over (a) as-prepared and (b)
heat-treated 1% Au/CeO,.

conversion of NO is observed over as-prepared sample
below 675 °C, whereas it occurs at 375 °C on heat-treated
sample. Similarly complete NO reduction by CH, and
C;H; over thermally treated catalyst occurs at 675 and
585 °C respectively.

The temperatures of 100% conversion of NO, CO, CH,
and C;Hg for all the reactions over the as-prepared and
thermally-treated 1% Au/CeO, catalysts are summarized
in table 1. Results on the same reaction over 1% Au/
Al,O5 are given for comparison in the table. The respective
reactions over 1% Au/Al,O; catalyst occur at higher tem-
peratures. Among the catalysts, heat-treated Au/CeO,
shows the highest catalytic activity. It is important to
note that all the reactions occur at much higher tempera-
tures over a pure CeO, catalyst [33].

Table 1
100% conversion temperatures (°C) of NO, CO and hydrocarbons for
reactions over 1% Au/CeO,, heated 1% Au/CeO, and 1% Au/AlL,O;

catalysts
Reactions 1% Au/CeO, Heated 1%Au/CeO, 1% Au/Al,O4
CO+0, 350 200 500
CH,+0, 600 530 700
C;Hg+ 0, 425 360 700
NO+CO 450 350 725
NO + NH; 675 375 740
NO + CH,4 735 675 >750
NO +C;Hg 650 585 >750
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Figure 5. Rate of NO conversion as a function of temperature over as-prepared and heat-treated 1% Au/CeO, and 1% Au/Al,O;.

3.4. Kinetics

The rate of the reaction is calculated by the equation
(41]

FX
Rate = — 2
ate T (2)

where F is the inlet molar flow rate of NO or CO, X is the
fractional NO or CO conversion at a particular tempera-
ture, v is the stoichiometric coefficient of NO or CO and
W is the weight of the catalyst. The rate is expressed in
pmolg™'s™!. A comparison of NO conversion rates at
different temperatures for NO + CO reaction over all
the catalysts is shown in figure 5. The turnover frequen-
cies (TOF) of reactions at different temperatures have
been calculated by dividing the rate by the active site
concentration and it is expressed in s~'. The rate and
TOF data of NO+ CO and C;Hg + O, reactions over
as-prepared and heated 1% Au/CeO, are given in
table 2. TOF of NO + CO reaction over heat-treated
and as-prepared 1% Au/CeO, are 0.94 and 1.28s!
respectively at 300 °C.

Table 2
Rate (umolg™'s™') and TOF (s”') data of NO+CO and C3Hg+ O,
reactions over as-prepared as well as heated Au/CeO,

Catalyst NO+CO C;Hg + 0,
Rate TOF Rate TOF
As-prepared 28.3 (250°C) 0.49 (250°C)  16.7 (350°C) 0.29 (350°C)

54.0 (300°C) 0.94 (300°C)  50.0 (375°C) 0.87 (375°C)

Heated 60.0 (250 °C)

73.3 (300°C)

1.0 (250°C)
1.28 (300 °C)

103.3 (350°C)
166.7 (375°C)

1.79 (350°C)
2.90 (375°C)

From the conversion data and the reaction condi-
tions, rate constants have been calculated at different
temperatures. For a packed bed tubular reactor the
first-order rate constant k with respect to CO for
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Figure 6. Arrhenius plots of CO + O, reaction over (a) as-prepared 1% Au/
CeO, and (b) heat-treated 1% Au/CeO,.
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CO + O, reaction is given by [42,43]

3 -3 -1 F
klem’g™7s ) = [CO]Wln(l X) (3)
where F is the inlet molar flow rate of CO, [CO] is the
inlet molar concentration of CO, W is the weight of
the catalyst and X is the fractional CO conversion at a
particular temperature. Rate constants for CO+ O,
over as-prepared 1% Au/CeO, are 2.71 x 10* and
4.9 x 10°cm® g 's™! at 250 °C and 300 °C respectively.
The activation energies (F,) are calculated from
Arrhenius plots of In(Rate) versus 1/T. Here CO,
formation rates have been taken into account for the
calculation in the temperature range 175-210°C. Acti-
vation energy for CO + O, over the as-prepared sample
is 106 kJmol™!, whereas that on the heated sample is
90kJmol~!. Typical Arrhenius plots are shown in
figure 6.

4. Discussion

Gold dispersed on conventional supports such as
SiO, or AL, Os is not quite active, whereas transition
metal oxide supported gold catalysts exhibit high and
unusual activity towards different kinds of reactions,
especially CO oxidation at relatively low temperature.
In particular, Au/Al,O5;, Au/TiO, and Au/Cos;0, are
effective catalysts for CO oxidation. But there are
several opinions regarding the mechanism associated
with the high activity of these catalysts. Minico et al.
[28] have shown by FTIR study that Au® is more
active in CO oxidation and less stable than Au’.
Boccuzzi and Chiorino [44] have recently reported that
CO is molecularly adsorbed on top of the Au sites and
reacts with the O,.

In the present study, Au nano particles as well as
oxidized Au species prepared by a single step combustion
provide the active sites for the catalytic reactions. Here
CO, NO and hydrocarbons are adsorbed on fine Au
particles as well as Au’" species. Interestingly, heat-
treated Au/CeO, shows better catalytic activity com-
pared with as-prepared catalyst. Even the temperature
for CO+ O, reaction is comparable with the same
reaction over 1% Pt/CeO, [45]. In the as-prepared 1%
Au/CeQO,, about 30% of Au is present in the 43 oxida-
tion state and the rest are seen as nano Au particles.
The color of the as-prepared 1% Au/CeO, is light
violet. XRD as well as TEM studies clearly show the
presence of 5—-10nm Au particles. In fact, 2% Au/
CeO, shows more Au particles in TEM and also the
Au(111) peak in XRD is more intense. Accordingly,
the color of 2% Au/CeO, is intense violet, indicating
the presence of more Au metal particles. On the other
hand, Au/Al,O; where Au is present only as fine Au
metal particles is chocolate brown in color, suggesting
Au fine particles dispersed on Al,Os [34]. On heating

1% Au/CeO, to 800 °C for 100 h in air, the color changes
from light violet to light gray and formation of Au(III)
oxide species may take place. XPS study shows the
increase in concentration of Au®" in the heat-treated
sample. It is important to note that we do not see any
indication of Au'" state in the as-prepared as well as
the heat-treated samples from the XPS study. Further,
TEM of heat-treated Au/CeO, does not show many
Au particles. CeO, particle surfaces are flat and clean.
We therefore conclude that heat-treated 1% Au/CeO,
contains more Au*" jons. Again, surface concentration
of Au increases from 10 to 16% on heating. Indeed,
total concentration of Au(4f) peaks in the XPS spectrum
increases on heat-treatment. All these observations sug-
gest the interaction of Au particles with CeO,. The
ionic radii of Ce*" and Au** are 0.97 and 0.85 A respec-
tively [46]. Therefore, there is a possibility of stabilization
of Au*' jon in the form of a solid solution of type
Ce;_,Au,O,_;5 on the surface of as-prepared as well as
heat-treated samples. The amount of solid solution
could be more in heat-treated sample. However, P>
and Au®" are isoelectronic having 54° electronic config-
uration. Therefore, heat-treated 1% Au/CeO, contain-
ing more Au’" sites should resemble the catalytic
behavior of 1% Pt/CeO,. Especially for CO+ O,
reaction, Au’"/CeO, shows Pt*"/CeO, like behavior.
However, CH, oxidation and NO reduction by CHy
and C;Hg over the heat-treated sample occur at higher
temperatures in relation to Pt/CeO,. From figure 4 and
table 1 it is clear that CO to CO, and other reactions car-
ried out here occur at lower temperatures over heat-trea-
ted Au/CeO, compared with as-prepared Au/CeO, and
Au/Al,O;5. Increase in the Au*" jon concentration on
CeO, surface is the only change that occurs on heat treat-
ment. Therefore, we attribute the decrease in reaction
temperature, increase in the rate and decrease in the
activation energy to the presence of more Au’" ions on
CeO, along with small Au particles.

5. Conclusions
The salient features of this investigation are:

1. The combustion method is a new technique for the
preparation of Au/CeO, catalyst.

2. Auis dispersed on CeO, surface in metallic as well as
ionic form.

3. On heat-treatment concentration of Au’" species
increases.

4. Both Au’ and Au’" species act as catalytic sites in
Au/CeO, catalyst.

5. All the reactions over heat-treated 1% Au/CeO,
occur at lower temperatures compared with as-
prepared 1% Au/CeO, and 1% Au/Al,O;.

6. Rate and TOF of heat-treated 1% Au/CeO, are
higher compared with the as-prepared sample.
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