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Abstract

Nanostructured Au/Al,O; catalysts prepared by deposition—precipitation with urea were characterized by X-ray diffraction (XRD) and high-
resolution transmission electron microscopy (HRTEM) and tested for low temperature CO oxidation. The paper is focused on the effect of two
different kinds of additives on the structure and reactivity of Au/Al,O; for CO oxidation: (1) alkali (earth) metal oxides and (2) ceria. The structural
properties of nanosized Au particles are drastically affected by the presence of additives. The main role of the alkali (earth) metal oxides is to
stabilize the small Au particles against sintering, such that when BaO is added to Au/Al,Os, full CO conversion is already achieved at room
temperature. For this reaction ceria addition does not result in a higher activity. However, when both BaO and CeQ, are added to Au/Al,Os3, the
catalytic performance of the multicomponent catalyst resembles that of Au/BaO/Al,Os.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Because of its well-known nobility, gold is inactive in its
massive form. However, gold nano-particles exhibit high
catalytic activity for CO oxidation even at sub-ambient
temperatures [1]. In 1987 Haruta et al. showed that gold-based
catalysts may exhibit an extremely high activity if the catalysts
are prepared according to specific recipes [1]. Since then a lot of
research has been carried out and it is generally accepted that
the property of catalytically active gold is related to the
presence of discrete, nano-scale gold particles in a very narrow
size range 2—5 nm [2-5]. For extensive reviews on this topic we
refer to [3,5-15].

In spite of the large number of papers focused on
understanding of gold catalysis, the nature of the active sites
is still a matter of debate, in particular for CO oxidation, the
most frequently studied reaction over these catalytic systems.
For some systems it is clear that the size of the Au crystallites is
not sufficient to explain the high activity. Therefore, it has been
proposed that the perimeter or gold—support interface [16-21],
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or small Au clusters that have nonmetallic electronic properties
due to a quantum-size effect [4], or step sites on the surface and
strain defects [22] are more important than only Au nano-
particles with a size between 2 and 5 nm. On the other hand,
other groups are convinced that cationic gold is responsible for
the high activity in CO oxidation [23]. It was also proposed that
the activity in CO oxidation is due to an ensemble of metallic
Au atoms and Au cations with hydroxyl ligands [7,24].
Alternatively, anionic gold, Au~ was also suggested as active
site. These species may be formed if Au is deposited on a
defect-rich support, i.e., with an increased concentration of
F-centres [25-28].

This paper presents a study concerning the effect of various
additives such as alkali (earth) metal oxides and ceria on the
structure and reactivity of Au/Al,O3 for CO oxidation. It was
reported that Au supported on Mg(OH), or Be(OH), displays a
high catalytic activity in CO oxidation, especially if the average
size of the Au particles is around 2 nm [29]. A beneficial effect
of addition of various alkali (earth) metal oxides, such as Li,O,
Rb,O, MgO and BaO to Auw/Al,O; for oxidation of
(un)saturated hydrocarbons [30,31], CO [32], ammonia [33]
and reduction of N,O [34] has already been reported by our
group. We have also reported that transition metal oxides and
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ceria are extremely efficient promoters for Au/Al,O; in total
oxidation of C3Hg [35].

2. Experimental
2.1. Catalyst preparation

The unpromoted Au/Al,Os; catalyst (5 wt.% Au) was
prepared via HDP with urea, using HAuCl,-3H,O (Aldrich,
99.99%) as the gold precursor. Details concerning the
preparation procedures have already been reported [31,35].
Prior to the reaction test all the catalysts have been calcined in
pure O, at 300 °C for 2 h.

The mixed supports in the form of MO,/Al,O3 (M: Li, Rb,
Ba, Ce) or MO,/Ce0O,/Al,03 (M: Li, Rb, Ba) were obtained by
pore volume impregnation of y-Al,O5; (Engelhard Al-4172P,
Sger =275 m? g_l) with a solution of the corresponding
nitrates. A detailed description of the experimental procedure is
found in [31]. Au (5 wt.%) was deposited onto MO,/Al,O5; (M/
Al = 1/15, atomic ratio) or MO,/CeO,/Al,05 (M/Ce/Al = 1/1/
15, atomic ratio) by HDP with urea. The influence of the Li,O
loading on the catalytic activity of Au/Al,O3; was also studied
and three Au/Li,O/Al,0;5 catalysts with different Li/Al ratios,
ie., 1/1, 1/5 and 1/30 have been prepared (all catalysts were
5 wt.% Au). These catalysts will be designated as Au/Li,O/
Al,O3_X, where X =1, 5 or 30.

2.2. Catalyst characterization

The extent of gold deposition on the support was determined
by means of atomic absorption spectroscopy (AAS).

BET surface areas of the catalysts were measured by N,
physisorption at —196 °C using an automatic Qsurf M1
analyzer (Thermo Finnigan) [35].

XRD measurements for the fresh and spent (i.e., after
catalytic test) catalysts were carried out using a Philips
Goniometer (PW 1050/25) diffractometer equipped with a PW
Cu 2103/00 X-ray tube operated at 50 kV and 40 mA. The
average gold particle size was estimated from XRD line
broadening by using the Scherrer equation.

HRTEM measurements were performed using a JEOL 2010
microscope with a point-to-point resolution better than 0.2 nm
[35].

All the results related to the physico-chemical properties of
the catalysts are summarized in Table 1. In addition, where
possible, the metallic surface area of Au was estimated based
on the XRD or HRTEM results [32,36]. The HRTEM results
have been also used to estimate the Au dispersion.

2.3. Catalytic activity measurements

CO oxidation was carried out in a lab-scale fixed bed reactor
in which typically 0.2 g of catalyst was loaded. The activation
procedure consisted of in situ heating the catalyst up to 300 °C
(1 h), under H, flow. The feed gases were controlled by mass
flow controllers (Bronkhorst) and set to a total flow of
40 ml min~!, which corresponds to a GHSV ~2500 h L
Diluted CO and O, (4 vol%/He) were used to study the
oxidation of CO and the reactant ratio was CO/O, =2/1. The
outlet gas concentration was analysed by a gas chromatograph
(Chrompack CP-2002) equipped with two columns: a Molsieve
5 A column for detection of CO and O, and a Hayesep A
column for CO, detection.

The reactant mixture was stabilized for at least 30 min at room
temperature. Afterwards at least two consecutive heating—
cooling reaction cycles were performed. To compare the catalytic
performance, the results of the second heating cycle are
considered. Third and additional heating—cooling cycles gave
almost similar results as those of the second cycle. The specific
reaction rate, r, expressed as the number of CO (moles)
transformed over the amount of Au (mol)/s was also determined.

After performing the test reaction, the catalysts were again
analysed by XRD.

3. Results
3.1. Catalyst characterization

The average Au particle size as determined by XRD varies
between 4.3 nm, for unpromoted Au/Al,O; and very small,

Table 1

Catalyst characterization by means of AAS, BET, XRD and HRTEM

Catalyst Au (Wt.%) Sger (m> g™ h) da, (nm) 84, (m?g™h d%, (nm) s, (m?g™h Day (%)
Al,O3 _ 275 £5 _ _ _ _ _
Au/Al,O3 4.1+0.1 260 £ 5 434+0.1 24+0.1 52+0.3 1.5+0.3 115+ 1.1
Au/Li,0/Al,05 40+0.3 278 £17 32+0.1 3.0+£0.1 3.0+0.1 2.5+0.1 19.0 £ 1.0
Au/Rb,0/Al,04 35+0.1 294 +£3 <3.0 _ 2.6 £0.3 3.6 £0.3 330+ 1.1
Au/BaO/Al,03 3.6+0.2 240 £ 8 <3.0 _ 1.5+0.2 6.2 +0.02 550+1.2
Au/Li,O/A1,05_1 454+0.1 261 +5 3.0+0.1 3.8+0.1 n.m. _ _
Au/Li,0/Al,05_5 41402 253 +4 4.14+0.2 2.6+0.2 n.m. _ _
Au/Li,0/Al,05_30 42+0.1 269 +£7 <3.0 _ n.m. _ _
Au/CeO,/Al,O5 45+0.1 218 £ 11 <3.0 _ 1.7+0.2 7.1+£0.2 520+ 1.3
Au/Li,0/Ce0,/Al,04 4.6+0.2 262 £ 10 <3.0 _ 29+0.1 3.8+0.1 27.0+5
Au/Rb,0/Ce0,/Al,03 45403 275 £7 <3.0 _ 2.84+0.2 2.6+0.2 20.0 +4
Au/Ba0/Ce0,/Al,03 44+02 259 +7 <3.0 _ 33+£0.1 3.0£0.1 23.0+5

d,, mean diameter of gold particles, XRD, fresh catalysts (nm); dR

u’

mean diameter of gold particles, HRTEM, fresh catalysts (nm); 53, gold surface area, XRD

(m2 g’l); Slj\u, gold surface area, HRTEM (m2 gfl); Dy, gold dispersion, HRTEM; n.m., not measured.
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Fig. 1. (a) Particle size distribution as determined by HRTEM for Au/Al,O3,
Au/Rb,0/Al,05 and Au/Ba0O/Al,0s;. (b) Particle size distribution as determined
by HRTEM for Au/Al,03, Au/Rb,0/CeO,/Al,03, Au/Li,O/Ce0,/Al,05 and
Au/Ba0/Ce0,/Al,05.

below the detection limit of XRD, when various additives are
used. The metallic Au surface area (XRD) varies between
2.4m? g ! (Aw/AL,05) and 3.8 m? g~ (Au/Li,O/Al,O5_1).

The Au particle size distribution (HRTEM) of Au/Al,Os5,
Au/Rb,0/Al,03 and Au/BaO/Al,Oj3 is presented in Fig. la.
There is a significant difference concerning the particle size
distribution of the samples with or without additive. The growth
of the large gold particles at the expense of the smaller Au
crystallites found for Au/Al,Oj is prevented in the presence of
alkali (earth) metal oxides. Fig. 1b compares the particle size
distribution for the multicomponent (i.e., with two additives)
Au-based catalysts.

The HRTEM micrographs of Au/CeO,/Al,O3 and Au/BaO/
Ce0,/Al,05 catalysts are presented in Fig. 2a and b. The
measured lattice spacing of 2.76° A corresponds to the Au
(1 1 1) reflection (Fig. 2a).

Based on the HRTEM data, the largest Au dispersion was
found for Au/BaO/Al,03, 55%.

3.2. Catalytic activity measurements

All the data concerning the catalytic performance of Au-
based catalysts are summarized in Table 2. The data include the
temperature required for 95% CO conversion, the CO
conversion at 70 °C (X7), the specific reaction rate r calculated
at 70 °C and the average gold particle size after (d},) reaction

Fig. 2. (a) HRTEM image of Au/CeQ,/Al,05. (b) HRTEM image of Au/BaO/
Cer/Al2O3.

(XRD). The bare supports showed extremely low catalytic
activity under these reaction conditions.

Fig. 3a shows the conversion of CO versus temperature over
Au-based catalysts with one single metal oxide as additive,
while Fig. 3b depicts the catalytic performance of the
multicomponent Au-based catalysts (two additives).

According to Fig. 3a and Table 2, the best performance is
obtained for Au combined with BaO and full CO conversion
is reached at room temperature. The catalytic activity of
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Table 2

Tosq,, the conversion at 70 °C (X7), the specific reaction rate, r, the average size of the gold particles for the spent (dgu) Au-based catalysts (XRD)

Catalyst db, (nm) Tos9, (°C) X70 r x 10 (mol CO mol ' Aus™})
Au/ALLO3 3.0+02 112 0.78 55+0.1
Au/Li,O/Al,04 3.2+0.1 89 0.87 6.9 +0.1
Au/Rb,0/A1,05 <3.0 78 0.92 8.9+0.1
Au/BaO/AL,O, <30 <25 1 7.6+ 0.1°
Au/Li,O0/A1,05_1 3.1+£03 123 0.8 49 +0.1
Au/Li,O/A1,05_5 47+03 90 0.88 72+0.2
Au/Li,O/A1,05_30 3.0+0.1 77 0.93 7.4 £0.1
Au/Ce0,/Al,04 3.5+02 145 0.43 5.0+0.2
Au/Li,O/Ce0,/Al,05 <3.0 100 0.85 8.0+ 0.1
Au/Rb,0/Ce0,/Al,03 33+£0.1 152 0.63 5.7+0.1
Au/Ba0O/Ce0O,/Al,05 <3.0 <25 1 8.1+0.2%

* This value corresponds to 100% CO conversion.

Au/Al, O3 is also enhanced in the presence of Rb,O and Li,O.
The loading of Li,O influences both the size of the Au particles
and the catalytic performance of Au/Al,O5. The best result is
obtained for an atomic ratio Li:Al = 1:30 (1 wt.% Li,0). A
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Fig. 3. (a) CO conversion vs. temperature over Au/BaO/Al,0O5 (H), Au/Rb,0O/
AlL,O3 (A), Au/Li,O/Al,05 ([1), Au/Al,O; (@) and Au/CeO,/ALL,O; (@). (b)
CO conversion vs. temperature over Au/BaO/CeO,/Al,O3 (H), Au/Li,O/CeO,/
AlL,O3 (@), Au/Rb,0/Ce0,/Al,03 (A), Aw/ALO; ().

larger amount of Li,O (atomic ratio Li:Al = 1:1) causes only a
small increase in the catalytic performance. In fact, the catalyst
with the highest Li,O concentration shows a lower r compared
with the unpromoted Au/Al,Os;. In spite of its slightly lower r-
value, Au/BaO/Al,O5 shows the lowest Tosq,.

Albeit the promoting effect of ceria for many oxidation
reactions is well-known [37], its addition to Au/Al,Oz was
rather detrimental for CO oxidation. Possible explanations for
this finding will be provided in the next section. However, CeO,
may act as an oxygen supplier during CO oxidation (see below),
which makes the combination Au—CeO, interesting from a
practical point of view (i.e., automotive catalysis).

The results presented in Fig. 3b and Table 2 illustrate the
result of combining BaO/Li,O/Rb,0 and CeO,. Although ceria
alone has a rather detrimental effect when added to Au/Al,Os5,
the multicomponent Au/BaO/Ce0O,/Al,Oj is still highly active
in CO oxidation and full conversion of CO is reached already at
room temperature. High catalytic activity is also shown by Au/
Li,O/Ce0,/Al,05.

4. Discussion

Itis generally accepted that CO adsorption takes place on Au
[38,39] and at the Au-support interface [40,41]. Moreover,
based on DFT calculations and surface science studies, it was
reported that the availability of many low-coordinated Au
atoms, with an increased number of steps and kinks is most
important to obtain an active Au-based catalyst [22,42—44].

Taking into account these models, the main issue remains
the activation of oxygen. DFT calculations showed that O, can
adsorb at the Au—support interface, but the dissociation of O,
on gold cannot occur at low temperatures [45]. It was proposed
that the reaction occurs on Au steps via a two-step mechanism
involving reaction between CO adsorbed on Au defects and O,
accommodated at the Au—support interface [45]. In addition, it
is possible that the support material induces strain in the gold
particles due to the mismatch of the lattice at the interface, an
effect that is more pronounced in small gold particles than in
larger ones [22].

The results presented throughout this paper show that the
catalytic performance of Au/Al,Oj3 is improved by using alkali
(earth) metal oxides as additives. The detailed study concerning
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the promoter effect of Li,O revealed that the catalytic
performance of Au-based catalysts is influenced by the
concentration of Li,O. Although there is a clear effect of the
additives on the size of the gold particles, which, in turn,
influences the Au surface area (i.e., active sites), a direct
correlation between the size and the catalytic activity could not
be established. For example Au/Li,O/Al,03;_1 shows the
largest metallic surface area, according to the HRTEM results,
but the catalytic activity in CO oxidation is not the highest one.
Most probably the beneficial effect of this kind of additives can
be attributed to a change of the morphology and size of the Au
particles. It should be mentioned, however, that our previously
reported results obtained by using TPR, DR-UV/vis and XPS
did not reveal the presence of ionic gold as a result of alkali
(earth) metal oxide addition [32,36].

In our opinion the high activity of gold nano-particles is
connected with a relatively high abundance of low-coordinated
Au atoms that may be responsible for the high activity [42-44].
For oxidation of (un)saturated hydrocarbons we have shown that
this kind of additives are very efficient structural promoters and
possibly also help in O, activation [30,31]. An earlier study
showed that the presence of some alkali (Li, Na, K) metal oxides
is beneficial for the catalytic activity of Au/MnQO, and it was
hypothesized that this promotion might be connected with the
suppression of CO, retention [46]. Using FTIR it was found that
when MO, (M: Mg, Mn, and Fe) is added to Au/Al,O3, both the
C-O0 stretching frequency and the CO adsorption capacity are
significantly affected (decreased) [18]. However, according to
that study, MgO induced the smallest effect on the adsorption
capacity of Au/Al,O3, compared with MnO, and FeO,.

Opposite to previous findings [35], that CeO, can act as an
effective promoter for Au/Al,O3 in propene oxidation, the
present study did not show a promoting effect for CO oxidation.
In literature different effects of ceria have been reported. Ceria
has been reported either not to be a suitable support for gold-
based catalyst in CO oxidation at low temperature [6,47], or
extremely active and 50% CO conversion was reached at
T =250 K [48]. The authors ascribed the result to Au™ species.
It was also claimed that the morphology of ceria might be even
more important than the size of the Au particles [49]. Also the
ratio CO:0, may play an important role, since all the results
that reported Au/CeO, being active are based on measurements
in a large excess of oxygen. It was suggested that the active
oxygen may originate from ceria, rather than from the gas
phase, and smaller ceria crystallites supply more active O than
larger crystallites. The average size of the ceria crystallites for
the Au/CeQ,/Al,O5 presented in Fig. 3a is around 9 nm (XRD)
and increases to 10 nm after CO oxidation. Hence, the size of
ceria particles is much larger than those reported in [49], i.e.,
3.3 nm. This may explain the lower activity of our Au/CeO,/
AlyO3.

We have already been reported that that CeO,- and MnO,-
containing Au/Al,Oj; catalysts are able to convert C3Hg to CO,
in the absence of O, in the gas stream [35]. Most probably the
reaction mechanism is of the Mars and van Krevelen type.

When a reactant mixture of CO (8.6 ml min~', 4 vol%CO/
He) and Ar was passed over Au/Al,03, Au/CeQO,/Al,O; and their
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Fig. 4. (a) CO oxidation in the absence of O, over Au/CeO,/Al,05 () and
Ce0,/AlLO; (A) during co-feeding of 30 ml min~! CO + Ar. (b) XRD patterns
of Au/CeO,/Al,O5 fresh (1) and used (2) (CO + O,), (CO + Ar) (3), CeO,/
Al,O3 fresh (4), and used (CO + O,) (5), (6) (CO + Ar). The square symbols
correspond to CeO, and the circle symbols correspond to Au.

corresponding supports, the conversion of CO to CO, was 40%
over Au/Ce0,/Al,05 (300 °C) [50] (see Fig. 4a). Au/Al,O5 and
v-Al,O3 did not show any CO conversion, as expected, since
there is no available oxygen, at least at temperatures below
300 °C. CeO,/Al,05 gave only 8% conversion at 300 °C.

XRD of the fresh and spent Au/CeO,/Al,O; catalysts (Fig. 4b)
showed no significant change in the structure of both Au and
ceria. For comparison, the same figure displays the XRD results
for the samples after CO oxidation. The structure of ceria for the
fresh samples corresponds to CeO, (Ce4+) and the same structure
was found for the spent samples. Thus, although CO, could be
formed in the absence of O,, there is no noticeable reduction of
Ce** to Ce*. These results suggest that only the near surface
oxygen atoms, known as highly mobile species, play an active
role in the CO oxidation and the temperature and reaction
conditions used are not sufficiently high to reduce CeO, into
C6203.
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Concerning the catalytic performance displayed by the
multicomponent Au-based catalysts, the role of alkali (earth)
metal oxides prevails over that of ceria, at least in the low
temperature regime, where very small Au particles are more
important. At temperatures above 120 °C, the active oxygen
may also originate from ceria. It is possible that various
pathways are active simultaneously, eventually in direct
relationship with reaction temperature and/or other experi-
mental factors such as moisture, flow rate, etc.

A relevant question is how the alkali (earth) oxides act as
structural promoters, viz. why the gold particle size remains
small in the presence of these promoters. The characterization
methods used in this study did not point to an effect of the
promoter on the nature of the relevant species: only metallic Au
and CeO, have been detected. It is known from the solid state
literature that Au, alkali (earth) metals and cerium or
aluminium can form stable mixed oxides [51,52]. Therefore,
we suggest that during preparation of the promoted catalyst a
mixed Au, alkali earth, Ce/Al oxide is formed at the interface of
the metallic gold particles and the support. This mixed oxide
layer with a concentration smaller than needed for detection
with our techniques may act as a kind of glue for the gold nano-
particles and sintering is prevented.

5. Conclusions

Unpromoted Au/Al,Oj3 catalysts are active in low-tempera-
ture CO oxidation. Important promoting effects are obtained by
using additives such as alkali (earth) metal oxides. Their role is
primarily related to stabilizing the very small gold particles,
which are highly active towards activation of molecules. The
largest promoting effect is found upon addition of BaO and full
conversion of CO is already obtained at room temperature. In
spite of the well-known promoting effect of ceria for various
oxidation reactions, its addition to Au/Al,O; is rather
detrimental under these reaction conditions. However, if
BaO and CeO, are both added to Au/Al,O;, the multi-
component catalyst resembles the catalytic behaviour of Au/
BaO/Al,Os. It is suggested that CO is activated on Au and at the
Au-support interface. The alkali (earth) metal oxides additives
act as structural promoters and possibly also help in O,
activation. If a reducible metal oxide is used as additive, the
activation of O, is facilitated, especially above 120 °C.
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