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Abstract

The addition of alkali (earth) metal oxides (MOx , with M = Li, Rb, Mg, or Ba) is beneficial for the performance of Au/Al2O3 catalysts
in the total oxidation of propene (C3H6). The effect of the MOx additives on the microstructure and nature of Au/Al2O3 catalyst was
investigated by X-ray diffraction (XRD), high-resolution transmission electron microscopy (HRTEM), total surface area (BET), and
reflectance ultraviolet visible spectroscopy (DR-UV/vis). It is found that MOx induces a decrease in the size of gold particles and stab
them against sintering. In turn, a direct dependence of the catalytic performance on the size of the gold particles is found. The
additives is that of a structural promoter and not a chemical promoter.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

In the last decade there has been a growing intere
catalysis by gold. It is now accepted that the catalytic beh
ior of gold nanoparticles deposited on an appropriate sup
differs significantly from that of massive gold. In partic
lar, CO oxidation in the presence (PROX) or absence
hydrogen has attracted considerable attention[1–6]. A few
studies have been devoted to the total oxidation of vola
organic compounds (VOCs) over Au/Al2O3 and Au/CeO2
[7,8]. Recently we examined the influence of CeOx , MnOx ,
FeOx , and CoOx on the catalytic activity of Au/Al2O3 [9]
for the total oxidation of propene as one of the hydroc
bons that appear in automotive emission, and we showed
Au/CeOx /Al2O3 is an efficient catalyst for this reaction. Th
present study deals with the effect induced by alkali (ea
metal oxides on the catalytic performance of Au/Al2O3 in
C3H6 oxidation.
* Corresponding author.
E-mail address: b.nieuwe@chem.leidenuniv.nl(B.E. Nieuwenhuys).
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According to the literature, the addition of alkali (ear
metal oxides (MOx) may be beneficial for or detrimental
the catalyst performance. For gold catalysis, it has bee
ported that the addition of Li2O to Au/Al2O3 is beneficial for
N2O reduction by H2 [10]. The promotion effect of K, Cs
and Ba addition on Fe- and Ru-based catalysts for NH3 syn-
thesis is extensively described in the literature[11–14]and is
relatively well understood. Low levels of alkali dopants a
beneficial for the performance of MoOx-based catalysts to
ward C3H8 oxidative dehydrogenation (ODH)[15]. Calcium
was reported to act either as a promoter (low Ca/Cr ratios) or
a poison (higher Ca/Cr ratios) for chromium oxide catalys
supported on Al2O3 in the ODH of isobutene[16]. A poi-
son effect of alkali ions has been reported, for example
acetonitrile hydrogenation[17] and the deuterium exchang
reaction between ammonia and hydrogen[18].

In the study described in the present paper, the singly
moted systems Au/Li2O/Al2O3, Au/Rb2O/Al2O3, Au/MgO/
Al2O3, and Au/BaO/Al2O3 were prepared by homogeneo

deposition precipitation. Various techniques, such as XRD,
HRTEM, BET, and DR-UV/vis, were used to study the
structural properties of the catalysts. Finally, the physico-

http://www.elsevier.com/locate/jcat
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chemical characteristics of the catalysts are discussed i
lation to the catalytic performance in propene oxidation.

2. Experimental procedures

2.1. Catalyst preparation

Mixed oxides (MOx /Al2O3) were prepared by vacuum
impregnation ofγ -Al2O3 (Engelhard,SBET = 275 m2 g−1)
with the corresponding nitrates of Li, Rb, Mg, and B
(Aldrich; > 99.9% purity). After drying for at least 16 h a
80◦C in static air, the samples were subjected to calcina
in O2 flow at 350◦C for 2 h. The prepared mixed oxides ty
ically have an M/Al atomic ratio of 1:15.

Gold was added to Al2O3 or MOx /Al2O3 via homoge-
neous deposition-precipitation (HDP), with urea as a pre
itating agent[10]. The gold precursor used was HAuCl4 ·
3H2O (Aldrich; 99.99%). The support (either pure alumi
or MOx /Al2O3), the corresponding solution of HAuCl4 ·
3H2O, water, and urea in excess were warmed to 80◦C with
vigorous stirring. The final pH of the solution was 8.5. T
advantage of this method is that, because of the slow dec
position of urea, gold deposition takes place mainly on
surface of the support. Moreover, this preparation met
ensures rather reproducible results regarding two impo
aspects: gold loading and gold particle size.

2.2. Catalyst characterization

Atomic absorption spectroscopy (AAS) was used to
termine the exact gold loading of the as-prepared g
based catalysts. The experiments were carried out w
Perkin–Elmer 3100 apparatus with an air/acetylene fla
A small amount of the catalyst was dissolved in aqua re
(3HCl:HNO3), and the solution was diluted with deminera
ized water before the analysis was performed.

The BET surface area was measured by physical ads
tion of N2 at−196◦C with an automatic Qsurf M1 apparat
(Thermo Finnigan). Before each measurement the cat
was degassed for 2 h in helium at 200◦C to remove impuri-
ties.

XRD measurements were carried out with a Philips G
niometer (PW 1050/25) diffractometer equipped with a P
Cu 2103/00 X-ray tube operated at 50 kV and 40 mA. T
average gold particle size was estimated from XRD
broadening with the Scherrer equation. The spectra w
recorded between 2θ = 20◦ and 60◦.

HRTEM measurements were performed with a JE
2010 microscope with a point-to-point resolution better th
0.19 nm. The sample was mounted on a carbon polym
supported copper micro-grid. A few droplets of a suspens
of the ground catalyst in isopropyl alcohol were placed

the grid, followed by drying at ambient conditions. The av-
erage gold particles and the particle size distribution were
determined from a count of at least 250–300 particles.
talysis 232 (2005) 96–101 97
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For DR-UV/vis experiments a Perkin–Elmer spectro
eter (Lambda 900) was used, and the air-exposed sam
were analyzed in the range ofλ between 200 and 850 nm.

2.3. Catalytic activity measurements

Propene (C3H6) oxidation was carried out in a flow re
actor. Before each experiment, the catalyst (0.2 g) was
tivated in situ at 300◦C for 30 min with the use of 4 vol%
H2/He. The feed gases were controlled with mass flow c
trollers (Bronkhorst) and set to a total flow of 30 ml min−1.
The reaction mixture contained a large excess of oxy
(about 9 times more oxygen). Each experiment consi
of at least two heating-cooling cycles, to monitor catal
deactivation processes. The outlet gas stream was ana
every minute with either a gas chromatograph (Chromp
CP-9001) or a quadrupole mass spectrometer (Spectra)
GC was equipped with a flame ionization detector (FI
a Hayesep N column (50◦C), and a methanizer.

3. Results and discussion

The structural characteristics of Au/Al2O3 and Au/MOx /
Al2O3 (M = Li, Rb, Mg, Ba) are summarized inTable 1.
The gold loading (AAS results) varies between 3.5 w
(Au/Rb2O/Al2O3) and 4.2 wt% (Au/MgO/Al2O3). As sum-
marized inTable 1, the BET total surface area is not dras
cally affected by gold deposition. The maximum decre
observed was 20% and was found for Au/MgO/Al2O3. It
is possible that during vacuum impregnation and the s
sequent deposition precipitation steps, some of the pore
alumina were blocked.

XRD analysis revealed for all catalysts the diffraction p
tern of metallic gold. The average gold particle sizes
summarized inTable 1asda

Au. Generally, very small gold
particles were found; the largest particles (4.3 nm) w
present on Au/Al2O3. However, it should be noted that XR
cannot detect small crystallites or amorphous phases.
cause of the relatively low loading of the additives (M/Al
atomic ratio of 1:15), the MOx phase was not detected f
all of the MOx used. This is most probably due to a rath
amorphous phase of MOx , as a result of the low loading
The smaller values ofdAu for the MOx-containing catalysts
lead us to the conclusion that these additives have a be
cial effect on the stabilization of small Au particles. In fa
the positive effect of Li2O [10] and some alkali-earth met
oxides[19,20]on the gold particle size has already been
ported in the literature.

Some of the catalysts were studied in more detail
HRTEM; the data have been included inTable 1as db

Au.
In agreement with the XRD data, the gold particles w
rather large for Au/Al2O3 (5.2 nm) and very small (below

3.0 nm) for Au/Rb2O/Al2O3 and Au/BaO/Al2O3. A typ-
ical graph of the particle size distribution is presented in
Fig. 1 for Au/Al2O3, Au/Rb2O/Al2O3, and Au/BaO/Al2O3.
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Table 1
Physico-chemical properties of the alkali (earth) metal oxides-promoted gold-based catalysts by means of: AAS, BET, XRD, HRTEM and the full wthe
half maximum FWHM obtained from DR-UV/vis measurements

Catalyst Au
(wt%)

SBET

(m2 g−1)

da
Au

(nm)
db

Au
(nm)

dc
Au

(nm)

SAu
a

(m2 g−1)

FWHM
(nm)

Au/Al2O3 4.1± 0.1 260±5 4.3± 0.1 5.2± 0.3 4.5± 0.2 1.5 71.1± 1.2
Au/BaO/Al2O3 3.6± 0.2 240±8 −b 1.5± 0.2 −b 6.2 189.4± 1.2
Au/MgO/Al2O3 4.2± 0.1 224±10 4.0± 0.1 n.m. 3.7± 0.2 n.m. 100.7± 3.4
Au/Li2O/Al2O3 4.0± 0.3 278±7 3.2± 0.1 3.0± 0.1 3.4± 0.1 2.5 86.4± 8.3
Au/Rb2O/Al2O3 3.5± 0.1 294±3 −b 2.6± 0.3 3.3± 0.1 3.6 164.5± 15
Al2O3 − 275±5 − − − − −
da

Au: mean diameter of gold particles, as determined by XRD, fresh catalysts (as prepared, before the reaction test);db
Au: mean diameter of gold particles, a

determined by HRTEM, fresh catalysts (as prepared, before the reaction test);dc
Au: mean diameter gold particles, as determined by XRD, spent catalysts

the reaction test); FWHM: the full width at the half maximum as determined by DR-UV/vis; n.m.: not measured.
a SAu: gold surface area as determined by HRTEM.
b −: not detectable by XRD.
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Fig. 1. Gold particle size distribution as determined b

Fig. 2. HRTEM micrograph of Au/Rb2O/Al2O3.
Clearly, there is a significant difference in the particle size
TEM for Au/Al2O3, Au/Rb2O/Al2O3 and Au/BaO/Al2O3.

distribution between the sampleswith or without MOx addi-
tive. The growth of large gold particles at the expense of
smaller crystallites appears to be inhibited in the prese
of alkali (earth) metal oxides. In addition, the lattice sp
ing of Au was visualized for Au/Rb2O/Al2O3 by HRTEM.
The corresponding micrograph is shown inFig. 2, and the
lattice space measured is 2.4 Å. This is, within experime
error, the (111) reflection of metallic Au (JCPD powder d
fraction data base reports 2.355 Å[21]). No other reflections
corresponding to metallic gold were detected for any of
samples.

The shape of the gold particles, as visualized by HRTE
was spherical, and no other shapes were seen. How
shapes other than spherical cannot be excluded, since
known that with a decrease in the size of the Au pa
cles, other morphologies are likely to be formed. Acco
ing to other studies, the number of low coordinated ato

is also related to the size of the Au particles[22]. Smaller
Au particles are assumed to have an increased number of
low coordinated atoms that are highly active toward the ac-
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Fig. 3. DR-UV/vis optical spectra of different gold-based catalysts and
corresponding supports.

tivation of molecules[22–24]. Hence, it is expected tha
Au/BaO/Al2O3 and Au/Rb2O/Al2O3 in particular exhibit an
increased number of low coordinated sites that are ab
activate reactants.

The chemical state of gold was also studied by D
UV/vis. Fig. 3 shows the optical spectra, including those
the supports. The surface plasmon absorption band, c
acteristic of small Au0 species, was found, for all of th
catalysts, with a maximum between 500 and 600 nm.
values of the full width at half-maximum (FWHM), as e

timated from the peak shape of the optical spectra, are also

Fig. 4. Catalytic activity performance expressed in terms ofT50% (the temperatu
(C3H6:O2 ratio= 1:9).
talysis 232 (2005) 96–101 99
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(Au/Al2O3, large gold particles), in line with the variatio
of the size of gold particles. However, the relation (b
tween the mean particle diameter, the peak position, and
FWHM) is also influenced by the surrounding environm
and the interaction between the gold particles and the
port [25,26].

The catalytic performance of the gold-based catalys
presented inFig. 4 in terms of the temperature needed
reach 50% C3H6 conversion. It should be mentioned th
propene conversion overγ -Al2O3 did not exceed 22% a
the highest temperature used. In addition, the mixed
ports MOx /Al2O3 (M = Li, Rb, Mg, or Ba) have also bee
tested in propene oxidation and were found to be neglig
active under the reaction conditions used in this study.
only C-containing molecule obtained as a product is C2.
The introduction of alkali (earth) metal oxides definite
improves the catalytic performance of Au/Al2O3 over the
whole temperature range. Thus, theT50% decreases from
365◦C (Au/Al2O3) to 290◦C (Au/BaO/Al2O3). Contrary to
reactions where alkali metal oxides act as poison, suc
the selective reduction of NO with NH3 over TiO2-supported
V2O5 [27], or the H–D isotopic exchange reaction betwe
OH groups of H-ZSM-5 and D2 in the gas phase[28], their
presence is beneficial for gold-based catalysts in propen
idation.

The change in the gold particle size during the catal
cycle was followed by XRD; the results are summarized
Table 1as dc

Au. In general the gold particles do not sint
significantly during the reaction test. However, the gold cr
tallites of the catalysts that contain an additive seem m

stable against sintering.

ith
s in
summarized inTable 1. The FWHM value decreases from
189.4 nm (Au/BaO/Al2O3, very small particles) to 71.1 nm

The variation of the temperature of 50% conversion w
the average gold particle size of gold-based catalyst
re needed to reach 50% propene conversion) of various gold-based catalysts
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Fig. 5. Temperature needed for 50% C3H6 conversion versus the averag
gold particle size (HRTEM) of unpromoted (1) and Li2O (Q)-, Rb2O (2)-
and BaO (")-promoted Au/Al2O3 catalysts.

C3H6 oxidation is shown inFig. 5. The data are given fo
each sample characterized by HRTEM. The variation
T50% is related to the size of the Au particles because
mixed support itself is hardly active toward propene oxi
tion. Hence, a direct correlation exists betweenT50% and
db

Au, and an increase indb
Au results in an increase inT50%.

The variation of the specific reaction rate,r , defined as
the amount of C3H6 (moles) transformed over the amou
of gold (moles) per second, was calculated for the v
ous catalysts at different reaction temperatures. The re
are summarized inTable 2 for a reaction temperature o
260◦C. The specific reaction rate varies between 1.38 ×
10−6 ((moles C3H6) (moles Au)−1 s−1) for Au/Al2O3 and
8.1 × 10−6 ((moles C3H6) (moles Au)−1 s−1) for Au/BaO/
Al2O3. The addition of BaO to Au/Al2O3 produces a six
fold increase in the reaction rate. The values for the o
gold-containing catalysts are between these limits.
ranking of the catalysts based onr values is Au/Al2O3 <

Au/Li2O/Al2O3 < Au/Rb2O/Al2O3 < Au/BaO/Al2O3, and
it fits with the trend observed fromFigs. 4 and 5. The vari-
ation in the specific reaction rate is clearly affected by
change in the size of the Au particles. As a direct con
quence of the smaller gold particle size in the presenc
an alkali (earth) metal oxide, the metallic surface area
estimated from HRTEM is strongly increased by the ad
tion of the oxides (seeTable 1). A larger metallic surface
area/smaller average Au particle size is beneficial for
catalytic performance, if the noble metal is the active co
ponent on the catalyst.

The question is, what is the role of the additives? Is th
action only related to the effect on the particle size of g
(as structural promoters), or can they also play another
in the reaction, as chemical promoters, such as in NH3 syn-
thesis?
It is well established that oxides with redox proper-
ties (CeO2, Fe2O3, and other transition-metal oxides, CuO,
etc. [1,2,9,10,29]) have a large effect on the catalytic activ-
talysis 232 (2005) 96–101

Table 2
The specific reaction rate at 260◦C and the apparent activation energy
the gold-based catalysts tested in C3H6 oxidation (total flow: 30 ml min−1,
reactant ratio C3H6/O2 = 1/9 vol)

Catalyst r × 106

((moles C3H6) (moles Au)−1 s−1)

Ea

(kJ mol−1)

Al2O3 − 90±2
Au/Al2O3 1.38 67±3
Au/MgO/Al2O3 1.86 61±4
Au/Li2O/Al2O3 3.16 65±3
Au/Rb2O/Al2O3 6.93 65±2
Au/BaO/Al2O3 8.01 66±2

ity of gold-based catalysts. Alkali (earth) metal oxides
not have any ability to supply active oxygen; therefore
explanation in terms of a redox mechanism can be exclu

To elucidate the role of the additives on the catalytic p
formance of the gold-based catalysts, we have calcul
the apparent activation energy at a conversion ranging f
0.05 to 0.2. The results are tabulated inTable 2, last col-
umn. First, it is found thatEa decreases after the addition
gold to Al2O3, from ca. 90 kJ mol−1 (Al2O3) to 67 kJ mol−1

(Au/Al2O3), indicating that gold is the active species
C3H6 oxidation. Second, it is found that the presence/na
of the alkali (earth) metal oxide does not significantly cha
the apparent activation energy. The negligible effect of Mx
addition (M= Li, Rb, Mg, Ba) onEa suggests that the pre
ence of MOx does not create new reaction paths for C3H6
oxidation.

For ammonia synthesis, the role of alkali metal oxid
(K2O, Cs2O) on Fe- and Ru-based catalysts is well est
lished, and they act as chemical promoters by lowering
N2 dissociation barrier[11,12,14,30]. A complete different
situation was found for the gold-based catalysts prese
here. The experimental data prove that the role of MOx is
first that of a stabilizer for small gold particles (XRD a
HRTEM data), and no direct effect on the chemical proc
could be detected by means ofEa. Thus, the role of alkal
(earth) metal oxides is rather to increase the concentra
of the Au active sites, without creating new reaction pa
ways. These additives appear to act as structural promo

4. Conclusions

Au/Al2O3 and alkali (earth) metal oxide-promoted A
Al2O3 catalysts have been prepared, characterized,
tested in the total oxidation of C3H6.

– The promoted Au/Al2O3 catalysts of very small gold
particles are much more active than unpromoted g
based catalyst in the total oxidation of propene.

– The apparent activation energy,Ea, of Au/Al2O3 and

Au/MOx /Al2O3 catalysts shows that the additives
(Li2O, Rb2O, MgO, and BaO) are not directly respon-
sible for the higher catalytic activity. Presumably, their
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role is to increase the concentration of the Au ac
sites. The best promoting effect is obtained when B
is used.
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