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Abstract

The addition of alkali (earth) metal oxides (MQwith M = Li, Rb, Mg, or Ba) is beneficial for the performance of Aug@l3 catalysts
in the total oxidation of propene (Elg). The effect of the MQ additives on the microstructure and nature of Aufdd catalyst was
investigated by X-ray diffraction (XRD), high-resolution transmission electron microscopy (HRTEM), total surface area (BET), and diffuse
reflectance ultraviolet visible spectroscopy (DR-UV/vis). It is found thatMi@luces a decrease in the size of gold particles and stabilizes
them against sintering. In turn, a direct dependence of the catalytic performance on the size of the gold particles is found. The role of the
additives is that of a structural promoter and not a chemical promoter.
0 2005 Elsevier Inc. All rights reserved.

Keywords: Gold; Additives; Alkali (earth) metal oxides; Promoter; Propene oxidation

1. Introduction According to the literature, the addition of alkali (earth)
metal oxides (MQ) may be beneficial for or detrimental to
the catalyst performance. For gold catalysis, it has been re-
ported that the addition of kO to Au/Al,Og is beneficial for
N2O reduction by H [10]. The promotion effect of K, Cs,
and Ba addition on Fe- and Ru-based catalysts fog Bih-
thesis is extensively described in the literatire-14]and is
relatively well understood. Low levels of alkali dopants are
beneficial for the performance of Mg&hased catalysts to-
ward GHg oxidative dehydrogenation (ODHl)5]. Calcium
was reported to act either as a promoter (low Ciaratios) or

a poison (higher Ce&Cr ratios) for chromium oxide catalysts

for the total oxidation of propene as one of the hydrocar- supported on AlQs in the ODH of isobuten¢l6]. A pol-

bons that appear in automotive emission, and we showed that°" effggt of alkali lons has been reported,_for example, in
Au/CeQ,/Al,03 is an efficient catalyst for this reaction. The acetonitrile hydrogenatiofi 7] and the deuterium exchange

present study deals with the effect induced by alkali (earth) reaction between anjmoqia and hydroges. )
metal oxides on the catalytic performance of Au@4 in In the study described in the present paper, the singly pro-
CsHg oxidation moted systems Au/kO/Al>03, Au/RIO/Al, O3, Au/MgO/

Al>03, and Au/BaO/AyO3 were prepared by homogeneous
deposition precipitation. Various techniques, such as XRD,

* Corresponding author. HRTEM, BET, and DR-UV/vis, were used to study the
E-mail address: b.nieuwe@chem.leidenuniv.(8.E. Nieuwenhuys). structural properties of the catalysts. Finally, the physico-

In the last decade there has been a growing interest in
catalysis by gold. It is now accepted that the catalytic behav-
ior of gold nanoparticles deposited on an appropriate support
differs significantly from that of massive gold. In particu-
lar, CO oxidation in the presence (PROX) or absence of
hydrogen has attracted considerable attenfie]. A few
studies have been devoted to the total oxidation of volatile
organic compounds (VOCs) over AufA; and Au/CeQ
[7,8]. Recently we examined the influence of Ge®InOy,
FeQ;, and CoQ on the catalytic activity of Au/AlOs [9]

0021-9517/$ — see front mattét 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2005.02.016


http://www.elsevier.com/locate/jcat
mailto:b.nieuwe@chem.leidenuniv.nl

A.C. Gluhoi et al. / Journal of Catalysis 232 (2005) 96-101 97

chemical characteristics of the catalysts are discussed in re- For DR-UV/vis experiments a Perkin—Elmer spectrom-
lation to the catalytic performance in propene oxidation. eter (Lambda 900) was used, and the air-exposed samples
were analyzed in the range bfbetween 200 and 850 nm.

2. Experimental procedures 2.3. Catalytic activity measurements

2.1. Catalyst preparation Propene (gHg) oxidation was carried out in a flow re-
actor. Before each experiment, the catalyst (0.2 g) was ac-
Mixed oxides (MQ/AI,QO3) were prepared by vacuum tivated in situ at 300C for 30 min with the use of 4 vol%
impregnation ofy-Al,03 (Engelhard Sget = 275 nfg~1) Ho/He. The feed gases were controlled with mass flow con-
with the corresponding nitrates of Li, Rb, Mg, and Ba trollers (Bronkhorst) and set to a total flow of 30 mlmin
(Aldrich; > 99.9% purity). After drying for at least 16 h at The reaction mixture contained a large excess of oxygen
80°C in static air, the samples were subjected to calcination (about 9 times more oxygen). Each experiment consisted
in O flow at 350°C for 2 h. The prepared mixed oxides typ- of at least two heating-cooling cycles, to monitor catalyst

ically have an M Al atomic ratio of 1:15. deactivation processes. The outlet gas stream was analyzed
Gold was added to AD3 or MO, /Al,03 via homoge- every minute with either a gas chromatograph (Chrompack

neous deposition-precipitation (HDP), with urea as a precip- CP-9001) or a quadrupole mass spectrometer (Spectra). The

itating agent10]. The gold precursor used was HAuCI GC was equipped with a flame ionization detector (FID),

3H0 (Aldrich; 99.99%). The support (either pure alumina a Hayesep N column (5C), and a methanizer.

or MO,/Al»03), the corresponding solution of HAug!

3H20, water, and urea in excess were warmed t6@With

vigorous stirring. The final pH of the solution was 8.5. The 3. Resultsand discussion

advantage of this method is that, because of the slow decom-

position of urea, gold deposition takes place mainly on the  The structural characteristics of Au/3; and Au/MQ,/
surface of the support. Moreover, this preparation method Al,O3 (M = Li, Rb, Mg, Ba) are summarized ifable 1
ensures rather reproducible results regarding two importantThe gold loading (AAS results) varies between 3.5 wt%

aspects: gold loading and gold particle size. (Au/RbpO/Al>03) and 4.2 wt% (Au/MgO/AJO3). As sum-
marized inTable 1 the BET total surface area is not drasti-
2.2. Catalyst characterization cally affected by gold deposition. The maximum decrease

observed was 20% and was found for Au/MgQO/B$. It
Atomic absorption spectroscopy (AAS) was used to de- is possible that during vacuum impregnation and the sub-
termine the exact gold loading of the as-prepared gold- sequent deposition precipitation steps, some of the pores of
based catalysts. The experiments were carried out with aalumina were blocked.
Perkin—Elmer 3100 apparatus with an air/acetylene flame. XRD analysis revealed for all catalysts the diffraction pat-
A small amount of the catalyst was dissolved in aqua regia tern of metallic gold. The average gold particle sizes are
(3HCI:HNGsg), and the solution was diluted with demineral- summarized iffable lasdy . Generally, very small gold
ized water before the analysis was performed. particles were found; the largest particles (4.3 nm) were
The BET surface area was measured by physical adsorppresent on Au/AlO3. However, it should be noted that XRD
tion of Np at—196°C with an automatic Qsurf M1 apparatus cannot detect small crystallites or amorphous phases. Be-
(Thermo Finnigan). Before each measurement the catalystcause of the relatively low loading of the additives /M
was degassed for 2 h in helium at Z@Dto remove impuri- atomic ratio of 1:15), the MQ phase was not detected for
ties. all of the MO, used. This is most probably due to a rather
XRD measurements were carried out with a Philips Go- amorphous phase of MQas a result of the low loading.
niometer (PW 1050/25) diffractometer equipped with a PW The smaller values afa, for the MO, -containing catalysts
Cu 2103/00 X-ray tube operated at 50 kV and 40 mA. The lead us to the conclusion that these additives have a benefi-
average gold particle size was estimated from XRD line cial effect on the stabilization of small Au particles. In fact,
broadening with the Scherrer equation. The spectra werethe positive effect of LiO [10] and some alkali-earth metal
recorded betweerp2= 20° and 60°. oxides[19,20]on the gold particle size has already been re-
HRTEM measurements were performed with a JEOL ported in the literature.
2010 microscope with a point-to-point resolution better than ~ Some of the catalysts were studied in more detail by
0.19 nm. The sample was mounted on a carbon polymer-HRTEM; the data have been included Table 1as d}ju.
supported copper micro-grid. A few droplets of a suspension In agreement with the XRD data, the gold particles were
of the ground catalyst in isopropyl alcohol were placed on rather large for Au/AJO3 (5.2 nm) and very small (below
the grid, followed by drying at ambient conditions. The av- 3.0 nm) for Au/RbO/Al;O3 and Au/BaO/AbO3. A typ-
erage gold particles and the particle size distribution were ical graph of the particle size distribution is presented in
determined from a count of at least 250-300 particles. Fig. 1for Au/Al»03, Au/Rb,O/Al»,03, and Au/BaO/A$Os.
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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 fulevidth at
half maximum FWHM obtained from DR-UV/vis measurements

Catalyst Au SBET a3, ¥, g, Sau® FWHM
(wt%) (m?2g~b (nm) (nm) (nm) (m2g~1 (nm)

AU/Al,03 41401 260+5 43+0.1 52+0.3 45+0.2 15 711+1.2
Au/BaO/AlOg 36+0.2 24048 _b 15402 _b 6.2 18944+ 1.2
Au/MgO/Al,03 42401 224410 40+01 n.m. 37+0.2 n.m. 1007 + 3.4
AU/Li»O/Al,03 40+03 278+7 32401 30+0.1 34+01 25 864+83
AU/RbyO/Al,03 35+0.1 29443 b 26+0.3 33+01 36 1645+ 15
Al,03 - 27545 - - - - -

dgu: mean diameter of gold particles, as determined by XRD, fresh catalysts (as prepared, before the reacﬂﬂn:t&&i}m diameter of gold particles, as
determined by HRTEM, fresh catalysts (as prepared, before the reactiordlg%su):nean diameter gold particles, as determined by XRD, spent catalysts (after
the reaction test); FWHM: the full width at the half maximum as determined by DR-UV/vis; n.m.: not measured.

@ Sau: gold surface area as determined by HRTEM.
b _: not detectable by XRD.

200

160

Number of particles

W Au/BaO/AI203

Mean diameter (nm)

OAu/Rb20/AI203 OAu/AI203

Fig. 1. Gold particle size distribution as determined by HRTEM for Ag@d, Au/RbyO/AloO3 and Au/BaO/ApOs3.

Fig. 2. HRTEM micrograph of Au/REO/AI»O3.

distribution between the samplesgth or without MO, addi-
tive. The growth of large gold particles at the expense of the
smaller crystallites appears to be inhibited in the presence
of alkali (earth) metal oxides. In addition, the lattice spac-
ing of Au was visualized for Au/RID/Al,O3 by HRTEM.
The corresponding micrograph is shownFig. 2, and the
lattice space measured is 2.4 A. This is, within experimental
error, the (111) reflection of metallic Au (JCPD powder dif-
fraction data base reports 2.35921]). No other reflections
corresponding to metallic gold were detected for any of the
samples.

The shape of the gold particles, as visualized by HRTEM,
was spherical, and no other shapes were seen. However,
shapes other than spherical cannot be excluded, since it is
known that with a decrease in the size of the Au parti-
cles, other morphologies are likely to be formed. Accord-
ing to other studies, the number of low coordinated atoms
is also related to the size of the Au partic[@2]. Smaller
Au particles are assumed to have an increased number of

Clearly, there is a significant difference in the particle size low coordinated atoms that are highly active toward the ac-



A.C. Gluhoi et al. / Journal of Catalysis 232 (2005) 96-101 99

- (Au/Al O3, large gold particles), in line with the variation

of the size of gold particles. However, the relation (be-
j tween the mean particle diameter, the peak position, and the
- AUMGOIALQ, FWHM) is also influenced by the surrounding environment

s \ﬂﬁr/\ and the interaction between the gold particles and the sup-
= AU/ALO,
s I Au/Li_ O/ALO port[25,26]
E 2o The catalytic performance of the gold-based catalysts is
5 bk Au/BaO/ALO, presented irFig. 4 in terms of the temperature needed to
é Au/Rb,O/AI0, reach 50% GHg conversion. It should be mentioned that
-Rb,O/ALO, propene conversion over-Al,O3 did not exceed 22% at
MgO/AIO . " :
Ao ¢ the highest temperature used. In addition, the mixed sup-
Li.O/ALO ports MQ,/Al,0O3 (M = Li, Rb, Mg, or Ba) have also been
BaOALO. tested in propene oxidation and were found to be negligibly
] ' . ' . ' — 2 active under the reaction conditions used in this study. The
200 400 600 800 1000 only C-containing molecule obtained as a product is;CO
Wavelength (nm) The introduction of alkali (earth) metal oxides definitely

improves the catalytic performance of Aup@ls over the
whole temperature range. Thus, tfggy, decreases from
365°C (Au/Al,03) to 290°C (Au/BaO/AbO3). Contrary to
reactions where alkali metal oxides act as poison, such as
tivation of molecules[22-24] Hence, it is expected that the selective reduction of NO with Ny-bver TiO,-supported
Au/BaO/Al,O3 and Au/RBRO/AI;O3 in particular exhibitan  V,0s [27], or the H-D isotopic exchange reaction between
increased number of low coordinated sites that are able toOH groups of H-ZSM-5 and Pin the gas phasi8], their
activate reactants. presence is beneficial for gold-based catalysts in propene ox-
The chemical state of gold was also studied by DR- idation.
UV/vis. Fig. 3shows the optical spectra, including those of ~ The change in the gold particle size during the catalytic
the supports. The surface plasmon absorption band, charcycle was followed by XRD; the results are summarized in
acteristic of small Al species, was found, for all of the Table 1as dg,. In general the gold particles do not sinter
catalysts, with a maximum between 500 and 600 nm. The significantly during the reaction test. However, the gold crys-
values of the full width at half-maximum (FWHM), as es- tallites of the catalysts that contain an additive seem more
timated from the peak shape of the optical spectra, are alsostable against sintering.
summarized inTable 1 The FWHM value decreases from The variation of the temperature of 50% conversion with
189.4 nm (Au/BaO/AdOs3, very small particles) to 71.1 nm  the average gold particle size of gold-based catalysts in

Fig. 3. DR-UV/vis optical spectra of different gold-based catalysts and the
corresponding supports.

400

307 R / ’
300 » ;’///////” 7

o

Au/BaO/AI203
Au/Rb20/AI203 !
Au/Li20/AI203
Au/MgO/AI203
Au/AI203

Fig. 4. Catalytic activity performance expressed in term$®jy, (the temperature needed to reach 50% propene conversion) of various gold-based catalysts
(C3Hg:0O5 ratio= 1:9).
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260 O Table 2
none The specific reaction rate at 26Q and the apparent activation energy of
the gold-based catalysts tested igHg oxidation (total flow: 30 ml mird,
340 reactant ratio gHg/O2 = 1/9 vol)
Catalyst rx 108 Ea
S 32 :o ((moles GHg) (moles Ay~1s—1) (kImot1)
Ov -1 |
< 2 Al>03 - 90+2
- n Au/Al,03 1.38 67+3
3004 Rb.O Au/MgO/Al, O3 1.86 61+ 4
° 2 Au/LiO/Al,03 3.16 65+3
Au/RbyO/Al;03 6.93 6542
280-{ BaO Au/BaO/AlbOg3 8.01 66+ 2
T T

10 15 20 25 30 35 40 45 50 55
Particle diameter (nm) ity of gold-based catalysts. Alkali (earth) metal oxides do
not have any ability to supply active oxygen; therefore an
Fig. 5. Temperature needed for 50%Hg conversion versus the average  explanation in terms of a redox mechanism can be excluded.
gold particle size (HRTEM) of unpromotedif and LpO (A)-, Rb;O (M)- To elucidate the role of the additives on the catalytic per-
and BaO @)-promoted A/AyOs catalysts. formance of the gold-based catalysts, we have calculated
the apparent activation energy at a conversion ranging from
C3Hg oxidation is shown irFig. 5. The data are given for  0.05 to 0.2. The results are tabulatedTable 2 last col-
each sample characterized by HRTEM. The variation of umn. First, it is found thaE, decreases after the addition of
Ts09 is related to the size of the Au particles because the gold to Al,Og, from ca. 90 kJ moi! (Al,03) to 67 kJ mot?
mixed support itself is hardly active toward propene oxida- (Au/Al203), indicating that gold is the active species in
tion. Hence, a direct correlation exists betwekig, and C3Hg oxidation. Second, it is found that the presence/nature
df\u, and an increase m};u results in an increase ifggy. of the alkali (earth) metal oxide does not significantly change
The variation of the specific reaction rate,defined as the apparent activation energy. The negligible effect of MO
the amount of g@Hg (moles) transformed over the amount addition (M= Li, Rb, Mg, Ba) onE, suggests that the pres-
of gold (moles) per second, was calculated for the vari- ence of MQ does not create new reaction paths faHg
ous catalysts at different reaction temperatures. The resultsoxidation.

are summarized imable 2for a reaction temperature of For ammonia synthesis, the role of alkali metal oxides
260°C. The specific reaction rate varies betweeB81x (K20, C90) on Fe- and Ru-based catalysts is well estab-
106 ((moles GHg) (moles Ay ~1s™1) for Au/Al,O3 and lished, and they act as chemical promoters by lowering the

8.1 x 10°% ((moles GHg) (moles Ay—1s™1) for Au/BaO/ N, dissociation barrief11,12,14,30] A complete different
Al,03. The addition of BaO to Au/AlOs produces a six-  situation was found for the gold-based catalysts presented
fold increase in the reaction rate. The values for the other here. The experimental data prove that the role of M©
gold-containing catalysts are between these limits. The first that of a stabilizer for small gold particles (XRD and

ranking of the catalysts based ervalues is Au/AbO3 < HRTEM data), and no direct effect on the chemical process
Au/Li>O/AlI;0O3 < Au/Rb,O/Al,O3 < Au/BaO/Al,O3, and could be detected by means Bf. Thus, the role of alkali
it fits with the trend observed froffigs. 4 and 5The vari- (earth) metal oxides is rather to increase the concentration

ation in the specific reaction rate is clearly affected by the of the Au active sites, without creating new reaction path-
change in the size of the Au particles. As a direct conse- ways. These additives appear to act as structural promoters.
guence of the smaller gold particle size in the presence of

an alkali (earth) metal oxide, the metallic surface area as

estimated from HRTEM is strongly increased by the addi- 4. Conclusions

tion of the oxides (sed@able ). A larger metallic surface

area/smaller average Au particle size is beneficial for the  Au/Al,O3 and alkali (earth) metal oxide-promoted Au/
catalytic performance, if the noble metal is the active com- Al,O3 catalysts have been prepared, characterized, and

ponent on the catalyst. tested in the total oxidation of4Ele.

The question is, what is the role of the additives? Is their
action only related to the effect on the particle size of gold — The promoted Au/AlO3 catalysts of very small gold
(as structural promoters), or can they also play another role  particles are much more active than unpromoted gold-
in the reaction, as chemical promoters, such as i Bih- based catalyst in the total oxidation of propene.
thesis? — The apparent activation energy,, of Au/Al,O3 and

It is well established that oxides with redox proper- Au/MO,/Al,O3 catalysts shows that the additives
ties (CeQ, Fe0s, and other transition-metal oxides, CuO, (LioO, RO, MgO, and BaO) are not directly respon-

etc.[1,2,9,10,29) have a large effect on the catalytic activ- sible for the higher catalytic activity. Presumably, their
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role is to increase the concentration of the Au active
sites. The best promoting effect is obtained when BaO
is used.
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