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Characterization and catalytic activity of unpromoted and alkali
(earth)-promoted Au/Al,O; catalysts for low-temperature CO oxidation
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Various unpromoted and alkali (earth) promoted gold catalysts were characterized by means of XRD, HRTEM, DR/UV-Vis
and TPR. Based on the results we conclude that metallic Au is the active species in CO oxidation and that the reduction of Au®*
to Au’ proceeds below 200 °C. Pretreatment at mild temperatures, viz. 200 °C, results in the highest catalytic performance of
Au/Al,O5 in low-temperature CO oxidation. Alkali (earth) metal oxide additives are most probably structural promoters. The best

promoting effect is found for BaO.
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1. Introduction

In 1987 striking results showing an exceptionally high
activity of gold-based catalysts for low-temperature CO
oxidation were published [l1]. Compared with highly
dispersed supported Pt catalysts, Au-based catalysts can
be an order of a magnitude more active [2]. Interest-
ingly, however, large differences in the catalytic activity
have been reported in the papers dealing with gold
catalysis. For example, Au/Al,O3; was reported to be
either very inactive [3,4], or as active or even better than
Au/TiO, [5,6]. Also the effect of various calcination
procedures reported in the literature lead to different
results. It was reported that for Au/TiO, [7,8], Au/Fe,O3
[8-10], and Au/MnO, [11] catalysts, calcination at mild
temperatures (100-200 °C) results in more active cata-
lysts than calcination at higher temperatures. There are
also reports that uncalcined Au/Al,O; [6] or Au/Y [12]
can be very active. In addition, a higher calcination
temperature may cause a severe sintering of the gold
crystallites [13,14]. On the other hand, it has been
reported that a higher calcination temperature may
positively influence the catalytic activity of Au/TiO; in
the sense that a stronger Au—support interaction is cre-
ated and that this phenomenon leads to a higher cata-
lytic efficiency, even though some sintering of the gold
particles was observed [13].

Part of this study deals with the influence of the
temperature and the nature of the gas during the pre-
treatment on the structure and catalytic performance of
Au/Al,O3. The second part deals with the effect of
various alkali (earth) metal oxides and their concentra-
tion on the catalytic performance of Au/Al,O3 in
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low-temperature 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 [15].
A beneficial effect of addition of various alkali (earth)
metal oxides, such as Li,O, Rb,O, MgO and BaO to Au/
AlL,O5; for oxidation of (un)saturated hydrocarbons
[16,17], ammonia [18] and reduction of N,O [19] has
also been reported.

2. Experimental
2.1. Catalyst preparation

It has been shown in many papers that homogeneous
deposition precipitation (HDP) is a suitable method for
the preparation of Au-based catalysts [1-4,17,20-22]:
the gold deposition onto the support is high, the gold is
not buried within the support, and a narrow particle size
distribution is obtained.

The unpromoted gold-based catalysts (5 wt% Au)
were prepared via HDP with urea, using HAuCl, - 3H,O
(Aldrich, 99.99%) as the gold precursor. Details con-
cerning the preparation procedures have already been
reported [17,20,21]. In the present study the freshly
prepared Au/Al,O5 catalysts (i.e., after drying) were
calcined in pure O, at various temperatures (150, 200,
300 and 500 °C) for 2 h. Alternatively, a reductive
treatment at various temperatures was also employed.

The mixed supports in the form of MO,/Al,O3 (M:
Rb, Li, Ba) were obtained by pore volume impregnation
of y-AlLO; (Engelhard Al-4172P, Sger = 275 m? g™)
with a solution of the corresponding nitrates. A detailed
description of the experimental procedure is found in
[17]. Gold (5 wt%) was deposited onto MO,/Al,O3
(M/Al = 1/15, atomic ratio) by using the same
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procedure as for the unpromoted Au/Al,O5. For some
of the catalysts the preparation procedure was slightly
changed. For example, LiNO3; was added to Au/Al,O;
via pore volume impregnation, followed by drying and
calcination in O, at 300 °C. The atomic ratio Li/Al was
1/15. This catalyst will be designated as Li,O/Au/Al,Os.
Furthermore, the influence of the Li,O loading on the
catalytic activity of Au/Al,O3 was studied and three Au/
Li,0/Al,05 catalysts with different Li/Al ratios, i.e., 1/1,
1/5 and 1/30 have been prepared (all catalysts were
Swt% Au). These catalysts will be designated as
Au/Li,O/Al,05_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). The results are summarized in table 1.

BET surface areas of the catalysts were measured by
N, physisorption at —196 °C using an automatic Qsurf
M1 analyzer (Thermo Finnigan). Before each measure-
ment the catalyst was degassed for 2 h in helium at
200 °C in order to remove the adsorbed impurities. For
each measurement at least three points have been taken
in account to calculate the total surface area of the
samples.

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. The sample was mounted on a car-
bon polymer supported copper micro-grid. A few
droplets of a suspension of the ground catalyst in iso-
propyl alcohol were placed on the grid, followed by
drying at ambient conditions. The average gold particles
and the particle size distribution were determined by
counting at least 300 particles.
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DR/UV-Vis spectroscopy experiments have been
performed by using a Perkin—Elmer Spectrometer,
Lambda 900. The measurements were performed using
air-exposed samples between 200 and 850 nm.

TPR measurements were performed by using a lab-
scale set-up specially designed for this purpose, with a
thermal conductivity detector (TCD) for gas analysis.
The gas flow passing through the catalyst bed consisted
of 5.5vol% H, in Ar, at a total flow of 25 ml min™"'.
The reduction degree of gold was estimated by calibra-
tion on the basis of the amount of hydrogen needed to
completely reduce a known amount of CuO. Prior to
each experiment the sample was heated in an Ar flow at
100 °C in order to eliminate the physically adsorbed
water. The water produced during the thermal treatment
and reduction processes was trapped before the gas
mixture reached the TCD, used to monitor the rate of
hydrogen consumption.

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 standard reactivation procedure consisted
of in-situ heating the catalyst up to 300 °C for 1h
under H, flow. This sequence was applied for Au/
Al,O;3 and Au/MO,/ALL,O; (M: Li, Rb and Ba).
Alternatively, for Au/Al,O3, H, was replaced by O, or
He, in order to study the influence of the reactivation
procedure. For that type of measurements the tem-
perature used for reactivation of the catalysts did not
exceed the maximum temperature used during first
thermal treatment. 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™'. 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.

Table 1
Catalyst characterization by means of AAS, BET, XRD and HRTEM

Catalyst Au (Wt%)  Sper (m*g™) dag (nm)  Sp (mPgh) day” (im)  Sa,” (m® g ") Day (%)
ALO; _ 275+ 5 _ _ _ _ _
Au/AlLO4 4.1 +£0.1 260 = 5 43+ 0.1 24 +0.1 52+0.3 1.5+0.3 11.5+ 1.1
Au/Li,O/Al,04 4.0+03 278 £ 7 32 4+0.1 3.0+0.1 3.0+0.1 2.5+0.1 19+ 1.0
Au/Rb,0/ALO; 3.5+ 0.1 294 + 3 <3.0 _ 26+03 3.6+03 33+ 1.1
Au/BaO/Al,O4 3.6 +0.2 240 +£ 8 <3.0 _ 1.5+0.2 6.2 +0.02 55+1.2
Au/Li,O/ALO;_1 45+0.1 261 +5 3.0 £0.1 3.8 +£0.1 n.m. _ _
Au/Li,O/ALO; 5 4.1+02 253+ 4 4.1+02 2.6 +£02 n.m. _ _
Au/Li,O/AL,O5_30 42+0.1 269 + 7 <3.0 B n.m. _ _
Li,O/Au/AlL,O5 4.1+0.1 270 = 9 3.8+0.1 2.8 +0.1 n.m. _ _

dx,*: mean diameter of gold particles, XRD, fresh catalysts (nm); dx > mean diameter of gold particles, HRTEM, fresh catalysts (nm); Sx,*: gold

2 —1

surface area, XRD (m~ g ); Sau: gold surface area, HRTEM (m2 g’l); Day: gold dispersion, HRTEM; n.m.: not measured.
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The reactant mixture was stabilized for at least
30 min at room temperature. Afterwards at least two
consecutive heating—cooling reaction cycles were per-
formed. To compare the catalytic performance, the
results of the second heating cycle are considered. Third
and additional heating—cooling cycles gave almost sim-
ilar results as those of the 2nd cycle. The specific reac-
tion rate, r, expressed as the number of CO (moles)
transformed over the amount of Au (moles) per second
was also determined.

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

3. Results
3.1. Catalyst characterization

3.1.1. AAS, BET, XRD and HRTEM results

A summary of all the characterization results
obtained by using AAS, BET, XRD and HRTEM is
presented in table 1. In addition, where possible, the
metallic surface area of gold was estimated based on the
XRD or HRTEM results. The HRTEM results have
been also used to estimate the Au dispersion.

A comparison of the XRD results obtained for Au/
Al,Oj catalysts in two different states (calcined at 300 °C
in an oxygen flow or dried at 80 °C), support-only
(A1,03) and Au-sponge are depicted in figure 1. The
XRD pattern of Au-sponge shows the typical diffraction
pattern of metallic Au, i.e., the presence of two diffrac-
tion lines at 20 = 38.2° (d = 2.35 1&) and 20 = 43.4°
(d = 2.03 A). As expected, dried-Au/Al,O5; does not
show any diffraction pattern characteristic of metallic
gold, it only resembles the structure of y-Al;O3. On the
other hand, calcined-Au/Al,O; shows mainly the dif-
fraction lines of 260 = 38.2°, which is, however, relatively
broad, typical of relatively small crystallites. The average
size of the gold particles as calculated by using the main
diffraction line of 20 = 38.2°is around 4.3 nm. A much
smaller diffraction line is visible at 20 = 43.4°.

Au(111)
ER
i‘; L Au(200)
-z, o ! Al,0,4
g mm— Au/AlL,0,, 0,, 300°C
- A . wom AU/ALO, dried
J L J \- Au sponge

30 35 40 45 50 55 60
2 theta (degree)

Figure 1. Comparison of XRD patterns of calcined-Au/Al,O3
(300 °C, O,), dried-Au/Al,O3, Au-sponge and Al,O3 support.

Figure 2 shows the influence of the gas phase
composition (H, or O,) and temperature of the pre-
treatment (150, 300 and 500 °C) on the structure of Au/
Al,O3 as determined by XRD. A pretreatment in either
O, or H, at 150 °C is able to generate metallic gold
(diffraction line at 260 = 38.2°). The Au crystallite size is
around 3 nm. In addition, no significant difference was
found in the size of the gold particles for a pretreatment
in H, and O,. By increasing the temperature, the average
size of the Au particles increases slightly (a treatment at
300° in O, forms gold particles of 4.3 nm). In an atmo-
sphere of hydrogen a further increase in treatment tem-
perature (500 °C) causes a minor increase in the particle
size from 4.3 to 4.8 nm, whereas no change was observed
for heating in O, (4.3 nm). However, the difference
caused by using H, or O, is not large, even at 500 °C large
agglomeration of the gold crystallites was not found.

If very small gold crystallites or amorphous phases
were present (Au/BaO/Al,03, Au/Rb,O/Al,O5 and Au/
Li,O/Al,O3_30), XRD was not able to detect the gold
signal. By comparing the values of ds,* (table 1) it is
clear that the presence of the alkali (earth) metal oxides
has a beneficial effect on the stabilization of the small
Au crystallites during preparation and further thermal
treatments.

The metallic surface area (XRD results)—table 1,
was calculated by assuming that the gold particles are
hemispherical in shape with the flat side on the support,
according to the following formula:

Sau = 50000 - W/p - d (1)

where W corresponds to the gold loading, p is the
density of gold (19.3 cm?® g™") and d is the diameter of
gold particles as determined by XRD (A). According
to the results presented in table 1, S5, varies between
24m’g' (Au/AlLO;) and 3.8m’g' (Au/Li,O/
Al,O3_1).

A typical HRTEM image of the gold particles of Au/
Al,Oj3 catalyst is shown in figure 3. The gold particles
(black dots in figure 3) are fairly homogeneously

Au(111)

MMW Au/Al,04 Hyp, 500°C

Mw% Au/Al,0, O,, 500°C

M Au/AlL,05 O,, 300°C

] MWMW Au/Al,Og iz, 150°C
: Au/Al,03 O, 150°C
; Au/Al,0; dried

30 35 40 45 50 55 60
2 theta (degree)

Intensity (a.u.)

Figure 2. The influence of the pretreatment (gas and temperature) on
the structure of Au/ALOj; catalysts (XRD measurements).
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50 nm

Figure 3. HRTEM image of Au/AlL,O;.

distributed over the alumina support (grey regions). On
average, the gold particles were rather large (5.2 nm). In
addition, it is also visible in figure 3 that some of the
gold particles do not exhibit a round shape, but rather a
truncated one.

The Au particle size distribution (HRTEM) of Au/
Al,O3, Au/Rb,O/Al,O3 and Au/BaO/Al,Os is presented
in figure 4. 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.

The metallic surface arca (HRTEM) varies between
1.5 m? g!' (Au/ALLO;) and 6.2 m* g~' (Au/BaO/Al,05).
The differences between the values of the gold surface

700 T

600 B Au/BaO/Al203
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Figure 4. Particle size distribution as determined by HRTEM for Au/
Al,O3, Au/Rb,0/Al,05 and Au/BaO/Al,Os.

area determined by HRTEM and XRD may be related
to the experimental limitations of each technique.
However, it should be emphasized that both techniques
are not completely suitable for this type of determina-
tions and that the results may be considered only as a
relative measure of the metallic surface area of the cat-
alysts. A dispersion of 55% was calculated for Au/BaO/
Al,O3, which considerably exceeds the estimated dis-
persion of Au/ALO; (11.5%).

3.1.2. DR/UV=Vis results

Metal nanoparticles have optical properties that are
absent in the bulk material as well as for the individual
atoms. These optical properties are determined by both
their size and shape [23]. Fine gold particles, in the
nanometer range, exhibit a surface plasmon peak cen-
tred between 500 and 600 nm. The relation between the
mean particle diameter, the shape of the particles and
the peak position is also influenced by the dielectric
function of the supporting or surrounding medium, as
well as by possible particle interactions deviating from
the single-particle assumption of Mie’s theory [24].

Although it is generally accepted that the peak posi-
tion of Au in the metallic state is between 500 and
600 nm, the peak positions of the ionic gold species are
still under discussion. However, it was reported that
Au” cations display an absorption band around
240 nm, whereas small clusters such as (Au),° " exhibit a
band around 390 nm [25].

Figure 5 presents the optical spectra of Au/Al,O3
calcined at 300 °C in O», dry-Au/Al,O3, Au-sponge and
Al,O3. As expected, dry-Au/Al,O5; does not exhibit the
plasmonic oscillation mode of nanosized gold particles,
since no metallic gold is present in the sample. The
optical spectra of dry-Au/Al,O3 show a small shoulder
around 260 nm. This peak corresponds to the one
reported in literature for Au" [25]. On the other hand,
the optical spectrum of prereduced Au-sponge also
shows a shoulder in that region, although a little shifted
to lower wavelength (240 nm) and less intense than for

480 549

Au sponge

Au/Al,O; dried
Au/Al,Og, Oy, 300°C

Absorbance (a.u.)

f T — Al,O,

200 300 400 500 600 700 800 900
Wavelength (nm)

Figure 5. DR/UV-Vis spectra of calcined-Au/Al,Os, dried-Au/Al,O3,
Au-sponge and Al,O3 support.
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dry-Au/Al,O3. Thus, the assignment of the peak at
260 nm to Au”’ is open to doubt, since prereduced
Au-sponge contains only Au’. The calcined-Au/Al,O;
displays very clearly the plasmon band characteristic of
metallic gold.

The same peak but with different shape and shifted to
lower wavelength (480 nm) is observed for Au-sponge.
As was mentioned before, the shape of the peak, defined
here as the full-width-at-half-maximum (FWHM) of the
peak, strongly depends on the shape and the size of the
gold particles. Thus, the relatively large shift, from 540 to
480 nm, accompanied by the variation of FWHM may
be explained in terms of the huge difference in the size of
the gold particles of the two samples: an average size of
74 nm for sponge-Au, and 4.3 nm for calcined-Au/
Al,O3. A decrease in the size of the gold particles causes a
red shift in the absorption peak, accompanied by a larger
FWHM in the “intrinsic size region” (mean diameter
smaller than 25 nm) [23]. For large particles the opposite
effect was reported; the FWHM increases with increasing
size, in the “‘extrinsic size region’ (mean diameter larger
than 25 nm). Thus, the apparent differences in optical
spectra of calcined-Au/Al,O; and Au-sponge can be
explained on the basis of the size effect. In addition, the
shape of the gold particles may differ significantly for the
two samples, resulting in an additional optical difference.

DR/UV-Vis spectroscopy was also used to
characterize the Au/Al,O; catalyst subjected to various
thermal treatments, under oxygen or hydrogen flow.
Figure 6a presents the spectra of Au/Al,O; catalyst
heated in O» at various temperatures (150, 200, 300 and
500 °C) and figure 6b shows the corresponding spectra
of Au/Al,Oj3 treated in H, at 150, 200 and 300 °C.

The typical plasmon band of Au nanocrystallites
appears already after a heat-treatment at 150° and no
effect of the nature of the gas was found on the for-
mation of Au’. However, it should be noted that the
extent of reduction cannot be quantified by these mea-
surements. The small peak at 260 nm (dry-Au/Al,O3)
decreases upon heating and, eventually, is weaker if H,
is used. Although the evolution of this peak changes
with the temperature, we still cannot conclude that this
peak belongs to Au ", since reduced Au-sponge reveals a
similar feature in that region of the spectra.

The variation of the plasmon band of small gold
particles for the bicomponent gold-based catalysts with
alkali (earth) metal oxide additives is presented in
figure 7. For comparison, the DR/UV—Vis spectra of the
supports are also included. The support signal was not
subtracted, in order to avoid the appearance of false
peaks. The plasmon band of Au® is visible for all the
samples. Notice the very broad bands for Au/Rb,O/
Al,O3 and Au/BaO/Al,O5 and a slight shift of the peak
maximum due to the size effect. Different concentrations
of Li,O did not produce any additional features in the
optical behaviour of Au-based catalysts, compared with
the DR/UV-Vis spectrum of Au/Li,O/Al,Os5.
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Figure 6. DR/UV-Vis spectra of samples pretreated in O, (a) and H,
(b). ALO; (a), dried-Au/ALO; (b), Au/ALO;3 150 °C (¢), Au/ALO;
200 °C (d), Au/ALL,O5 300 °C (e), Au/ALO3 500 °C (f).

3.1.3. TPR results

TPR spectroscopy was used to study in more detail
the reduction of unpromoted Au/Al,O5 in the presence
of hydrogen. This technique has not been used often for
gold-based catalysts and, interestingly, the few papers
dealing with this subject report a rather broad range of
the reduction temperature of alumina-supported gold
catalysts. For example, for Au/Al,O5 it was reported
that reduction of Au proceeds in three steps: first at
-93 °C Au*0O, is being reduced, then at 27 °C the
reduction of Au°Cl, takes place while upon further
increasing the temperature, at 727 °C the reduction
occurs of gold ions (Au') incorporated in the subsurface
of alumina support [26]. Another paper reported that
the reduction of Au in Au/MgO takes place during a
single process with a maximum at 142 °C, whilst if Fe or
Mn are added to Au/MgO, the reduction temperature of
Au increases slightly to 156 and 170 °C, respectively
[27]. No information was provided about the reduction
of the Fe and Mn oxide additives. If gold was present as
Au(CHj),(acac) (acac: acetylacetonate), the reduction of
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Figure 7. DR/UV-Vis optical spectra of different gold-based catalysts
and the corresponding supports.

Au particles was found at around 148 °C, while if gold
was present as supported mononuclear Au, the reduc-
tion temperature increased to 208 °C [28]. Although
very different temperatures were reported for gold
reduction, all these papers agree that gold was present
initially as Au®*. Other papers address the influence of
gold addition on the reducibility of CeO,, FeO, or
Co30,4, without discussion concerning gold reduction
[29,30]. It should be noted that different results may be
partly caused by experimental differences, such as in
heating ramp, flow rate or the concentration of the
reducing gas.

The reduction profile of Au,O5 (Aldrich) is depicted
in figure 8a, while figure 8b shows a comparison
between the TPR spectra of Au,03/Al,03 and Au/
AlLOs.

The reduction of Au,Os3, proceeds at 86 °C and cor-
responds to the reduction of Au®" to Au’. The small
shoulder at 137 °C is due to the reduction of Au™ to
Au’, which is, however, much smaller than the main
peak at 86 °C. When gold is deposited on alumina, viz.
Au,03/Al1,05, the reduction profile looks quite different
(figure 8b). The reduction of Au®" to Au’ proceeds in
one single step and is shifted to higher temperature
(163 °C). The calculated amount of Au’", which is
reduced to Au’ corresponds to 3.65 wt% Au, in line
with the AAS results. This reduction temperature is in
agreement with results reported in [27]. The difference in
the reduction profiles of Au,O; and Au,O5/Al,03 may
be explained upon considering that in the former case
the size of the gold oxide particles is much larger than in
the latter case. For this reason, during the first reduction
step of Au,0s3, partly reduced Au grains are formed,
which probably encapsulate small ionic gold grains.
These will be further reduced to metallic gold in the next
reduction step. When gold is deposited on alumina, the
gold concentration is much lower than in the case of

Au,03 and, consequently, the gold particles are more
accessible to hydrogen from the gas phase. In addition,
the interaction formed during the preparation step
between Au and the support shifts the reduction tem-
perature of the gold species to higher temperature,
compared to unsupported Au,Os. In addition, a large
difference in the hydrogen consumption is observed
upon comparison of the intensity peaks of Au,O; and
Au,03/A1,05. The negative peak observed at higher
temperature for Au,03/Al,O; might be due to some
desorption process, since this sample was not subjected
to precalcination. The “hydrogen consumption” of Au/
Al,O3 is much lower than that of Au,03/Al,03 and
based on the TPR profile of Au,03/Al,03, all the gold is
in its reduced state at 300 °C.

3.2. Catalytic activity measurements

3.2.1. Unpromoted Au/Al,0;

Figure 9a shows the catalytic behaviour of Au/Al,O3
that was subjected to calcination (i.e., the usual proce-
dure) at different temperatures (150, 200, 300 or
500 °C). A second thermal treatment of the catalysts,
carried out in-situ, was performed at the same temper-
ature as used during the first treatment. Clearly, all the
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Figure 8. TPR reduction profile of Au,O; (a) and Au,03/Al,0; and
Au/Al,O; (b). The reducing gas consisted of 5.5 vol% H, in Ar, at a

total flow of 25 ml min~".
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Figure 9. CO conversion versus temperature over calcined (a) and
reduced (b) Au/AlL,Os. The symbol in (a) corresponds to: 200/no
pretreatment (A), 300/H,/300 (@), 500/H,/300 (), 150/He/150 (m).
The symbols in (b) correspond to 200/He/200 (A), 300/He/300 (@),
500/He/300 (o), 150/He/150 (m). Reactant ratio: CO:0, = 2:1.

catalysts are highly active in CO oxidation and at
around 140 °C complete CO conversion is obtained.
However, the thermal treatment influences the catalytic
performance of Au/Al,O5. Calcination at 200 °C with-
out any additional treatment results in the highest
activity. Less active catalysts are obtained following

calcination at 500 °C (due to some sintering), or at
150 °C (most likely due to incomplete reduction of
Au*" to Au®). This assumption is supported by the TPR
results presented above. However, it should be men-
tioned that after calcination at 150 °C the colour of the
catalyst was changed from yellow to purple, indicating
decomposition of oxidic gold to Au’. Full reduction
probably needs higher temperatures. It should be men-
tioned that conversion of CO over bare alumina is not
significant up to 300 °C.

A similar trend in the catalytic performance of Au/
Al,O5 is obtained if O, is replaced by H,. The results are
presented in figure 9b. The most active sample is
obtained after H, treatment at 200 °C.

All the data concerning the catalytic performance of
Au/Al,O3 catalysts are presented in table 2. The data
include the temperature required for 95% CO conver-
sion, the CO conversion at 70 °C (X70), the specific
reaction rate r calculated at 70 °C and the average gold
particle size after (d,") reaction (XRD).

The specific reaction rate r shows the largest value
for the calcined Au/Al,O; without any in-situ post-
treatment. There is a difference between the values of r
for the samples treated at 150° in O, or H,: the former
being more active. Possibly, at 150 °C, contaminants are
easier removed in O,. These differences are not due to a
particle size effect since the average size of the gold
particles is nearly the same for all samples except for
treatment at 500 °C. Thus, the differences observed in
the catalytic performance are most probably due to the
chemical state of gold, which depends on the thermal
treatment. However, as a secondary effect, the particle
size effect will play a role as well.

3.2.2. Alkali (earth) metal oxides as additives

Figure 10a shows the conversion of CO versus tem-
perature over alkali (earth) metal oxide-promoted Au/
Al,O3 (second heating) and Li,O/Al,O3 support. The
influence of the Li,O concentration on the catalytic
performance of Au/Al,O; is presented in figure 10b.

Table 2
Tose,, the conversion at 70 °C (X70), the specific reaction rate, r, the average size of the gold particles for the spent (day®) Au/AlLO3 (XRD)

Treatment day® (nm) Tos0, (°C) X70 rx10% (mol CO mol™' Aus™)
0,/150/He 3.0=+0.1 168 0.61 55+0.1
0,/200/He 3.0+0.3 117 0.81 6.3 +0.1
0,/200/n0o treatment 3.0£0.2 135 0.85 6.7 £0.1
0,/200/H, 30£02 128 0.79 62 +0.2
0,/300/H, 3.0+0.2 112 0.78 5.5+0.1
0,/300/n0 treatment 3.0+ 0.1 162 0.79 5.5+0.1
0,/500/H, 45+04 114 0.71 54 +0.1
H,/150/He 33+0.3 290 0.41 33+0.1
H,/200/He <3.0 107 0.84 6.6 +0.1
H,/200/H, <3.0 84 0.95 6.4+ 0.1
H,/300/He 34+0.1 0.74 53 +0.1
H,/500/He 4.6 +£0.2 0.63 5.4 +0.1
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Figure 10. CO conversion versus temperature over Au/BaO/Al,O; (m),
Au/szo/Alzog (0), Au/leo/Alzo‘; (.), Au/AIZO; (02/300/H2) (A),
Li,O/Au/Al, O3 (O), Li,O/ALLO3 (-) (a); Au/Li,O/A1,05_30 (A), Au/
Li,O/ALLO;3_5 (#), Au/Li,O/Al,05_15 (m), Au/Li,O/Al,O5_1 (@) (b).

The best performance is obtained for Au combined
with BaO and full CO conversion is reached at room
temperature. The catalytic activity of Au/Al,O3 is also
enhanced in the presence of Rb,O and Li,O. The
addition of Li,O after Au deposition onto the support
produces a decrease in the catalytic performance com-
pared with the other alkali (earth)-promoted Au/Al,O3
catalysts. Concerning the effect of Li,O, the order

performance (see table 3). Most likely, the interaction
between Au and the support, crucial for high catalytic
activity, is stronger if Li>O is first added to alumina.

The loading of Li,O influences both the size of the Au
particles and the catalytic performance of Au/Al,O3 (see
table 3). The best result is obtained for an atomic ratio
Li:Al = 1:30 (1 wt% Li,O). A 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 com-
pared with the unpromoted Au/Al,O5. A summary of all
the data concerning the promoting effect of various
alkali (earth) metal oxides on the catalytic performance
of Au/Al,O; is presented in table 3.

In spite of its slightly lower r-value Au/BaO/Al,O3
shows the lowest Tos0,. Au sintering was not observed
using XRD.

4. General discussion
4.1. Catalyst activation-pretreatment

Concerning the influence of the thermal treatment
and the nature of the employed gas (O,, H», or He) on
the catalytic performance of Au/Al,Os, it was found
that the best results are obtained if the as-prepared (i.e.,
dried) catalyst is subjected to an O, treatment at 200 °C.
After a treatment in H, or O, at 200 °C, presumably all
the gold is transformed into Au® (TPR results support
this model). A subsequent thermal treatment does not
significantly influence the catalytic performance. The
fact that “no pretreatment” proved to be a better choice
than any other possible treatment may be connected
to the presence of some adsorbed water on the surface of
the catalyst. However, this is unlikely since the results
shown correspond to the second heating cycle, and,
presumably, the amount of adsorbed water after one
heating—cooling cycle is relatively small. Regarding the
overall effect of the thermal treatment of the dried
samples, the variation of the catalytic activity correlates
to some extent with the average size of the Au particles,
although not completely. Clearly, the variation of the

of addition significantly influences the catalytic average particle size of the various catalysts used in the
Table 3
Tyse,, the conversion at 70 °C (X5), the specific reaction rate, r, the average size of the gold particles for the spent (dA“b) Au-based catalysts
(XRD)
Catalyst da? (nm) Tos0, (°C) X70 rx10*(mol CO mol™' Aus™")
Au/Li,O/Al,05_15 32+0.1 89 0.87 6.9 +0.1
Au/Li,O/AL,05_30 3.0+£0.1 77 0.93 7.4 +0.1
Au/Li,O/AL,05_5 47+03 90 0.88 72+0.2
Au/Li,O/Al,05_1 3.1+0.3 123 0.8 49 +£0.1
Li,O/Au/ALO5_15 3.6+0.2 127 0.71 5.9 + 0.1
Au/Rb,0O/AL,04 <3.0 78 0.92 8.9+ 0.1
Au/BaO/Al,O3 <3.0 <25 1 7.6 +0.1°

“This value corresponds to 100% CO conversion.
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present study is too small for definite conclusion. Even a
treatment at 500 °C did not produce a severe sintering of
the gold particles.

Based on the above presented results, it is concluded
that the metallic gold is the major active species for CO
oxidation. For unpromoted Au/Al,O; a thermal treat-
ment at 200 °C is the optimum temperature for the high
activity. A similar result was reported for Au/TiO, and
Au/Co304 [6].

4.2. The effect of MO, on the catalytic activity
of Au/Al,O3. The active sites

The results presented throughout this paper show
that the catalytic performance of Au/Al,O3 is improved
by using alkali (earth) metal oxides as additives. Most
probably the beneficial effect of the additives can be
attributed to a change of the morphology and size of the
Au particles due to the addition of alkali (earth) metal
oxides to Al,O;.

The detailed study concerning the promoter effect
of Li,O revealed that the catalytic performance of
Au-based catalysts is influenced by both the concentra-
tion of Li,O and the order of its addition to Au/Al,Os;.
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,O;_1 shows the
largest metallic surface area, according to the HRTEM
results, but the catalytic activity in CO oxidation is not
the highest one.

The role of the alkali (earth) metal oxides on the
activity of Au/Al,Oj; is not clear yet, although this topic
has attracted a lot of research interest in the past years.
It was suggested that their role would be mostly directed
towards stabilization of the Au nanoparticles [14,19,31].
In our opinion the high activity of gold nanoparticles is
connected with a relatively high abundance of low-
coordinated Au atoms that may be responsible for the
high activity [32-34]. Based on theoretical studies it has
been suggested that in the case of Au/Mg(100), the role
of MgO is two-fold. First it may provide excess electrons
to the Au clusters, forming ionic bonds to the peroxo
part of the proposed CO-O, reaction intermediate
[34-36]. Second, the authors suggested that the interface
boundary Au—MgO is most important for high activity.
An earlier study showed that the presence of some alkali
(Li, Na, K) metal oxides is beneficial for the catalytic
activity of Au/MnO, and it was hypothesized that this
promotion might be connected with the suppression of
COs retention [37]. Using FTIR it was found that when
MO, (M: Mg, Mn and Fe) is added to Au/Al,Os, both
the C-O stretching frequency and the CO adsorption
capacity are significantly affected (decreased) [14]. MgO
induced the smallest effect on the adsorption capacity of
Au/Al,03, compared with MnO, and FeO,. Thus,

FTIR showed that the nature of MO, influences the
adsorption of CO.

On the other hand, Au-based catalysts either depos-
ited on non-reducible metal oxides such as Al,O; or
MgO, or doped with alkali (earth) metal oxides showed
high activity in low-temperature CO oxidation. This
could be due to lowering of the reaction barrier of O,
adsorption by these additives. It is widely accepted that
O, activation during CO oxidation is the most difficult
step and the inertness of gold bulk surfaces is understood
from the poor affinity toward molecular oxygen [38—41].
It was also suggested 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 [42].

It is generally accepted that CO adsorption takes
place on Au [43,44] and at the Au-support interface
[45,46]. Moreover, based on DFT calculations, it was
reported that the availability of many low-coordinated
Au atoms, with an increased number of steps and kinks,
accommodated by the defects of the support, is most
important to obtain an active Au-based catalyst
[32,33.42].

Taking into account these models, the main issue
remains the activation of oxygen. Recently, DFT cal-
culations showed that O, can adsorb at the Au—support
interface, but the dissociation of O, cannot occur at low
temperatures [47]. 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 [47].

It is suggested, based on all relevant data reported
and on the results presented in this study, that CO is
adsorbed on Au and at the Au-support interface and
reacts with the oxygen, most probably at the interface. It
has been proven that the alkali (earth) metal oxides
additives act as structural promoters [16,17] and possi-
bly also help in O, activation.

5. Conclusions

Various characterization techniques indicate that the
reduction of Au®" to Au” takes place below 200 °C and
that the working state of Au is metallic. The (alkali)
earth metal oxides inhibit the growth of the very small
Au particles during preparation and catalytic reaction.
Unpromoted Au/Al,O; catalysts are highly active in
low-temperature CO oxidation. It is found that a ther-
mal treatment at 200 °C in oxygen applied on the
as-prepared (dried) samples is more efficient than a
thermal treatment at 150, 300 or 500 °C.

Important promoting effects are obtained by using
additives of the type of alkali (earth) metal oxides. The
catalytic activity of Au/Al,O3 is dramatically improved
upon addition of BaO and full conversion of CO is
already obtained at room temperature.
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