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Four different Au/Al,O3 catalysts were prepared via impregna-
tion and deposition precipitation. The preparation technique used
was found to have a large influence on the average Au particle size
and amounts of Au adsorbed. For CH4 oxidation a clear particle size
effect was observed, in which small Au particles are beneficial for
high activity. From the preparation methods studied, homogeneous
deposition precipitation leads to the smallest average particle size
(3-5 nm) and, hence, to the most active catalysts. These catalysts,
however, showed some sintering of Au accompanied by a slight de-
activation during catalytic reaction. The results do not support the
idea of ionic Au being responsible for the catalytic activity.  © 2000
Academic Press
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1. INTRODUCTION

Bulk gold is generally regarded to be catalytically inac-
tive. However, recently very small, well-dispersed Au par-
ticles have been found to have high catalytic activity for
various reactions. These reactions include the hydrogena-
tion of CO and CO; (1-3), hydrochlorination of acetylene
(4,5), and reduction of NO (6-11). The most surprising re-
sults, however, have been achieved in low temperature CO
oxidation (12-22). For example, Au/TiO, (17-21) and
Au/Fe;03 (19-22) are already capable of CO oxidation at
room temperature.

The high activity of supported Au catalysts in CO oxida-
tion mainly depends on the Au particle size and the pres-
ence of suitable metal oxides (MOy). The nature of the
active species is still under discussion. It has been suggest-
ed that the activity of Au/MOy catalysts can be attributed
to the presence of small Au particles, which are stabilized
by the MOy (19, 21, 23). The high activity has been ascribed
to the presence of ionic Au species (23) or metallic Au
(19, 21, 24). It has also been proposed that the reaction
solely takes place at the Au/MOy interface, with CO ad-
sorbed on Au and MOy the supplier of O (25).
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The high activity observed for CO oxidation over Au-
based catalysts instigated studies concerning several other
oxidation reactions such as the oxidative destruction of
dichloromethane (26), the epoxidation of alkenes (27-29),
and the complete oxidation of CH, (30, 31).

Waters et al. (30) reported that coprecipitated Au on
several transition metal oxides was remarkably active in
the total oxidation of CH,4. For example, coprecipitated
Au/Co304 was reported to have a light-off temperature just
lower than 250°C. In comparison, fresh Pd/Al,O3 is only ac-
tive at temperatures around and above 300°C (32, 39, 40).
However, under reaction conditions Pd/Al,Og catalysts typ-
ically become more active with time on stream (39). The low
temperature activity observed for Au supported on transi-
tion metal oxides was accredited to the presence of Au in
an oxidized state (30). Au/MgO catalysts were also found to
be active in CH,4 oxidation (31). Addition of already small
amounts of Au (0.04 wt%) was found to inhibit the produc-
tion of methane-coupling products, which are characteristic
of bare MgO. Instead, the yield of CO was found to increase
with low Au loadings (<2 wt%), whereas a higher Au load-
ing induced high selectivity to CO..

In spite of the great interest in the particle size effect
in low temperature CO oxidation, no systematic study has
been performed yet concerning the effect of the Au particle
size on the activity in CH, oxidation reactions. In addition,
little is known about the stability of these catalysts at the
relatively high temperatures needed for CH,4 oxidation. The
present paper deals with the influence of the preparation
method on the Au particle size, and the catalytic activity for
the complete oxidation of CHa.

2. EXPERIMENTAL

2.1. Catalyst Preparation

In this study y-Al,O3; (Engelhard, code: Al-4172 P) was
chosen as support, because of its high surface area, ther-
mal stability, and relative inertness toward steam, which
is one of the reaction products. The specific surface area
was determined to be 200 m? g~* and the pore volume was
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about 2.8 ml g~1. HAuUCI, (Aldrich, 99.999%) was used as
precursor. The intended Au loading was 5 wt% on all sam-
ples. The Au/Al,O3 catalysts were prepared via pore volume
impregnation, wet impregnation, and homogeneous depo-
sition precipitation (HDP) with either Na,CO3; (Merck,
p.a.) or NH2(CO)NH; (Acros, p.a.) as precipitating agent.

To remove water and air out of the pores of the sup-
port, Al,O3 was dried in air at 80°C for at least 16 h and
subsequently evacuated for 1 h while cooling to room tem-
perature. Under vacuum a certain volume of an aqueous
HAuCI, solution, corresponding to the pore volume of the
used amount of support, was added with an injection sy-
ringe. After the solution had been taken up in the pores of
the support, air was admitted into the flask and the sample
was kept at room temperature until the external edges had
dried (catalyst A).

An aqueous solution of HAuUCI, was added to Al,O3. The
suspension was vigorously stirred and kept at 70°C until the
solvent had evaporated (catalyst B).

An aqueous solution of HAuUCI, was added to Al,O3 and
kept at 70°C. Under vigorous stirring, a diluted solution
of Na;COj; in demineralized water was added dropwise to
increase the pH of the solution. When the pH of the solution
was 8, the slurry was filtered, washed, and dried at ambient
conditions until the external edges had dried (catalyst C).

An agueous solution of HAuUCIl; and excess
NH>(CO)NH; were added to Al,Os;. The suspension
was vigorously stirred and kept at 70°C until the pH
reached 8. The slurry was filtered, washed, and dried at
ambient conditions (catalyst D).

Finally, all samples were further dried in air at 80°C for
at least 16 h and reduced in a flow of pure H, up to 300°C
(heating rate 5°C min~'). The samples were kept at 300°C
for 30 min and then cooled to room temperature under a
flow of H,. Air was admitted cautiously, and the samples
were stored under normal atmosphere at ambient temper-
ature before measurement.

2.2. Catalyst Characterization

X-ray diffraction (XRD) measurements were performed
using a Philips Goniometer PW 1050/25 diffractometer
equipped with a CuKa X-ray source (1: 1.5418 A). To
determine the average Au particle size and particle size
distribution, transmission electron microscopy (TEM) was
performed using a Philips CM30T electron microscope
equipped with a LaBg filament as the source of electrons
operated at 300 kV. The samples were mounted on a micro-
grid carbon polymer supported on a copper grid by placing
a few droplets of a suspension of ground catalyst in ethanol
on the grid, followed by drying at ambient conditions.

The Au loading was determined by atomic absorption
spectroscopy (AAS) using a Perkin Elmer 3100 with an
air/acetylene flame. For that purpose, the catalysts were
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dissolved in hot aqua regia. Subsequently, the solution was
cooled and diluted with demineralized water.

2.3. Catalyst Testing

The methane oxidation measurements were performed
in afixed bed microreactor. Prior to measurement, the cata-
lyst (0.200 g) was once again heated in4vol% H; in Heup to
300°C (heating rate 10°C min—1t) and kept at this tempera-
ture for half an hour. Subsequently the catalyst was cooled
to room temperature in a flow of He before the reactant
gas was introduced. CH4 (0.8 vol%) and O, (3.2 vol%) bal-
anced in He were passed over the catalyst bed at a GHSV
of ca. 1500 h—L. After a stabilization time of 30 min at room
temperature, two reaction cycles were recorded in the tem-
perature range of 200 to 740°C. On-line gas analysis was
performed using a Chrompack CP9001 gas chromatograph
equipped with a Hayesep N column and flame ionization
detector (FID).

3. RESULTS

3.1. Characterization of Au/Al,O3 Catalysts

The Au loading was determined by flame AAS. The re-
sults are summarized in Table 1. It is clear that the catalysts
did not loose any of the Au phase during the reaction due
to evaporation or complexation of Au. Striking though, is
the small amount of Au initially present on catalyst C. Only
about 50% of the intended Au loading was reached at pH 8.
Chang et al. (33) also noted an incomplete deposition of Au
onto Al,O3; at pH values between 6 and 9, but failed to give
a proper explanation. To investigate the origin of this poor
deposition more specifically, several other catalysts were
prepared that were similar to catalyst C, but now over a
pH ranging from 6 to 12. These were also characterized by
AAS. The results are shown in Fig. 1. The Au loading was
found to depend strongly on the final pH of the precipita-
tion solution. At pH values higher than 8.5 a sharp decrease
in Au loading was observed. A similar pH dependency was
found by Li et al. (34) for the deposition of Pd on Al,O3/Al.

TABLE 1
AAS, XRD, and TEM Study of Au/Al,O3 Catalysts

Au loading Mean diameter Mean diameter
(Wt%)ans (nm)xrp (nm)rem
Catalyst Fresh  Used Fresh  Used Fresh Used
A 4.8 5.0 43.8 43.2 — —
B 4.7 4.8 34.6 36.7 — —
c? 2.6 2.9 3.0 6.8 39+12 74427
D 5.1 5.1 2.7 11.0 36+14 97440

2Final preparation pH 8.
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FIG.1. Auloading on Al,Oj3 versus final pH during deposition precipitation using Na,COj3 as precipitating agent (catalyst C).

X-ray diffraction patterns were typically measured from
1.82 <d <2.98 nm. In this region the two most intense
diffraction peaks of metallic gold, Au(111) at 2.355 nm and
Au(200) at 2.039 nm, can be monitored. Diffraction pat-
terns of reduced Au/Al,O3; were corrected for diffraction
caused by the support, and are shown in Fig. 2. Both cata-
lysts prepared via impregnation methods (catalysts A and
B) show intense diffraction peaks of metallic Au, whereas
the Au phase on the catalysts prepared via HDP (catalysts
C and D) is hardly visible. This can be due to a lack of

sufficient crystalline material present (low loading, or amor-
phous material). However, since the intended Au loading is
sufficiently high, and Au tends to crystallize easily on MOy,
this is probably caused by severe line broadening, which
is typical of (very) small particles. The line broadening
of the diffraction peaks is an indication of the average parti-
cle size of crystallites. Provided that the particle sizes are be-
tween approximately 3 and 50 nm, an estimation of the av-
erage particle size can be made by using the simple Scherrer
equation (35) (Table 1). The diffraction pattern of catalyst
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FIG.2. X-ray diffraction patterns after reduction at 300°C in H, for 30 min (heating rate 5°C min~1) of Au/Al,Os prepared via pore volume
impregnation (a), wet impregnation (b), HDP with Na,COj (c), and HDP with NH,(CO)NH, (d).
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C shows an additional feature at 1.852 nm. This feature is
probably caused by an impurity originating from Na,COj3
and was no longer detected after CH, oxidation. For all
catalysts, before and after reaction, metallic Au was the
only phase detected. Neither Au,O nor Au,;O3 was found.
Additionally, XPS analysis of the studied catalysts was per-
formed, but did not result in better insights into the oxida-
tion state of Au.

Catalysts C and D were studied in more detail using TEM.
Figures 3 and 4 show TEM images and Au particle size dis-
tributions of catalyst D, respectively. Before reaction, both
catalysts C and D were found to have a similar average par-
ticle size (Table 1) and particle size distribution. After reac-
tion, the small Au particlesinitially present on both catalysts
had disappeared. However, the particles on catalyst C were
subject to sintering to a much lesser extent than on catalyst
D. This is in good agreement with XRD results. When a
particle is well oriented, TEM can achieve a resolution in
which the separate lattice planes can be visualized (Fig. 3c).
When detected, the only lattice spacing found in catalysts C
and D, both before and after reaction, was about 2.32 nm.
This is within the experimental error for the Au(111) re-
flection and does not support the presence of any oxidic Au
species.

3.3. Oxidation of Methane over Au/Al,O3 Catalysts

Figure 5 shows a typical activity experiment performed
on catalyst D. After the first heating stage a clear deacti-
vation was observed. Further reaction cycles did not influ-
ence the activity significantly. This deactivation was most
pronounced for the catalysts prepared via HDP with either
Na,COj3 (catalyst C) or NH,(CO)NH;, (catalyst D) used as
precipitating agent.

The data were fit to a sigmoidal distribution function of
the following form;

a=b-[1—exp{—(K- (T -c)l, [1]

in which « is the fraction of CH4 consumed, T the tem-
perature of the reactor, and b, k, ¢, d are constants. These
constants were varied until the best fit was found. In the
temperature range studied, all catalysts showed complete
oxidation of CHy, i.e., no CO was detected. The temper-
ature of the maximum of the derivative of [1] provides a
good parameter to compare different catalysts and will fur-
ther be noted as (do/dT)max. The (de/dT)max Of the in-
vestigated catalysts for the complete oxidation of CH, are
summarized in Table 2. Bare Al,Oz was found to be con-
siderably less active than the Au-containing catalysts in the
temperature range studied.

The Arrhenius plots for CH,4 oxidation over the different
AU/Al,O3 catalysts are shown in Fig. 6. The apparent acti-
vation energies (E,) were calculated at conversions ranging
from 0.05to0 0.20 (Table 2). No significant mass transfer lim-
itations were observed in this region. The E; was found to
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FIG.3. TEM photographs of Au/Al,O; prepared via HDP with
NH,(CO)NHj; (catalyst D) before (a) and after (b) two runs of a heat-
ing and cooling cycle in the CH, oxidation by O,. Lattice spacing of a Au
particle of catalyst D before reaction (c).
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FIG. 4. Size distribution of Au particles supported on Al,O3 prepared via HDP with NH(CO)NHj; (catalyst D) before (a) and after (b) two runs
of a heating and cooling cycle in the CH,4 oxidation by O,.

increase with increasing average Au particle size, whereas
TABLE 2 the preexponential factor decreased.
It is clear that the activity of both catalysts prepared via

Meth idati Au/Al | . . g L i
ethane Oxidation over Au/Al,O5 Catalysts impregnation techniques (catalysts A and B) is inferior to

Catalyst (da/d T)max (°C)> E. (kJ mol1) References  those prepared via HDP (catalysts C and D), which reached

- full conversion of CH,4 into CO, at about 700-750°C. The
Al205 — 140+ 4° - apparent activation energies of the latter are similar to
A 716 100 + 42

those reported for Pd (32, 36-40) but significantly lower

B 698 88437 —
c 622 78432 _ than those reported for Pt (38, 41, 42).
D 574 7343 —
Pd/AI,O3 — 70-95 (32, 36-40)
PUAL,O; — 100-125 (38, 41, 42) 4. DISCUSSION
a5econd heating curve. The intended Au loading on all catalysts was experimen-

b CH,4 conversion stays below 0.50 in the temperature range studied. tally affirmed except for those prepared via HDP using
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FIG. 5.

CH, conversion versus temperature over Au/Al,O3 prepared via HDP with NH,(CO)NH; as precipitating agent (catalyst D). First heating

stage (M), first cooling stage (), second heating stage (&), second cooling stage (®). Sigmoidal fits (- - -), derivative of second heating stage (—).

Na,COs as precipitating agent. The final pH of the prepa-
ration solution affected the amounts of deposited Au enor-
mously. In acidic solutions, Al,O3 is partly protonated leav-
ing an overall positively charged surface. Most of the Au
precursor then is present as AuCl,(OH),_,, and adsorption
will occur via electrostatical interaction and ion-exchange
reactions. At pH values around 7-8 most of the CI~ will
be displaced by OH™ leaving neutrally charged Au(OH)s,
which precipitates out of the solution. When in basic solu-

tion, the Au(OH); can dissolve again as Au(OH), . More-
over, the surface of Al,O3 is deprotonated and will mostly
exist as Al-O~, which complicates interaction with the neg-
atively charged precursor complex. The amount of Au ad-
sorbed probably also depends on the speed of Na,COg
addition. In solution, Au(OH)3; will much more easily be-
come coordinated by an additional OH~ than deposited on
Al,O3. This might be the cause of lower Au loading on these
samples than when using NH3(CO)NH,, which causes a
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FIG. 6. Arrhenius plots for CH,4 oxidation versus the reciprocal temperature (K). Au/Al,O3; prepared via pore volume impregnation (H), wet
impregnation (¢), HDP with Na,CO; (A), and HDP with NH,(CO)NH; (@®).



436

slower and more homogeneous pH of the solution at 70°C
(43, 44).

It has been reported for low temperature CO oxidation
that a small average particle size is beneficial for high cata-
lytic activity at low temperature (19, 21-23). The high activ-
ity is generally attributed to the presence of a long Au/MOx
perimeter (15, 45), or special sites present only on small
Au particles, such as coordinately unsaturated Au surface
atoms (46), sites with an altered electronic structure (47), or
ionic Au (23, 30, 33). The present results show that also for
CH, oxidation small Au particles (3—10 nm) exhibit a much
higher activity at the high temperatures (700°C) required
for CH,4 oxidation.

It is known that Al,O3 tends to form spinel-type species
with a number of transition metals and rare earth met-
als. Therefore Au ions incorporated in the Al,O3 lat-
tice could provide for another type of active site for the
oxidation of CHy,. It is, however, rather unlikely that AP+
is substituted by Au®*, regarding the effective ionic ra-
dius of the latter being more than 1.5 times bigger (48).
Moreover, no Au spinel types have been reported up
to now. However, Au containing M;AuXs (M = Rb, Cs;
X = CI, Br, I) perovskites (49, 50) and M3AuUO (M = K,
Cs, Rb) anti-perovskites (51, 52) do exist. In these struc-
tures the presence of an intermediate-sized alkali metal
with a low ionization potential seems to be inevitable.
The only other reported, non-alkali metal perovskites
are iron-gold nitride AuFesN (53), LaAugsLigsO4 (54),
and Au-substituted superconductor Ba,Y (Cu;_xAuy)307_5
(0 <x<0.1) (55, 56).

Only catalysts with initially small Au particles (catalysts
C and D) showed significant sintering, and a decrease in
activity after the first heating curve. The fact that catalyst
C is inclined to sinter to a lesser extent than catalyst D
is most likely due to the lower Au loading obtained for
catalyst C. The specific surface areas of the different cata-
lysts were measured before and after reaction. All freshly
prepared catalysts were found to have similar surface ar-
eas as the bare support (200 m? g1). Also after reaction
no change was detected. The observed decrease in catalyst
performance after the first heating curve (Fig. 5) can thus
not be explained by loss of surface area.

Although both XRD and TEM data only affirm the pres-
ence of metallic Au, it cannot be excluded a priori that
very small Au clusters with ionic character may be present
on the surface, and might be responsible for the observed
activity. However, even the smallest Au particles detected
with TEM (about 1 nm) showed only d-spacing character-
istic of metallic Au and no indication of ionic species was
obtained. Regarding the particle size distributions of cata-
lysts C and D, and since 1 nm Au crystallites form only a
minor fraction of the monitored particles (Fig. 4a), the ex-
istence of even smaller particles, which cannot be resolved
by TEM under the applied conditions, is unlikely. This be-
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comes even more improbable after reaction (Fig. 4b). So, if
there were any ionic Au species on the surface, this would
be only a very small fraction of the total amount of de-
posited Au. In addition, it is questionable that ionic Au
species can survive a temperature of 740°C since gold ox-
ide already decomposes at a temperature of 160-250°C in
air (48). Therefore, our results do not support the model
that ionic Au species would be responsible for the observed
activity. Moreover, recently it was reported that Au/TiO;
needed a reductive pretreatment to obtain high catalytic
activity for the oxidation of CO at ambient temperature
(24). This indicates that metallic Au can be the catalytically
active component.

The CH, oxidation activity was found to depend on the
average Au particle size. Whereas the presence of mainly
large Au agglomerates improves the activity over Al,O3
only a little, small Au particles were found to improve the
activity to a large extent. Furthermore, also the E, merely
seems to be correlated to the average Au particle size. Sim-
ilar results were observed by Hicks et al. [42] for CH, oxi-
dation over Pd/Al,Os. This particular behavior can be ex-
plained by assuming the presence of multiple active sites for
the oxidation of CH4 on Au-supported catalysts, all with
different E,. Sites involving a low E, are predominantly
present on small Au crystallites, e.g., coordinately unsatu-
rated Au surface atoms or surface atoms at the Au/MOy
interface, whereas sites with higher E, are relatively more
abundant on larger Au particles or the support, e.g., metal-
lic Au sites and lattice defects in MOy. The measured E,
then is merely an average of the E, of all the sites present
on the catalyst.

5. CONCLUSIONS

The (da/dT)max and apparent activation energies found
in this study for the total oxidation of CH,4 over different
Au catalysts clearly indicate a particle size effect of Au on
the activity of these catalysts. The preparation technique
has a large influence on the obtained average particle size
and, hence, on the activity. The best performing catalystsare
obtained via homogeneous deposition precipitation. How-
ever, some deactivation has been found due to sintering of
the Au particles. The oxidation activity and E, seem to be
correlated to the average Au particle size. This might imply
a model in which different sites on the catalyst are active
in CH, oxidation. The results presented in this work do not
support the idea of ionic Au as active species.
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