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A supported CO oxidation catalyst was synthesized by the reaction of Au(CH3)2(acac) (acac is acetylace-
tonate) with partially dehydroxylated MgO powder. The as-prepared sample was found by infrared
(IR) and extended X-ray absorption fine structure (EXAFS) spectroscopies to incorporate dimethyl gold
complexes that were bonded to the support; it lacked measurable catalytic activity for CO oxidation
at room temperature. As the temperature was increased to >373 K with the sample in flowing
CO + O2 at atmospheric pressure, removal of methyl ligands from the gold was observed by IR and
EXAFS spectroscopies. Simultaneously, the sample became active for CO oxidation catalysis. EXAFS
characterization of the sample right after the activation indicated that the gold had aggregated into
clusters consisting of approximately 4–6 Au atoms each, on average. These are among the smallest
supported gold clusters yet reported, and they are inferred to be the catalytically active species. The
XANES data suggest that the gold in the activated catalyst had not been reduced to the metallic state.

© 2009 Elsevier Inc. All rights reserved.
1. Introduction

Highly dispersed supported gold catalysts have attracted wide
interest because of their high activities and selectivities for reac-
tions including low-temperature oxidation of CO [1], epoxidation
of propylene [2], oxidation of unsaturated ketones [3], and hy-
drogenation of nitro compounds [4]. Notwithstanding extensive
research on supported gold catalysts, fundamental questions re-
main, such as what are the catalytically active sites and reaction
mechanisms, even for the most thoroughly investigated reaction,
CO oxidation [5,6].

The performance of supported gold catalysts for CO oxidation
is sensitive to the catalyst precursor and preparation method [7],
the support [8], pretreatment conditions [9], and water content
of the reactant mixture [10]. Halides, commonly used in catalyst
precursors (e.g., HAuCl4) also affect the catalyst performance. For
example, chloride caused aggregation of the gold during synthe-
sis and pretreatment of supported catalysts, and it also poisoned
them [5].

To avoid components such as chloride, we used an organometal-
lic precursor, Au(CH3)2(acac) (acac is acetylacetonate, C5H7O2)
[11–23]. Because it is highly volatile (with a sublimation point of
approximately 298 K), Au(CH3)2(acac) can be transferred as a va-
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por at temperatures close to room temperature and thus deposited
readily onto almost all kinds of supports [12,14,15]; catalysts have
also been prepared from this precursor by adsorption onto sup-
ports from hydrocarbon solutions [13,22,23].

The ligands on the supported gold species formed from
Au(CH3)2(acac) can be removed at low temperatures, affording
catalysts with extremely high gold dispersions, even including
catalysts incorporating mononuclear gold complexes [13,16,17],
which can be readily converted into gold clusters [11,14]. In most
cases, the supported mononuclear gold samples prepared from
Au(CH3)2(acac) have initially retained the methyl ligands of the
precursor [13,16–18]. Some of these complexes have evidently
been the physisorbed precursor itself [18], and some have been
chemisorbed, with the acac ligands being replaced by oxygen
atoms of the support (which acts as a bidentate ligand) [13,16,
17].

The supported gold complexes have for the most part not been
found to be active for CO oxidation—because of retention of the
organic ligands on the gold [19]. Treatments to remove some
of the ligands have been reported, such as calcination in air at
temperatures �473 K [19], and treatment in helium at temper-
atures �573 K [17]. The resultant (activated) catalysts have typ-
ically been found to contain reduced and aggregated gold, with
average gold cluster diameters commonly being �15 Å, as ev-
idenced by transmission electron microscopy (TEM) images and
extended X-ray absorption fine structure (EXAFS) spectra [17,19].
For example, Guzman et al. [20] reported that gold particles of ap-
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proximately 30 Å in average diameter formed on MgO, giving a
catalyst that was active and stable for CO oxidation at room tem-
perature.

There are a few reports of catalytic activity for CO oxidation at-
tributed to supported mononuclear gold complexes themselves (in
contrast to gold clusters). For example, Au(III) complexes on zeo-
lite NaY were reported to catalyze CO oxidation, and EXAFS spectra
indicated the lack of gold clusters in the used catalyst [18]. In
this sample, the Au(CH3)2(acac) precursor was initially physisorbed
on the support [18]. The methyl ligands were readily removed
from the Au atoms by evacuation at room temperature (but the
gas-phase products were not identified) [23]; in contrast, higher
decomposition temperatures (exceeding 353 K) were observed for
other chemisorbed gold complexes prepared similarly on various
metal oxides [11]. Infrared (IR) spectra of adsorbed CO indicated
the presence of mononuclear Au(III) species on zeolite NaY initially
during CO oxidation catalysis at room temperature, and during
subsequent operation of the catalyst in a flow reactor the Au(III)
was reduced to Au(I) (with no EXAFS evidence of aggregation of
the gold), accompanied by a decline in the catalytic activity by an
order of magnitude [18]. MgO-supported mononuclear gold com-
plexes were also reported to be active for ethylene hydrogenation
at 353 K [22].

Notwithstanding the work on supported mononuclear gold
complexes and gold clusters with average diameters in the range
of 15–50 Å, there is a lack of information about the structures
and catalytic behavior of extremely small supported gold clusters
(those with average diameters less than about 15 Å), except for (A)
investigations carried out with clusters deposited from the vapor
phase and characterized under ultrahigh-vacuum conditions [24]
and (B) investigations showing increases of catalytic activity with
the growth of gold clusters, which we discuss below and extend in
this work.

By using Au(CH3)2(acac) as a precursor and controlling the de-
gree of aggregation of the gold on the support (MgO powder), we
have been able to investigate the genesis of a CO oxidation catalyst
containing extremely small gold clusters as a result of activation
by removal of methyl ligands from the supported gold complex.
The catalyst was tested in a flow reactor at atmospheric pressure.
By using IR and EXAFS spectroscopies to characterize the cata-
lyst in the working state, we have shown that the gold became
catalytically active at room temperature when the methyl groups
were removed from the gold and the gold was simultaneously
converted into clusters consisting of 4–6 Au atoms each, on av-
erage.

2. Experimental

2.1. Materials

Helium (Airgas, 99.995%) and CO (Airgas, 10% in He, 99.999%)
were purified by passage through traps containing reduced Cu/
Al2O3 and activated zeolite 4A to remove traces of O2 and mois-
ture, respectively. O2 (Airgas, 10% in He, 99.999%) was purified
by passage through a trap containing activated zeolite 4A to re-
moved traces of moisture. The MgO powder support (EM Science,
97%, 60 m2/g) was partially dehydroxylated by calcination in O2
at 673 K for 2 h (the temperature was chosen for consistency
with the work of Guzman et al. [13,20], who used the same pre-
cursor and support), followed by evacuation at 673 K for 16 h
(pressure < 10−2 Pa), and stored in an argon-filled glove box until
it was used. n-Pentane solvent (Fisher, 99%) was dried and puri-
fied by refluxing over sodium metal and deoxygenated by sparging
of N2. The catalyst precursor Au(CH3)2(acac) (Strem, 98%, handled
as light- and temperature-sensitive) was used as supplied.
2.2. Sample preparation

The synthesis and handling of MgO-supported gold samples
were carried out with exclusion of air and moisture on a double-
manifold Schlenk vacuum line and in the glove box. Samples were
prepared by slurrying Au(CH3)2(acac) in dried and deoxygenated
n-pentane with MgO at 298 K and 105 Pa. The slurry was stirred
for 1 day, and the solvent was removed by evacuation for 1 day
(pressure < 10−2 Pa), giving a sample containing 1.0 wt% Au, which
was stored in the glove box until used.

2.3. CO oxidation catalysis and product analysis by mass spectrometry
(MS)

Calcined MgO alone and the as-prepared sample consisting of
mononuclear Au(III) complexes bonded to the support [13] were
tested separately for CO oxidation catalysis, as the reaction tem-
perature was ramped from room temperature to 573 K at 3 K/min.
The sample (typically, 0.20 g) was loaded into a once-through
plug-flow reactor in the glove box and transferred to a flow sys-
tem without coming in contact with air. The partial pressures of
the components in the reactant stream (Pa) were PCO = 1520,
PO2 = 1520, and PHe = 9.83 × 104. The total feed gas flow rate
was 100 mL (NTP) min−1.

In other experiments, the as-prepared Au/MgO sample was first
treated in flowing CO + O2 as the temperature increased from
room temperature to 408 K at 3 K/min and then cooled to 303 K
in flowing helium to start the CO oxidation reaction. The com-
ponent partial pressures (Pa) were PCO = 760, PO2 = 760, and
PHe = 1.00 × 105. The total gas feed flow rate was always 100 mL
(NTP) min−1.

During the treatments mentioned above and during CO oxida-
tion catalysis, the effluent gases from the reactor were analyzed by
mass spectrometry. The on-line instrument was a Balzers OmniStar
running in multi-ion monitoring mode. Signals were recorded for
the main fragments of CO (m/e = 28); O2 (m/e = 32); CO2 (m/e =
44); and CH3 (m/e = 15). Signals are reported relative to that of
the helium carrier gas (m/e = 4) to remove effects of small pres-
sure fluctuations during the experiments.

2.4. IR spectroscopy

Transmission IR spectra of the as-prepared catalyst sample were
recorded with a Bruker IFS 66v spectrometer operated with a spec-
tral resolution of 2 cm−1; each reported spectrum is an average of
16 scans. Samples were pressed into self-supporting wafers and
loaded into a cell (In situ Research Instruments, South Bend, IN)
in the glove box. The cell allowed recording of spectra as treat-
ment gases flowed through and around the wafer at temperatures
ranging from room temperature to 573 K.

In the IR experiments, the initially prepared sample was treated
in a flowing mixture of CO and O2 as the temperature increased
from room temperature to 408 K at 3 K/min. The total flow rate
was 100 mL (NTP) min−1 with CO and O2 partial pressures of
760 Pa each (and the remainder helium).

2.5. X-ray absorption spectroscopy

Characterization of catalyst samples by X-ray absorption spec-
troscopy was carried out in transmission mode at beam line X-18B
at the National Synchrotron Light Source (NSLS) at Brookhaven
National Laboratory (BNL), Upton, NY. The storage ring electron
energy was 2.8 GeV; the ring current varied within the range of
140–300 mA.

The powder sample was loaded into a cell [25] that allowed
collection of data characterizing catalysts in reactive atmospheres.
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Table 1
Crystallographic data characterizing the reference compounds and Fourier transform
ranges used in the EXAFS analysis.a

Reference
compound

Shell Crystallographic data Fourier transformation

N R (Å) Ref. �k (Å−1) �r (Å)

Gold foil Au–Au 12 2.88 [29] 1.00–20.00 0.00–8.00
Au(CH3)2(acac) Au–O 1 1.99 [30] 1.00–20.00 0.00–8.00
Au(CH3)2(acac) Au–C 1 2.07 [30] 1.00–20.00 0.00–8.00
IrMg3 Ir–Mg 1 2.62 [31] 1.00–20.00 0.00–8.00

a Notation: N , coordination number; R , distance between absorber and backscat-
terer atoms; �k and �r, intervals used in the Fourier transformation.

EXAFS spectra of the sample in flowing helium were determined
at room temperature (four scans were recorded). The sample mass
was chosen to give an absorbance of 2.5 at the Au LIII edge
(11919 eV); to allow determination of a proper energy calibration,
a gold foil was scanned simultaneously with the sample.

XANES spectra were then recorded after the composition of the
flowing mixture was changed to include CO + O2 (the CO and O2
partial pressures were 760 Pa each, and the remainder was he-
lium). With this now reactive feed mixture, the cell was heated to
408 K at 3 K/min and then cooled to room temperature, followed
by purging with helium; XANES spectra were recorded periodically
during the whole operation. Then another four EXAFS scans were
recorded with the sample in flowing helium at room temperature.

3. EXAFS data analysis

Analysis of the EXAFS data recorded at the Au LIII edge was
carried out with a difference file technique by use of the software
XDAP [26]. The number of parameters used in fitting the data was
justified statistically by the Nyquist theorem: n = (2�k�r/π) + 1,
where �k and �r, respectively, are the ranges in k and r used
in the data fitting (k is the photoelectron wave vector; r is the
distance from the absorber Au atom) [27]. Criteria used to judge
the appropriateness of a model tested in the data fitting were that
both the magnitude and imaginary part of the Fourier-transformed
data fit well with both k1 and k3 weightings of the data.

The models considered in the fitting included Au–Au contri-
butions (both first- and second-shell contributions), Au–C, and
Au–support contributions (Au–O and Au–Mg). Reference files in-
corporating amplitude- and phase-shift functions characteristic of
the various EXAFS contributions were obtained from theoretical
calculations by use of the software FEFF [28] (Table 1). For exam-
ple, the reference for the Au–Au contribution was generated with
FEFF7 from crystallographic data characterizing metallic gold; the
reference for the Au–Mg contribution was generated with FEFF7
from crystallographic data characterizing IrMg3 (the transferabil-
ity of the amplitude- and phase-shift functions from neighboring
atoms in the periodic table has been justified experimentally [32]).
The amplitude reduction factor [33] was determined to be 0.92 by
fitting the spectrum of gold foil by using the FEFF-generated ref-
erence for gold metal; this value was used in the analyses of the
spectra of the supported samples.

Because the amplitude–shift functions characteristic of the Au–
C and Au–O contributions are transferable, it is difficult to dis-
tinguish one of these contributions from the other in the data
analysis.

Various candidate models were used to determine fits repre-
senting the MgO-supported gold sample before and after the treat-
ment in flowing CO + O2 at 408 K. Details of these candidate
models and the diagnostic parameters characterizing the best fit
with each are summarized in the Supplemental information. Only
the models that fit the data best with physically realistic parame-
ters are presented here (Table 2).
Table 2
EXAFS results at the Au LIII edge characterizing MgO-supported gold species
formed by adsorption of Au(CH3)2(acac) on MgO (a) before CO oxidation cataly-
sis (�k = 3.98–12 Å−1, �r = 1–3 Å) and (b) after CO oxidation catalysis (�k =
3.92–12.96 Å−1, �r = 1–4 Å).a

Sample Shell N R (Å) 103 × �σ 2 (Å2) �E0 (eV)

Catalyst before
CO oxidation reaction

Au–C 1.8 1.97 2.8 −4.4
Au–O 2.1 2.09 1.6 −4.4

Catalyst after
CO oxidation reaction

Au–C 1.1 1.92 2.1 0.4
Au–O 1.7 2.03 3.2 0.4
Au–Mgb 0.3 2.48 2.4 −4.8
Au–Au 3.1 2.81 9.9 1.9
Au–Mgb 0.3 3.65 1.5 −4.8

a Notation: N , coordination number; R , distance between absorber and backscat-
terer atoms; �σ 2, relative Debye–Waller factor; �E0, inner potential correction.
The accuracies are estimated to be as follows: N , ±10% for Au-high-Z contribu-
tions and ±20% for Au-low-Z contributions; R , ±0.02 Å; �σ 2, ±20%; and �E0,
±20% [35].

b This contribution is too small to allow a confident assignment. It was included
to make the overall fitting complete.

Fig. 1. IR spectrum of the sample formed by reaction of Au(CH3)2(acac) with par-
tially dehydroxylated MgO in the C–H stretching region (3200–2700 cm−1).

4. Results

4.1. Structural characterization of dimethyl gold complexes supported
on MgO

The results obtained with the samples reported here confirm
those reported by Guzman et al. [34], who used the same pre-
cursor and support. The IR peaks in the ν(C–H) region (Fig. 1),
including those at 3080, 2997, 2959, 2926, 2908, 2854, and
2822 cm−1 (Fig. 1), characterize ν(C–H) modes representative of
methyl and acac groups. The bands at 2959 and 2908 cm−1 were
assigned [34] to the asymmetric and symmetric stretching modes
of Au–CH3, indicating that the methyl ligands were still bonded to
the gold after adsorption of the precursor. The peaks in the ν(C–C),
ν(C–O), and ν(O–H) stretching regions (spectra not shown) were also
consistent with the report of Guzman et al. [34], indicating that
the acac ligands were displaced from the gold to form both Hacac
and Mg(acac) species on the support [34].

The EXAFS data characterizing the supported gold sample in
flowing helium at room temperature give no evidence of Au–Au
contributions, consistent with the inference that the supported
gold species were site-isolated and mononuclear (Table 2). Each
Au atom, on average, was bonded to two carbon atoms at the
distance of 1.97 Å (Table 2, Fig. 2), confirming that the methyl lig-
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Fig. 2. Results of EXAFS analysis characterizing sample made from Au(CH3)2(acac) and partially dehydroxylated MgO: (A) experimental EXAFS function (solid line) and sum
of the calculated Au–C + Au–O contributions (dotted line); (B) imaginary part and magnitude of uncorrected Fourier transform (k0-weighted) of experimental EXAFS function
(solid line) and sum of the Au–C + Au–O contributions (dotted line); (C) residual spectrum illustrating the Au–C contribution: imaginary part and magnitude of corrected
Fourier transform (k1-weighted) of experimental results minus the calculated Au–O contribution (solid line) and, for comparison, the calculated Au–C contribution (dotted
line); (D) residual spectrum illustrating the Au–O contribution: imaginary part and magnitude of corrected Fourier transform (k1-weighted) of experimental results minus
the calculated Au–C contribution (solid line) and, for comparison, the calculated Au–O contribution (dotted line).
ands were retained on the gold. Moreover, the EXAFS data (Table 2,
Fig. 2) show that each Au atom, on average, was bonded to approx-
imately two oxygen atoms, as evidenced by the Au–O contribution
at 2.09 Å with a coordination number of 2.11; these were assigned
to oxygen atoms of the MgO support, as acac ligands had been dis-
placed from the gold.

In summary, both the IR and EXAFS data are consistent with
the inference that the as-prepared gold sample contained mononu-
clear dimethyl gold complexes incorporating two oxygen atoms of
the support, which was a bidentate ligand. Thus, the structure of
the supported gold complex is analogous to that of the precur-

1 Both the Au–C and Au–O distances (Table 2) are 0.07 Å shorter than those de-
termined by Guzman and Gates [13], and the difference between his result and ours
cannot be explained solely by the EXAFS analysis errors (±0.02 Å). A likely expla-
nation for the difference is that the reference files used by us and by Guzman et
al. were different. We used theoretical references calculated on the basis of crys-
tallographic data characterizing Au(CH3)2(acac), whereas Guzman and Gates used
experimental references obtained from EXAFS spectra of Au(CH3)2(acac) [22].
sor Au(CH3)2(acac) [20], in which the acac ligand is bidentate, the
gold is formally Au(III), and the metal complex is coordinatively
saturated.

4.2. Temperature-programmed CO oxidation catalyzed by
MgO-supported gold

The initially prepared sample evidenced no detectable catalytic
activity for CO oxidation at 303 K under the conditions investi-
gated (PCO = 1520, PO2 = 1520, and PHe = 9.83 × 104 Pa). As the
temperature was increased to >373 K, an increase was observed
in the mass spectral signal m/e = 15 (Fig. 3). Similarly, this signal
had been observed during the temperature-programmed decom-
position of the sample in flowing helium [36], and the gas-phase
products were identified as methane, ethane, and ethylene [36],
evidently formed from the methyl ligands bonded to the gold.
We thus infer that the supported mononuclear Au(III) species in
CO + O2 started to decompose at 373 K.
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Fig. 3. Changes in intensity of the mass spectral signals of the effluent gases from the flow reactor during CO oxidation catalysis as the temperature was first increased from
room temperature to 573 K at 3 K/min and then cooled to 303 K. The reactor contained 0.2 g of MgO-supported gold formed by the reaction of Au(CH3)2(acac) with partially
dehydroxylated MgO.
The intensity of the mass spectral signal m/e = 15 reached a
maximum at 393 K (Fig. 3) (a second peak appeared at a higher
temperature, possibly caused by the decomposition of the acac
ligands on the support [11]), and, simultaneously, the supported
gold sample became active for CO oxidation, as indicated by the
increase in intensity (from the baseline value) of the mass spec-
tral signal m/e = 44 representing CO2 (Fig. 3). As the temperature
was increased further, to 573 K, the catalytic activity continued to
increase (Fig. 3): the conversion of CO at 573 K reached roughly
90%, a value much higher than that observed when the reaction
was catalyzed by the MgO support alone at the same tempera-
ture (approximately 15%). A third peak represented by the mass
spectral signal m/e = 15 also appeared at approximately 573 K, in-
dicating the decomposition of some surface species formed during
the treatment. These species could have been the products of acac
decomposition. However, there is not yet enough evidence to de-
termine either their structures or their locations.

When the temperature of the now activated catalyst was subse-
quently lowered to 303 K, the production of CO2 decreased (Fig. 3),
but the supported gold sample was still catalytically active (the CO
conversion was approximately 4%) at 303 K; the MgO support itself
did not show any measurable catalytic activity for CO oxidation.

4.3. Structural characterization of activated catalyst

After the experiment described above was finished, the color of
the catalyst had changed to purple (it was initially white), consis-
tent with the formation of gold clusters [37]. We were motivated
to investigate the samples after activation under only the mildest
conditions, because then we expected the catalyst to incorporate
only the smallest gold clusters [11].

Thus, we treated a sample in the initially prepared state in
flowing CO + O2 as the temperature was ramped up to only 408 K,
the approximate temperature at which the onset of catalytic ac-
tivity was observed (Fig. 3). Structural changes of the sample dur-
ing the heating to 408 K (at PCO = 760, PO2 = 760, and PHe =
1.0 × 104 Pa) were followed by IR and X-ray absorption spectro-
scopies. Details of the characterization results follow in the next
sections.
4.3.1. Removal of methyl ligands from gold
After CO and O2 had been introduced into the stream flowing

through the IR cell, the removal of methyl groups from the gold at
room temperature was evidenced by small decreases in the inten-
sities of the ν(C–H) stretching bands at 2960, 2902, and 2817 cm−1

(Fig. 4A). Corresponding changes that would have been expected
in the mass spectral signal at m/e = 15 (indicative of light alkanes)
were too small to be observed at this temperature (Fig. 3), but, as
the temperature was increased to 378 K, the IR band intensities
decreased markedly (Fig. 4A), indicating that the process was ac-
celerated, and the mass spectral signal m/e = 15 correspondingly
increased in intensity (Fig. 3), demonstrating the conversion of the
methyl groups into light alkanes.

The EXAFS data confirm the removal of methyl ligands from the
gold during the treatment. After the sample had been activated
in CO + O2 at 408 K, the removal of the methyl ligands was less
than complete, however, as evidenced by the decrease of the Au–C
coordination number only from 1.8 to 1.1 (Table 2).

We recognize that Au–C contributions could have arisen from
species such as carbonates formed during the catalytic reac-
tion of CO and O2 [36]. The IR spectra (Fig. 4B) show that
indeed carbonate-like species (carbonates, bicarbonates, carboxy-
lates, and/or formates) did form on the catalyst, even at tempera-
tures as low as room temperature. However, the frequencies of the
bands (approximately 1660, 1500, and 1380 cm−1) demonstrate
that these carbonate-like species were bonded to the MgO rather
than to the gold [36].

Nonetheless, there is evidence that carbonate-like species did
form on the gold. As removal of methyl ligands became evident in
the IR spectra at temperatures exceeding 378 K (consistent with
the appearance of light alkanes shown by the mass spectra of the
effluent gas), weak bands arose at 1618 and 1523 cm−1 (Fig. 4B);
these have been attributed to carbonate-like species on gold [36].

Because carbonates and the related species are negatively
charged, we infer that positively charged species must have been
present on the catalyst surface where these anionic species were
bonded. This inference suggests a possible role of cationic gold
sites in the CO oxidation catalysis, which might include cationic
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Fig. 4. Changes in the difference IR spectra in (A) 3100–2700 cm−1 region and (B) 1800–1100 cm−1 region when the sample made from Au(CH3)2(acac) and partially
dehydroxylated MgO was treated under conditions of CO oxidation catalysis as the temperature was ramped from room temperature to 408 K at 3 K/min: (a) spectrum
recorded at room temperature 5 min after start of flow of CO + O2, followed by spectra recorded at the following temperatures (K): (b) 303; (c) 318; (d) 333; (e) 348; (f) 363;
(g) 378; (h) 398; and (i) 408.
species in association with gold clusters [36], such as gold cations
at the metal–support interface.

4.4. Evidence of reduction of gold as it underwent aggregation

The activation of the gold during the heating to 408 K in flow-
ing CO + O2 was further characterized by XANES spectroscopy.
XANES spectra at the Au LIII edge characteristic of Au(III) species
(exemplified by Au(CH3)2(acac)) typically include an intense peak
(the white line, Supplemental Information, Fig. 1) at an energy ap-
proximately 4 eV higher than the absorption edge, corresponding
to the excitation of a 2p3/2 electron to the empty d state. In con-
trast, the XANES data representing zerovalent gold species (gold
foil) are characterized by the absence of this white line (Supple-
mental Information, Fig. 1).
The XANES spectrum of the initially prepared sample in the
presence of flowing helium at room temperature is character-
ized by features that essentially match those of Au(CH3)2(acac)
(Fig. 5A), indicating that the formal oxidation state of the gold
in the supported sample was +3. Immediately after the start of
flow of CO + O2 into the X-ray absorption spectroscopy cell con-
taining the catalyst, a slight change in the XANES spectrum was
observed, as the intensity of the white line at the Au LIII edge de-
clined, consistent with the onset of reduction of the gold (Figs. 5A
and 5B). The white-line intensity decreased continuously as the
temperature increased to 408 K. No further change in this inten-
sity was observed as the sample was cooled in CO+O2 and purged
with helium at room temperature. The XANES spectrum after the
treatment was still markedly different from that of metallic gold
(Fig. 5A), suggesting that the sample contained a substantial pro-
portion of cationic gold.
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Fig. 5. (A) XANES spectra recorded when the sample synthesized from
Au(CH3)2(acac) and partially dehydroxylated MgO was treated under conditions of
CO oxidation catalysis at increasing temperatures: spectra recorded (a) at room tem-
perature right after start of flow of CO + O2 flow; (b) at room temperature 30 min
after start of flow of CO + O2; and then at the following temperatures (K): (c) 310;
(d) 340; (e) 370; and (f) 400. (B) Changes in white-line intensities during the con-
secutive treatments: during CO oxidation catalysis (a) at room temperature; (b) as
the temperature was ramped from room temperature to 408 K at 3 K/min; (c) as
the temperature was ramped from 408 K to room temperature; and (d) as the sam-
ple thereafter was purged with helium at room temperature.

EXAFS data characterizing the sample after the treatment in
CO + O2 at 408 K also provide evidence that the gold had un-
dergone aggregation. The EXAFS data (Table 2) indicate an Au–Au
contribution at 2.80 Å with a coordination number of 3.1, corre-
sponding to gold clusters with only 4–6 Au atoms each, on av-
erage [38]. As the removal of methyl ligands was not complete
at this temperature (Fig. 3, Table 2), the sample is inferred to
have contained a mixture of gold species, presumably including
unconverted mononuclear Au(III) species along with the clusters
indicated by the Au–Au coordination number.

In summary, during the activation of the MgO-supported gold
catalyst in CO + O2, removal of methyl ligands took place, accom-
panied by aggregation of the gold, as some reduction of the gold
occurred. The sample formed at this early stage of activation con-
tained gold clusters incorporating, on average, only 4–6 Au atoms
each.
4.5. Catalytic activity of the sample treated at 408 K in flowing CO + O2

The sample that had been treated in flowing CO + O2 at 408 K
was found to be active at 303 K (Fig. 6). A near-steady state was
reached in the catalyst performance in less than 1 h on stream,
with the CO conversion being roughly 0.7% under the conditions
stated in Section 2. The catalyst was stable for more than 20 h of
continuous operation in the flow reactor. The calculated number
of turnovers (CO2 molecules formed per Au atom) was approxi-
mately 250.

5. Discussion

Au(CH3)2(acac) is a precursor that reacts readily with metal ox-
ides, including MgO, to make dimethyl gold(III) complexes on the
oxide surface [13,16,17]—methyl groups are retained on the gold.
Removal of methyl ligands from the gold at elevated temperatures
in CO + O2 led to the genesis of an active catalyst for CO oxida-
tion (Fig. 3). The EXAFS and XANES data respectively show that
the removal of the methyl groups was associated with the onset
of aggregation and reduction of the gold (Figs. 5A and 5B, Table 2).
However, the gold catalyst formed initially (after the initial stage of
the catalyst activation) was still characterized by an Au–C contri-
bution (Table 2), in addition to the Au–Au contribution, consistent
with the inference that this sample (containing extremely small
clusters) still contained some mononuclear gold species that in-
corporated methyl ligands. The IR (Fig. 4A) and mass spectrometry
(Fig. 3) data support this inference.

XANES spectra show a slight reduction of the gold during the
initial stage of catalyst activation (Fig. 5A). This result is consis-
tent with the formation of extremely small gold clusters indicated
by the Au–Au contribution in the EXAFS data (Table 2): a coordina-
tion number of 3.1 corresponds to gold clusters with approximately
4 Au atoms each, on average. Because the XANES spectrum of this
initially activated sample (Fig. 5A, spectrum f) still shows a strong
white line, we infer that the small gold clusters are likely to be
cationic. Indeed, theoretical calculations carried out by Siloco et al.
[39] confirm that small cationic gold clusters are stable on MgO.
This conclusion is contrasted with that of Yang et al. [40], who
suggested that there were separate phases incorporating mononu-
clear Au3+ species, on the one hand, and Au0 clusters, on the other,
in their the TiO2-supported catalyst that was activated in a way
similar to ours. They inferred that the activation of their catalyst
was associated with the reduction of mononuclear AuOx(OH)−4−2x
species to metallic gold. We hypothesize that, in agreement with
Yang et al. [40], that the gold complexes had activities that were
negligible relative to the observed activity, which is attributed to
the gold clusters present with them. However, there is not suf-
ficient evidence in our judgment to support the inference that
extremely small supported gold clusters were metallic.

Some authors have observed that mononuclear gold com-
plexes on supports are themselves active for CO oxidation catalysis
[18,41], and to test the possibility that such complexes in our sam-
ples were active would require that we control the removal of the
methyl ligands to obtain mononuclear gold complexes with re-
duced numbers of these ligands—without the formation of gold
clusters. The data show that we were not able to do this—the
clusters formed rapidly upon removal of the methyl ligands, and
this result suggests that mononuclear gold species on the MgO
surface migrated rapidly and combined with other gold species,
removing the coordinative unsaturation generated by removal of
methyl groups by formation of Au–Au bonds instead. We would
expect the rapid migration of the gold complexes to have been
facilitated by hydroxyl groups on the support surface (they were
indicated by IR spectra of the sample in the O–H stretching re-
gion). Support for the suggestion is provided by reports indicating
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Fig. 6. Changes in intensities of the mass spectral signals of the effluent gases from the flow reactor containing the sample synthesized from Au(CH3)2(acac) and partially
dehydroxylated MgO as the sample underwent the following treatments: (a) CO oxidation catalysis as the temperature increased from room temperature to 408 K at 3 K/min;
(b) subsequent purging of the sample with helium as the temperature was ramped down to room temperature; and (c) during CO oxidation catalysis at room temperature.
that hydroxyl groups on SiO2, MgO, and γ -Al2O3 facilitate the mi-
gration of rhodium carbonyl species [42].

In contrast to our observations, Aguilar-Guerrero and Gates [41]
observed that mononuclear gold species on CeO2 were active for
CO oxidation catalysis. Their samples were made from the same
precursor as ours and by a similar preparation method, but a
mononuclear gold complex (indicated by EXAFS spectroscopy) re-
mained stable on the CeO2 support for 2 h during CO oxidation
catalysis at 353 K. EXAFS characterization of the mononuclear sam-
ple after 2 h of CO oxidation catalysis in a flow reactor at 353 K
included an Au–C contribution with a coordination number of ap-
proximately 2 at the distance of 2.13 Å (the Au–C distance was
2.05 Å in the initially prepared sample), although methyl groups
had been removed from the gold (as evidenced by the IR spectrum
of the sample [43]). The Au–C contribution was thus ascribed to
the carbonate-like species formed on the gold.

The stability of a mononuclear gold species on CeO2, in con-
trast to the lack of its stability on our hydroxylated MgO, might be
attributed (a) to the lack of hydroxyl groups on the CeO2 surface
after gold deposition, as evidenced by the IR spectrum of the sam-
ple in the O–H stretching region [43], and/or (b) to the presence
of oxygen vacancies on the CeO2, demonstrated by various micro-
scopic characterizations [44]. The MgO surface is also expected to
have incorporated some vacancies, but the concentration of vacan-
cies on MgO, which depends on the calcination temperature [45],
is expected to have been much less than on CeO2 at our calcina-
tion temperature.

The gold in the CeO2-supported sample started to aggregate
after 2 h of CO oxidation catalysis, accompanied by an increase
in the catalytic activity comparable to that observed in our work.
Thus, small gold clusters on CeO2 were demonstrated to be more
active than the mononuclear gold species, consistent with our re-
sults. In this respect, the cited results are in agreement with ours,
and we suggest that the inference that small gold clusters are more
active for CO oxidation than mononuclear gold complexes result is
general, independent of the support.

Thus, a key result of our work and that of Aguilar-Guerrero
and Gates [41] is that extremely small gold clusters are active
for CO oxidation catalysis, even at room temperature. The activ-
ity of the CeO2-supported gold clusters is comparable to those of
some of the more highly active gold catalysts that have been re-
ported [5], although the average diameter of these gold clusters
(approximately 7 Å) [41] was much less than that proposed by
Valden et al. [46] and Bamwenda et al. [47] to be the optimum
gold cluster diameter (25–30 Å). On the other hand, Herzing et
al. [48] recently proposed that the presence of bilayers of gold in-
corporating approximately 10 Au atoms (with a diameter of about
5 Å) led to the high catalytic activity of an iron oxide-supported
gold sample; the dimension of these bilayers is comparable to that
of the clusters observed by Aguilar-Guerrero and Gates [41].

We emphasize that mixtures of gold clusters with various di-
ameters existed in most of the supported gold catalysts that have
been investigated. Thus, it still seems to be premature to draw con-
clusions about the optimum gold cluster size.

The work presented here indicates how to prepare supported
gold clusters that contain only a few atoms each under practical
conditions, in contrast to the laser vaporization methods that have
been used under ultra-high vacuum conditions [49–51]. Samples
such as ours and others [41], containing clusters of only a few Au
atoms and/or mononuclear Au(III) species, seem to be important
both for the opportunities they offer for fundamental understand-
ing of the size- and structure-dependency of catalysis by gold [52]
and also for the opportunities they may offer for preparation of
catalysts with new properties—properties in the blurry zone link-
ing molecular and nanoscale structures [53–55].

In summary, removal of methyl ligands from gold was required
to activate the MgO-supported gold sample prepared by reaction
of Au(CH3)2(acac) with partially hydroxylated MgO. Synthesis of
supported gold catalysts with this precursor offers us the abil-
ity to prepare extremely small gold clusters by control over the
treatment conditions, which provides the opportunity to investi-
gate these clusters under non-vacuum conditions.

6. Conclusions

We investigated the activation of an MgO-supported gold cat-
alyst for CO oxidation that was prepared by the reaction of
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Au(CH3)2(acac) with the partially dehydroxylated support. The cat-
alyst activation results from the removal of methyl ligands from
the gold, accompanied by the formation of gold clusters contain-
ing only a few atoms each. The onset of catalytic activity does not
require that the gold be reduced to the metallic state.
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