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Abstract

Nanocrystalline CeO2 was prepared by precipitation of a solution of the acetate using supercritical CO2 as an antisolvent. It was demonstrated
that gold supported on this material is very active for the oxidation of CO at ambient temperature, particularly in comparison with CeO2 prepared
in a conventional manner by thermal decomposition of the acetate. Comparing the catalytic performance for CO oxidation with the most active
catalysts in the current literature confirms the high activity of these new materials. They are considerably more active than previous Au/CeO2
catalysts. The catalyst activity was found to be dependent on the precipitation conditions, which in turn was found to influence the dispersion
of gold on the support, as evidenced by detailed microscopy and spectroscopy characterization. The most active fresh catalyst exhibited highly
dispersed gold and showed no evidence of the existence of Au nanocrystals using detailed STEM analysis. Following reaction with CO/O2, subtle
microstructural changes were apparent, although the morphology of the nanocrystalline CeO2 support was unchanged; in particular, the Au, which
was previously uniformly dispersed, showed signs of beginning to agglomerate into sub-5 nm particles. The stability and origin of the catalytic
activity are discussed.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Oxidation is a key process that can be used to functional-
ize molecules using selective oxidation or to remove pollutants
using total oxidation. Increasing attention is being given to
green chemical reactions, which focuses interest on the design
of chemical processes that are atom-efficient. This is partic-
ularly true in the fine chemicals industry, where many reac-
tions are done with low atom efficiency [1]. Recently, there has
been interest in using gold as a catalyst for oxidation by O2
[2–4]. Gold dispersed on oxide supports exhibits excellent ac-
tivity in various important catalytic redox reactions, including
CO oxidation [5], which is particularly useful for the purifica-
tion of hydrogen in fuel cells [6,7]. Supported gold catalysts

* Corresponding author. Fax: +44 29 2087 4059.
E-mail address: hutch@cf.ac.uk (G.J. Hutchings).
0021-9517/$ – see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2007.04.016
also have been shown to be very active for the epoxidation of
propene [8] and the selective oxidation of alcohols [9]. In re-
cent studies, we have shown that gold can epoxidize alkenes
under solvent-free conditions [10] and that supported gold-
palladium alloy nanoparticles are highly effective for the direct
formation of hydrogen peroxide [11] and oxidation of alco-
hols [12]. The nature of the supporting matrix for the gold and
gold-palladium nanoparticles is of great importance [13–18],
and nanocrystalline oxide supports (e.g., CeO2 and Y2O3) have
been shown to greatly increase the activity of gold catalysts for
CO oxidation compared with supports comprising larger crys-
tallites [16,17].

The extensive literature concerning the low-temperature ox-
idation of CO has recently been reviewed [19]. In the design of
active catalysts for the low-temperature oxidation of CO, much
emphasis has been placed on the method of catalyst prepara-
tion, as well as the nature of the support, and most investigators
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agree that high-activity catalysts can be observed with α-Fe2O3
[20–26] and TiO2 [27–35]. Until recently, CeO2 [16,17,36–38]
was not favored as a support, although it was used as a support
for very active supported gold low-temperature water-gas shift
catalysts [39,40], and although CO oxidation can be considered
mechanistically related to the water-gas shift reaction, these
catalysts operate at significantly higher temperatures. Recent
studies by Corma et al. [16] showed that very active catalysts
can be achieved using a nanocrystalline form of CeO2. How-
ever, detailed studies have concentrated on TiO2 and Fe2O3
as supports, and it is now well established that the method of
preparation is crucial to controlling the activity of the catalyst
[32]. In general, impregnation of titania tends to produce large
particles (>10 nm) that are inactive for CO oxidation. Con-
sequently, Haruta et al. [5] devised the method of deposition
precipitation, in which a preformed support is stirred in a solu-
tion of a gold compound, the pH value is varied by the addition
of a base, and small gold nanocrystals are deposited on the sur-
face of the support. This method of preparation has been widely
adopted.

The recent interest in using CeO2 as a support for Au for
the CO oxidation reaction has prompted us to study the syn-
thesis and properties of nanocrystalline CeO2 prepared using
a different methodology: precipitation using supercritical CO2
(scCO2) as an antisolvent. The use of scCO2 as an antisol-
vent for the controlled precipitation of materials from con-
ventional solvents has been widely applied to the production
of a range of materials, including polymers, pharmaceutical
chemicals, explosives, superconductors, and catalysts [41–46].
When a solution is brought into contact with scCO2, the sol-
vent power of the conventional solvent is reduced, and the
solutes precipitate. Furthermore, the diffusivity of scCO2 is
about two orders of magnitude larger than that of conven-
tional liquids. This rapid diffusion can produce supersatura-
tion immediately before precipitation, leading to the forma-
tion of nanoparticle morphologies not usually accessible by
standard catalyst preparation methods. Using this precipita-
tion method, we have successfully prepared vanadium phos-
phate catalysts that exhibit enhanced activity compared with
conventional materials for the selective oxidation of butane to
maleic anhydride [46]. We consider using supercritical carbon
dioxide as an antisolvent to facilitate precipitation as the ba-
sis of a new green preparation method in which the use of
nitrates can be eliminated, thereby decreasing the environmen-
tal impact of catalyst preparation in the longer term. We now
show that nanocrystalline CeO2 prepared using this precipita-
tion route can be a highly effective support for Au catalysts
for the oxidation of carbon monoxide at ambient tempera-
ture.

2. Experimental

2.1. Preparation of CeO2

Chemicals were purchased from Aldrich and used as re-
ceived. The synthesis of the scCeO2 was performed as de-
scribed previously [46]. scCO2 was pumped at pressures of
110–150 bar at a flow rate of 7 ml/min, and the entire sys-
tem was held at a fixed temperature (40 or 60 ◦C). A solution of
Ce(acac)3 in methanol (13.33 mg/ml) was pumped through a
fine capillary into the precipitation vessel at a flow rate around
0.1 ml in co-current mode with scCO2. As the solution exited
the capillary, the droplet and scCO2 rapidly diffused into each
other, causing the solute to precipitate rapidly. The precursor
was recovered and calcined at 400 ◦C for 2 h. The unCeO2 sup-
port was obtained by calcining the unprocessed Ce(acac)3 at
400 ◦C for 2 h.

2.2. Preparation of gold catalysts

Gold was deposited on the supports by a deposition–
precipitation procedure. A solution of H4AuCl4 (28 mg) was
adjusted to pH 10 using 0.2 M NaOH and added into a slurry
containing CeO2 (200 mg) in water (10 ml), then stirred for
20 h. The solid was recovered by filtration, washed, and dried
overnight at 100 ◦C.

2.3. Catalyst testing

Catalysts were tested for CO oxidation using a fixed-bed mi-
croreactor (3 mm i.d.), operated at atmospheric pressure. Typ-
ically, CO (0.5% in synthetic air) was fed at 22.5 ml/min and
passed over the catalyst (15 mg). The temperature was main-
tained at 25 ◦C by immersing the bed in a water bath. The
products were analyzed using online GC.

2.4. Catalyst characterization

Materials were characterized by powder XRD using an Enraf
Nonius PSD120 diffractometer with a CuKα source operated
at 40 keV and 30 mA. Surface areas were determined by nitro-
gen adsorption at −196 ◦C using the BET method. Au loadings
were determined using a Varian 55B AA spectrometer.

Samples of each catalyst were prepared for TEM charac-
terization by dispersing the powder in ethanol. A drop of the
suspension was then placed on a 300-mesh lacey carbon TEM
grid and allowed to dry. Bright-field imaging experiments were
carried out in a JEOL 2000 FX TEM operating at 200 kV. An-
nular dark-field (ADF) imaging and X-ray energy dispersive
spectroscopy (XEDS) analyses were carried out at 300 kV using
a VG HB 603 dedicated STEM fitted with a Nion Inc. spheri-
cal aberration corrector and an Oxford Instruments INCA 300
system for XEDS spectrum imaging.

XPS was done using a Kratos Axis Ultra DLD spectrom-
eter using a monochromatic AlKα X-ray source (75 W) and
an analyzer pass energy of 160 eV (survey scans) or 40 eV
(detailed scans). Samples were mounted using double-sided ad-
hesive tape, and binding energies are referenced to the C(1s)
binding energy of adventitious carbon contamination taken to
be 284.7 eV.
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Table 1
Details of CeO2 and Au-CeO2 catalyst precursors and materials used in this study

Sample Preparation conditions BET surface area (m2/g) [Au] (wt%)

Ce(acac)3 Used as received 4 –
unCeO2 Direct calcination of Ce(acac)3 at 400 ◦C, 2 h 115 –
Au/unCeO2 Gold added via deposition–precipitation 128 3.7

scCe(acac)3-1 Supercritical antisolvent precipitation (110 bar, 40 ◦C) 31 –
scCeO2-1 Calcination of scCe(acac)3-1 at 400 ◦C, 2 h 34 –
Au/scCeO2-1 Gold added via deposition–precipitation 39 3.6

scCe(acac)3-2 Supercritical antisolvent precipitation (150 bar, 40 ◦C) 25 –
ScCeO2-2 Calcination of scCe(acac)3-2 at 400 ◦C, 2 h 31 –
Au/scCeO2-2 Gold added via deposition–precipitation 54 3.4

scCe(acac)3-3 Supercritical antisolvent precipitation (110 bar, 60 ◦C) 10 –
scCeO2-3 Calcination of scCe(acac)3-3 at 400 ◦C, 2 h 33 –
Au/scCeO2-3 Gold added via deposition–precipitation 45 3.5
3. Results and discussion

3.1. Catalyst performance for the oxidation of carbon
monoxide

Samples of CeO2 were prepared for use as a catalyst sup-
port in two ways (Table 1). First, a standard sample, designated
unCeO2, was prepared by calcination of Ce(acac)3 at 400 ◦C for
2 h. Second, three samples were prepared by precipitation of a
solution of Ce(acac)3 in methanol with scCO2 as an antisolvent,
under different combinations of pressure and temperature (Ta-
ble 1). These acetate precursors were amorphous according to
powder XRD (Fig. 1a), and no structural information could be
derived from Raman spectroscopy (see Supplementary mater-
ial, Fig. S1A); however, IR spectroscopy made it apparent that
the Ce(acac)3 had been modified by this process, because most
of the fine structure of the IR spectrum of the parent Ce(acac)3
was now absent (see Supplementary material, Fig. S1B). The
acetate precursors were calcined at 400 ◦C for 2 h to give the
corresponding oxides. All four samples were found to be crys-
talline CeO2 by XRD (Fig. 1b), and Au (ca. 3.5 wt%) was
deposited on these supports using a deposition–precipitation
method (Fig. 1c). Details of these materials, including BET sur-
face areas and Au loadings, are given in Table 1.

The materials were then used as catalysts for the oxidation
of CO as a standard test reaction. The results, shown in Fig. 2,
demonstrate that catalysts derived from the antisolvent pre-
cipitation procedure can give high catalytic activity compared
with Au/unCeO2, prepared using the CeO2 made by calcina-
tion of the cerium acetate used in the supercritical precipitation
method, or a standard Au/Fe2O3 catalyst provided by the World
Gold Council [47]. When tested with a gas flow rate typical of
that required for use in respirators (90,000 ml gas/g catalyst/h),
the CeO2-supported materials all gave stable catalytic perfor-
mance, whereas the standard Au/Fe2O3 catalyst deactivated
rapidly. Indeed, we had to increase the gas flow rate by almost
a factor of 5 (448,000 ml gas/g catalyst/h) to observe a similar
rate of deactivation for the CeO2-supported materials (Fig. 2),
which is significantly higher than that required in a respira-
tor application. For the CeO2 catalysts evaluated in this study,
scCeO2-2 gave the highest activity and the order of reactivity
for CO oxidation was scCeO2-2 > scCeO2-3 ≈ scCeO2-1 >

unCeO2. The activity of these catalysts will be compared with
respect to the activity observed in the best CeO2-supported cat-
alysts reported to date [16] in subsequent section.

3.2. Characterization of catalysts using TEM and XPS

To determine the origin of this effect, we performed de-
tailed transmission electron microscopy (TEM) and X-ray pho-
toelectron spectroscopy (XPS) investigations of the CeO2 sam-
ples. Preliminary investigations of the precursor support re-
vealed that the scCO2 treatment produced fairly smooth (i.e.,
nonfaceted) spherical particles similar to those reported pre-
viously for vanadium phosphate catalysts made using scCO2

[24]. The support that produced the most catalytically active
sample (scCeO2-2) consists of disordered, amorphous spher-
oid structures before calcination (Fig. 3a). On calcination, each
sphere crystallizes to form a pseudospherical agglomerate of
CeO2 nanocrystals (Fig. 3b) composed of primary 3- to 8-nm
nanocrystals for all three supercritically prepared materials (Ta-
ble 2), and there is some tendency for neighboring spheres to
sinter and form bridging “necks.” Also interesting is a notable
drop in contrast in the central region of each sphere, which sug-
gests that they may be hollow. This was subsequently confirmed
using STEM-ADF imaging and XEDS mapping. The ADF im-
age (Fig. 4a) shows that the contrast change from the perimeter
to the center of the sphere is quite large and clearly suggests
the presence of a central pore within the spherical agglomerate.
Similarly, the XEDS maps of the Ce-Lα and O-Kα (Figs. 4b
and 4c) show that far less of the signal for each element is gen-
erated from the central region of the particle. A. The HAADF
image of a sc-CeO2 spherical agglomerate presented in Fig. 5
shows numerous randomly oriented faceted CeO2 nanocrystal-
lites within the agglomerate. The primary CeO2 nanoparticles
have a hollow CeO2 sphere morphology, most likely due to the
increase in density occurring on crystallization from the amor-
phous precursor to the more efficiently packed (i.e., denser)
polycrystalline form in the calcined catalyst. Because the outer
diameter of the spheres are approximately the same size both
before and after calcination, densification from the outside-in
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(b)
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Fig. 1. X-ray diffraction patterns: (a) catalyst precursors—(i) Ce(acac)3, (ii) scCe(acac)3-1, (iii) scCe(acac)3-2, and (iv) scCe(acac)3-3; (b) calcined supports—
(i) unCeO2, (ii) scCeO2-1, (iii) scCeO2-2, and (iv) scCeO2-3; (c) the supported Au catalysts—(i) Au/unCeO2, (ii) Au/scCeO2-1, (iii) Au/scCeO2-2,
(iv) Au/scCeO2-3, and (v) used-Au/scCeO2-2.
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Fig. 2. Catalytic activities for ambient CO oxidation: (") Au/unCeO2, (P) Au/scCeO2-1, (!) Au/scCeO2-2, (Q) Au/scCeO2-3, (2) 5% wt Au/Fe2O3 (supplied by
World Gold Council), and (1) the deactivation of Au/scCeO2-2 using high GHSV (448000 h−1).

Fig. 3. Bright field TEM micrographs of sample scCeO2-2 showing (a) the amorphous Ce(acac)3 support prior to calcination and (b) polycrystalline CeO2 spheres
after calcination at 400 ◦C.
naturally would result in the formation of a pore within the
sphere interior.

Similar morphologies were observed for the other supercrit-
ically prepared samples. The major structural difference be-
tween the CeO2 support materials treated under differing pres-
sure or temperature was in the size distribution of the poly-
crystalline spheres after calcination (Table 2). Interestingly, the
primary particle size range for unCeO2 was smaller (2–6 nm)
than that for scCeO2-1, scCeO2-2, and scCeO2-3 (3–8 nm) (Ta-
ble 2).

Bright-field TEM micrographs of the catalysts after Au de-
position and calcination, presented in Fig. 6, show a clear dif-
ference in the support morphology between the Au/unCeO2
material (Fig. 6a) and the Au/scCeO2 samples (Figs. 6b–
6d). Whereas the scCeO2 samples displayed polycrystalline
Table 2
Summary of supercritical treatment conditions and resulting CeO2 agglomerate
sizesa

Sample Pressure
(bar)

Temperature
(◦C)

Agglomerate size
range (nm)

Primary particle
size range (nm)

scCeO2-1 110 40 32–75 3–8
scCeO2-2 150 40 45–76 3–8
scCeO2-3 110 60 52–120 3–8

a Primary particle size range for unCeO2: 2–6 nm.

pseudospherical agglomerates of particles, the unCeO2 sample
comprised more irregular and dense agglomerates of faceted
crystallites. The gold particles, if present at all, are difficult to
discern in such images against the background of the CeO2
crystallites. This is due to the large atomic number of both
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(a) (b) (c)

Fig. 4. Montage showing (a) an STEM-ADF micrograph and the corresponding Ce-Lα (b) and O-Kα (c) STEM-XEDS chemical maps of the supercritically treated
Au/scCeO2-2 catalyst.
Fig. 5. HAADF image of an sc-CeO2 spherical agglomerate showing the exis-
tence of many individual faceted CeO2 primary nanocrystallites.

gold and cerium atoms, which leads to similar contrast levels in
conventional bright-field TEM images, and the expected simi-
larity in size of the Au particles to the primary CeO2 crystallites
within the agglomerates. For example, the 5-nm crystallites vis-
ible on the surface of the arrowed sphere shown in Fig. 6c
cannot be conclusively identified as either Au or CeO2 parti-
cles solely on the basis of their relative diffraction contrast or
size.

Consequently, it was necessary to use an imaging technique
that is more sensitive to atomic number and compositional
differences to characterize the gold distribution in these sam-
ples. STEM-ADF imaging and STEM-XEDS spectrum imag-
ing are ideal for this task. The Au-Mα X-ray maps, presented
in order of increasing catalytic activity (Fig. 7), show the rel-
ative dispersion of the Au on the surface of the CeO2 parti-
cles. We attempted to semiquantify the amount of background
Au by summing the MSA corrected XEDS spectra from a
5 × 5 matrix of pixels extracted from the background regions
(i.e., away from any particles) from each of the supercriti-
cally prepared samples. The count ratio for the Au-Lα:Ce-Lα

peaks for the Au-scCeO2-1, Au-scCeO2-3, and Au-scCeO2-
2 samples were 0.019, 0.025, and 0.058 respectively. This
trend qualitatively indicates a definite progressive increase in
the background Au signal in the order Au-scCeO2-1 < Au-
scCeO2-3 � Au-scCeO2-2. Using the STEM-XEDS spec-
trum imaging method, it is also possible to get an estimate
of the Au particle sizes in these catalysts. Indeed, for the
Au-scCeO2-2 sample, only the background Au signal (i.e.,
dispersed atoms or sub-1-nm clusters only, which are below
resolution of our HAADF imaging and STEM-XEDS) is ob-
served and no larger particles of gold are apparent. For the
Au-unCeO2 sample, no background Au signal is detected, sug-
gesting that the dispersed Au atoms or sub-1-nm clusters are
absent, and distinct 10–40 nm particles are observed exclu-
sively. The other two supercritical materials have similarities
but differ in the amount of Au background signal and the rela-
tive numbers of Au nanoparticles. For Au-scCeO2-1, a marked
number of 2–10 nm particles are visible, coupled with less
background Au, whereas for Au-scCeO2-3, relatively few 2–
10 nm particles are visible, coupled with more background Au
signal.

The effect of the addition on the BET surface area of the
materials on the addition of gold is interesting. An intriguing
observation is the increased surface area of the catalysts after
impregnation with the gold salt. The typical error limits on these
BET measurements is ca. 2–5 m2 g−1, given the low amounts of
material that we have available, and thus these differences are
real and reproducible. The effect is due to two contributions.
First, a very slight increase in Au-unCeO2, Au-scCeO2-1, and
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Fig. 6. Representative bright-field TEM micrographs of (a) Au/unCeO2, (b) Au/scCeO2-1, (c) Au/scCeO2-2, and (d) Au/scCeO2-3.
Au-scCeO2-3 is expected due to the additional surface area as-
sociated with the Au nanoparticles present in these samples. But
on this basis, the Au-scCeO2-2 surface area should look similar
to the scCeO2-2 support, because Au nanoparticles are almost
absent from this material. We consider the second contribution
to the increased surface area to be from partial disruption of the
CeO2 agglomerates as the Au is added in a highly acidic aque-
ous solution.

X-ray photoelectron spectroscopy (XPS) reveals (Fig. 8) that
the three catalysts supported on scCeO2 all exhibit an Au(4f)
spectrum characteristic of Au0 with an Au(4f7/2) binding en-
ergy of 83.7 eV (Figs. 8b–8d). In contrast, for the gold cat-
alyst supported on unCeO2, there are clear signs of two ex-
tra components at higher binding energy than the Au0 peak
(Fig. 8a). Scaling spectrum (d) and subtracting it from spec-
trum (a) generates a difference spectrum that highlights these
extra features (Fig. 9). The two components to the difference
spectrum have Au(4f7/2) binding energies of 84.6 and 85.9 eV,
and the relative intensity of the peaks at 83.7, 84.6, and 85.9
eV is 48%:22%:30%. They are likely to arise from the pres-
ence of Au(III) and Au(I) species, and we observed an X-ray
beam-induced transfer of intensity from the feature at 85.9 eV
to that at 84.6 eV (Fig. S2), reflecting the reduction of Au(III)
to Au(I) under irradiation with X-rays. An alternative explana-
tion for the two components to the difference spectrum (Fig. 9)
in terms of a bimodal particle size distribution (which through
final state effects would lead to two different Au(4f) binding
energies) is unlikely because of the magnitude of the bind-
ing energy shifts of the two components relative to the Au(4f)
component for bulk gold; moreover, this interpretation would
require the X-ray-induced sintering of Au nanoparticles to ex-
plain the spectral changes in Fig. S2, which is not feasible. The
high activity of metallic gold nanoclusters in this work con-
trasts markedly with our previous observations for Au/Fe2O3
catalysts where cationic gold was the active species [11], and
highlights the key role of the support. In addition, the presence
of cationic gold in the Au/unCeO2 sample also could contribute
to the activity of this sample in contrast to the metallic gold-
supported catalysts prepared using the supercritical methodol-
ogy.

The increased dispersion of gold identified in the STEM-
XEDS measurements for the supercritically prepared samples
compared with the Au/unscCeO2 material, is reflected in the
Au(4f):Ce(3d) intensity ratios (Table 3), with the presence of
larger particles on the un-sc support leading to a lower intensity
ratio. Because XPS measurements provide spatially averaged
information, the Au(4f):Ce(3d) intensity ratios, which are af-
fected by the overall particle size distribution and the spread of
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(a)

(b)

(c)

(d)

Fig. 7. Montage showing STEM-ADF micrographs (left column) and STEM-XEDS spectrum images of Ce-Lα and Au-Mα signals (center and right columns,
respectively) for Au/unCeO2 (row a), Au/scCeO2-1 (row b), Au/scCeO2-3 (row c), and Au/scCeO2-2 (row d). The catalyst samples are ranked in order of increasing
activity for CO oxidation as one travels from the top to the bottom the figure.
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Fig. 8. Au(4f) spectra for the catalysts: (a) Au/unCeO2, (b) Au/scCeO2-1, (c) Au/scCeO2-3, (d) Au/scCeO2-2.

Fig. 9. Au(4f) difference spectrum obtained by subtracting spectrum (d) in Fig. 6 from spectrum (a). The difference spectrum has been curve-fitted to quantify the
two species.
values (Table 3), are much lower than would be expected if we
considered only extremes of particle size for the samples.

After being used to catalyze the CO oxidation reaction, the
Au-scCeO2-2 material was reexamined. The material showed
some subtle microstructural changes, as evidenced by the mon-
tage of STEM-XEDS maps (Fig. 10). Although the morphology
of the nanocrystalline CeO2 support was unchanged, the Au,
which was uniformly dispersed earlier, showed signs of begin-
ning to agglomerate into sub-5 nm particles. The Au-Lα map of
the used material showed the co-existence of both nanopartic-
ulate and highly dispersed gold, and the XRD pattern (Fig. 1c)
was starting to show the presence of crystalline gold. This
clearly demonstrates that the deactivation observed is due to
agglomeration of the Au.
3.3. Comparison of catalytic performance and comments on
the origin of the catalytic activity

As noted earlier, for the CeO2 catalysts evaluated in this
study, scCeO2-2 gave the highest activity. The order of reactiv-
ity for CO oxidation was scCeO2-2 > scCeO2-3 ≈ scCeO2-1
> unCeO2. First, it is important to contrast and compare the
activity observed for these four materials with the highest activ-
ities reported for Au/CeO2 catalysts [16]. As noted by Corma
et al. [16], most early studies using CeO2 as a support for Au
catalysts did not result in high activity. In that seminal study
of this support material, the authors clearly demonstrated that
high-activity catalysts could be obtained when the CeO2 was
prepared in a nanocrytalline form. Comparison of the activ-
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ities of the catalysts used in the present study and the pre-
vious study is not straightforward, because different catalyst
evaluation conditions were used (e.g., our contact time was
W/F = 0.05 gcat h mol−1

CO, whereas the earlier studies used a
much longer contact time of 94 gcat h mol−1

CO [16]). Thus, the
space velocities that we used in our studies (as required by
catalysts in respirator applications) are 1880 times higher than
those used in the previous studies. The 2.8 wt% Au/CeO2 cat-

Table 3
XPS derived Au(4f):Ce(3d) intensity ratio for the catalyst samples

Sample Au(4f)/Ce(3d)a

Au/unCeO2 0.101 ± 0.005
Au/scCeO2-1 0.164 ± 0.008
Au/scCeO2-2 0.133 ± 0.007
Au/scCeO2-3 0.134 ± 0.007
Au/scCeO2-2 (used) 0.110 ± 0.005

a Au(4f) intensity = Au(4f7/2) + Au(4f5/2); Ce(3d) intensity = sum of in-
tensities of the peaks at binding energies of ca. 881 and 870 eV.
alyst [16] exhibited a specific rate of 0.38 molCO h−1 g−1
cat at

5 ◦C, which was considered comparable with the best reported
catalytic data of Haruta et al. [48,49]. At 25 ◦C, the four cat-
alysts used in this study gave specific rates of Au/scCeO2-2
(3.7 wt% Au) = 19.8 molCO h−1 g−1

cat , Au/scCeO2-3 (3.4 wt%
Au) = 18.0 molCO h−1 g−1

cat , Au/scCeO2-1 (3.7 wt% Au) =
16.9 molCO h−1 g−1

cat , and Au/unCeO2 (3.5 wt% Au) = 11.9
molCO h−1 g−1

cat . At 5 ◦C, the specific rate of the most ac-
tive of these catalysts Au/scCeO2-2 (3.7 wt% Au) was 10.5
molCO h−1 g−1

cat under steady-state conditions, representing a
substantial increase over the specific rate observed previously
for 2.8 wt% Au/CeO2 of 0.38 molCO h−1 g−1

cat . Indeed, all of the
catalysts that we studied had exceptionally high activity com-
pared with previously reported catalysts.

Attempting to gain insight into the origin of this enhanced
activity is important. We do not consider the enhancement that
we observe to be due to the nanocrystalline nature of the pri-
mary CeO2 particles, because in our case they are all very simi-
Fig. 10. Montage showing a STEM-ADF image and corresponding cerium, oxygen, and gold XEDS maps of the Au/scCeO2-2 sample observed after catalytic
testing for the CO oxidation reaction.
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lar (Table 2) and similar to the particle sizes reported by Corma
et al. [16]. Rather, we consider it to be due to the relative dis-
persion of Au on the support surfaces. In Au/unCeO2, which
was the poorest catalyst for CO oxidation, large (10–40 nm) Au
particles were clearly resolved in the Au-Mα XEDS map. This
is in stark contrast to Au/scCeO2-2 (the best CO oxidation cat-
alyst), for which no discrete Au particles were observed, which
is consistent with the XRD pattern of this sample (Fig. 1c). In-
stead, the corresponding Au-Mα XEDS map showed the gold to
be very uniformly and possibly even atomically dispersed over
the entire surface of the CeO2 support. This suggests that the
highly dispersed Au species on CeO2 are significantly more ac-
tive than discrete Au nanoparticles on CeO2, and that the high
dispersion is enhanced by the scCO2 treatment of the support.
The STEM-XEDS data obtained from the catalysts display-
ing intermediate activity (Au/scCeO2-1 and Au/scCeO2-3) tend
to support this correlation. The Au-Mα XEDS maps (Fig. 7)
of these two samples show them to contain mixtures of both
nanoparticulate Au (2–10 nm) and highly dispersed Au in dif-
fering proportions. The more catalytically active of these two
samples (Au/scCeO2-3) contains a higher fraction of highly
dispersed Au species and fewer Au nanoparticles than sample
Au/scCeO2-1, which is marginally catalytically inferior.

We conclude that the surfaces of the supercritically prepared
CeO2 are able to stabilize gold, either as an atomic dispersion
or as sub-1-nm clusters, and our detailed XPS studies show
that the gold is present in the metallic form. It is possible that
the CeO2 prepared by supercritical CO2 as an antisolvent may
contain a high density of defects due to the rapid precipitation
caused by the high supersaturation achieved with this method.

Catalyst deactivation of these dispersed Au0 catalysts is by
sintering of these small gold clusters, which can be expected
under these conditions. We have previously discussed the pos-
sibility that the melting point of nanodispersed Au0 is much
lower than that of bulk gold [11] and that consequently these
catalysts are difficult to stabilize under reaction conditions.

4. Conclusion

We have prepared CeO2 as a support for Au nanoparticles
by precipitation with scCO2 as an antisolvent. Our catalytic
data indicate that the activity and stability for CO oxidation of
a gold catalyst supported on this material is greater than that
of gold supported on regular CeO2 derived from the direct cal-
cination of Ce(acac)3. We also found that these Au catalysts
supported on scCeO2 are among the most active catalysts yet
reported for CO oxidation, considerably more active than the
previously best reported catalytic activity for Au supported on
CeO2, and thus may have application in respiratory protection.
Our studies show that this materials synthesis methodology has
significant potential to produce supports that can be used to pre-
pare highly active oxidation catalysts that can be of importance
for the design of new green technologies. In particular, using
scCO2 in this way will permit realization of a nitrate-free route
to catalytic materials, which will have an enormous positive en-
vironmental impact.
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