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Abstract

Au catalysts with different metallic particle sizes and supported on silica, alumina, titania, zirconia, ceria, and niobia were prepared, and
the reduced catalysts were characterized by EXAFS spectroscopy. As the Au—Au coordination number decreased, the interatomic bond length
decreased. The Au—Au bond length contraction appears to be independent of the support type. A correlation between the dispersion of Pt catalysts
determined by hydrogen chemisorption and the EXAFS Pt-Pt coordination number was established and used to determine the dispersion of fully
reduced Au catalysts. In addition, the Au particle size was estimated using a literature correlation of the EXAFS coordination number. For particles
larger than about 40 A, there was little change in the metallic bond length, whereas in catalysts with gold particles smaller than 30 A, the Au-Au
distance decreased with decreasing particle size, with a maximum contraction of about 0.15 A. Decreasing particle size also brought a decrease
in the intensity of the white line of the XANES spectrum. Both the decrease in bond distance and white line intensity were consistent with an
increase in the d-electron density of Au atoms in very small particles. Au particles smaller than about 30 A were also reactive to air, leading to
oxidation of up to 15% of the atoms of the gold particles, depending on the size; larger particles were not oxidized. These oxidized Au atoms in
small particles are suggested to be active for CO oxidation.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Early reviews indicated that gold is catalytic for hydrogen—
deuterium exchange, olefin hydrogenation, NO, reduction with
Hj, paraffin skeletal isomerization, and partial oxidation, al-
though the activity was generally considered very low com-
pared with other metals [1-6]. As a result, for many years
gold catalysts received relatively little attention compared with
group VIII and other transition metal catalysts. The discovery
in 1987 that supported Au catalysts with small gold particles are
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highly active for CO oxidation at temperatures lower than those
typical of Pt catalysts [7-10] sparked a greatly increased inter-
est in Au catalysts. Several excellent reviews on the develop-
ment and characterization of Au catalysts have been published
recently [11-18].

Various explanations have been advanced to account for the
high activity in Au catalysts. Although there is general agree-
ment that the activity of Au increases as the size of the metal
particle decreases below about 50 A (and especially below
about 30 A) [8-10,19-29], the enhanced activity is suggested
to be due to very small (metallic) particles [23], ensembles of
partially oxidized and metallic sites [30,31], anionic gold clus-
ters [32,33], or cationic Au [34,35]. For CO oxidation, the role
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of the support is also thought to be essential to high activity
[8-11,30]. Generally, Au on TiO; and Fe, O3 are the most active
catalysts [8—11,24]. Whereas CO adsorbs on low-coordination
sites, the activation of O is unclear, because oxygen does not
adsorb on metallic Au at low temperatures. Thus, it has been
suggested that the O, activation occurs at the metal-support
interface [36,37] or on reducible supports providing activated
oxygen for reaction [8-11,19,21].

As metal particles become smaller, not only does the fraction
of surface sites increase, but also other changes in the metal-
lic properties occur; for example, the FCC structure of bulk
gold transforms into decahedral or icosahedral particles when
particles are very small. Cleveland et al. [38] predicted that tran-
sition from bulk FCC to decahedral occurs for particles smaller
than about 200 atoms (ca. 25 10\) and to icosahedral particles
smaller than 100 atoms (ca. 16 A). Uppenbrink and Wales [39]
found that the transition from FCC to icosahedral occurs for
particles smaller than 550 atoms. Experimentally, 50-A Pt par-
ticles on carbon have a cubo-octahedral shape [40], whereas
10-A particles on Y zeolite have icosahedral symmetry [41].

In general, as the size of metal particles decreases, the
metal-metal bond length tends to decrease. Overall, there is
good agreement using several techniques, indicating that in thin
films and unsupported metal Cr, Fe, Cu, Ag, Pd, Au, and Pt par-
ticles smaller than about 30 A, a shortening of the interatomic
bond distance occurs [42-53]. For example, in 31-A Ag parti-
cles deposited by vacuum evaporation on cellulose, there was a
2.7% contraction in the bond distance determined by electron
diffraction [42]. As the particle size decreases, the interatomic
distance decreases more significantly. The bond distance of Au
evaporated on Mylar was determined by EXAFS [48,49,51];
a 30-A particle had a bond distance of 2.84 A (a contraction of
about 1.4%), whereas an 8-A particle had a bond distance of
2.72 A, 5.5% shorter than that in Au foil (2.88 A). The contrac-
tion of the interatomic bond distance determined by EXAFS is
even more pronounced for dimeric Fe particles cryogenically
deposited in a dilute Ne matrix, for example, a bond length of
202 A compared with 2.48 /0\, or a contraction of 18.5% in
a-Fe [44]. Similarly, in dimeric Ag, the metal-metal distance is
2.47 A, compared with 2.89 A for bulk Ag [54].

Substantial bond length contractions of the bond distance
have also been reported for small metal particles on weakly
interacting supports such as carbon. For both Cu and Ni on car-
bon, as the particle size decreased below about 40 A, the bond
distance decreased by about 10% (ca. 0.2 A) compared with the
bulk distance [55,56]. Evaporated Pt particles deposited on thin
alumina films under vacuum exhibited a contraction of about
10% for particles smaller than 10 A [52].

In addition to a contraction in the metallic bond length,
changes in the electronic, magnetic, and chemical properties
were observed on Cu, Ag, Au, and Pt as the thickness of the
metal film, or particles, decreased to a few nanometers [57-64].
Electron energy loss spectroscopy (EELS) and X-ray photo-
electron spectroscopy (XPS) analysis of the Cu particles in-
dicated a shift of the d-band toward isolated atoms with de-
creasing particle size [60]. Similar shifts in the energy of the
valence and core-level orbitals have been observed in small

Pt and Pd particles supported on carbon [59]. Changes in the
photoemission spectra are also indicative of changes in the
d-band splitting and changes in the local density of states near
the Fermi level for carbon-supported Au particles smaller than
about 19 10\; however, for larger particles, the spectra are sim-
ilar to bulk foil [61]. Similarly, 14 A Au particles on carbon
supports displayed a 0.45-eV shift in the XPS spectra, whereas
60 A Au particles were identical to Au foil [65]. Using scan-
ning tunneling spectroscopy (STS), 3-nm two-dimensional Au
particles (or about 200 atoms) supported on TiO»(110) exhib-
ited a band gap of 0.2-0.6 eV, and thus were less metallic than
bulk Au [23]. These 3-nm particles also displayed the highest
turnover rate. The high CO oxidation activity was suggested
to be due to a quantum size effect, that is, a transition from
metal to nonmetal or semiconductor properties. Although small
particles may exhibit electronic changes, monolayer islands of
gold (one or two layers in height) supported on FeO(111) have
been shown to not adsorb CO differently than larger three-
dimensional particles [66]. The high activity of small particles
was thought to be due to the large fraction of coordinatively
unsaturated surface atoms rather than to a quantum size ef-
fect.

In this study, Au nanoparticles on different oxide sup-
ports are synthesized with different sizes and characterized
by XAFS spectroscopy. Using a correlation between hydrogen
chemisorption and the EXAFS coordination number for Pt cat-
alysts, the dispersion of the Au particles is estimated from the
Au—Au coordination number. As the dispersion increases or the
particle size decreases, the metallic bond length decreases. In
addition, as the size of the Au particles decreases, the intensity
of the white line of the XANES spectra decreases. Finally, on
the smallest particles, about 10% of the metallic Au atoms are
oxidized by air, giving Au'-O surface sites that are suggested
to be active for CO oxidation.

2. Experimental
2.1. Pt catalyst preparation

2.1.1. 2.0% Pt on silica by dry impregnation (DI)

A 0.90-g sample of Pt(NH3)4(NO3), in 45 mL of HyO was
added to 45 g of silica (Davisil 644, 290 m?/g and 1.16 cc/g).
The initial pH of the PTA solutions was about 5.0. After 4 h,
the catalyst was dried overnight at 100 °C in a forced-air, ven-
tilated oven. The Pt elemental analysis determined by ICP was
2.03 wt%.

2.1.2. 2.0% Pt on silica by strong electrostatic adsorption
(SEA)

A 45-g silica sample was slurried in 400 mL of H>O. The
pH was increased to 9.5 by adding concentrated NH4OH. Then
0.90 g of Pt(NH3)4(NO3); dissolved in 50 mL of H,O was
added. After 1 h, the solid was filtered and washed twice with
250 mL of H>O and dried overnight at 100 °C. The Pt elemen-
tal analysis determined by ICP was 2.06 wt% and indicated that
virtually all of the PTA in solution had been adsorbed.



224 J.T. Miller et al. / Journal of Catalysis 240 (2006) 222-234

Table 1
2% Pt catalysts prepared from Pt(NH3)4(NO3); (PTA), method of preparation,
calcination temperature before reduction at 250 °C and dispersion

Sample Support? Method Calcination % Disper-
1D temperature (°C) sionP
Pt-Sil SiO; DI¢ 100 63
Pt-Si2 SiOy DI 100 51
Pt-Si3 SiOy DI 225 29
Pt-Si4 SiOy DI 250 29
Pt-Si5 SiO; DI 250 32
Pt-Si6 Si0y DI 525 24
Pt-Si7 SiOy SEA 100 79
Pt-Si8 SiOy SEA 200 96
Pt-Si9 SiOy SEA 225 100
Pt-Sil0 SiOy SEA 400 41
Pt-Sill SiOy SEA 500 24
Pt-Sil2 SiOy SEA 550 19
Pt-Sil3 SiOy SEA 600 11
Pt-All Al,O3 DI 250 81
Pt-Al2 Al,O3 pd 500 81
Pt-Al3 Al,O3 DI° 500 82
Pt-Al4 Al,O3 DI 500 70
Pt-Al5 Al,O3 DI 550 57
Pt-Al6 Al,O3 DI 580 30
Pt-Al7 Al,O3 DI 625 18

2 Silica (290 m?/g and 1.16 cc/g); alumina calcined at 700 °C (165 m?/g
and 0.49 cc/g).

b Determined by hydrogen chemisorption after reduction at 250 °C for 1 h.

¢ DI at pH of 10 by addition of NH4OH.

4" Alumina calcined at 500 °C (225 m2/g and 0.38 cc/g).

¢ DI with HyPtClg at a pH of 3 with alumina calcined at 500 °C.

The DI and SEA Pt/silica catalysts were calcined in flow-
ing air at 100—600 °C to alter the dispersion. The temperature
was increased at 1 °C/min to the final temperature and main-
tained at that temperature for 3 h. After calcination, 10 g of
catalyst was reduced at atmospheric pressure in flowing H»
(200 cc/min) by heating from room temperature to 250 °C at
arate of 5 °C/min and holding there for 2 h [67].

2.1.3. 2.0% Pt on alumina by DI

To 50 g of Catapal alumina calcined at 700°C (165 m?/g
and 0.49 cc/g) was added 1.50 g Pt(NH3)4(NO3), in 40 mL
and dried at 100 °C. The Pt elemental analysis determined by
ICP was 1.95 wt%. The catalysts were calcined at 250-625 °C
to alter the dispersion and reduced at 250 °C.

The hydrogen chemisorption capacity was determined on
the reduced Pt catalysts by the double-isotherm method us-
ing a Coulter Omnisorb 100CX instrument. The previously re-
duced catalyst was re-reduced for 1 h and evacuated for 1 h
at 250°C, then cooled to room temperature in vacuum. The
first isotherm was determined at room temperature; then the
sample was evacuated at room temperature, and the second
H, isotherm was determined. The hydrogen chemisorption ca-
pacity was determined by the difference in the two isotherms
extrapolated to zero pressure and assuming a hydrogen atom-
to-surface Pt stoichiometry of 1.0. The Pt catalyst IDs, com-
positions, method of preparation, and percent dispersions are
given in Table 1.

2.2. Au catalyst preparation

Au catalysts were prepared by adding HAuCl to alumina
(Catapal, 220 m? /g and 0.39 mL/g and Versal GH, 225 m?/g
and 1.0 mL/g), silica (XOA400, 400 m?/g, 2.1 mL/g), tita-
nia (P25 Degussa, 45 m? /g, 0.6 mL/g), ceria, zirconia (MEI,
22 m?/g and 0.61 mL/g), and niobia (CBMM, 160 m?/g and
0.64 mL/g, and 20 m?/g and 0.55 mL/g) by several methods.
Cerium oxide was prepared by calcination of Ce(C,H307)3-
xHy0 (Aldrich) at 425 °C for 24 h (80 m? /g and 0.14 mL/g).

2.2.1. Preparation by SEA

To 50.0 g of Catapal y-alumina in 500 mL H,O was added
1.53 g HAuCly dissolved in 200 mL of cold H>O. The pH of
the solution was approximately 3. The solution was stirred for
1 h, filtered, and washed with 500 mL of H»O, filtered, and
dried overnight at 100 °C. The elemental analysis was 1.38 wt%
Au and 0.90 wt% Cl, respectively. The amount of HAuCly was
adjusted to give catalysts with other Au loadings (Table 2).

2.2.2. Removal of Cl ions by addition of NaOH

A 35-g sample of 1.38 wt% Au (0.9 wt% Cl) on alumina
(catalyst from above) was slurried in 200 mL of H>O and heated
to about 70 °C. A solution of NaOH (pH = 13) was added drop-
wise to maintain a pH of 7-9. The solution was stirred until the
pH remained at 9. The solid was filtered, washed with 100 mL
of H,O, filtered again, and dried overnight at 100 °C. The el-
emental analysis was 1.02 wt% Au and <0.01 wt% Cl and
0.01 wt% Na (Table 2).

2.2.3. Au on other supports by SEA

Additional catalysts were prepared on Versal alumina, P25
titania, ceria, zirconia, and high- and low-surface area nio-
bia. Gold was adsorbed using the mass of oxide to provide
500 m? /L of oxide in 40 mL of 290 ppm HAuCly solution with
an initial pH of 3.1 (natural pH). Gold was also adsorbed at an
initial pH of about 6 by the addition of NaOH. After 1 h, the
catalysts were filtered and dried overnight at 100 °C in flow-
ing air. No attempts were made to remove residual Cl. The
final solution pH, Au and CI concentrations are given in Ta-
ble 2.

2.2.4. 0.7 and 3.5 wt% Au/support by deposition-precipitation
with urea (DPU)

A solution of HAuCly was prepared by dissolving the appro-
priate amount of HAuCl4-3H,0 in 100 mL of deionized water.
Then 1 g of support and urea (concentration 100 x C) was
added, and the suspension was stirred and heated to 80 °C for
16 h in a closed reactor to eliminate exposure to light. Then the
solid was centrifuged, washed three times with deionized water,
and dried under vacuum at room temperature for 2 h [68,69].

2.2.5. 0.7 and 3.5 wt% Au/support by incipient wetness
impregnation

The support was impregnated with an aqueous solution of
HAuCly; the pH of the solution pH was <1. The samples were
aged at room temperature for 1 h, then washed twice with
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Table 2

Au catalyst composition and method of preparation

Sample  Support Au Method® pH Clre- Reduction

ID (Wt%) moval  temperature

(°0)

Au-Sil  SiOp 2.37 IMPN <1 NH3 175
<200 ppm Cl1

Au-Si2  SiOp 3.17 IMPN <1 NH3 250
<200 ppm Cl

Au-All  ALL,O3 0.94 SEA 4 None 250
1.7 wt% Cl

Au-Al2  AlL,O3 1.38 SEA 3 None 250
0.9 wt% Cl1

Au-Al3  AlL,O3 0.58 SEA 4 NaOH 250
20 ppm CI

Au-A44 Al,O3 1.02 SEA 4 NaOH 250
38 ppm C1

Au-Al5 AlO3 131 SEA 3 NaOH 250
20 ppm CI

Au-Al6 Al,O3 15 SEA 4 None 250
<200 ppm Cl

Au-Al7  AlLO3 23 SEA 6 None 250
0.81% Cl

Au-Til  TiOy 2.89 DPN 8 H;0 175
350 ppm Cl

Au-Ti2 TiOy 2.41 IMPN <1 NH3 175
<200 ppm ClI

Au-Ti3  TiOy 3.27 IMPN <1 NH3 175
<200 ppm Cl

Au-Ti4 TiO, 0.62 IMPN <1 NH3 200
<200 ppm Cl

Au-Ti5 TiO, 0.58 DPU 2.5-7 H,0 200
<200 ppm Cl

Au-Ti6  TiOy 3.56 DPU 2.5-7 H,O 250
<200 ppm Cl

Au-Ti7 TiOy 3.56 DPU 2.5-7 H,0 250
<200 ppm Cl

Au-Ti8 TiOp 1.4 SEA 3 None 250
1.4% Cl1

Au-Ti9 TiOy 3.6 SEA 6 None 250
0.8% Cl1

Au-Cel CeO 3.37 DPU 2.5-7 H,O 250
<200 ppm Cl

Au-Ce2 CeO 0.47 DPU 2.5-7 H,0 200
<200 ppm Cl

Au-Ce3 CeOp 3.8 SEA 7 None 250
0.11% Cl1

Au-Nbl NbyO5 2.1 SEA 5 None 150
1.3% Cl1

Au-Nb2 NbyOs 2.5 SEA 5 None 250
2.2% Cl

Au-Zrl  ZrOp 2.0 SEA 6 None 250
1.0% Cl1

@ Catalysts dried at 100 °C prior to reduction.

an aqueous ammonia solution (1 M, pH 11) and twice with
deionized water, with centrifugation between each washing.
The samples were dried under vacuum at room temperature for
2 h.

2.2.6. 3 wt% Au/support by DPN
A solution of HAuCly (4.2 x 10~ M) was prepared by dis-
solving the appropriate amount of HAuCls-3H;0 in 100 mL of

deionized water. The solution was heated to 80 °C, and the pH
was adjusted to 8 by dropwise addition of NaOH (1 M); then 1 g
of support was dispersed in the solution, and the pH was read-
justed to 8 with NaOH. The suspension was stirred at 80 °C for
1 h. Then the solid was centrifuged, washed three times with
deionized water, and dried under vacuum at room temperature
for 2 h [68,69].

The Au catalyst sample designations, compositions, and
methods of preparation are given in Table 2.

2.3. EXAFS and XANES data collection and analysis

X-Ray absorption measurements were made on the inser-
tion device beamline of the Materials Research Collaborative
Access Team (MRCAT) at the Advanced Photon Source, Ar-
gonne National Laboratory. A cryogenically cooled double-
crystal Si(111) monochromator was used in conjunction with
an uncoated glass mirror, to minimize the presence of har-
monics. The monochromator was scanned continuously during
the measurements, with data points integrated over 0.5 eV for
0.07 s per data point. Measurements were made in transmission
mode with the ionization chambers optimized for the maxi-
mum current with linear response (~10'0 photons detected/s)
using a mixture of nitrogen and helium in the incident X-ray
detector and a mixture of ca. 20% argon in nitrogen in the
transmission X-ray detector. A gold foil spectrum was ac-
quired simultaneously with each measurement for energy cal-
ibration.

Dried catalyst samples were pressed into a cylindrical holder
with a thickness chosen to give a total absorbance (ux) at the
Au Ly (and Pt Lyj) edge of about 3.0 and a gold edge step
(Aupx) of ca. 0.5 for 2% Au on alumina. The Au catalysts were
reduced at 175-250°C for 1 h in 4% Hy/He (Pt catalysts were
reduced at 250 °C for 1 h) in a continuous-flow EXAFS reac-
tor cell (18” long, 0.75” i.d.) fitted at both ends with polyimid
windows and valves to isolate the reactor from the atmosphere.
The spectra were obtained at room temperature in the presence
of Hj. The reduced Au catalysts were oxidized with flowing air
at room temperature or higher (up to 225 °C), and the EXAFS
spectra were obtained at room temperature in air. Pt catalysts
and Au supported on alumina and silica were obtained in trans-
mission. Depending on the loading, Au supported on titania,
zirconia, ceria, and niobia were taken in transmission or fluo-
rescence.

Phase shifts, backscattering amplitudes, and XANES ref-
erences were obtained from reference compounds: HAuCly
(Aldrich) for Au-Cl, Au(OH); (Aldrich) for Au-0, Au
foil for Au® and Au-Au, and Pt foil for Pt-Pt. The Au
XANES fits of the normalized spectra were done by a lin-
ear combination of experimental standards. Standard proce-
dures based on WINXAS97 software were used to extract the
EXAFS data. The coordination parameters were obtained by
a least squares fit in g- and r-spaces of the isolated nearest-
neighbor, k%-weighted Fourier transform data. The data were
also fit with both k! and k* weightings, with similar re-
sults.
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3. Results
3.1. Pt catalysts

The method of catalyst preparation (including the support
type, metal salt, method and pH of salt addition, drying temper-
ature, etc.) affects the dispersion of the reduced catalyst. Pt on
silica and alumina with differing dispersions were prepared by
DI of Pt(NH3)4(NO3)> (PTA), also called incipient wetness im-
pregnation, or by SEA [67,70,71]. After PTA was added to the
support, the catalysts were further subjected to drying or calci-
nation at 100-625 °C. After reduction at 250 °C, the catalysts
were fully reduced, and the percent dispersion of the reduced
catalysts was determined by hydrogen chemisorption. These
values were between 10 and 100% (see Table 1).

On silica, SEA gives catalysts with higher dispersion than
DI [67]. Catalysts with the dispersions near 100% were ob-
tained by SEA and calcined below 225 °C. As the calcination
temperature increased, the dispersion decreased; for example,
SEA of PTA on silica (Pt-Sil2) and calcined at 550 °C gave a
dispersion of 19%. DI of PTA on alumina gave catalysts with
higher dispersion than those on silica. For example, calcination
of PTA at about 500 °C gave dispersions of 81% on alumina
(Pt-Al2) and 24% on silica (Pt-Si6). Calcination of PTA on alu-
mina above 500 °C led to a rapid loss in dispersion, ca. 20% at
625 °C in Pt-Al7. The calcination temperature of the alumina
before the addition of PTA also slightly affected Pt disper-
sion; for example, DI of PTA on alumina calcined at 700 °C,
Pt-Al4, gave a lower dispersion (70%) that on alumina calcined
at 500 °C, Pt-Al2 (80%).

EXAFS data were collected at room temperature for Pt cat-
alysts reduced in hydrogen at 250 °C. For the smallest metallic
particles, the data quality was good to about 14 A~!, whereas
for large particles, the data were excellent at >16 A~!. The iso-
lated first-shell EXAFS was obtained by a Fourier transform
of the k2-weighted data from 2.8 to 13.3 A~!, followed by
an inverse Fourier transform from 1.4 to 2.8 A. The model fit
parameters were determined by fitting the real and imaginary
parts of the Fourier transform of the isolated k2-weighted Pt—
Pt EXAFS and are summarized in Table 3. In the initial fits, all
model parameters were allowed to vary to obtain the best fit. For
most catalysts, as the dispersion decreased, there was a corre-
sponding increase in the Pt—Pt coordination number (or N pe_py);
however, for a few catalysts, the Np_p; was slightly out of line
with this expected trend. In general, the fits were excellent,
except for small errors at the end of the data range due to trun-
cation errors introduced during the Fourier filtering procedure.
Rectangular windowing functions were used in the Fourier fil-
tering procedure. The sensitivity of the fits was determined by
fixing one model fit parameter and determining the remaining
values independently. The effect of small changes in the fixed
parameter on the other coordination parameters was then eval-
uated. These variations were determined for fits in both g- and
r-spaces and with different k-weightings. The fit values of R
and E( did not change significantly with changes in the data
range, data weighting, or the other fitting parameters. Because
the coordination number (CN) is correlated with the Debye—

Table 3
EXAFS fit parameters for reduced 2% Pt on silica and alumina with different

dispersions (k2: Ak =2.9-12.5 A~" and Ar = 1.8-3.3 A; DWF = 0.001 A2)

Sample Support % Disper- Npept R (A) Eo

ID sion (£10%) (£0.02 A) eV)
Pt-Sil Si0, 63 6.2 2.74 —4.4
Pt-Si2 Si0, 51 6.8 275 -29
Pt-Si3 SiO, 29 7.9 275 -3.6
Pt-Si4 SiOy 29 8.4 276 -2.0
Pt-Si5 SiO, 32 7.9 2.76 —4.7
Pt-Si6 SiOy 24 9.4 277 -3.1
Pt-Si7 SiO, 79 4.7 275 —4.1
Pt-Si8 Si0, 85 4.9 2.76 —4.6
Pt-Si9 SiO, 100 4.4 274 -3.0
Pt-Sil0 Si0, 41 7.1 2.76 -3.6
Pt-Sill SiO, 24 8.4 277 —-1.0
Pt-Sil2 Si0, 19 10.6 2.76 -1.0
Pt-Sil3 SiO, 11 11.4 276 —1.1
Pt-All Al,O3 81 5.1 274 -3.0
Pt-AI2 AlyO3 81 5.6 274 -2.9
Pt-Al3 Al,O3 82 4.8 2.73 -5.5
Pt-Al4 Al,O3 70 53 275 —42
Pt-Al5 Al,O3 57 5.7 2.74 —43
Pt-Al6 Al,O3 30 8.4 2.76 -2.8
Pt-Al7 Al,O3 18 9.6 2.77 2.4

AN
N
RN

Log(% Dispersion)

Npt.pt

Fig. 1. Correlation between Npi_p; and the log(% dispersion) determined by
hydrogen chemisorption; (®) 2% Pt on silica; (O) 2% Pt on alumina.

Waller factor (DWF) [72], small changes in the DWF produced
small changes in the CN with no significant change in the qual-
ity of the fit. The improvement in fit was primarily at the high-k
end of the data range. Thus, truncation errors led to variations
in the DWF that led to slightly different Np._p;. To compare the
relative Npe_p; values, the difference in DWF between the ref-
erence and the samples was fixed at 0.001 A2, similar to that
found for most of the fits. With a fixed DWEF, for all catalysts,
Npep; increased as the percent dispersion decreased (Fig. 1).
The catalysts on alumina and silica fit this correlation equally
well. Fig. 1 shows a linear correlation (correlation coefficient,
0.96) between log(% dispersion) and Npip;. From this em-
pirical correlation, the percent dispersion, or fraction of atoms
exposed, can be calculated from Npep; as follows:

log(% dispersion) = —0.130 (£0.005) x (Np_pt)
+2.58 (£0.04).



Table 4

EXAFS fit parameters for reduced Au catalyst (k2
Ar =1.7-3.3 A; DWF = 0.001 A?)

Ak =2.8-12.4 A~

1

and

Sample Support N Ay-Au R (A) Ey % Au dispersion
D (£10%) (£0.02 A) (eV)  (Calculated)
Au-Sil Si0, 9.1 2.85 -3.7 24
Au-Si2 Si0y 8.7 2.85 —4.1 27
Au-All AlL,O3 8.9 2.86 -35 25
Au-Al2  AlO3 7.1 2.83 -3.9 44
Au-Al3 AlL,O3 39 2.73 -59 100
Au-Al4 Al O3 4.2 2.72 —8.0 100
Au-AlS AlLO3 3.6 2.72 =7.7 100
Au-Al6  Al,O3 9.5 2.86 -3.0 21
Au-Al7 AlL,O3 6.4 2.80 —4.4 54
Au-Til TiOy 7.6 2.82 —5.1 38
Au-Ti2 TiOy 8.9 2.85 -39 25
Au-Ti3 TiO, 9.5 2.85 —4.1 21
Au-Ti4 TiOy 10.9 2.87 2.7 14
Au-Ti5 TiOy 6.3 2.81 —4.2 56
Au-Ti6 TiOy 7.1 2.82 —4.0 44
Au-Ti7 TiOy 12.0 2.88 -3.0 <1
Au-Ti8 TiOy 9.7 2.86 -3.2 20
Au-Ti9 TiO, 10.6 2.86 -34 15
Au-Cel CeO, 55 2.78 -7.6 71
Au-Ce2  CeO,p 8.4 2.84 -3.7 29
Au-Ce3  CeOp 7.9 2.83 —4.5 34
Au-Nbl  NbyOs 4.9 2.77 -5.9 85
Au-Nb2  NbyOs 7.2 2.83 -39 42
Au-Zrl ZrO, 6.4 2.80 —6.1 54

3.2. Au catalysts

3.2.1. Evaluation of the Au—Au bond length and gold
dispersion

HAuCly was deposited on silica, alumina, titania, ceria, nio-
bia, and zirconia by several methods. For most catalysts, the
residual Cl was removed by washing with NaOH, NH4OH, or
water. Fully reduced Au particles were obtained by reduction in
H, at 250 °C; reduction to metallic Au occurred at about 50 °C
lower on titania, silica, and niobia. EXAFS data were obtained
on the reduced catalysts; the analysis procedure was identical to
that for the Pt catalysts. The fit parameters for the Au catalysts
are given in Table 4. As with Pt, the relative DWF was held con-
stant at +0.001 Az, and the other parameters were determined
independently.

Fig. 2 shows the correlation between the Au—-Au CN (or
N au-au) and the Au—Au bond distance. As N ay_au decreased,
a significant decrease in the metallic bond length occurred. All
Au catalysts fit the correlation equally well independent of the
support type, method of preparation, Au loading, presence of
Cl, and other preparation variables. Fig. 3 shows the magnitude
and imaginary component of the k?-weighted Fourier transform
for Au on silica (Au-Sil) and alumina (Au-Al5) with N ay_Au
equal to 9.1 and 3.6, respectively. As the size of the Au par-
ticles decreased, the magnitude became smaller, and the zero
crossing of the imaginary component of the FT between 2.3 to
3.0 A shifted to lower R. The Au—Au bond length (R au-au)
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Fig. 2. Correlation between the N py_ay and the Au—Au bond length Au on
TiO, (@); Au on Al,O3 (O); Au on CeO, (H); Au on SiO; (J); Au on
ZrO; (A) and Au on NbyO5 (A).
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Fig. 3. Magnitude and imaginary component of the Fourier transform (k2:
Ak = 2.80-12.5 /0\71). (—,—) 2.4% Au on SiOp (Au-Sil, Npay Ay =
9.1, R =2.85A). (++,--+) 1.31% Au (20 ppm Cl) on Al,O3 (Au-AlS5,
N pu_Au =3.6, R=2.72 A).

decreased from 2.85 and 2.72 A for Au on silica and alumina,
respectively. The bond length in Au foil was 2.88 A.
Assuming that small Au and Pt particles have similar struc-
tures (both are FCC metals), from N ay-au, the percent disper-
sion of the Au catalysts can be calculated based on the Pt corre-
lation. These estimated dispersions are also given in Table 4. As
the dispersions increased above about 30%, a noticeable con-
traction in the metallic bond length occurred. For the smallest
particles, the contraction was about 0.16 A, or about 5.5%.

3.2.2. Reactivity of the gold clusters to oxygen

The reactivity of the Au particles toward oxidation was eval-
uated by XANES and EXAFS after exposure to air at room
temperature and above. The fits of the XANES and EXAFS
spectra for several oxidized catalysts are given in Table 5. The
reactivity to air depends on the dispersion and the presence of
Cl. For catalysts that contain Cl, there were no Au—ClI bonds in
the EXAFS spectra of the reduced catalysts; therefore, the Cl
must have been located on the support.

Fig. 4 shows the XANES spectra of small Au particles of
1.31% Au/alumina (20 ppm Cl) (Au-Al5; CN = 3.6, disper-
sion = 100%) and oxidized with air at room temperature and
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Table 5
EXAFS fit parameters for reduced Au catalyst followed by oxidation by air (k2: Ak =2.8-12.4 AT and Ar =1.7-3.3 A)
Sample ID Catalyst Oxidation Fraction Fraction Scattering N R A) DWF Ey
(%dispersion) temperature Aulll Aud path (£10%)? (£0.02 f\) (x 10_3) eV)
Au-Si2 3.2% Au, SiOy None - 1.0 Au-Au 8.7 2.85 1.0 —4.1
(27%) 3.2% Au, SiOy RT - 1.0 Au-Au 9.6 2.85 1.0 -3.0
3.2% Au, SiOy RT Au-Au —1.0(2) 2.88 1.0 -3.0
Difference fit
Au-All 0.9% Au None - 1.0 Au-Au 8.9 2.86 1.0 -3.5
(25%) AlO3 (1.7% Cl)
0.9% Au RT 0.05 0.95 Au-Cl 0.4(5) 2.28 -2.0 2.0
AlL,O3 (1.7% Cl) Au-Au 8.0 2.86 1.0 —4.1
0.9% Au RT Au-Cl —0.3(1) 2.28 -2.0 1.1
AlL,O3 (1.7% CIl) Au-Au 1.1(2) 2.81 1.0 -3.5
Difference fit
Au-Al2 1.4% Au None - 1.0 Au-Au 7.1 2.84 1.0 -39
(44%) Al,03 (0.9% CI)
1.4% Au RT - 1.0 Au-Au 7.5 2.86 1.0 —-3.2
Al,0O3 (0.9% CI)
1.4% Au 225°C - 1.0 Au-Au 8.0 2.86 1.0 -39
Al,0O3 (0.9% CI)
Au-Al3 0.6% Au, Al,O3 None - 1.0 Au-Au 3.9 2.73 1.0 -5.9
(100%) 0.6% Au, Al,O3 RT 0.10 0.90 Au-O 0.3(4) 2.04 -2.0 -1.0
Au-Au 3.8 2.74 1.0 —6.5
0.6% Au, Al,03 RT Au-O -0.2(2) 2.03 1.0 —1.8
Difference fit Au-Au 0.9(2) 2.73 1.0 —-2.8
0.6% Au, Al,O3 100°C 0.10 0.90 Au-O 0.34) 2.04 -2.0 -1.0
Au-Au 3.8 2.74 1.0 —6.7
0.6% Au, Al,O3 100°C Au-O -0.2 2.03 1.0 2.2
Difference fit Au-Au 1.0 2.74 1.0 —-1.5
Au-Al5 1.3% Au, Al,O3 None - 1.0 Au-Au 3.6 2.72 1.0 -7.7
(100%) 1.3% Au, Al,03 RT 0.10 0.90 Au-O 0.3(4) 2.04 -2.0 —-1.3
Au-Au 33 2.72 1.0 -7.1
1.3% Au, Al,03 RT Au-O —0.2(1) 2.04 -2.0 —-1.5
Difference fit Au-Au 0.4(1) 2.72 1.0 -2.9
1.3% Au, Al,03 225°C 0.15 0.85 Au-O 0.5(4) 2.04 -2.0 0.3
Au-Au 2.7 2.71 1.0 —8.5
1.3% Au, Al,03 225°C Au-O —0.3(1) 2.04 -2.0 —-1.3
Difference fit Au-Au 1.0(2) 2.72 1.0 -3.0
Au-Til 2.9% Au, TiO, None - 1.0 Au-Au 7.6 2.82 1.0 —5.1
(38%) 2.9% Au, TiOy RT 0.05 0.95 Au-O 0.3(5) 2.04 1.0 0.5
Au-Au 8.5 2.83 1.0 -3.7
2.9% Au, TiOy RT Au-O —-0.2(1) 2.05 -0.5 —1.1
Difference fit Au-Au —-0.7(2) 2.88 -3.0 -2.7
Au-Ti3 3.3% Au, TiOy None — 1.0 Au-Au 9.5 2.85 1.0 -39
(21%) 3.3% Au, TiO, RT - 1.0 Au-Au 10.5 2.87 1.0 —4.0
3.3% Au, TiO, RT Au-Au -1.1(2) 2.88 -1.0 —4.2

Difference fit

2 Unless marked otherwise.

225°C. On contact with air at room temperature, a small in-
crease in the white line intensity occurred, indicating partial
oxidation of the metallic Au. Although the dispersion of the re-
duced catalyst was near 100%, only about 10% of the Au atoms
were oxidized at room temperature. At higher temperatures, an
additional small increase in Au oxidation occurred. The magni-
tude of the k?-weighted Fourier transforms of the reduced and
oxidized 1.31% Au/alumina (20 ppm Cl) catalysts, Au-AlS, are
given in Fig. 5. In the reduced catalyst, the peaks from about
1.5 t0 3.0 A are due to scattering from Au atoms at 2.72 A. Ox-

idation led to a small decrease in the intensity of the metallic
Au peaks, with the addition of a small feature at about 1.8 A
due to an oxygen contribution. Increasing the oxidation tem-
perature led to an additional decrease in the size of the metallic
Au peaks and a further increase in intensity of the Au—O con-
tribution. After oxidation at 225 °C, about 15% of the metallic
Au was oxidized. On small Au particles on titania [i.e., 2.9%
Au prepared by deposition precipitation with NaOH (Au-Til;
N Au-Au = 7.6, dispersion = 54%, R = 2.80 A)], air oxidation
at room temperature led to the formation of a small amount
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Fig. 4. Au XANES (11.87-11.95 keV) for 1.31% Au/alumina (20 ppm Cl),
Au-Al5. (—) Reduced in Hy at 250 °C (N poy_ay = 3.6 and R =2.72 A). (---)
Reduced followed by air at RT (Aulll =0.10 and Au® = 0.90). (- --) Reduced
followed by air at 225 °C (Aull = 0.15 and Au® = 0.85).
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Fig. 5. kz—Weighted magnitude of Fourier transform of 1.31% Au/alumina
(20 ppm Cl), Au-Al5 (k2: Ak = 3.05-13.5 A_l). (—) Reduced in Hj at
250°C (N Ay_pu=3.6and R =2.72 A). (---) Reduced followed by air at RT
(N Au-Au = 3.3 and N py_0 = 0.3). (---) Reduced followed by air at 225°C
(N Au-Au =2.7and Npy_0 =04).

of oxidized gold similar to that on small Au particles on alu-
mina. Unlike alumina, however, the metallic particles on titania
sintered slightly (N ay-ay increased to 8.5; see Table 5). In the
oxidized catalyst, about 95% of the Au is metallic; thus the true
N au-ay 18 8.9 (8.5/0.95). From the correlation in Eq. (1), on
exposure to room temperature air, the dispersion decreased to
about 25%. Consistent with the increase in the CN, the bond
length increased to 2.83 A in the oxidized catalyst.

Because the Au—O peaks are small and overlap with the
larger Au—Au contribution, independent determination of all
model fit parameters for the former was not possible. In the di-
rect fits of the air-oxidized catalyst, the N oy-0 Was determined
by fixing R, DWEF, and Ej to values determined for the nonre-
duced, Cl-free catalyst precursor. EXAFS and XANES analysis
of (nonreduced) Au/TiO; and Au/Al,O3 catalysts prepared by
deposition-precipitation with NaOH or urea for removal of Cl
indicate that Au is present as Au'! oxide with four Au—O bonds
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Fig. 6. EXAFS of the difference file for 1.31% Au/alumina (20 ppm CI), Au-

Al5, reduced at 250 °C followed by air at 225°C (k%: Ak =3.05-12.8 A_l).

(—) Fourier transform magnitude. (---) Imaginary component of the Fourier
transform (Au-O is 180° out of phase).

at 2.03 A [27,73]. These fit parameters were assumed for the
Au-O contribution in the direct fits of the air-oxidized cata-
lysts. The Nayo estimates for 1.31% Au/alumina (20 ppm
Cl), Au-AlS5, were 0.3 and 0.5 for oxidation at room temper-
ature and 225 °C, respectively. These values are in line with
the fraction of Au'' determined by XANES assuming that ox-
idized gold has four Au—O bonds. A more reliable method for
determining the small Au—O contribution is possible by ana-
lyzing the difference spectrum, that is, subtracting the oxidized
EXAFS spectrum from the reduced spectrum [74]. In the dif-
ference spectrum, Au species that are unchanged are subtracted
and are not present in the difference spectrum. Scattering paths
present in the oxidized spectrum but not in the reduced spec-
trum are 180° out of phase with the reference file (e.g., Au—0O).
By isolating only the small differences between spectra, it is
sometimes possible to fit a very small component of the total
EXAFS signal with better confidence in the results, because the
statistically determined errors can be substantially reduced.

Fig. 6 shows the Fourier transform of the difference spec-
trum of 1.31% Au on Alumina (20 ppm Cl), Au-Al5, re-
duced and subsequently oxidized at 225 °C. Oxidation of the
reduced catalyst at 225 °C led to the formation of a small num-
ber of Au—O bonds and the loss of small number of Au—Au
bonds. The model fit parameters of the peaks in the difference
spectrum are also given in Table 5; the results are consistent
with those for the direct fits. In fitting the difference spectrum
R, DWF, and Ey were not fixed as they were in the direct
fits.

For catalysts with moderate-sized Au particles (dispersions
of about 25-50%) without CI or with low ClI levels, exposure
to air led to particle growth without formation of oxidized Au.
Fig. 7 shows the XANES for 3.2% Au on silica (Au-Si2) re-
duced at 175°C (dispersion = 0.27) and air oxidized at room
temperature. After oxidation, there is no indication that the
metallic Au was oxidized. Although the XANES results in-
dicate little change, from the magnitude of the FT it is ap-
parent that the size of the metallic particles increased slightly
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Fig. 7. Au XANES (11.87-11.95 keV) for 3.2% Au/silica, Au-Si2. (—) Re-
duced in Hy at 250°C (Au0 = 1.00). (---) Reduced followed by air at RT
(Au® = 1.00).

5 K

< i

o [

~_ 0.005 :

X, 3

|_ HD Q

2 B

£ i y :

=] L ¥ -

g | 1 1 I 1 1 1 I 1 1 ‘:l I 1 1 1
0 1 2 3 4

R [A]

Fig. 8. k2-Weighted magnitude and imaginary component of Fourier transform
of 3.2% Au on silica, Au-Si2 (k2: Ak =2.6-13.4 Afl). (—,—) Reduced in
Hj at 250 °C (N Ay_Ay = 8.7 and R =2.85 A). (---, - --) Reduced followed by
air at RT (N Ay_au = 9.6 and R =2.85 A).

(Fig. 8). Specifically, for Au on silica, exposure to room tem-
perature air increased the N ay-ay from 8.7 to 9.6, or decreased
the estimated dispersion from about 30 to 20%. Similar results
were observed for 1.4% Au on alumina with 0.9% Cl, Au-Al2.
N au-ay increased from 7.1 for the reduced catalyst to 7.5 for
air at room temperature and 8.0 for air at 175 °C, correspond-
ing to changes in the dispersions of about 45, 40, and 35%,
respectively. Sintering of the Au particles on exposure to room
temperature air was similar to that reported previously for 25-A
Au particles supported on TiO2(110) thin films [75-77].

For Au catalysts with high levels of Cl on the support,
Au-All, oxidation may also lead to the formation of Au—Cl
bonds [73]. Exposure to air at room temperature of metallic
Au on alumina with 1.7% Cl led to the formation of a small
number of Au™-C1 bonds, but no Au—O bonds. The presence
of the Au—Cl coordination is clearly apparent in the difference
spectrum in Fig. 9. The fit identifies this feature as Au—Cl (the
imaginary component of the FT is 180° out of phase from the
Au-ClI reference spectrum), not Au—O. As with Cl-free cata-
lysts, only about 10% of the metallic Au nanoparticles were
oxidized.
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Fig. 9. EXAFS of the difference file for 0.9% Au/alumina (1.7% Cl), Au-All,

reduced at 250 °C followed by air at RT (kz: Ak = 3.05-12.8 A_l). (—)
Fourier transform magnitude. (- - -) Imaginary component of the Fourier trans-
form (Au—Cl is 180° out of phase).

4. Discussion

Although contractions in the bond distance in small unsup-
ported (and on weakly interacting supported) metal particles
may be up to about 0.2 A, for oxide-supported metal particles
the contraction in the interatomic distance is generally much
smaller. Bond distances of Os, Ir, and Pt catalysts measured in
H, with dispersions near 1.0 on silica and alumina display a
contraction in bond length of only about 0.03 A [78-80]. A sim-
ilar contraction in the Pt—Pt bond distance (measured in the
presence of chemisorbed Hj) was observed for the Pt catalysts
in this study (Table 3). Under vacuum, however, a contraction
of the bond distance of up to about 0.09 A has been observed
for highly dispersed Pt [53]. Previously reported Au catalysts
on alumina, titania, and magnesia have bond lengths of about
2.85 A, compared with 2.88 A for Au foil [81-83]; however,
theoretical calculations of small Pt and Au clusters predict a
shortening of the metal-metal distance with decreasing clus-
ter size. Gold dimers, trimers, and hexamers are expected to
have a bond lengths of 2.58, 2.64, and 2.77 A, respectively [84].
Moreover, theory predicts different Au—Au distances for linear,
planar, and three-dimensional structures [85].

In this study, for Au catalysts with dispersion <30%, small
changes in the bond length occurred. However, for catalysts
with dispersion >30%, the contraction of the Au bond distance
was significantly larger (e.g., about 0.15 A for catalysts with
near-100% dispersion). The Au particle size may be estimated
using a previously reported correlation between the coordina-
tion number and the particle size [86,87]. Fig. 10 compares
the Au—Au bond lengths and particle sizes; it includes particle
size and bond lengths for previously reported unsupported Au
particles [48,49,51]. There is a noticeable decrease in the bond
length for particles smaller than about 30 A, whereas particles
larger than about 40 A show only minor changes from those in
Au foil. The similarity in bond length with particle size in sup-
ported and unsupported particles suggests that the support has
a minimal effect on the length of the Au bond.

A decrease in particle size is also accompanied by a change
in the electronic properties of metal nanoparticles [13,17,88—
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Fig. 10. Comparison of the bond length in unsupported (O) [48,50] and supported (@) Au nanoparticles (this study). Metal particle size for the catalysts was

determined from a correlation between the Au bond length and particle size [85,86].

90]. Several recent reviews have summarized the evidence
for changes in the electronic properties of small Au particles
[13,17]. Because the contraction of the metallic bond distance
for unsupported Au is very similar to that in the catalysts given
in this paper, the changes in the electronic properties of these
small particles would be expected to be similar to those ob-
served for unsupported particles and thin films. STS on two-
dimensional Au particles deposited on TiO,(110) has shown
that the onset of catalytic activity coincides with detection of
a band gap of 0.2-0.6 eV for 32-A particles [23]. A maxi-
mum band gap of 1.4 eV was observed for particles smaller
than 20 A. A similar transition in the band gap was observed
for 10-A Au particles on graphitic carbon [91]. For Au parti-
cles smaller than 30 A on diamond, field emission spectroscopy
has shown discrete electron states rather than a continuum, as
present in bulk gold [92]. XPS has also been used to study elec-
tronic effects in small gold catalysts. Positive binding energies
for small gold particles on silica and carbon were interpreted
as resulting from rehybridization of the valence orbitals [93].
A similar shift in band and degree of d-band splitting posi-
tion was observed for small Au particles on aluminum and
alumina [94]. Because these changes were the same on both
supports, the changes were thought to be due to the electronic
properties of small particles. Changes in the d-band splitting of
Au on carbon occurred for particles of about 19 A[95]. Sim-
ilar changes in electronic properties for 20-A Au particles on
Ti(110) were detected by HREELS [96].

Theoretical calculations on gold clusters of increasing size
indicate that with increasing cluster size, 6s—5d orbital rehy-
bridization is enhanced [84,85]. Increasing the number of atoms
in a cluster increases the width of the s- (and p-) and d-bands,
increasing their overlap with a decrease in the band gap. The
shorter Au—Au distance in small particles favors enhanced d—d
interactions, narrowing the d-band and lowering the energy
of the d-orbitals. The ideal electron configuration of gold is
5d1%s!; however, because of rehybridization, larger clusters

-
o

Normalized Absorption

11.9 11.92 11.94 11.96

Photon Energy [keV]

Fig. 11. Au XANES spectra for different particle size (11.88-11.96 keV).
(—) Au foil (N py_aq = 12.0, R =2.88 A). (---) 2.4% Au on SiO; (Au-Sil,
Nau_an =9.1, R=2.85 A). (—) 3.0% Au on TiO, (Au-Til, N oy_au = 7.6,
R =2.82A).(---) 1.3% Au on alumina (Au-Al3, N gy_au = 3.9, R =272 A).

have an electron configuration of 5d10-x6g1+r  with the d-band
density of states closer to the Fermi level and increased holes
in the d-band [97]. Evidence of a decrease in d-orbital occu-
pancy in smaller particles was observed in our XANES spectra
(Fig. 11). As the particle size decreases, there is a decrease in
the white line (the first feature above the rising edge) [98]. The
decrease in the white line with decreasing particle size of the
Au catalysts is also consistent with theoretical calculations that
predict a decrease in the intensity of the white line in small par-
ticles [99,100].

4.1. Reactivity of gold clusters to oxygen

A review of the adsorptive properties indicates that Au foil
weakly chemisorbs CO but is unable to dissociate or mole-
cularly adsorb Hp and O, [17,101,102]. For example, after
H, reduction, the IR spectrum of CO on 30-A gold particles
supported on MgO indicates linear absorption at 2085 cm™!
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[103]. After reduction of Au nanoparticles on TiO;, two IR
bands at 2055 and 1990 cm™! have been attributed to CO ad-
sorbed on small Au clusters [104]. However, few studies have
demonstrated that supported gold nanoparticles adsorb or re-
act with O,. For example, volumetric oxygen adsorption on
reduced gold particles on SiO; and MgO displayed a maximum
uptake of molecular O; at 200 °C [105]. More recently, oxygen
adsorption and hydrogen pulse titration of chemisorbed oxy-
gen was used to determine the dispersion of gold on Au/Al,O3
[106]. In both cases, assuming a stoichiometry of gold-to-O; ra-
tio of two, there was good agreement between the average gold
particle size determined by oxygen chemisorption and TEM.

TOF-SIMS spectra of Au/TiO; and Au/Al,O3 calcined at
350°C have indicated that gold particles were not fully re-
duced. The presence of AuO™ and AuO,~ ion clusters is con-
sistent with either chemisorbed oxygen or partially oxidized
metallic gold [107]; however, because the samples were trans-
ferred in ambient air before the analysis, the small Au particles
(20-50 A) may have been reoxidized by contact with air. Field
ion microscopy images of a 500-A-diameter Au(111) crystal
tip in contact with air at 25-180 °C indicated oxidation of the
surface [108]. Finally, temperature-programmed oxidation of
30 A metallic gold particles supported on MgO were thought
to be completely oxidized at high temperature [83]; however,
no other studies have indicated such a high degree of oxidation
of Au nanoparticles.

In this study, for the smallest particles, approximately 10%
of the atoms were oxidized on exposure to air at room tem-
perature and above, whereas large particles were not. EXAFS
and XANES indicate that oxidation with the formation of Au'l!
and O? ~ occurred rather than chemisorption of atomic oxygen
on metallic Au atoms. This suggests that the reactivity of gold
nanoparticles for CO oxidation might result from the surface
oxidation of gold atoms, followed by reduction with CO (Eley—
Rideal or Langmuir—Hinshelwood mechanism) and formation
of CO; [104]. Therefore, catalytic activity will be determined
by the rates of Au” oxidation and Au'"! reduction by CO. Under
reaction conditions, both CO and O, are present. XANES spec-
tra indicate that Au'! is readily reduced in the presence of CO
and O3 [109,110]. In addition, under reaction conditions, little
oxidized Au is observed [111], suggesting that under steady-
state conditions, the fraction of oxidized surface atoms is small
and that the rate of surface oxidation may be rate-limiting.

We conclude that the change in the chemisorption and re-
action properties in small metallic Au particles results from
a change in the rehybridization of the s—p—d valence orbitals,
leading to increased d-electron density and widening of the s—p
to d orbital band gap compared with large particles. Although
this and other studies indicate that the catalytic activity of Au is
dependent on the formation of small particles (especially those
smaller than about 30 A), other effects, including interaction
with the support and activation of oxygen by the support, also
may be important. To establish the effect of the support on the
activity, it will be necessary to prepare particles of identical size
on different supports and compare the rates. For Au nanopar-
ticles of nearly identical size, the temperature to obtain 50%
CO conversion decreases in the order TiO; < ZrO; < Al,O3

[112], which generally parallels the ease of gold oxide reduc-
tion. Thus, low-temperature oxidation activity may be related
to the ease of gold reduction, which seems to be affected by the
support. However, more detailed studies are needed to estab-
lish the role of the support in the CO oxidation activity of Au
nanoparticles.

5. Conclusion

A correlation between the percent dispersion of Pt catalysts
determined by hydrogen chemisorption and the Np._p; has been
established and used to determine the dispersion of fully re-
duced Au nanoparticles. As the dispersion of the Au catalysts
increases, a contraction of the Au—Au bond length occurs. The
Au-Au contraction is independent of the type of support and
similar to that previously reported for unsupported Au particles.
Using a literature correlation, the Au particle size was estimated
from N ay-au. For particles larger than about 40 A, there is
little change in the metallic bond length, whereas in catalysts
with dispersions near 100% (ca. 10 A), the contraction is about
0.15 A. Besides a contraction in the Au bond distance with de-
creasing particle size, a decrease in the intensity of the white
line of the XANES spectrum also occurs. This decreased white
line intensity is consistent with an increase in the s—p to d band
gap and increased d-electron density in small particles. Au par-
ticles smaller than about 30 A are also reactive to air, leading
to oxidation of about 10% of the Au atoms, whereas larger par-
ticles are not oxidized. It is suggested that the high oxidation
activity of Au nanoparticles is due to reduction of oxidized Au
atoms by CO, forming CO».
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