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Abstract

Titania- and alumina-supported Au nanoparticles were synthesized by a deposition-precipitation method and subsequent thermal treatment in
He. X-ray absorption spectroscopy at the Au-Lj; edge revealed that the as-prepared Au/TiO, sample contained cationic Au that was reduced to a
predominately metallic state after treatment in He at 623 K. Scanning transmission electron microscopy showed the Au to be highly dispersed over
both the metal oxides, with an average particle size of 3.3 nm for Au/TiO5 and 2.5 nm for Au/Al,O3. The global rate, apparent activation energy,
and orders of reaction with respect to CO and O, of CO oxidation were different for the two metal oxide-supported samples. Steady-state isotopic
transient kinetic analysis was used to explore the intrinsic turnover frequency (TOFjni) and coverage of active carbon-containing intermediates
(bco,) that led to carbon dioxide during CO oxidation. After correcting for CO, readsorption, the TOFjn was found to be independent of
temperature, approximately 3.4 s~1 for AU/TiO, (261-303 K) and 2.1 s—L for Au/Al» 03 (272-343 K). At 293 K, the coverage of active carbon-
containing intermediates was greater over Au/TiO, than over Au/Al,O3. The higher coverage of species-forming product on Au/TiO, is attributed

to the greater availability of active surface oxygen on a titania catalyst compared with an alumina catalyst.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Because bulk gold is considered the least reactive metal [1],
its use in heterogeneous catalysis has traditionally been very
limited. In 1989, interest in gold catalysis was prompted by
Haruta et al. [2] when they reported the unique property of
supported gold to effectively catalyze oxidation reactions at
ambient temperature. Although understanding of gold cataly-
sis has increased considerably, unresolved questions remain.
One ongoing debate is about the role of metal oxide support
in the low-temperature oxidation of CO over Au nanoparti-
cles.

Some researchers have proposed that the primary role of
metal oxide is merely to disperse the gold [3,4]. However, it
has been documented that differing kinetics of CO oxidation
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are observed when gold nanoparticles are supported on differ-
ent metal oxides [5-7]. Although the metal oxide can affect the
size of the gold particles depending on the preparation method
used, Wolf and Schiith [6] observed a higher rate of CO oxida-
tion over a Au/TiO; sample than over a Au/Al,O3 sample with
a similar gold particle size distribution. Conversely, Okumura
et al. [4] prepared highly dispersed gold particles using a gas-
phase grafting technique on Al,O3, TiO2, SiO2, and MCM-41
and observed a very similar TOF (based on surface gold atoms)
for CO oxidation over each sample [4]. However, the samples
that they prepared with SiO,—Al>,O3 (acidic support) and acti-
vated carbon (nonmetal oxide support) had a significantly lower
TOF.

Although metal oxide seems to exert some effect on sup-
ported Au catalysts, different roles of the support have been
proposed. Researchers studying model Au/MgO systems have
hypothesized that oxygen-vacancy F-center defects on MgO
provide a partial electron transfer that activates the Au parti-


http://www.elsevier.com/locate/jcat
mailto:rjd4f@virginia.edu
http://dx.doi.org/10.1016/j.jcat.2006.01.009

J.T. Callaet al. / Journal of Catalysis 238 (2006) 458467 459

cles for CO oxidation [8-10]. Others have suggested that the
support may provide adsorption sites for the reactants. Results
from infrared spectroscopy and reaction kinetics are consis-
tent with CO adsorbing on the Au and O; adsorbing on the
titania support [11-13]. However, a distinction is often made
between reducible and nonreducible oxides in terms of O, ad-
sorption [5]. A reducible metal oxide such as TiO, or Fe,Os3,
which can absorb a significant quantity of O, is thought to act
as an oxygen source for CO oxidation, whereas a nonreducible
metal oxide such as Al,O3 or SiO; is not considered impor-
tant in the catalytic cycle because O, adsorption is much less
favorable [5].

In this work, we performed an isotopic transient analysis
(ITA) of CO oxidation over titania and alumina-supported gold
catalysts. Our approach allowed a direct comparison of a re-
ducible and a nonreducible metal oxide support on the intrinsic
kinetics of CO oxidation. Isotopic transient analysis is used to
determine a TOF based on the number of active intermediates
on an operating catalyst. The ITA experiment involves making
a step change in the isotopic content of one of the reactants
(CO in this case) at steady-state reaction conditions. The pres-
sure, temperature, total flow rate, and product composition are
maintained during this change. Therefore, in the absence of iso-
topic mass effects, the steady-state reaction is not altered during
the isotope switch. The transient response of the isotopically la-
beled product (COy) is monitored by mass spectroscopy. This
transient response is used to determine the surface coverage
(Aco,) and the mean residence time (z) of adsorbed carbon-
containing intermediates that lead to CO,. Shannon and Good-
win [14] have provided a more detailed description of the theory
underlying this technique, and Efstathiou and Verykios have
reviewed applications of the method to various reaction sys-
tems [15].

Isotopic transient analysis involves the characterization of
active intermediates that lead to CO,. If product CO, read-
sorbs on either active or inactive surface sites before leaving
the catalyst bed, the measured residence time will be increased.
Because CO; is known to adsorb on TiO2 and Al,O3 [16], it
is critical that ¢ be corrected for product readsorption. Fur-
thermore, the work of Liu et al. [11,17] with Au on Ti and
Fe hydroxides indicates that once CO; is formed, it exchanges
oxygen with the support. Secondary reactions, such as oxy-
gen exchange, would also affect the isotopic transient analysis,
leading to overestimation of . Earlier, we reported the results
from a preliminary isotopic transient investigation of CO oxida-
tion over an alumina-supported gold catalyst [18]. Herein, we
present a comparison of the oxidation of CO over Au/Al;03
and Au/TiOz with an improved analysis of product readsorp-
tion and secondary reactions.

2. Experimental
2.1. Catalyst preparation
A deposition—precipitation method adapted from a previous

report [19] was used to synthesize the catalysts in this study.
Initially, 96 mL of a 9.6 mM HAuCI4 (Aldrich, 99.94+%) aque-

ous solution was heated to 343 K and adjusted with dropwise
addition of aqueous NaOH (Mallinckrodt, 98.6%) solution to
pH 7. The gold solution was then added to a second flask con-
taining 6 g of TiO, (Degussa, P-25) or Al,O3 (Mager Scientific,
AP-312) suspended in 150 mL of distilled, deionized water also
at 343 K. After stirring the mixture for 2 h, the solution was re-
moved by suction filtration, and the catalyst was resuspended in
120 mL of distilled, deionized water at 343 K for 20 min. The
process of filtering and resuspending in HoO was repeated 3
additional times. After the final filtration, the catalyst was dried
in air at 310 K for 24 h. The Au content of the catalysts was
1.22 wt% for Au/TiOz and 1.08 wt% for Au/Al,O3, as reported
by Galbraith Laboratories (Knoxville, TN).

2.2. X-Ray absorption spectroscopy

The X-ray absorption spectra at the Au-Lj; edge were
recorded on beam line X-10C at the National Synchrotron Light
Source, Brookhaven National Laboratory, Upton, NY. The stor-
age ring operated at 2.8 GeV with currents ranging from 150
to 300 mA. Several Au containing compounds, Au03, AuCls,
and AuCl (all from Alfa Aesar, 99.99%), were used as Au ref-
erences with different formal oxidation states. The reference
compounds were diluted with BN powder (Alfa Aesar, 99.5%)
and pressed into self-supporting wafers. A light-tight Au foil
(0.005 mm thick, Goodfellow, 99.9%) was used as a metallic
Au reference. The spectra of the reference compounds and the
Au foil were collected in transmission mode in air at ambient
temperature. The spectra of the catalyst samples were collected
in fluorescence mode as a result of their low Au content. A cell
capable of heating and cooling the sample in a controlled at-
mosphere was used to allow characterization in an environment
consistent with the reactor studies.

2.3. Scanning transmission electron microscopy

High-angle annular dark field (HAADF) imaging was per-
formed using a JEOL 2010F microscope, operated at 200 kV.
The catalyst samples were suspended in ethanol by lightly
grinding them in an agate mortar and pestle, and deposited on a
holey carbon support film on Cu TEM grids. The images were
recorded using Digital Micrograph software and analyzed to
determine particle size distributions. A probe size of approxi-
mately 0.3 nm was used for imaging, allowing easy resolution
of particles <1 nm in diameter.

2.4. Isotopic transient and global kinetic measurements

Between 0.045 and 0.160 g of catalyst (—200/+2100 mesh)
was mixed with 0.3 to 0.525 g of SiC (Universal Photonics,
120 mesh) and loaded into a quartz tubular reactor. Before ki-
netic studies, the catalyst samples were treated at 623 K for
4 h under flowing He (99.999%, Messer, further purified by
a Supelco OMI-2 filter). The samples were cooled in flowing
He to the temperature of interest before admitting the reactant
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gases: 12CO (99.997%, Messer), O, (99.999%, BOC Gases),
He (99.999%, Messer, further purified by a Supelco OMI-2 fil-
ter), and Ar (99.999%, Messer, further purified by a Supelco
OMI-2 filter) to the reactor. The mole percentages of the re-
actant stream He:CO:O5:Ar were 95.3:2:2:0.7. Carbon diox-
ide (99.999%, BOC Gases) was cofed with the reactants, as
discussed below. All of the gases except Ar and cofed CO,
were additionally purified by passage through a silica gel trap
(Davisil Grade 635, Type 60A, 60-100 mesh) held at dry ice—
acetone temperature. Total volumetric gas flow rates of 250—
382 mL min—! were used, yielding space velocities of approx-
imately 1500-8500 mL min~—1 gc‘a%. Gases were supplied via
mass flow controllers and back-pressure regulators ensured that
all reactant streams and vent lines were maintained at 1.2 atm.
All data were collected after at least 36 h time on stream. The
CO oxidation activity of the World Gold Council reference
AU/TiOy #02-5 (WGC Au/TiO;) was evaluated for compari-
son. The WGC Au/TiO; had a Au particle size distribution of
3.7 £ 0.8 nm and a Au loading of 1.47 wt% as reported by the
World Gold Council.

Schematic representations of the apparatus are given in
Figs. 1a and b. The flow arrangement of Fig. 1a was utilized
while performing the isotopic transient analysis of CO oxi-
dation. This setup allowed a step change in isotopically la-
beled carbon monoxide. The isotopic switch was accomplished
by injecting a known volume of 13CO (Cambridge Isotopes,
99.5% CO, 984+% 160, 99+% 13C, further purified with a
cold silica gel trap) and He into the feed stream containing
12C0 and Ar. Argon was mixed with the 12CO as an inert gas
tracer. Because Ar was not present in the injection volume,
the decay of the Ar signal was used to quantify the gas-phase
holdup of the system. The flow arrangement of Fig. 1b was
used to determine the contribution of CO2 readsorption and
secondary reactions without the presence of CO. This arrange-
ment allowed a step change in CO, concentration permitting
transient analysis of CO2 on the catalyst surface while main-
taining a background concentration of CO, in the feed. The
step change in CO, concentration was obtained by injecting
a volume of He into a stream of CO2 and Ar. Again, the
Ar was used to determine the gas-phase holdup of the sys-
tem.

A Balzers—Pfieffer Prisma 200 amu mass spectrometer mon-
itored the concentrations of Ar, 12C0O,, and 13CO, (m/e = 40,
44, and 45, respectively) continuously. The lines from the reac-
tor effluent to the mass spectrometer as well as the mass spec-
trometer housing were heated to approximately 443 K. Multi-
ple switches (22CO/Ar — 3CO/He or 2CO,/Ar — He) were
recorded at each set of experimental conditions.

The composition of the reactor effluent was also analyzed
using the mass spectrometer while exploring the effect of tem-
perature and reactant partial pressure on the global rate of CO
oxidation. Gas feeds of known composition were used to gen-
erate calibration factors to determine the molar compositions of
He, O,, CO, Ar, and CO».

(a) 13CO
He
Injection Volume
To Vent
S

6 — Port Valve
He 2co
0, Ar

Reactor

To Mass Spectrometer

(b) He
Injection Volume
To Vent
~
6 - Port Valve
He COZ
02 Ar

Reactor

To Mass Spectrometer

Fig. 1. Schematic representations of the reactor system (a) for CO isotopic tran-
sient analysis and (b) CO5 transient analysis.

3. Resultsand discussion
3.1. X-Ray absorption spectroscopy

The oxidation state of the supported Au was determined us-
ing X-ray absorption spectroscopy (XAS) by comparing the
spectra of the catalysts to those of the Au reference com-
pounds. Fig. 2 shows the X-ray absorption near-edge structure
(XANES) of the Au reference compounds in different oxidation
states. Absorption at the L;-edge corresponds to the excita-
tion of 2p3,, electrons to unoccupied d states above the Fermi
level [20]. Compounds such as Au,03 and AuCls, which con-
tain Au in the 43 formal oxidation state, have many unoccupied
d states resulting in a relatively large absorption peak at the
Lj-edge, although AuCl, which contains Au in the +1 formal
oxidation state, has fewer unoccupied d states, resulting in a
smaller absorption peak. Although the electronic structure of
zero valent Au is 5d196s?, hybridization with 6s and 6p states
in the solid results in a finite density of unoccupied d states [20].
These unoccupied d states are observed as a small shoulder at
the Ly;;-edge for Au foil.
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Fig. 2. X-Ray absorption near edge spectra at the Au-Ly;; edge of Au refer-
ence compounds and Au/TiO, sample in He. Spectra are offset for clarity. The
energies are defined relative to the first inflection point in the L -edge of Au
foil.

Also included in Fig. 2 is the change of the Au/TiO, XANES
with thermal pretreatment in He. At ambient temperature in He,
the as-prepared Au/TiO, appeared to contain cationic Au, as a
peak of intermediate intensity is present at the absorption edge.
After treatment in He at 623 K, the highest temperature of the
catalyst pretreatment, essentially all of the Au was reduced to
the metallic state. Poor data quality did not allow accurate esti-
mation of the Au particle size from the EXAFS data. Previously,
we reported the results of XAS characterization of a similar
Au/Al; O3 catalyst [18]. In that study, we found the as-prepared
Au/Al,O3 contained Au in a +3 oxidation state. When the sam-
ple was heated in He from 298 to 623 K, the conditions of the
catalyst pretreatment, the Au autoreduced to a predominately
metallic state.

The catalysts were synthesized with a deposition—precipita-
tion method using HAuCI, as the metal precursor. The precur-
sor would hydrolyze to form [Au(OH),Cls_,]~, with x close
to 3 at the pH value of 7 used in the preparation [19]. It is likely
that the supported Au was initially in the form of Au(OH)3 [19].
The peak at the Au-Lj; absorption edge of the as-prepared
AU/TiO, (Fig. 2) indicates the presence of cationic Au. The
peak is of intermediate intensity suggesting there was a mix-
ture of Au®, Aul*, and/or Aud™. It is likely that the mild drying
conditions of the sample preparation promoted autoreduction
of the Au on TiO,. These results are consistent with the obser-
vation of more facile reduction of Au on TiO, compared with
Al>03 [21,22]. The lack of any discernible peak at the absorp-
tion edge after treatment in He at 623 K indicates that the Au
on TiO, and Al,O3 [18] was reduced to Au?; therefore, the ac-
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Fig. 3. STEM (a) image and (b) Au particle size distribution of Au/TiO fit to
a log normal distribution.

tive catalysts appeared to contain predominately metallic Au.
This is consistent with other researchers characterizing the Au
oxidation state of active CO oxidation catalysts using X-ray ab-
sorption and Mdssbauer spectroscopy [21-25].

3.2. Scanning transmission electron microscopy

The HAADF STEM images of the samples (Figs. 3a and 4a)
show well-dispersed, uniform gold nanoparticles. From STEM
images, an average particle size was calculated by measuring
approximately 300 particles using Digital Micrograph software.
The particle size distributions for these samples are shown in
Figs. 3b and 4b. In all cases, the size distributions could be well
fitted to a lognormal distribution.

Because the same technique and conditions were used to pre-
pare the Au/TiO2 and Au/Al,O3 of this study, the metal oxide
was the significant variable in the preparation. One difference
between the metal oxide supports is the isoelectric point, which
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Fig. 4. STEM (a) image and (b) Au particle size distribution of Au/Al, O3 fit to
a log normal distribution.

is approximately 6 for TiO, and 8 for Al,O3 [26]. The rela-
tionship between the pH during precipitation, the isoelectric
point of the metal oxide, and the activity for CO oxidation were
demonstrated by Wolf and Schiith [6]. They observed that as
the pH during precipitation was increased, the activity for CO
oxidation increased, which correlated with a decrease in the
Au particle size. This trend was observed until the pH was in-
creased past the isoelectric point of the metal oxide, at which
point the amount of Au deposited decreased. With the prepara-
tion conditions used in our work, the average Au particle size
(3.3 £ 0.5 for Au/TiO2 and 2.5 + 1.1 nm for Au/Al,0O3) and
loading (1.22 wt% for Au/TiO;, and 1.08 wt% for Au/Al,03)
were similar on both supports. Therefore, it is assumed that dif-
ferences in the kinetics of CO oxidation observed in this study
are attributed to the nature of the metal oxide support without
significant contributions induced through the catalyst prepara-
tion.
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Fig. 5. Arrhenius-type plots for CO oxidation (He:CO:04:Ar = 95.3:2:2:0.7)
over WGC AU/TiO,, Au/TiO5, and Au/Al,03. Dashed lines represent linear
regression of the data used to calculate apparent activation energies. The units
of reaction rate are molco, moI;& s1,

1 1 1
254 -
N A
.-l .
i . - P
-—— 6:’ A
@ - .
¥ -3.01 LR - -
c -ozeT Lo .
S & et
- e
® e S
® -3.57 “__0‘ e =
Q:/ A
c I
- A
-4.04 -
1 1 1
-2 -1 0 1 2

In (Concentration)

Fig. 6. Effect of reactant concentration on the rate of reaction at 273 K; di-
amonds represent variation of CO concentration while maintaining the O,
concentration at 1.0 mol%, triangles represent variation of O, concentration
while maintaining the CO concentration at 1.0 mol%. Filled symbols are for
Au/Al,03, open symbols are for Au/TiO,. Dashed lines represent linear re-
gression of the data used to calculate orders of reaction. The units of reaction
rate are molco, mol 1 s~2.

3.3. Global kinetics of CO oxidation

The Arrhenius-type plots of CO oxidation over Au/TiO, and
Au/Al;O3 are presented in Fig. 5. The World Gold Council ref-
erence Au/TiO, (WGC Au/TiOy) was also evaluated for CO
oxidation activity and is shown in Fig. 5. The effect of reactant
partial pressure on the global reaction rate at 273 K is presented
in Fig. 6. The fractional conversion of CO was less than 0.2
over Au/Al,O3 at all temperatures studied. For Au/TiO», the
fractional conversion of CO was <0.2 at 261 and 273 K and
<0.37 at 293 and 303 K. The estimated apparent activation en-
ergies (E,) and orders of reaction with respect to CO and O,
are presented in Table 1. Also included in Table 1 are turnover
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Table 1
Kinetic results during CO oxidation at 273 K2
Sample TOFP Ea Orders of reaction Refs.
s (kImol=ly 0Oy co
AuU/TIO, 0.34 29 0.25 0.20 This work
WGCS 0.10 31 - - This work
0.13 34 0.24 0.05 [27]
- 29 0.02 0.41 [12]
- - 0.32 0.34 [28]
Au/Al,O3 0.18 8 0.52 0.15 This work
0.03 32 - - [4]

& Data were collected at 273 K except for Ref. [28] which were collected at
343 K.

b TOF is the global reaction rate per Au atom in the catalyst normalized by
the fraction of metal exposed.

¢ World Gold Council Au/TiO, #02-5 reference catalyst.

frequencies (TOFs) calculated by dividing the global reaction
rate by the dispersion of Au. The fraction of Au exposed was
estimated from the inverse of the surface-average Au particle
size determined by STEM (3.4 nm for Au/TiO and 3.8 nm for
Au/Al,O3), corresponding to a dispersion of 29% for Au/TiO;
and 26% for Au/Al,O3. Table 1 also includes selected pub-
lished results for comparison.

From the Arrhenius-type plots of Fig. 5, a difference in
the apparent activation energy of CO oxidation over Au/TiO;
and Au/Al,O3 is clear. At approximately 245 K, the rate is
the same over both samples. Above 245 K, the Au/TiO; has
a higher global rate, whereas below 245 K, the Au/Al,O3 is
more active. This is reflected in the greater apparent activa-
tion energy observed for Au/TiO, compared with Au/Al;O3
(29 vs. 8 kJmol~1, respectively). The higher activity of titania-
supported Au compared with alumina-supported Au for CO
oxidation above 245 K is consistent with observations reported
in the literature [4,27]. The apparent activation energy for CO
oxidation over the Au/TiO; of this study was consistent with the
WGC Au/TiO and values reported elsewhere [12,27]. How-
ever, the apparent activation energy observed for Au/Al;O3 in
this work was lower than that reported by Okumura et al. [4]
(8 vs. 32 kImol~1, respectively). The low positive orders of
reaction with respect to O, and CO for CO oxidation were ob-
served for both samples of this study. The order with respect to
O3 over Au/Al;03 was twice that of Au/TiO; (0.52 vs. 0.25, re-
spectively). The order with respect to CO was similar over both
samples (0.15 for Au/Al,O3 and 0.20 for Au/TiO5). The orders
of reaction for Au/TiO, are comparable to those reported else-
where [12,27,28]. Although orders of reaction for CO oxidation
over Au/Al>O3 have not been reported in the literature, they are
similar to those reported for Au/TiO,. The slight dependence of
the reaction rate on the reactant partial pressures suggests that
the adsorption of O, and CO is not highly competitive as a re-
sult of separate adsorption sites [12,13] and/or very low surface
coverages [29-33].

3.4. Isotopic transient analysis

Isotopic transient analysis of CO oxidation was performed to
explore the effect of metal oxide support on the mean residence
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Fig. 7. Example of an isotopic transient during CO oxidation over Au/TiO, at
303 K.

time and coverage of active carbon-containing intermediates
leading to CO3. A typical set of carbon dioxide and argon tran-
sients after a switch between 12CO/Ar and 1¥CO/He are shown
in Fig. 7.

The average residence time of surface intermediates (t)
leading from CO (the isotopically labeled reactant) to CO; is
calculated by integrating the area between the normalized tran-
sients of 12CO3 (Fizcp,) or 13CO2 (1 — Fuacp,) and Ar (Far),

o]

T= / [ Fizco, — Far]dr. (1)
0

Because 7 is calculated using the transient response of the prod-
uct, the observed value can include contributions from read-
sorption or secondary reactions of CO,. These phenomena will
result in an artificially higher value of t that does not reflect the
intrinsic kinetics of the CO oxidation reaction. Readsorption of
CO» was anticipated because both Al,03 and TiO» have acidic
and basic surface sites [16]. In addition, oxygen exchange of
CO» with the support is suggested by Liu et al. who performed
isotopic studies of CO oxidation over Au supported on Ti and
Fe hydroxides [11,17]. Methods to correct for product read-
sorption have been presented by Ali and Goodwin [34]. One
approach to account for CO, readsorption is to measure t at
various flow rates. In doing so, the residence time of CO2 in the
reactor is altered, thus changing the likelihood of readsorption.
Readsorption of the product is negligible if T is independent
of flow rate. However, a positive relationship of T with inverse
flow rate indicates that interparticle readsorption of the product
may be occurring. Extrapolating t to zero inverse flow rate or
zero residence time adjusts for interparticle readsorption. Al-
though this extrapolation provides a better estimate of t, the
method does not account for readsorption within the catalyst
pores. An approach to account for intraparticle readsorption
is to cofeed unlabeled product [34]. The cofed product com-
petitively adsorbs with that formed catalytically, thus reducing
the contribution of readsorption to the observed 7. In theory,
7 will approach a value that represents intrinsic kinetics with
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Fig. 8. Effect of flow rate on measured = over Au/TiO, at 293 K with varying
levels of co-fed CO, to the reactor. The mole fraction of CO5 in the reactor,
YCOy ayq» WS the average of the inlet and outlet mole fractions.

increasing cofed product concentration. The concentration of
cofed product should be sufficient such that  is independent
of product concentration. This indicates adequate competitive
adsorption is present to account for intraparticle readsorption.
However, care must be taken not to influence the kinetics of the
probe reaction through the introduction of excess product. The
techniques described above to account for product readsorption
were applied in this study. A <25% change in the global rate
was observed with the addition of cofed CO,.

The reactor was loaded with different amounts of catalyst
for the two higher and two lower temperatures in an attempt to
maintain differential conversion. The t values observed from
the isotopic transient measurements, as a function of average
CO3 concentration, are presented in Figs. 8 and 9, for Au/TiO,
(293 K) and Au/Al,03 (323 K), respectively. The reported
values are an average of four switches between 12CO and 13CO
using both the 2C0O, and ¥CO, (im/e = 44 and 45, respec-
tively) signals. The average standard deviation of ¢ at each set
of experimental conditions was 0.10 s for Au/TiO2 and 0.13 s
for Au/Al;O3. The average CO2 concentration (yco, ,,,) Was
calculated as the average of the inlet and outlet molar CO, con-
centration.

For both samples (Figs. 8 and 9), a decrease in T was ob-
served as the concentration of cofed CO, was increased. Above
an average CO, concentration of approximately 0.6 mol%,
7 was nearly independent of CO, concentration. Figs. 8 and 9
also illustrate the influence of total gas flow rate on the ob-
served 7. As discussed by Ali and Goodwin [34], a decrease
in T with an increase in total gas flow rate is strong evi-
dence for interparticle readsorption of product along the cat-
alyst bed. For example, artifacts of interparticle readsorption of
CO, are found in the ¢ values associated with the lowest av-
erage CO, concentration in Figs. 8 and 9. However, cofeeding
CO2 (yco, avg > 0.6 mol%) minimized those artifacts. For each
sample, the effects of flow rate and average CO, concentration

25
° ® 251 mLmin”
B 318 mL min™
2.0 ¢ 381 mLmin”
n
*
1.5 -
0
; [ ]
1.0 - % o -
. N
0.5- -
0.0 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2
mol 9
yCOZan( ol %)

Fig. 9. Effect of flow rate on measured t over Au/Al,O3 at 323 K with varying
levels of co-fed CO, to the reactor. The mole fraction of CO5 in the reactor,
YCOy ayq: WS the average of the inlet and outlet mole fractions.

were similar at the other temperatures of this study (not shown).
The complete set of results is presented in the supplementary
material. The transient of 22CO was also measured during CO
oxidation and found to nearly match that of the Ar transient
(r < 0.14 s). Therefore, the exchange of CO isotopes within
the reactor system does not significantly contribute to the ob-
served CO, transient.

To estimate the contribution of readsorption and secondary
reactions of CO; that may have been present during the isotopic
transient analysis of CO oxidation, CO3 switching experiments
were performed without the presence of CO. These experiments
involved making a 0.2 mol% step change in the CO; concentra-
tion while simultaneously cofeeding 0.8 mol% CO, over the
catalyst sample. This was done while maintaining the same
O, concentration, total gas flow rate, pressure, and tempera-
ture used during the isotopic transient studies. The difference
between the isotopic transient data collected with CO oxidation
and the CO» transient data collected without reaction would be
attributed to the oxidation of CO.

Representative examples of the data collected without CO
oxidation (labeled “without reaction”), as well as those data
from the isotopic transient analysis of CO oxidation (labeled
“with reaction”) are presented in Figs. 10 and 11 for Au/TiO;
and Au/AlOg3, respectively. The reaction temperatures asso-
ciated with Figs. 10 and 11 are the same as those in Figs. 8
and 9. The t data are presented as a function of inverse flow
rate to demonstrate the influence of interparticle readsorption
and are at a 0.9 mol% average CO» concentration, to represent
a uniform correction of intraparticle readsorption. The isotopic
transient t values (with CO oxidation) were determined by per-
forming a linear regression of the = data as a function of yco, ,,
(at yco, »y > 0.4%), then calculating = at an yco, ,,, value of
0.9 mol%. The CO; transient data were determined at yCO2 ayg
of 0.9 mol% and thus were used as measured.
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Fig. 10. Effect of flow rate on 7 at yco, avg, = 0.9 mol% at 293 K and 1.2 atm
over Au/TiOy. ‘With Reaction’ are isotopic transient data of CO oxidation;
‘Without Reaction’ are CO» transient data without CO oxidation.
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Fig. 11. Effect of flow rate on z at yco, avg = 0.9 mol% at 323 K and 1.2 atm
over Au/Al,O3. “‘With Reaction’ are isotopic transient data of CO oxidation;
‘Without Reaction’ are CO» transient data without CO oxidation.

Figs. 10 and 11 clearly show that contributions to t not as-
sociated with the oxidation reaction were observed during the
isotopic transient analysis of CO oxidation over both Au/TiO;
and Au/Al,O3. To estimate the average residence time of ac-
tive surface intermediates leading to CO», the difference in 7
with and without CO oxidation was calculated. This was done
by averaging 7 at the three flow rates and subtracting the aver-
age t value without reaction from the average t value with CO
oxidation,

AT = Ty/CO oxidation — Tw/o reaction- )

Thus, At represents the residence time of active carbon-
containing intermediates involved in the oxidation of CO. These
values are presented in Table 2 for the various temperatures.
Isotopic transient analysis of CO oxidation below the temper-

atures reported here was hindered by excessive CO» readsorp-
tion.

The value of 7 corrected for CO, readsorption (At) is a
good approximation of the intrinsic activity of the catalytic
sites, as determined by

TOFintr = 1/A7: (3)

The intrinsic TOF (TOFiny ), as defined by Eq. (3), provides an
upper bound because it is based on the actual surface concen-
tration of intermediates under reaction conditions. The classical
calculation of TOF involves the total number of surface metal
atoms. Because not all of the surface atoms may participate in
the reaction, the conventional TOF provides a lower bound on
the normalized rate. Conversely, if the active surface sites are
not saturated at the time of the isotopic switch, then TOFjn¢ will
be greater than the true TOF of the catalytic sites. The moles of
reactive surface intermediates per mole of Au, Nco,, was cal-
culated using the following steady-state mass balance:

Nco, = At x Rco,, (4)

where Rco, is the steady-state rate of CO oxidation per mole of
Au atoms. The surface coverage of reactive intermediates, 6co_ ,
can then be calculated from Nco, using the Au dispersion,

e ©

€0 = Ay dispersion

The global reaction rates, TOFint, and Oco_ , at the various tem-
peratures are also included in Table 2.

After correcting for CO, readsorption/secondary reactions,
it was discovered that t was independent of temperature for
both samples. An average TOFiqy of 3.4 s~ for Au/TiO; and
2.1s~1 for Au/Al,O3 was calculated. The temperature indepen-
dence of the intrinsic rate suggests that the surface reaction of
adsorbed CO with surface oxygen was nearly unactivated.

Using Eq. (5), the coverage of carbon-containing intermedi-
ates leading to CO, was found to actually increase with tem-
perature. Therefore, it is unlikely that 6co, is a function of the
equilibrium adsorption of CO [30]. The value of 6co, at 293 K
was higher on the Au/TiO2 compared with the Au/Al,Os3,
whereas it was the same on the two samples at 273 K. The ab-
solute magnitude of 6co, must be viewed cautiously because
the adsorption of CO has also been observed on bare TiO, and
Al>03 [30,35] and the calculation of 6co, assumes that Au is
the only active surface. More informative is the relative value of
fcox that indicates more carbon-containing intermediates are
found on Au/TiO, compared with Au/Al,O3 at higher temper-
atures, which is related to the higher observed activation energy
on Au/TiO,.

The Au/TiO2 had a higher global reaction rate over the tem-
perature range of this study. The higher global rate was the
result of both a higher TOF;, and a greater number of active in-
termediates, suggesting that the metal oxide may influence the
oxidation of CO through different means. Two general roles of
the metal oxide support have been proposed: (1) to influence the
electronic properties of the Au nanoparticles and (2) to supply
adsorption sites.
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Table 2

Isotopic transient results during CO oxidation?

Sample T Global reaction rate 7 (s) 7 (5) AP TOFini© fco, ¢
(K) (molco, molxts—1) w/ reaction w/o reaction (s) s

AU/TIOy 303 0.44 0.62 0.37 0.25 4.1 0.38
293 0.32 0.67 0.35 0.32 31 0.36
273 0.10 0.87 0.60 0.27 3.7 0.09
261 0.06 0.94 0.59 0.35 2.8 0.07

Au/Al,O3 343 0.10 0.92 0.41 0.51 2.0 0.20
323 0.08 0.88 0.45 0.43 2.3 0.13
292 0.07 1.22 0.73 0.49 2.0 0.13
272 0.05 1.39 0.86 0.52 19 0.10

& Experimental conditions: 1.2 atm total pressure; He:CO:0y:Ar = 95.3:2:2:0.7.

b Difference between  with and without CO oxidation.
¢ Defined as At L.

d Fractional Au coverage of active intermediates based on 29 and 26% Au dispersions for Au/TiO, and Au/Al,O3, respectively.

It is possible that an electronic effect generated by the
metal oxide on Au nanoparticles would result in the difference
in TOFiny observed for CO oxidation over the Au/TiO, and
Au/Al;03. However, no attempt to resolve a direct observation
of an electronic effect was made in this work. Nonetheless, the
results obtained by other researchers performing experimental
and theoretical studies of Au supported on MgO and TiO> have
lead to the suggestion that F-centers in the metal oxide play an
important role in CO oxidation [8-10,36—38]. Goodman et al.
[9] showed a correlation between the relative concentration of
F-centers in MgO and the activity of Au/MgO catalysts for
CO oxidation. The F-centers are believed to electronically al-
ter the Au nanoparticles through charge transfer, allowing the
activation of O [8,38]. Arrii et al. [7] synthesized Au nanopar-
ticles of similar size distributions on Al,O3z, ZrO,, and TiO»
via a laser vaporization technique. From X-ray photoelectron
spectroscopy results, they determined the presence of metal—
support interactions. However, the extent of the interaction did
not correlate with the observed activity for CO oxidation over
the different samples. Therefore, they suggested that the elec-
tronic effect is secondary to the nature of the support, which
could influence the availability of reactant adsorption sites.

Differences in the ability of TiO, and Al,O3 to adsorb O,
may provide insight into the behavior of 6co . The coverage
of active carbon-containing intermediates leading to product
was observed to increase with increasing temperature, indicat-
ing that 6co, is not representative of the equilibrium adsorption
of CO. Conceivably, 6co, is a function of O, activation and
the subsequent availability of active oxygen species. For ex-
ample, as the temperature is increased, an increase in the rate
of O, activation would lead to an increase in the number of
active oxygen-containing intermediates. The greater availabil-
ity of active oxygen would increase the amount of adsorbed
CO that leads to product. Regarding O, adsorption, a distinc-
tion is often made between reducible (TiO2) and nonreducible
(Al,03) metal oxides. Significant O, uptake is anticipated on
reducible metal oxides, but not on nonreducible metal oxides
[5,29,32]. More readily available O, provided by the TiO, ver-
sus Al,O3 (reducible vs. nonreducible metal oxide) correlates
with the higher 6co_ observed over Au/TiO, compared with
AU/Al>,O3. This is also reflected in the lower order of reac-

tion with respect to O, observed over Au/TiO, compared with
AU/A|203.

Schubert et al. [5] prepared mixed-oxide-supported Au sam-
ples to explore the effect of reducible and nonreducible metal
oxides on CO oxidation. They deposited gold on various com-
positions of FepO3 - MgO and tested the materials for CO ox-
idation. The TOF increased with increasing Fe;O3 content de-
spite an increase in Au particle size. Results from time-resolved
CO titrations over Fe;O3 and Au/Fe O3 with preadsorbed O,
suggest the Fe,O3 provided a readily available supply of Oa.
They proposed that the ability of reducible metal oxides to sup-
ply oxygen promotes the activity of Au/reducible metal oxide
systems compared with Au supported on nonreducible metal
oxides [5]. Although the effect of the metal oxide on supported
Au catalyzed CO oxidation is not completely understood, the
metal oxide support appears to influence the availability and
subsequent incorporation of oxygen into CO,. Nevertheless, the
activity of Au/TiO, and Au/Al,Os is quite similar over the tem-
perature range of this study.

4. Conclusions

Deposition—precipitation using HAuCl, followed by thermal
treatment in He at 623 K was a viable technique for preparing
similar Au dispersion and loading on TiO, and Al;03. XAS in-
dicated the Au was in a predominately metallic state on both
metal oxides after thermal treatment in He. The overall activa-
tion energy and reaction orders for CO oxidation depended on
the type of metal oxide support. Contributions of CO5 readsorp-
tion and/or secondary reactions were observed during the iso-
topic transient analysis of CO oxidation despite cofeeding CO»
to introduce competitive adsorption. After correcting for these
effects, the TOFiny was found to be independent of temperature,
with values of 3.4 s—1 for Au/TiO; and 2.1 s~ for Au/Al,Os.
This finding suggests that reaction of CO with surface oxy-
gen is a nearly unactivated process and is nearly independent
of the support. However, the coverage of carbon-containing in-
termediates leading to product was observed to increase with
temperature, which is inconsistent with the equilibrium adsorp-
tion of CO. Consequently, 6co, is suspected to be a function of
the availability and subsequent activation of O,. The difference
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in Oco, observed over the two catalysts is possibly the result of
different O, activation mechanisms induced by the reducibility
of the metal oxide. Although the intrinsic rate of CO oxidation
is nearly independent of the support, the ability of Au/metal
oxide to activate O, is a key feature in determining the global
reaction rate.
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