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Nanosized anatase (0 nm), rutile £10 nm), and brookite~70 nm) titania particles have been successfully
synthesized via sonication and hydrothermal methods. Gold was deposited with high dispersion onto the
surfaces of anatase, rutile, brookite, and commercial titania (P25) supports through a deppstiguitation

(D—P) process. All catalysts were exposed to an identical sequence of treatment and measurements of catalytic
CO oxidation activity. The as-synthesized catalysts have high activity with concomitant Au reduction upon
exposure to the reactant stream. Mild reduction at 423 K produces comparably high activity catalysts for
every support. Deactivation of the four catalysts was observed following a sequence of treatments at
temperatures up to 573 K. The brookite-supported gold catalyst sustains the highest catalytic activity after all
treatments. XRD and TEM results indicate that the gold particles supported on brookite are smaller than
those on the other supports following the reaction and pretreatment sequences.

1. Introduction catalytic efficiency of titania depends on its crystalline form.
) This variability has been attributed to differences in the rates

Until about 10 years ago, gold was generally regarded to be ot rocompination, adsorptive affinity, or band gap between the

poorly active as a catalyst. However, the early studies of Bond ,iile and anatase phases of titafiz® Mo et al. found
107 23 6indi ! . . .

etal.; Ozin et al.*and Parravano et &P indicated that gold . rationally that anatase has a larger band gap than rutile,
is chemically active when it is dispersed as nanoparticles. In although they both have similar ground-state propeffiéchas
the late 1980s and the early 1990s, Haruta et al. found that thepeen hointed out that the Fermi level in anatase is higher than
gold _p_art|cles_ deposneq on_s_elected meta_l o_><|des exhibit yhat of rutile by about 0.1 e¥? In titania containing mixed
surprisingly high catalytic activity for CO oxidation even at  paseq of rutile and anatase, such as Degussa P25, enhanced
200 K87 Now, extensive literature describes the CO oxidation activity for photocatalytic oxidation may also depend on
ab|llt)é cifggold naglz%partlclesé supp%rteq or;lmetal O)Z('Zdzgs such as ¢y stallite morphology and interfacial contd@tlt is therefore
T'02’24 - F&05,># C0304° NIO® SiQp* Al205,**% and of interest to understand how differences in the structure of a
Z2r0*+*and %lgﬂ'ni??]rtu metal hydrOX||<|1Ies s_uchéz_sseBe(ZOH) titania support may affect other oxidative catalytic processes
and Mg(OH.), “7 which have ‘?ee” well reviewed.= In in Au catalysts. It has been shown that the selectivity in
general, a wide varlat'lon in activity of the Au catalysts has been propylene epoxidation is improved by using anatase compared
observed between different supports. _ to rutile for catalysts prepared by depositigorecipitation

Much of the variability in Au catalysts supported on different (p—p) of Au26 Higher activity for CO oxidation is observed
OX|deS de”VeS from Varla.tlon N the .pI’Op.ertles Of the 0X|(.j.es, for anatase Compared to rut"e When Au |S depos|ted us|ng a
for example, the effect of isoelectronic point on the deposition rather unconventional ion-cluster beam deposition appréfach.
of oxygen between the support and the Au nanoparticles. To co oxidation has been observed to be dependent upon the
understand more deeply the mechanism of catalysis of the goldsypport structuré? The contacts at the AtTiO; interfaces are
nanoparticles deposited on metal oxides, it is of interest to study 1o pelieved to play an important role in CO oxidatfén.
the effects .Of \(arlabmty of support structure fpr a_smg_le type |, pure undoped Tig both metastable phases convert to rutile
of oxide. TiQ, is a good candidate because it exists in three upon heating the material at temperatures above°Zo® In
main different allotropic forms: anatase, brookite, and rutile. "« o phases, the coordination of Ti is 6-fold with oxygen
Moit] ofotlhe prfetylousfstu?ées on the A[ln(_)zlstytste_m gre focuselgzs anions forming a distorted octahedron, and the oxygen atom is
on the deposition of gold on commercial titania Degussa ' shared by three adjacent Ti atoms. However, distortions of the

i 7,38 i 6 i i
a T'OZ(KQLO) sgrfacé‘, a T'OZ.(QOD surface? or titania octahedra in these three phases lead to crystallographic differ-
aerogels? Studies of the deposition of gold nanoparticles on ences and result in the different arrangement of theQriand

L ) - 10
g1e pure |t|tan|z:)|phhasde of a;aﬁe?@egtlle, or ?riog'tﬁ] a:rfhrareh i Ti—OH bonds on the surface of their particles. The titanium
reviously published work has demonstrate at the photo-j,ns in both rutile and anatase are located in tetragonal sites, in

which two axial T—O bonds are longer than four equatorial

*ICorresEonding authors. E-mail: dais@ornl.gov. E-mail: overburysh@ Ti—O bonds. The distortion of the [T¥Punit is greater in
ornl.gov. Phone: 865-574-5040. Fax: 865-576-5235. "L . A
Tghemiceu Sciences Division. anatase than in rutile. Two edges of the [d]iOnit are shared

* Condensed Matter Physics Division. in rutile, whereas four edges are shared in anatase. The structural
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distortion of the [TiQ] unit in brookite is the greatest among TABLE 1: Loading and Surface Area of As-Synthesized

the three allotropic phases, having six different-0 bond Catalysts

lengths® The structures of the most stable surfaces of,TIO  Ti02 ICP  XANES surface Au areal density
have been examined for rutile and ant&s&oth the (101) support synthesis loading loading area in units of (111)
surface of anatase and the (110) surface of rutile exhibit 2-fold _type  loading (%) (%)  (m’/g)  monolayer3
coordinate oxygen anions and 5-fold Ti cations, but the oxygen anatase 13 13 100 225 0.12
anions are more widely spaced on the anatase surface. Theanatase 6 5.2 n/a 225 0.051
different spacing and symmetry of these-0 and—OH bonds anatase 3 2.8  nla 225 0.027

on the surface of the particles of anatase, brookite, and rutile Eljglzk'te 113? 143'3 121'b79 19‘73 g'ggg
might affect the deposition of the gold hydroxyl precursor on e 6 29  nha 77 0.083

the surface of the titania particles during the-B process. The P25 13 5.7 a1 47 0.27
systematic study of the reaction on anatase-, brookite-, rutile-, P25 13 7.2 8. 47 0.34

and P25-supported gold catalysts might allow new insight into P25 6.5 45 5 a7 0.21

the catalytic mechanism of the gold nanoparticles deposited on  2Based on ICP loadings, in units of Au(111) monolayer or 13.9
the metal oxides. 108 Au/m2. ® XANES loading normalized to neutron activation analysis

In the following, we present the results of studies of catalysts loading measured for anatase.
prepared and tested by identical procedures in Au catalysts
supported on all three of the pure BiPolymorphs as well as ~ (HAUCI43H0, 99.9+%, Aldrich) were dissolved into 50 mL
on P25. We find that when other factors are kept constant, the Of deionized water. The pH value of the resulting solution was
catalytic activity is not much affected by the variation of the adjusted to between 9:A0.0 with vigorous stirring using a
titania structure. However, the stability of the Au nanoparticles solution of 1.0 M KOH at room temperature to displace Cl
is dependent upon the support structure. In addition, many With hydroxyl on the Au precursdr: After pH adjustment, the
previous studies on the preparation of the F&Dpported gold ~ solution was heated in a 60 water bath followed by the
catalysts involved the calcinations at elevated temperatureaddition of 1.0 g of TiQ powder. The resulting mixture was
between 473 and 673 K to control the particle size of the gold continually stirred fo 2 h to permit the Au precursor to react
on the metal oxide supports. Our results indicate that the as-With and displace surface hydroxyls. Finally, the precipitates
synthesized titania-supported gold catalyst and catalysts reducedvere separated by centrifugation and washed three times with
at 423 K show high activity. High resolution transmission deionized water and once with ethanol to remove.Qlhe
electron microscopy (HRTEM) analyses on the most active Product was dried at a 50C temperature in air overnight to
samples show predominantly 8:2 nm sized gold particles on ~ obtain the “as-synthesized” catalyst. To avoid growth of Au

the surface of the titania surface. particles and other changes in the catalysts, no calcinations or
reductions were performed on the catalysts until they were put
2. Experimental Section into the catalytic reactor.
The amount of Au that would be expected if all Au adsorbed
2.1. Sonication Synthesis of Anatase and Rutilén a typical on the titania support was calculated from the synthesis

synthesis, 100 mL of deionized water was sonicated by parameters and is reported in Table 1 as the “synthesis” loading.
employing a direct immersion titanium horn (Sonics and The actual Au loadings of the samples were determined using
Materials, VCX-750, 20 kHz, starting power 100 W) followed  inductively coupled plasma-atomic absorption (ICP-AA). A set
by the injection of 10 mL of the Ti precursor into the sonication of dissolved HAuCJ solutions were obtained (Alfa-Aesar) and
cell (glass beaker). The structure of the resulting oxide dependsysed as standards for ICP-AA analysis. The supported Au
on the type of precursor, and using tetraisopropyltitanate catalysts were digested in HEHNO; intended to dissolve the
(Aldrich) leads to anatase while using titanium tetrachloride Ay and the TiQ support. The dissolved samples were run along
(Aldrich) leads to rutilé2 The mixture was further sonicated  with the standards. Since the measurements were performed on
continuously for 1 h, and the sonication was conducted without as-synthesized samples which contair8% water (according
cooling. The white precipitates were separated by centrifugation to thermogravimetric analysis (TGA) data), then the reported
at 8000 rpm (about 82@) and washed three times with Au loadings are low by this amount compared to the dry
deionized water and once with ethanol. After each centrifuga- |oadings. The step edge measured by X-ray absorption near-
tion, the clear liquid was decanted and the solid product was edge spectroscopy (XANES) was also used as a semiquantitative
redispersed into solvent for the next washing cycle. Finally, the measure of Au concentration. The Aanatase sample with the
product was dried in a desiccator overnight and was ground highest synthesis loading was checked by neutron activation
into a fine powder before the deposition of the gold precursor analysis, which was used to normalize the edge jump for four
on its surface. of the XANES measurements. The results from these three
2.2. Hydrothermal Synthesis of Brookite>® Typically, methods are provided in Table 1. There is qualitative agreement
NaOH solution (2 M) was added to 5 mL of titanium between the XANES and ICP measurements.
tetrachloride with stirring to adjust the pH value of the solution 2.4. Measurements of Catalytic Performance for CO
to 10, producing a basic colloidal solution. The obtained solution Oxidation. The CO oxidation reaction was carried out in a plug
was transferred into an autoclave and heated at “ZDGor flow microreactor (AMI 200 Altamira Instruments). Typically
24 h. The white precipitates were separated by centrifugation 50 mg of Au-TiO catalyst was packed inta 4 mmi.d. quartz
and washed three times with deionized water and once with U-tube, supported by quartz wool. Sample treatments were
ethanol, as described in section 2.1. The product was dried atcarried out on the same instrument using 8%—8e for
70°C in air overnight. The product was ground to a fine powder oxidations, 12% k—Ar for reductions, or Ar for thermal
before the deposition of the gold precursor on its surface. treatment. For each treatment, gas flow was initiated near room
2.3. Deposition-Precipitation (D—P) of the Gold Precur- temperature and then the temperature was ramped &4C/L0
sor on Anatase, Brookite, Rutile, and Commercial P25First, min to the target and held for 30 min, and then cooled to reaction
weighed amounts of hydrogen tetrachloroaurate (Ill) trihydrate temperature in the gas. Each pretreatment was followed by
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SCHEME 1
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activity measurements made as follows. A gas stream of 1% out on two different microscopes. Routine TEM and Z-contrast
CO balanced with dry air{4 ppm water) was flowed at ambient microscopy was carried out using an HITACH HD-2000
pressure through the catalyst at a rate that was adjusted fromscanning transmission electron microscope operated at 200 kV.
sample to sample to maintain a constant space velocity of A VG 603 aberration corrected Z-contrast microscope capable
44 000 mL/(hg of catalyst) or about 37 citmin. Gas exiting of magnifications up to 5« 10" was employed for the high
the reactor was analyzed by a Buck Scientific 910 gas resolution microscopy. Nitrogen gas adsorption measurements
chromatograph equipped with a dual molecular sieve/porous (Micromeritics Gemini) were used to measure the surface area
polymer column (Alltech CTR1) and using a thermal conductiv- and porosity of the titania supports.
ity detector. Typically, the sample was cooled to low temperature ~ X-ray absorption near-edge spectroscopy (XANES) was
and the exiting gas was analyzed at regular intervals as theperformed at the NSLS at beamline X-18b. Samples were diluted
sample was slowly warmed. The reaction temperature was variedwith BN and pressed into pellets which were placed in a quartz
using an oven or by immersing the U-tube in a dewar of ice reactor tube. An oven permitted treating the samples at elevated
water or of cooled acetone which slowly warmed (typically temperatures in flowing hydrogen (4%,HHe), the reaction
0.1-0.2°C/min) throughout approximately 10 h. The resulting mixture (1% CG-air), or Ar. XANES spectra were measured
curve of conversion versus temperature was used to assess thi fluorescence mode following various pretreatments and were
activity after each treatment. An identical treatment protocol used to determine the Au loading and the oxidation state of the
was followed for each sample. Four different aliquots of each Au catalysts. XANES results are described in more detail
catalyst were run, each treated according to the following elsewheré>
reaction and treatment sequences, illustrated in Scheme 1:

(I) The as-synthesized sample was exposed to a reaction3. Results

mixture (1% CO-air) for abod 1 h atroom temperature. It 3.1. Characterization of the Catalysts Au on AnataseThe
was then cooled to low temperature, and activity was measuredr_.,owder XRD patterns shown in Figure 1 show that the ;TiO
with increasing temperature. ~ synthesized by sonication is well described as the anatase phase,
(I1) The as-synthesized sample was exposed to the reactiongjthough it contains a small amount of brookite impurity. The
mixture for approximatel 1 h atroom temperature, and then,  scanning electron microscopy (SEM) micrograph in Figure 2
a sequence of treatment steps were carried out, with each steghows a very fine particle size of the sonicated anatase,
followed by measuring a light-off curve. The sequence consisted composed of approximately-8.0 nm particles which are
of the following five steps: (a) heating in Ar at 423 K for  aggregated together to form bigger assemblies. It is believed
30 min, (b) reduction at 423 K for 30 min, (c) oxidation at  that the interparticle mesopores are responsible for the hysteresis
423 K for 30 min, (d) oxidation at 573 K for 30 min, and |oop observed in the N adsorption isotherm (Supporting
(e) reduction at 423 K for 30 min. After each of these treatment |nformation Figure s1). These interparticle mesopores are an
steps, the sample was cooled in the treatment gas and then #mportant contribution to the measured high Brunat®m-
light-off curve was measured, implying long exposure to the mett—Teller (BET) surface area 225y.
reaction mixture at temperatures below 373 K. After the D—P of the gold precursor on the surface of the
(1) The as-synthesized sample was exposed to the reactionanatase support, the XRD pattern is unchanged; in particular,
mixture for approximatgl 1 h atroom temperature and then a  no metallic gold peaks are observed in XRD (Figure 1). Since
sequence of treatments carried out, each step followed bythe Au loading is high, the lack of additional peaks due to the
measuring a light-off curve. The sequence consisted of the Ay D—P indicates that the gold is highly dispersed into particles
following two steps: (a) oxidation at 573 K for 30 min and  that are too small to generate observable XRD peaks. XANES
(b) reduction at 423 K for 30 min. After both treatment steps, analysis of the catalyst in this as-synthesized state indicates that
the sample was cooled in the treatment gas and then a light-offa substantial amount of the Au is in a cationic state. A Z-contrast
curve was measured, implying long exposure to the reaction micrograph of the as-synthesized anatase-supported gold catalyst
mixture at temperatures below 373 K. (Figure 3, top) shows a broad distribution of gold particles
(IV) The as-synthesized sample was oxidized at 773 K for resulting from the B-P including aggregates, as large as
30 min and then cooled in the treatment gas prior to measure-20—50 nm, but their concentration must be too low to give
ment of the light-off curve. detectable XRD peaks. Higher resolution Z-scanning transmis-
2.5. Characterization Methods.Powder X-ray diffraction sion electron microscopy (Z-STEM) analyses reveal many
(XRD) data were collected via a Siemens D5005 diffractometer raftlike, small particles in the size range 65.0 nm are present
with Cu Ko radiation ¢ = 1.5418 A). Microscopy was carried  in the as-synthesized catalyst (Figure 3, bottom). On the basis
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Figure 1. Simulated XRD patterns for anatase, brookite, and gold

compared with experimental XRD for anatase and anatase-supported

gold catalyst (13 wt % Au). The Au loaded catalyst is shown both in

the as-synthesized state and after exposure in the reactor to treatment
sequence Il.

4 nm

Figure 3. Images by conventional (250 000 magnification, top) and
high resolution (2x 10° magnification, bottom) Z-contrast STEM
micrographs of as-synthesized gelanatase catalyst (13 wt % Au).
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Figure 2. SEM micrographs of the different titania polymorphs shown . N

(at the same magnification) before deposition of Au.

20 30 40 50 60 70 80 90
of the XANES results, it is concluded that these small rafts are 26/°(CuKav)
primarily Au oxide or Au oxyhydroxide. Figure 4. Simulated XRD patterns for rutile and gold compared with
Samples were also examined after removal from the catalytic experimental XRD for rutile and rutile-supported gold catalyst (14 wt
reactor. In one case, a catalyst was removed from the reactor af¢ Au). The Au loaded catalyst is shown both in the as-synthesized
the end of sequence II, including oxidation to 573 K. XRD state (before reaction) and after exposure in the reactor to treatment
. . S . sequence Il (after reaction).
showed obvious gold peaks (Figure 1), indicating an increase
in the concentration of metallic gold particles large enough to
generate detectable XRD peaks (larger than about 5 nm). Inmeasured BET surface area, 77.%gnobserved for rutile. In
another case, the catalysts were reduced at 573 Ksiard addition, a slightly less pronounced hysteresis loop is observed
subsequently oxidized at 773 K, followed by another reduction for rutile than for anatase, suggesting a smaller surface area
at 423 K, a sequence which substantially deactivated the sampleassociated with mesoporosity in rutile (Supporting Information
Microscopy indicated complete loss of the raftlike small particles Figure s2, N adsorption isotherm of sonicated rutile).
and the appearance of large faceted Au nanoparticles with sizes After Au D—P, the rutile-supported gold catalyst did not give
10 times larger, that is, in the range-80 nm (not shown). detectable gold XRD peaks, despite a high Au loading (Figure
Au on Rutile.In contrast to anatase obtained using the 4), similar to the result for the anatase-supported gold catalyst.
sonication method, rutile prepared by the same methodology As with the anatase-supported sample, XANES indicates again
did not contain any XRD detectable impurity (Figure 4). The that the Au is present primarily in an oxidized phase. No clear
SEM micrograph of nanocrystalline rutile (Figure 2) exhibits Au particles were observed on the as-synthesized Au catalyst
facets which appear to be larger than those of the anatase. Aby conventional TEM, although the Z-contrast indicated broad,
larger particle size for rutile is in agreement with the observed diffuse regions containing Au (not shown). As with the anatase,
narrower XRD peaks (Figure 4 vs Figure 1) and with the results after it was subjected to the catalytic reaction conditions
of Huang et aP? Larger particles partly explain the smaller (sequence Il, see below), this catalyst gives obvious gold XRD
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Figure 5. Simulated XRD patterns for brookite and gold compared
with experimental XRD for brookite and brookite-supported gold
catalyst (3.3 wt % Au). The Au loaded catalyst is shown both in the
as-synthesized state (before reaction) and after exposure in the reactor
to treatment sequence Il (after reaction).

peaks, indicating the reduction and aggregation of Au into
nanoparticles that are at least 5 nm in average diameter in
agreement with STEM observations.

Au on Brookite.Synthesis of Ti@ under the hydrothermal
process gave single phase brookite, as indicated by the
comparison of the simulated and experimental powder XRD
patterns shown in Figure 5. The nanocrystallites of brookite,
obtained through the hydrothermal process, are bigger than those
of rutile or anatase, and many are needlelike, in agreement with
the sharper XRD features. The SEM micrograph shows that the
characteristic particle size of the brookite is on the order of
70 nm (Figure 2). Surprisingly, the measured BET surface area (c) > nm
106 nt/g (Supporting Information Figure s3,,Nadsorption  gigyre 6. HRTEM micrograph of Au on brookitegold catalysts
isotherm of hydrothermal synthesized brookite) is larger than recorded (a) in the as-synthesized state, (b) following mild reduction
that of finer grained rutile (77 ffg) although smaller than that  at 423 K, and (c) following calcination at 573 K. The micrographs in
of anatase (225 #fg). The more pronounced hysteresis loop in parts a and b were obtained at ax210’ magnification, and that in
nitrogen adsorption indicates that interparticle mesopores existPart ¢ was obtained at a5 10" magnification.
in the brookite and are responsible for the relatively high surface
area. |

I

Gold Simulated
As-synthesized brookite-supported gold catalyst did not give O Y
detectable gold XRD peaks (Figure 5). In contrast with anatase- =
and rutile-supported gold catalysts, after exposure to catalytic g J Adfter reaction
reaction conditions (following sequence Il), the brookite- 2 Ao ‘*—"‘“—‘“-*"*-*‘ )
supported gold catalyst still did not exhibit obvious gold XRD = Hefbre reaction

_J;jullﬂn‘..

peaks (note the absence of a peak nedj.4dthough the Au | .
loading is low, the Au peaks should still be visible if the mean PR N

Au particle size was as big as that observed on rutile. The results L e e
suggest small Au particle sizes are stable to the reaction TR
conditions in sequence Il. Z-contrast microscopy results were Y .
obtained on this sample in three different states: (1) the as- 20 30 40 50 60 70 80 90
synthesized state, (2) after reduction at 423 K, and (3) following 26/° (CuKo)

calcination of the sample at 573 K. Micrographs in each of these Fi . .

A . B igure 7. Simulated XRD patterns for anatase, rutile, and gold
§tates are shown in Figure 6. As with the anatase, Au is _\/lSlbIe compared with experimental XRD for P25 and P25-supported gold
in the as-synthesized state as very small, apparently thin raftscatalyst (5.7 wt % Au). The Au loaded catalyst is shown both in the
with sizes of 0.5-2 nm (Figure 6a). Little is changed following  as-synthesized state (before reaction) and after exposure in the reactor
mild treatment at 423 K (Figure 6b). The lattice fringes of the to treatment sequence Il (after reaction).
needlelike TiQ crystallite are readily visible also in both
micrographs. After the calcination at 573 K, these small rafts distributed in the range-110 nm are visible, and still lower
were not observed, and Au particles were few or absent in magnification reveals also many particles in the range 30
several micrographs obtained at the highest magnification. 70 nm.

Figure 6¢c shows a micrograph which exhibits a single Au  Au on Commercial P25Degussa P25 is a commercially
particle which is 2-3 nm in size and exhibits fringes, suggesting available titania, which contains 70 wt % anatase and 30 wt %
a faceted 3-D particle. At lower magnification, many particles rutile. Our XRD results confirm this mixture of phases (Figure
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Figure 10. CO oxidation activity over Au-TiO, catalysts with different
supports: (a) from the as-synthesized sample (step la); (b) following
treatment in 8% @-He pretreated at 573 K for 30 min (step llla).
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Figure 9. CO oxidation activity over 13 wt % Atanatase shown as
CO conversion vs temperature (light-off curves) after various pretreat-
ment steps. pronounced oscillations, closely matches that of a Au foil (not
shown). Additional treatments in hydrogen and in oxygen were
7). The mean Ti@particle size is about 2630 nm, which is performed.up to 573 K, and subsequent spectra were run in the
in agreement with the SEM analyses (Figure 2). The measuredCO—air mixture. These treatments did not further alter the
BET surface area 47 #y is in agreement with the reported general shape of the spectrum or bring _abo_ut any growth of the
value (Supporting Information Figure s4; Bidsorption isotherm peak at the Au edge. Therefore, no reomdauqn occurs as a result
of P25). Similar to anatase-, rutile-, and brookite-supported gold of these treatments or of exposure to reaction conditions.
catalysts, P25-supported gold catalyst did not give any gold 3.3. Catalytic Measurements.A typical set of light-off
peaks before catalyzing the oxidation reaction of CO to,CO curves are shown in Figure 9 for the 13 wt % Aanatase
(Figure 7), although Au is faintly visible after exposure to Sample after various steps of the reaction sequences. For this
reaction sequence Il. ICP analysis gives a gold concentrationsample, the as-synthesized catalyst showed 100% conversion
of 5.7 wt %. at room temperature (298 K) when placed in the reactor.
3.2. Reduction Studies by XANESXANES was used to Measurable conversion ceased when cooled to 200 K but
extract information about the oxidation state of the Au during resumed as the temperature was increased to above about
the pretreatment steps used in each of the sequences. Typica?35 K (Ia). The curves in Figure 9 show similar behavior after
XANES spectra are shown for the 14 wt % Awutile surface each pretreatment, but the temperature range at which conversion
in Figure 8 and are further described elsewléiEhe pre-edge increases changes after each treatment. Similar families of light-
of the Au Ly, absorption edges exhibits a sharp peak for the Offs were obtained for all of the supports.
as-synthesized state, indicating that it is highly oxidized, Light-off curves for the different supports are compared in
probably mostly in the A¥ state®® This peak is slowly Figure 10a for the as-synthesized samples and in Figure 10b
diminished by exposure to the reaction mixture of 1%-G@r for the samples which have been oxidized to 573 K in sequence
at room temperature (Figure 8), a condition which mimics that 1ll. Since most light-off curves have a fairly similar shape, it is
during step la. This result demonstrates that reaction conditionshelpful to describe the activity by the temperature at which the
at room temperature bring about partial reduction of the Au, conversion equals 50%so. Table 2 summarizes thk values
even though an excess of oxygen is present. Heating in Ar of all samples after various pretreatments. ValueSfare
causes an additional decrease of the peak, indicating that somerovided in Figure 11 for three of the catalysts after the various
autoreduction is possible due to heating. Finally, reduction at pretreatments. As another indication of the activity, calculated
423 K, the pretreatment of step llb, causes a complete loss ofspecific reaction rates are given in Table 3, extracted from the
the peak and leaves a spectrum which, except for slightly lesslight-off curves and normalized to the total ICP Au loadings.
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TABLE 2: Tsoy of Au—TiO, Catalysts for the CO Oxidation Reaction

Tso (K)

13% 5.2% 2.8% 3.3% 14% 2.9% 5.7% 7.2% 4.5%
step  pretreatment Au—anatase Au—anatase Au—anatase Au—brookite Au-—rutile Au-—rutile Au—P25 Au—P25 Au—P25
la as-synthesized 235 252 318 254 242 n/a 225
lla  Ar, 423K 240 264 334 257 260 423 215
IIb 12% H, 423K 235 247 293 235 238 >425 248 236 243
llc 8% 0,423 K 245 258 296 258 275 >425 316
Ild 8% 0,573 K 283 253 281 238 327 >425 337 258 246
lle 12% H, 423 K 277 264 277 267 321 >425 346
Ila 8% 0,573 K 280 286 279 263 321 294
b 12% H, 423 K 269 273 273 258 311 299
IV 8% 0,773 K 363 304 411 376

a Skipped steps lla and llc.

TABLE 3: Comparison of Specific Reaction Rates (mol of CO/mol of total Aus) at 235 K for Au—TiO, Catalysts after Various
Treatments?

rate (s1) x 10*3at 235 K

Au wt % reduced 423 K oxidized 573 K oxidized 573 K

support loading (ICP) (step 11b) step Iid) (step llla) reference
anatase 13 4.0 0.75 0.28 present
anatase 5.2 2.2 3.2 035 present
anatase 238 1.6 1.6 13 present
brookite 3.3 16 15 3 present
rutile 14 1.8 0.0016 0.000038 present
rutile 2.9 0.005 0.006 n/a present
P25 5.7 7.0 0.07 0.07 present
P25 7.2 4.4 1.4 n/a present
P25 4.5 8 3.7 n/a present
World Gold Council (P25) 1.5 23 present
p25 1.8 7.7 ref 12
p25 0.7 2.6 ref 12
P25 calcine 473 K 1 13 ref 19
P25 calcine 573 K 1 22 ref 19

2 Space velocity= 44 000 (mL/h g of cat.), CG= 1%, O, = 20% N, balance” Extrapolated® Loading assumed from synthesis stoichiometry.
d Calcined 673 K, reduced 1%;tat 723 K.

Although G, chemisorption methods are availabfaye did not by temperature-programmed desorption (TPD). Figure 12 shows
measure Au surface areas, so rates based on surface Au are nat TPD curve obtained from the 12.5% Aanatase sample. In
reported. These rates are compared with literature values. Inthis measurement, the as-dried catalyst was heated from room
addition, a reference catalyst obtained from World Gold Council temperature at 15 K/min under He at a constant flow rate and
(WGC) was also run using the same conditions as the otherthe desorption products were analyzed by an in-line sample mass
catalysts. Since this catalyst was already calcined by the spectrometer. The results show that the major product desorbed
manufacturer, this catalyst was only pretreated by oxidizing at is water which mostly desorbs below 573 K. Water is attributed
573 or 773 K. both to desorption from the support and dehydrolysis of the
All as-synthesized catalysts were light tan or creamy brown Au hydroxide. Au oxide, remaining after the dehydrolysis,
in color. When a fresh sample was put into the reactor, a decomposes by 573 K to yield an, @eak. XANES indicates
darkening along the upstream edge occurred immediately uponthat the Au oxide is reduced at lower temperatures under
introducing the reaction mixture (1% C&ir), even at room hydrogen. A small amount of carbonate also desorbs near 473
temperature. The darkening was associated with the reductionand 600 K.
of Au particles by CO, demonstrated by the XANES measure-
ments described above. Color change was partial or slow at4 piscussion
room temperature because the reduced portion of the sample is
catalytically active, thereby removing the reductant CO before  There have been several studies on the activity of Au catalysts
it could penetrate into the center of the catalyst bed. Exposure prepared on titania supports, but most studies use Degussa P25
in the reaction mixture at room temperature for an hour was as a support. The present work is apparently the first time that
not always sufficient to completely reduce the sample, although Au catalysts have been prepared and examined on all three
the process of measuring a full CO light-off curve at temper- polymorphs of titania. The primary goal was to determine if
atures at or below room temperature may fully reduce the as- there is an effect of the titania support crystallographic structure
synthesized sample, changing the entire bed to a dark bluish oron the activity and stability of the resulting Au catalysts. Starting
black color. Therefore, the extent of reduction may vary with the four different TiQ supports, considerable care was
throughout the light-off curves obtained after step la. However, taken to ensure identical Au deposition methods, sample
treatment in H at 423 K (step lic) or @at 423 K (step llla) pretreatments, and catalytic testing conditions for each of the
caused complete reduction, as indicated by color change andcatalysts. A sequence of pretreatments was undertaken to study
proven by XANES. how each is affected by changes in the catalyst makeup during
To better understand the processes occurring under thermathe pretreatments. Observed differences in catalytic activity or
treatment, some of the as-synthesized catalysts were analyzedtability may then result from differences in how each support
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340 decomposition of the resulting Au oxide, as suggested by the
L] ©5:2% Au-anatase o4 g TPD in Figure 12. Once in the reactant mixture, further reduction
r| 03.3% Au - brookite .
| 013% Au rutile o may occur analogously to the as-synthesized catalysts. TPD
300 indicates that much of the water on the catalyst desorbs by
3 o heating to 423 K, and some sintering of the reduced Au particles
B i might be expected. Previous work has indicated that Au activity
260 | § 6 8 o o is enhanced by water adsorbed on the catdfEhe very slight
C g S M decrease in activity (increaseTgo) indicates that the adsorbed
g © water has little enhancement effect and that the sintering does
290 L not occur rapidly at 423 K.
la lla b lic Iid lle lla lib

Continued treatment of the catalysts at 423 K by hydrogen
(Ilb) and then by @ (llc) also shows only slight effects upon
Figure 11. Summary of the light-off temperaturek, given for three  the activity of all catalysts. Pretreatment IIb completely reduces
of the catalysts after the treatments of sequences |, II, and III. the Au to A and no subsequent treatments (i.e., lic, Iid, or

Ile) cause any change in the Au oxidation state, as determined
10 by XANES. Since the Au is fully reduced, all observed CO
oxidation is catalytic. Also, since the state obtained in IIb has
the lowestTso value for most catalysts, Alis associated with
the activity in these catalysts. The fact that all catalysts have
comparable conversions (i.e., most show 50% conversion
between 235 and 250 K) suggests that the crystallographic nature
of the titania and the variable morphology that characterize the
different polymorphs are not critical factors in determining the
catalyst activity. All sintering by treatments after llb must be
273 related to migration of Au metal on the titanium oxide. For most
0 1000 2000 3000 4000 5000 catalysts, the reduction inZslightly activates the catalyst, while
time (sec) subsequent treatment in oxygen (lic) slightly deactivates it
Figure 12. TPD spectra for the 13% Avanatase sample in He and a (Tablg 2). This reversal also rgfutes the possibility of progressive
heating rate of 15 K/min. sintering and may suggest instead that ltds the effect of
redispersing Au metal nanopatrticles.

The effects of heating to 573 K in oxygen (lid) were mixed;
in some catalysts)so increased, but in others, it was unchanged
or even decreased. This implies that deactivation by either loss
of water or sintering depends on other factors other than just
&he temperature of the treatment. One factor is the nature of the
support. The higher loaded rutile-supported catalyst dramatically
decreased in activity and did not recover as a result of
ubsequent reduction at lower temperature (lle). This trend is
pparent in Figure 11 and distinguishes it from the anatase and
rookite. This deactivation and the remarkably lower overall
d activity for the lower loaded rutile sample suggest that certain
properties of this support (crystal structure, defect structure, or
the Au—titania interface contact) make it less effective as a

exposure to the reaction mixture at room temperature. :
XANES indicates that the Au is present in an oxidized form, support for _the _Au. The P25 is the next most ?ffeCt.ed _b_y the
573 K calcination treatment, consistent with its significant

presumably as hydroxide, in the as-synthesized catalysts (Figure . . o

8). Both XANES and the sample color changes indicate that concentration of the rutile phase. Brookite is one of the least

the hydroxide is reduced by the CO in the reaction mixture and affected by treatments.

so CQ production results from reduction of Au hydroxide. At~ The treatment in @at 773 K decreased the activity of all

the CO flow rates used in the catalytic measurements, sufficientcatalysts (Table 2 and Supporting Information Figure s5). After

CO is available to achieve complete stoichiometric reduction the treatment, the reference WGC catalyst gave the highest

of all the Au in a few minutes if no CO is lost to competing activity of all catalysts and reached 50% conversion at 283 K.

catalytic conversion. Therefore, CO conversion beyond the first Consistent with lower temperature results, brookite-supported

few minutes must be partly associated wdttalyticconversion ~ catalystis still very active with &so value of 303 K. However,

of CO. In the as-synthesized catalysts, the Au changes gradually2natase- and P25-supported catalysts reached their 50% conver-

from the oxidized to reduced oxidation state during the process Sion at 373 and 400 K, respectively.

of collecting the light-off curve in step I. Therefore, the Another factor affecting activity is variation in the Au loading

measured conversion is ambiguous because it may result fromand areal density, which may possibly affect changes in

both processes. dispersion upon deposition or during heat treatment. A com-
Pretreating the catalysts at 423 K in Ar (step lla) has little parison of the three anatase samples for both pretreatments in

effect on the activity as compared to the as-synthesized catalystsvhich the sample is calcined to 573 K (lld and Illa) shows that

(1a). In most cases, thisg value increases only slightly (Table they have comparabl&sg values, suggesting that the variation

2). XANES indicates partial reduction of the Au occurs during in loading does not significantly affect the conversion in this

heating. Since there is no reductant gas, the autoreductionloading range. Therefore, the calcined catalysts with lower

process is probably dehydrolysis of the Au hydroxide and loading make more effective use of the available Au. A

Treatment type

[+2]

1073

873

673

QMS Intensity (au)
Temperature ( K)

B
=
(&)

affects the uptake, reducibility, growth, or dispersion of the gold
particle growth during thermal treatments.

It is seen that the as-synthesized catalysts are very active.
Every catalyst except one exhibited 100% CO conversion at
room temperature as soon as reactants were introduced an
yielded Tsp values in a range of about 23@50 K during
subsequent light-off (step Ia). These value3gfare as low as
those for any other pretreatments. Therefore, it is not necessar)ﬁ
to calcine or reduce the catalysts at elevated temperatures t
activate it, in agreement with recent results of Moreau éf al.
Either an active form of Au is present in all the as-synthesize
catalyst or Au is immediately converted to an active form by



10684 J. Phys. Chem. B, Vol. 109, No. 21, 2005 Yan et al.

Au-brookite It has been suggested that the high CO oxidation activity of
Au—TiO, catalysts may be the result of the highly dispersed
Au on the TiQ with the size in the range-23 nm1216 The
interaction between Au and Tiplays an important role in
stabilizing the Au particles. STEM results in Figures 3 and 6
reveal the presence of a large number of well-dispersed, small
gold rafts (thin and +2 nm diameter) on the anatase and
brookite supports for the as-synthesized catalysts. While the
treatments in @ to 573 K (sequences Il and Ill) caused
considerable deactivation on rutile, it did not greatly affect the
100 nm brookite-supported catalysts. It is of interest to further compare
the microscopy results from these surfaces.

Figure 13 shows a comparison of the brookite-supported and
P25-supported Au catalysts after completion of sequence Il
including calcination to 573 K. Z-contrast images recorded at
identical magnification show clear differences in size distribu-
tion. Analysis of the particle sizes in these micrographs indicates
that the mean particle size is 493 and 8.2+ 6 for the brookite
and P25 supports, respectively. The smaller particles and
narrower size distribution for the brookite-supported Au agrees

Au-P-25 with the absence of Au XRD features (Figure 5). The smaller
Figure 13. Au catalysts supported on brookite (3.3 wt % Au) and Au mean particle size in the brookite is apparently correlated

P25 (5.7 wt % Au) compared by conventional STEM after treatments \yith its higher activity compared to the Au supported on P25
up to 573 K (after sequence II). or the other supports.

comparison of the specific reaction rate (Table 3) shows that | N€ Samples (Aebrookite) shown in Figure 6 were treated
the effect of Au loading on the rate depends on the treatment, ©SPecially for purposes of performing microscopy. These three

It has been noted previously by Moreau ef/athat the Au samples had comparable activities; that is, the_conversion at
specific reaction rate frequently is observed to decrease with 250 K was 28, 57, and 29% for the as-synthesized, reduced,
decreasing loading. They were able to achieve high specific @nd Oxidized samples, respectively. Another -Awookite
activities at low loadings for catalysts without pretreatment Sample was oxidized at 773 Krfa h and exhibited a conversion
(comparable to our as-synthesized state) and attributed thisof about 18% at 250 K. The activities confirm the relative
success to careful pH control during-® in yielding uniform insensitivity of the brookite-supported catalysts to high tem-
Au particle size distributions. The pH range—(20) used by perature processing indicated in Figure 11. A comparison of
these authors corresponds to the range used in the present workhe micrographs in Figure 6 implies that the small “diffuse”
In our catalysts, we find comparable specific rates (within a raftlike particles observed on the as-synthesized and the mildly
factor of 2) for all loadings in the as-synthesized anatase, while reduced samples are highly active. The micrograph of the
calcination to 573 K seems to deactivate the catalyst with the samples treated at 573 K (Figure 6c), and others taken of this
highest loading. Interestingly, the reference WGC catalyst had sample at comparable magnification, demonstrates the absence
the lowest loading and the highest specific activity of any we of these small diffuse rafts. They do show large numbers of
studied and it was presumably prepared using different synthesistaceted particles near-5 nm as well as a broad distribution
(i.e., pH) conditions. The processes occurring duringfthave  of Au particles in the size range up to 70 nm, some fraction of
been described by Hermans and G&uand it is expected that  \hich are also highly active for CO oxidation. Apparently, the
the nucleation and size d|str|but|on_ of nascent Au particles activity of the brookite-supported Au is little affected by this
depends on the solution concentration, pH, surface area, andsyriking change in particle morphology from raftlike to small
surface structure of the oxide in complex ways. The effects of ¢;.ateq 3-D particles, but broadening of the size distribution to
pH déjgrlng D-P have been systematically measured by Zanella that observed on the P25 (Figure 13) does diminish activity.
et al*® and Tsubota et & These results suggest that there is not a pronounced falloff in

Even more striking is the comparison between the rutile- 4ctivity for particles smaller than 3 nm as has been previously
supported catalyst and the anatase-supported catalyst. The ru“"%uggesteéﬁ

exhibits a strong dependence upon heat treatment and also upon Table 1 shows that the amount of Au adsorbed duringPr

Au loading. In particular, the rutile sample with a 2.9 wt % . ) .
gold loading is very inactive at all stages compared with the varies by a factor of 4 between catalysts with equal synthesis

anatase-supported catalyst with a 2.8 wt % gold loading which 10adings. The total Au loading might be expected to depend on
is active after all stages. The deactivation in the rutile samples the surface area of the titania support. This variability is
during heat treatment is probably due to growth of large particle @ccounted for in the last column of Table 1 by dividing the Au
sizes, an assumption supported by the XRD in Figure 4 for the Ioadu_ngs by the surface area of the support to obtain the areal
higher Au loading. The inactivity of the 2.9 wt % Auutile, density of the Au. The areal density also varies (by a factor of
even after reduction at 423 K, is also likely due to large particle about 5) between different supports for comparable synthesis
size. The cause for such facile particle growth on rutile can loading. In terms of either the total loading or the areal density,
only be conjectured but may be related to the density and/or rutile takes on the highest amount of Au while brookite takes
configuration of surface vacancies and hydroxyls. These dif- on the least for a 13% synthesis loading. Essential parameters
ferences may be important either during—P or during (temperature, maturation time, pH, and washing) of theFD
pretreatment. conditions were held constant as closely as possible. Apparently,
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the loading obtained is either dependent upon structural aspects (17) Grunwaldt, J. D.; Baiker, AJ. Phys. Chem. B999 103 1002.

of the TiO, support or extremely sensitive to details of the ®
conditions.

5. Summary and Conclusions

(18) Mul, G.; Zwijnenburg, A.; van der Linden, B.; Makkee, M.;
Moulijn, J. A. J. Catal.2001, 201, 128.

(19) Date, M.; Ichihashi, Y.; Yamashita, T.; Chiorino, A.; Boccuzzi,
F.; Haruta, A.Catal. Today2002 72, 89.

(20) Boccuzzi, F.; Chiorino, A.; Manzoli, M.; Andreeva, D.; Tabakova,
T. J. Catal. 1999 188, 176.

Titania-supported gold catalysts have been prepared by a 21y overbury, S. H.; Ortiz-Soto, L.; Zhu, H. G.; Lee, B.; Amiridis, M.

standard depositionprecipitation process onto the surface of

synthesized anatase, brookite, rutile, and commercial titania
(P25). XRD demonstrates the structural purity of the titania
phases in the supports. The structure and catalytic CO oxidationgog,
activity of the resulting catalysts have been determined after

D.; Dai, S.Catal. Lett.2004 95, 99.
(22) Costello, C. K.; Kung, M. C.; Oh, H. S.; Wang, Y.; Kung, H. H.
Appl. Catal., A2002 232, 159.
(23) Kung, H. H.; Kung, M. C.; Costello, C. KI. Catal. 2003 216,
5

(24) Knell, A.; Barnickel, P.; Baiker, A.; Wokaun, Al. Catal. 1992

various pretreatments. Au is highly dispersed and cationic 137 306.

without pretreatment, but reaction conditions lead to Au
reduction on-stream. Mild reduction at 423 K stabilizes the Au
catalysts into raftlike clusters, and all Au catalysts are fully

reduced and highly active after this treatment. This result
suggests that activity of the raftlike Au is independent of the
underlying titania structure. Treatments up to 573 K bring about
deactivation, the extent of which depends on the titania support. 319,
Au supported on brookite is largely unaffected by treatment at

this temperature, while rutile is more strongly affected. All
catalysts show sintering of Au rafts into 3-D particles, but
smaller sized 3-D particles remain active.
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