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Gold Catalysts Supported on
Nanostructured Materials:
Support Effects

Wenfu Yan, Steven H. Overbury, and Sheng Dai*

5.1. INTRODUCTION

Although gold in bulk has often been regarded as poorly active as a catalyst, Haruta
et al. found in the late 1980s and the early of 1990s that the gold particles deposited on
selected metal oxides exhibit surprisingly high catalytic activity for CO oxidation at
low temperature.’:> Now, an extensive body of literature describing the CO oxidation
ability of gold nanoparticles supported on various metal oxides, such as TiO,,3~13
Fe,03,11% CO504,! NiO,!' Si0,,!” Zr0,,'*1° and Al,03,%° has appeared.?!—3° The
catalytic activities of gold catalysts depend on many factors. Among them, the variation
in the properties of support oxides gives rise to much of the variability in supported
gold catalysts, for example the effect of isoelectronic point (IEP) upon deposition of
gold species or the role of the oxide reducibility in effecting the transfer of oxygen
between the support and the gold nanoparticles. The focus of this chapter is the review
of our recent research on the synthesis and characterization of tailored nanostructured
supports for the assembly of ultrasmall gold nanoparticles for catalysis applications.
This chapter is divided into three parts. Firstly, the catalytic activities and sta-
bilities of gold nanoparticles supported on allotropic TiO, phases are compared.* To
understand the mechanism of catalysis of the gold nanoparticles deposited on metal
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oxides, it is of interest to study the effects of variability of support structures for a single
type of oxide. Titania (TiO,) is a good candidate for such investigation because of the
existence of two main allotropic metastable forms: anatase and brookite. Secondly, a
surface sol-gel (SSG) method for tailoring mesoporous silica materials for gold catal-
ysis applications is reviewed.'> The essence of this method is to change the surface
IEPs of mesoporous silica through a monolayer surface functionalization with high-
IEP oxides (e.g., TiO,) for the assembly of ultrasmall gold inside mesopores. Thirdly, a
building-block approach based on a layer-by-layer SSG process is discussed.’! Fumed
silica materials were modified with a stepwise SSG process for controlled growth of
double layers consisting of TiO, and Al,O3 monolayers with different combinations
on silica surfaces. The significant differences in activity of the gold catalysts supported
on the silica supports with the different combinations of surface monolayers were
observed.

5.2. EXPERIMENTAL SECTION

5.2.1. Preparation of Gold Nanocatalysts Supported on Anatase and Brookite

5.2.1.1. Sonication Synthesis of Anatase.>*> The detailed synthesis protocol has been
given previously.* Briefly, 100 mL of deionized water was sonicated by employing a
direct-immersion titanium horn (Sonics and Materials, VCX-750, 20 kHz, and start-
ing power 100 W/cm?) followed by the injection of 10 mL of tetraisopropyltitanate
(Aldrich) into the sonication cell (glass beaker). The mixture was further sonicated
continuously for 1 h. The sonication was conducted without cooling. The white pre-
cipitates were separated by centrifugation and washed three times with deionized water
and once with ethanol. The product was dried in a desiccater overnight and was ground
into a fine powder before the deposition of gold precursor.

5.2.1.2. Hydrothermal Synthesis of Brookite.>* Typically, NaOH solution (2 M) was
added to 5 mL titanium tetrachloride with stirring to adjust the pH value of the solution
to 10, producing a basic colloidal solution. The solution obtained was transferred into
an autoclave and heated at 200°C for 24 h. The white precipitates were separated by
centrifugation and washed three times with deionized water and once with ethanol.
The product was dried at 70°C in air overnight and was ground to a fine powder before
the deposition of gold precursor on its surface.

5.2.1.3. Deposition—Precipitation (DP) of Gold Precursor Species on Anatase
and Brookite. First, weighed amounts of hydrogen tetrachloroaurate(IIl) trihydrate
(HAuCly-3H,0, 99.94+%, Aldrich) were dissolved into 50 mL deionized water, a pro-
cess that depends on the gold loading in the gold catalyst. The pH value of the resulting
solution was adjusted to 10.0 with vigorous stirring, using a solution of 1.0 M KOH
at room temperature to displace CI~ with hydroxyl on the gold precursor.>* After pH
adjustment, the solution was heated in an 80°C water bath followed by the addition of
1.0 g of TiO, powder. The resulting mixture was continually stirred for 2 h to permit the
gold precursor to react with and displace surface hydroxyls. Finally, the precipitates
were separated by centrifugation and washed three times with deionized water and



GOLD CATALYSTS: SUPPORT EFFECTS 57

once with ethanol to remove CI". The product was dried at 40°C temperature in air
overnight to obtain the “as-synthesized” catalyst.

5.2.2. Preparation of Gold Nanocatalysts Supported on Mesoporous Silica
Modified with Oxide Monolayer

5.2.2.1. Surface Sol-Gel Modification of Mesoporous Silica Materials with TiO,
Monolayer."> The mesoporous material used in this investigation is SBA-15. The
SBA-15 silica was prepared using Pluronic P123 (Aldrich) and tetraethylorthosilicate
(TEOS, Aldrich) according to the procedure described in the literature. The procedure
used for the preparation of one-layer or multilayer titanium oxide on SBA-15 powders
was developed according to the method described by Kunitake and coworkers>® for the
preparation of ultrathin films of metal oxides on hydrolyzed surfaces. The homemade
apparatus for conducting the surface sol-gel process on the mesopore surfaces of
powdered materials consists of two parts: an evacuation system and a fritted reactor.
Typically, 1.0 g of pre-dried SBA-15 powder was loaded into the fritted reactor, which
was sealed with a rubber septum at one end and connected to a vacuum system at
the other end. The initially loaded sample was evacuated at ambient temperature and
purged by nitrogen. This cycle was repeated several times. Subsequently, the stop-cock
separating the vacuum system and the reactor was closed and 5 mL of titanium(IV)
butoxide (Aldrich, 97%) in the mixture of 10 mL anhydrous toluene (Aldrich, 99.8%)
and 10 mL anhydrous methanol (Aldrich, 99.8%) was transferred into the reactor
through a syringe. After 30 min reaction, the solution was completely removed via
vacuum filtration. Anhydrous methanol (5 mL) was injected into the reactor to wash
off the unreacted titanium(IV) butoxide. The resulting sample was dried via vacuum
evacuation. An excess amount of deionized water was then injected into the glass
tube to hydrolyze the monolayer of titanium oxide. The final product can be washed
thoroughly with anhydrous methanol and dried for the coating of the second layer. The
multilayers of titanium oxide on SBA-15 can be prepared by iteration of the above
procedure.

5.2.2.2. Assembly of Ultrasmall Gold Nanoparticles on Surface-Modified
Mesoporous Silica. Firstly, 3.0 g of hydrogen tetrachloroaurate(IIl) trihydrate
(HAuCl4-3H,0, 99.9+%, Aldrich) was dissolved into 500 mL deionized water to
form the gold precursor solution. Typically, the pH value of the pre-weighed gold pre-
cursor solution (20 mL) was adjusted to about 10 with vigorous stirring using a solution
of 1.0 M KOH at room temperature. The solution was then heated via an 80°C water
bath, and a surface-modified SBA-15 (0.4 g) without any pretreatment was added with
stirring. The resulting cloudy solution was continually stirred for 2 h. The precipitates
were separated by centrifugation and washed three times with deionized water. The
yellow product was dried at 40°C overnight.

5.2.3. Preparation of Gold Nanocatalysts Supported on Silica Modified
with Oxide Double Layers

5.2.3.1. Surface Sol-Gel Modification of Fumed Silica with TiO»/Al, O3 or Al,O3/
TiO, Double Layer. The basic procedure for functionalization of Cab-O-Sil silica



58 W. YAN ET AL.

surfaces with the double layers of TiO, and Al,O3; was the same as that given in
Section 5.2.2.1. Typically, a pre-weighed SiO, powder sample (9.8 g) was loaded into
a reflux bottle and dried at 125°C for 16 h. The bottle was then sealed with a pre-dried
rubber septum. Subsequently, the metal oxide precursor [7.9 g Ti(OBu"), for titania
or 7.7 g A1(OBu®); for alumina] and the anhydrous mixture of toluene (100 mL) and
methanol (100 mL) were transferred into the bottle through a syringe. The resulting
solution was refluxed for 3 h. The final product was filtered, washed several times with
anhydrous ethanol, hydrolyzed with deionized water, and dried at 80°C overnight.
The iteration of the above sequential condensation and hydrolysis reactions allows the
coating of the second monolayer on the one generated in the previous deposition cycle.
For comparison, we have also synthesized Cab-O-Sil silica functionalized with TiO,
or Al;O3 monolayer.

5.2.3.2. Deposition—Precipitation (DP) of Gold Precursor on Surface-Modified
Amorphous Silica. The gold nanoparticles were deposited on the above surface-
modified amorphous silicas by using the same process as that given in Section 5.2.2.2.

5.2.4. Measurements of Catalytic Performance for CO Oxidation

The CO oxidation reaction was carried out in a plug-flow microreactor (AMI
200, Altamira Instruments). Typically, 50 mg of catalyst was packed into a 4-mm-ID
quartz U-tube, supported by quartz wool. Sample treatments were carried out on the
same instrument, using either 8% O,/He for oxidations or 12% H, mixed with Ar
for reductions. For each treatment, gas flow was initiated near room temperature. The
temperature was then ramped at 10°C/min to the target, held for 30 min, and then
cooled to reaction temperature in the gas. Each pretreatment was followed by activity
measurements made as follows. A gas stream of 1% CO balanced with dry air (<4 ppm
water) was flowed at ambient pressure through the catalyst at a rate that was adjusted
from sample to sample to maintain a constant space velocity of 44,400 mL/(h-gc,.), or
about 37 cm3/min. Gas exiting the reactor was analyzed via a Buck Scientific 910 gas
chromatograph equipped with a dual molecular sieve/porous polymer column (Alltech
CTR1) and using a thermal conductivity detector. Typically, the sample was cooled to
low temperature and the exiting gas was analyzed at regular intervals as the sample was
slowly warmed. The reaction temperature was varied using an oven or by immersing
the U-tube in a Dewar of ice water or cooled acetone, which slowly warmed (typically
0.1 to 0.2°C/min) throughout a period of approximately 10 h. The resulting curve of
conversion vs. temperature was used to assess the activity after each treatment.

5.2.5. Characterization Methods

Powder X-ray diffraction (XRD) data were collected via a Siemens D5005
diffractometer with CuKe radiation (A = 1.5418 A). Routine transmission electron
microscopy (TEM) and Z-contrast microscopy were carried out using an HITACH
HD-2000 scanning transmission electron microscope (STEM) operated at 200 kV. Ni-
trogen gas adsorption measurements (Micromeritics Gemini) were used to determine
the surface area and porosity of the catalyst supports. Inductively coupled plasma (ICP)
analysis was performed via an IRIS Intrepid II XSP spectrometer (Thermo Electron
Corporation).
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5.3. RESULTS AND DISCUSSION

5.3.1. Support Effects from Structural Differences of the TiO, Allotropes
(Anatase and Brookite)

Previously published work has demonstrated that the photocatalytic efficiency
of titania depends upon its crystalline form. This variability has been attributed to
differences in the rates of recombination, adsorptive affinity, or band gap between the
rutile and anatase phases of titania.>”~3° In titania containing mixed phases of rutile and
anatase, such as Degussa P25, enhanced activity for photocatalytic oxidation may also
depend on crystallite morphology and interfacial contact.> It is therefore of interest
to understand how differences in the structure of a titania support may affect other
oxidative catalytic processes in gold catalysts. It has been shown that the selectivity
in propylene epoxidation is improved by using anatase rather than rutile for catalysts
prepared by DP of gold.*> Higher activity for CO oxidation is observed for anatase
compared with rutile when gold is deposited via a rather unconventional ion-cluster
beam deposition approach.*! The contacts at the Au-TiO, interfaces are also believed
to play an important role in CO oxidation.*?

Both anatase and brookite are metastable phases that can be readily converted to
rutile upon heating at temperatures above 700°C.* In both metastable phases, the coor-
dination of titanium is sixfold, with oxygen anions forming a distorted octahedron, and
the oxygen atom being shared by three adjacent titanium atoms. However, the different
stacking sequences and distortions of the Ti-O octahedral units in these two phases
lead to crystallographic differences, thereby resulting in the different arrangement of
the Ti—-O and Ti—OH bonds on the surface of the corresponding nanoparticles. The
structure of the most stable surfaces of anatase has been examined.** The (101) surface
of anatase exhibits twofold coordinate oxygen anions and fivefold titanium cations,
with the oxygen anions being more widely spaced on the anatase surface than on the
brookite. The different spacing and symmetry of these Ti—O and —OH bonds on the sur-
face of anatase and brookite can affect the deposition of the gold hydroxyl precursor on
the surface of titania particles during the DP process. The systematic study of catalytic
reactions on anatase-and brookite-supported gold catalysts can provide new insight
into the catalytic mechanism of the gold nanoparticles deposited on metal oxides.

Nanosized anatase (<10 nm) and brookite (~70 nm) particles have been success-
fully synthesized via sonication and hydrothermal methods. Figure 5.1 shows the pow-
der XRD patterns of as-synthesized anatase and brookite nanoparticles. The particle
sizes were characterized by XRD and scanning electron microscopy (SEM) (Fig. 5.2).

Gold precursor was deposited on the surface of the nanosized particles of
as-synthesized anatase and brookite supports via a DP process. The XRD patterns of
the resulting samples (Fig. 5.1) show no metallic gold peaks, indicating that no redox
reactions occur during the DP process or that the metallic gold particles are not large
enough to generate observable XRD peaks.

Curves (a) and (b) in Fig. 5.3 compare the light-off curves for the gold catalysts
supported on anatase and brookite after being treated with O, at 300°C. Interestingly,
the catalytic activity of the brookite-supported gold catalyst remained highly active,
with the onset for 100% CO conversion occurring around —20°C. In contrast, the onset
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FIGURE 5.1. Left: Powder XRD patterns of (a) anatase simulated, (b) anatase as-synthesized, (c)
as-synthesized Au-anatase, (d) Au-anatase treated at 300°C in Oy, (e) Au-anatase treated at 500°C
in Oy, and (f) Au simulated. Right: Powder XRD patterns of (a) brookite simulated, (b) brookite as-
synthesized, (c) as-synthesized Au-brookite, (d) Au-brookite treated at 300°C in O3, (e) Au-brookite
treated 500°C in O,, and (f) Au simulated.

for 100% conversion of CO was obtained at 60°C for the anatase-supported catalyst
treated under the same conditions.

The XRD patterns of both catalysts after treatment with O, at 300°C are com-
pared in Fig. 5.1 (curves d). Clearly, the Au-anatase catalyst exhibits gold XRD peaks,
indicating the formation of large metallic gold nanoparticles (diameter >20 A) on the
anatase support. The XRD pattern of the corresponding brookite-supported catalyst
gives no XRD peaks associated with the large metallic gold nanoparticles.

The light-off curves of CO oxidation over Au-anatase and Au-brookite catalysts
after treatment at 500°C in O, are shown in curves (c) and (d), respectively, in Fig. 5.3.
Both catalysts were deactivated by this heat treatment; however, the Au-brookite re-
mains significantly more active than the Au-anatase. The onset of 100% CO conversion
for the Au-brookite occurs at approximately 60°C, while the corresponding onset for
the Au-anatase occurs at temperatures as high as 160°C. The corresponding XRD pat-
terns of these two samples are shown in Fig. 5.1 [curves (e)]. A very weak gold XRD
peak at 26 ~ 44.5° can be seen in the XRD pattern of Au-brookite treated at 500°C in

FIGURE 5.2. SEM images of as-synthesized (a) anatase and (b) brookite.
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FIGURE 5.3. CO conversion vs. reaction temperature over supported gold catalysts: (a) Au-anatase
treated at 300°C in O,, (b) Au-brookite treated at 300°C in O,, (c) Au-anatase treated at 500°C in O,
and (d) Au-brookite treated at 500°C in O5.

O,, which indicates the formation via sintering of a small population of gold nanopar-
ticles >3 nm. The gold XRD peaks for Au-anatase after treatment with O, at 500°C are
more intense than those occurring after treatment with O, at 300°C, which indicates
a significant increase in the population of large gold nanoparticles (>3 nm). Accord-
ingly, the brookite-supported gold nanoparticles are significantly more stable against
the temperature-induced aggregation than the anatase-supported gold nanoparticles.
This assertion about the stability of gold nanoparticles against aggregation on
brookite surfaces is also consistent with the microscopy investigation performed using
an HD-2000 STEM (probe size & 0.3 nm) operating at 200 kV. Dark-field imaging with
a high-angle annular dark-field (HAA-DF) detector provides higher contrast for small
clusters of heavy elements in a low-atomic-number matrix as compared with conven-
tional TEM. The nature of gold nanoparticles deposited on anatase and brookite makes
these samples well suited to HAA-DF (also known as Z-contrast) STEM imaging.
Figure 5.4 shows the comparison of the dark-field STEM images of the gold catalysts
supported on anatase and brookite after treatment with O, at 300°C followed by treat-
ment at 500°C. As seen in Fig. 5.4, the concentration of the large gold particles (>3 nm)
on brookite is lower than that occurring on anatase. However, there is a significant pop-
ulation of small particles (<2 nm) retained on brookite. Thermally induced growth of
particles observed in XRD and STEM was further confirmed by X-ray extended ab-
sorption spectroscopy, which also clearly indicated that gold supported on anatase
sinters more facilely than on brookite.*> Therefore, the loss of catalytic activity of the
gold nanoparticles supported on anatase can be correlated to the higher tendency for
the small gold nanoparticles to sinter on anatase during high-temperature O, treatment.
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FIGURE 5.4. Dark-field STEM images of the gold catalysts after being treated at 500°C in Os: (a)
Au-anatase and (b) Au-brookite.

Further support for the assertion that gold nanoparticles are more susceptible to
sintering on anatase than on brookite comes from the analysis of surface areas and
gold loadings. The surface area of as-synthesized anatase is 225 m?/g, while it is only
106 m?/g for the as-synthesized brookite. The gold loadings of Au-anatase and Au-
brookite determined via inductively coupled plasma-atomic emission (ICP-AE) are
2.8 wt.% and 3.2 wt.%, respectively. Since the surface density of gold is lower on
anatase, this catalyst might be expected to be more stable against sintering than for
Au on the brookite, if the surface properties of anatase and brookite, as well as the
interaction between gold nanoparticles and support, are similar. This is clearly opposite
to the above experimental observation. The difference of the sintering tendency of
the gold nanoparticles dispersed on the surface of anatase and brookite must come
from the different surface properties of these supports. A stronger interaction between
gold nanoparticles and brookite surface or a higher barrier for particle coarsening
might exist to slow down the kinetics for movement or thickening of the small gold
nanoparticles.*6

In conclusion, the stability of gold nanoparticles against sintering on brookite and
anatase is very different. A highly stable catalytic system for CO oxidation based on the
brookite-supported gold catalyst has been developed. The high stability of Au-brookite
could result from the unique surface property of brookite. The interaction between gold
nanoparticles and support plays the important role of stabilizing the catalyst in high-
temperature environments. Work is currently under way to explore the applications of
the Au-brookite catalyst in other catalytic processes.

5.3.2. Support Effects from Surface-Modified Mesostructured Substrates

The key effect of oxide supports on the catalytic activities of metal particles is
exerted through the interface between oxides and metal particles. The key objective of
this study is to develop synthesis methodologies for tailoring this interface. Here, an
SSG approach was introduced to modify the surface of mesoporous silica materials with
ultrathin films of titanium oxide so that the uniform deposition of gold precursors on
ordered mesoporous silica materials by DP could be achieved without the constraint
of the low IEP of silica. The surface sol-gel process was originally developed by
Kunitake and coworkers.3647~4 This novel technology enables molecular-scale control
of film thickness over a large 2-D substrate area and can be viewed as a solution-based
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methodology for atomic layer deposition (ALD) synthesis.’* 2 The surface sol—gel
technique generally consists of two-half reactions: (1) nonaqueous condensation of
metal-alkoxide precursor molecules with surface hydroxyl groups and (2) aqueous
hydrolysis of the adsorbed metal-alkoxide species to regenerate surface hydroxyls.
Iteration of the above sequential condensation and hydrolysis reactions allows the
layer-by-layer coating of a selected metal oxide on a hydroxyl-terminated surface.
Scheme 5.1 is a schematic diagram of the basic synthesis protocol for ultrathin TiO,
on SBA-15. The SBA-15 materials have hexagonally packed channels with pore sizes
of ~7.4 nm. The large mesopores allow a facile transport of metal-alkoxide reactants
inside the mesopores not only for monolayer but also for multilayer functionalization
on the internal walls of SBA-15.

Figure 5.5 shows the variation of the pore size distribution as a function of cycles
of surface-modification-based N, adsorption isotherms. The pore size decreases with
the modification cycle number. The reduction of the mesopore size for each cycle
should be about twice the single-layer thickness. Accordingly, the effective single-
layer thickness is about 6 to 7 A based on the above BET measurements. This value
is close to those estimated from the frequency changes of a quartz crystal balance for
ultrathin films prepared by the surface sol-gel process on 2-D substrates.*’—#°
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FIGURE 5.5. Pore size distributions as a function of the number of TiO, layers.

Another consequence of this surface sol-gel process on SBA-15 is the reduction of
the surface silanol groups induced by the condensation reaction with titanium butoxide.
The reaction, after hydrolysis, converts surface silanol functionality, (SiO);SiOH, into
Ti-OH functionality. Given the similar electronegativity of silicon (1.8) and titanium
(1.7), the expected consequence of this modification in the solid state 2°Si NMR is
a decrease in the Q> band and a corresponding increase in the Q* band; that is, the
OTi(OH);3 and OSi(OH); ligands will cause equivalent NMR shift perturbations on the
substituted silicon site.

The solid-state 2°Si SPE NMR spectra of SBA-15 and the titania surface-coated
SBA-15 (Ti-SBA-15) are in accord with this expectation. The spectrum of SBA-15
displays abroad asymmetric peak at 109 ppm (Q* sites) with shoulders at —101 ppm (Q?
sites) and 90 ppm (Q? sites) in the area ratio 79:19:2. The NMR spectrum of Ti-SBA-15
(one layer) shows a reduction of the Q? band intensity relative to the Q* intensity. The
normalized Q*:Q3:Q? site populations become 85:13:2. No asymmetry is observed in
the Q* site band. Repetition of the monolayer deposition to form a double layer of
titania on silica yields a material whose 2°Si NMR spectrum is indistinguishable from
that of the Ti-SBA-15 with a monolayer coverage. As expected, the titania-insulated
silica resonances are unperturbed by the second titania layer.

The gold precursors were readily introduced via the DP method on the sur-
faces of the modified mesoporous materials. The subsequent reduction of the surface-
immobilized gold precursors with CO successfully led to gold nanoparticles assembled
inside ordered mesopores. Figure 5.6 shows the Z-contrast TEM image of the resulting
materials. The tiny, highly uniform bright spots (0.8 to 1.0 nm diameter) along the
mesopore channels in Fig. 5.6 correspond to the gold nanoparticles. The Z-contrast
TEM imaging provides direct proof of the presence of the metallic gold nanoparticles
within the channels of SBA-15. The key point with HAA-DF imaging is that the in-
tensity of the Rutherford scattered beams is directly proportional to Z?, where Z is
the atomic number of the scattering element. Thus, heavy atoms (such as gold) stand
out very clearly on a light background of silicon and oxygen. The energy-dispersive
X-ray (EDX) spectroscopy analysis of the composition of this range in Fig. 5.6 is in
agreement with the presence of gold and titanium. The preparation of gold nanopar-
ticles on SBA-15 (without titania monolayer) by the DP method resulted in only a
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FIGURE 5.6. Z-contrast TEM image of ultrasmall gold nanoparticles on ordered mesoporous materi-
als. The bright spots (0.8~1.0 nm) correspond to gold nanoparticles.

small population of very large gold nanoparticles aggregated on the external surfaces
of SBA-15. This observation clearly demonstrated the importance of TiO, surfaces for
the immobilization and the stabilization of gold nanoparticles.

The activity of the gold catalysts for CO oxidation was characterized via a plug-
flow reactor using 1% CO/dry air at a space velocity at 44,400 cm3/(g-h). Com-
parisons were made between the Au/monolayer TiO,-SBA-15 and the Au/commercial
nanocrystalline titania support (Degussa P25). Comparably high activities (i.e., achiev-
ing 50% CO conversion above about —40°C) were found for the as-synthesized gold
catalysts. High-temperature (300°C, 30 min) 8%0O,/He treatment dramatically de-
creased the activity of nanocrystalline TiO,-supported catalysts, as the light-off curve
shifted to high temperature. This deactivation can be attributed primarily to the aggre-
gation of gold nanoparticles.?* By contrast, the activity of the monolayer catalyst did
not change significantly, achieving >50% conversion at —25°C.

5.3.3. Support Effects from the Different Combinations of Oxide Monolayers
Sequentially Coated on the Surface of Amorphous Silica

As discussed in the above section, the self-limiting nature of the SSG process
is key to the success of the layer-by-layer functionalization. The SSG process is a
versatile technique that can be utilized for the functionalization of oxide supports with
both single and multiple oxide components. The objective of the current study is to
generate more complex multicomponent oxide surfaces via the SSG process for the
investigation of the support effects in gold catalysis. The surfaces discussed here consist
of two sequential combinations of TiO, and Al,O3; monolayers on amorphous silica:
(1) Al,03/TiO,/Si0; (SiO; coated with the first layer of TiO, and the second layer of
Al,O3) and (2) TiO,/Al,03/S10, (SiO, coated with the first layer of Al,O5; and the
second layer of TiO,). For comparison, we have also prepared the same silica sample
functionalized by TiO, (TiO,/Si0O,) or Al,O3 (Al,03/Si0;) monolayers.

XRD analyses revealed the amorphous nature of the mono/multilayers of TiO,
and/or Al,O3 on fumed silica. Elemental analyses of the samples of Au/TiO,/SiO;,
Au/Al,03/S10,, Au/Al,03/Ti0,/S10,, and Au/TiO,/Al,03/Si0, showed that the gold
weight loadings for these four samples were 5.1, 7.9, 10.3, and 11.7%, respectively.
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Figure 5.7 shows the light-off curves of Au/TiO,/SiO;, Au/Al,03/Si0,, Au/
Al,03/Ti0,/S10,, and Au/TiO,/Al,03/SiO,. These light-off curves were measured
from the samples both as-synthesized and pretreated under the following conditions:
150°C in H, (50% H,/He) and 150°C in O, (8% O,/He).

The gold nanoparticles deposited on the surface of unmodified fumed silica with
the DP method show no activity for CO oxidation (not shown). No clear improvement
of the catalytic activities was observed for the gold nanoparticles on SiO, whose surface
was modified with an Al,O3 monolayer through the SSG process. The as-synthesized
Au/Al,03/Si0, sample had a very low conversion at high temperature but was quickly
deactivated. The initial low activity can be attributed to the reduction of cationic gold
species to metallic gold by CO, which disappeared after the cationic gold species were
totally consumed. This conjecture is also consistent with the observations that the
catalysts pretreated at 150°C (either in H, and in O;) exhibit no activities.

The further surface modification of Al,O3;-modified fumed silica with a TiO,
monolayer resulted in a double-layer-coated support (TiO,/Al,03/Si0,). The deposi-
tion of gold nanoparticles on this double-layer-coated support (Au/TiO,/Al,03/Si0;)
via DP gave rise to a highly active catalyst for CO oxidation. For the as-synthesized
catalyst, a 50% conversion was observed at —22°C (specific rate: 0.085 molco/gau/h).
The treatment at 150°C (either in O, or H,) slightly decreased its activity. The catalysts
treated at 150°C in O, and H, have 50% conversion temperatures at about —18°C and
—11°C (specific rate: 0.085 molco/gay/h), respectively.

In contrast to the Al,Oz-modified fumed silica (Al,03/Si0,), the TiO,-modified
fumed silica (TiO,/Si0,) is a good substrate for the preparation of highly active gold
nanocatalysts. The gold nanoparticles deposited on TiO,/SiO; exhibited a high activity
for low-temperature CO oxidation. For the as-synthesized catalyst, the 50% conversion
temperature (specific rate: 0.194 molco/gau/h) is as low as —44°C, which is much lower
than that of Au/TiO,/Al,03/Si0,. The reduction at 150°C in H, decreased the activity,
giving rise to a 50% conversion temperature at —32°C. Surprisingly, the treatment at the
same temperature in O, increased the activity of this catalyst, with a 50% conversion
temperature approaching —54°C. The enhanced activity could be attributed to the
surface restructuring of cationic gold species on the TiO, monolayer to enhance the
interaction at the interface.

The further surface modification of the TiO,-modified fumed silica with an Al,O3
monolayer gave rise to another double-layer-coated support (Al,O3/TiO,/SiO;) whose
monolayer functionalization sequence is the reverse of TiO,/Al,03/Si0,. A new gold
nanocatalyst (Au/Al,03/TiO,/SiO,) was prepared through DP of gold precursors on
the surface of Al,O3/TiO,/Si0,. The as-synthesized gold nanocatalyst gave a 50% con-
version temperature (specific rate: 0.096 molco/gay/h) at —31°C, which is more active
than that for Au/TiO,/Al,03/SiO; but less active than that for Au/TiO,/SiO,. The
treatment at 150°C in O, just slightly increased the activity of Au/Al,03/TiO,/SiO;,
unlike the significant increase in the case of Au/TiO,/Si0,. However, the treatment at
150°C in H; considerably increased the activity of Au/Al,O3/TiO,/Si0,. The catalyst
treated in H; at 150°C is highly active even at —94°C, with 75% conversion (specific
rate: 0.144 molco/gau/h). In sharp contrast, the Au/TiO,/SiO; catalyst treated in H; at
150°C had only 17% conversion (specific rate: 0.066 molco/gay/h) at this temperature.

In conclusion, the sequence of activities induced via surface layer structures for
the as-synthesized form of these four gold nanocatalysts is: Au/TiO,/SiO, > Au/
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AlL,O3/Ti0,/Si0, > Au/TiO,/Al,05/510, >> Au/Al,03/SiO,. However, the Au/
Al,03/Ti0,/S10; catalyst treated in H, at 150°C is the most active in this series based
on the layer-by-layer functionalization of silica. The functionalization sequence is an
important factor in determining the catalytic activities of the resulting gold catalysts.
The activity of Au/TiO,/SiO; is higher than that of Au/TiO,/Al,03/Si0,, indicating
that the Al,O3 sublayer has a negative effect on the activity of the resulting catalyst.
On the other hand, the activity of Au/Al,03/TiO,/SiO; is much higher than that of
Au/Al,03/Si10,, implying that the TiO, sublayer has a positive effect on the resulting
catalyst.

5.4. CONCLUSIONS

In summary, the studies on the activity and stability of the gold nanocatalysts
supported by TiO, anatase and brookite nanoparticles indicate that the stability of gold
nanoparticles against sintering on two catalysis systems is very different despite the
same chemical composition. The high stability of the brookite-supported gold catalyst
could result from the unique surface property of TiO, brookite. Another methodology
discussed here for tailoring the surface properties of catalyst supports is the generation
of amorphous TiO, monolayers on mesoporous silica materials. The high catalytic
activity and stability of the gold nanoparticles deposited on the TiO,-modified meso-
porous silica surface for low-temperature CO oxidation indicate that the amorphous
TiO, monolayer on the surface of silica is also a good support for gold catalysts. The
significant activity differences among the gold nanocatalysts supported on TiO,/SiO;,
Al,03/810;, Al,03/Ti0,/Si0;, and TiO,/Al,03/Si0; highlight a unique support effect
that the sequence of the metal-oxide monolayers on silica surfaces has in determining
the activities of supported gold nanocatalysts.
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