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Abstract

Supported gold catalysts derived from interaction of a Au—phosphine complex Au(PPh;)(NOj) (1) with conventional
titanium oxide TiO, and as-precipitated titanium hydroxide Ti(OH), (*, as-precipitated) have been characterized by means of
XRD, XPS, EXAFS, and 3!P CP/MAS-NMR. The Au complex 1 was supported on TiO, and Ti(OH), without loss of Au-P
bonding at room temperature. The Au complex 1 on TiO, was readily and completely decomposed to form metallic gold
particles by calcination at 473 K, whereas only a small part of the complex 1 on Ti(OH); was transformed to metallic gold
particles. By calcination of 1/Ti(OH)} at 573 K the formation of both metallic gold particles and crystalline titanium oxides
became notable as evidenced by XRD, XPS and *'P CP/MAS-NMR. The mean diameter of Au particles in 1/Ti(OH);
calcined at 673 K was less than 30 A as estimated from Au(2 0 0) diffraction, which was about one-tenth of that for the
corresponding 1/TiO,. Thus the as-precipitated titanium hydroxide Ti(OH)} was able to stabilize the Au complex 1 to lead to
the simultaneous decomposition of Au complex and Ti(OH)}. The catalyst 1/Ti(OH); calcined at 673 K afforded remarkably
high catalytic activity for low-temperature CO oxidation at 273-373 K as compared to the catalyst 1/TiO,. © 1998 Elsevier
Science B.V. All rights reserved.
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1. Introduction CO oxidation activity increased with decreasing size

of the Au particles [5], where the size of Au particles

It has been demonstrated that highly dispersed gold
catalysts are tremendously active for low-temperature
CO oxidation [1-21] and other catalytic reactions
[22-31]. Au/Fe,03;, Au/Co304, Au/NiO, Au/Al,O;,
and Au/SiO, showed an overall trend indicating that
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may depend on the kind of supports due to the
different Au—support interaction. Superfine Au parti-
cles may be a prerequisite for the observation of a Au—
support interaction [32]. Thus to obtain highly effi-
cient Au catalysts it is necessary to develop a new
method for catalyst preparation which can control
Au particle sizes and Au—support interaction during
catalyst preparation.
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Use of suitable metal complexes as precursors is a
promising way to prepare tailored metal catalysts with
more efficient interaction between metal and support
to generate unique catalysis [33—38]. To obtain highly
dispersed Au particles on oxide surfaces, we chose
Au—-phosphine complexes Au(PPh3)(NO3) (1) and
[Aug(PPh3)g](NO3); (2) as precursors which could
be thermally decomposed on oxide surfaces [39].
When the Au complexes were supported on conven-
tional metal oxides such as Fe,O5 and TiO,, however,
the supported Au complexes aggregated to large Au
particles (about 300 A in diameter) during calcination
at 673 K as characterized by EXAFS, XRD, and TEM
[40]. These Au complex-derived Au particles on the
traditional oxides showed low catalytic activity for CO
oxidation. As the Au aggregation and low activity
were thought to be due to almost no or weak interac-
tion of the Au precursors with the oxide surfaces, the
oxides were exposed to water vapor to produce surface
OH groups which can interact with the Au complexes.
The Au complexes supported on the water-treated
oxides also aggregated to large Au particles by calci-
nation at 673 K. Next, metal hydroxides commercially
available were used as the support for the Au com-
plexes, but the obtained supported Au catalysts also
showed low activities for CO oxidation.

Very recently, we [40,41] successfully developed a
new way to prepare supported Au catalysts with
dispersed Au particles by supporting 1 and 2 on as-
precipitated wet metal hydroxides, followed by tem-
perature-programmed calcination in a flow of air. The
obtained highly dispersed Au particles on the specially
obtained supports showed extremely high activity for
catalytic CO oxidation at low temperatures typically at
203-273 K. On the other hand, the catalysts obtained
by supporting the Au—phosphine complexes 1 and 2 on
conventional metal oxides showed CO oxidation
activities only at 300-500 K under the identical reac-
tion conditions. The Cl-containing precursors such as
Au(PPh3)Cl and HAuCl, were unsuitable for the
preparation of highly dispersed Au particles on the
supports. The characterization studies using XRD,
EXAFS and TEM revealed that the as-precipitated
metal hydroxides are much superior to the conven-
tional metal oxides as supports for small Au particles.
Thus it is suggested that a way to obtain highly
dispersed Au particles active for the low-temperature
CO oxidation is to choose a suitable Au complex as a

precursor and a suitable oxide precursor with many
surface OH groups which can be transformed simul-
taneously to Au particles and oxide support by calci-
nation in air.

Here we report the characterization and perfor-
mance of the supported gold catalysts derived from
the interaction of a Au—phosphine complex 1 with
conventional TiO, and as-precipitated Ti(OH); by
means of EXAFS, XRD, XPS and 3'P CP/MAS
(cross-polarization/magic-angle spinning)-NMR.

2. Experimental
2.1. Preparation of catalyst

A Au—phosphine complex, Au(PPh3)(NO3) (1), was
synthesized according to the literature [42]. As-pre-
cipitated titanium hydroxide Ti(OH), was prepared by
hydrolysis of Ti(i-OCsH5), (titanium-tetra-iso-prop-
oxide, 99.999% purity) with an aqueous solution
containing 5.0% of Na,CO3 (99.9% purity). The pre-
cipitate was repeatedly washed several times with
deionized water until the pH reached 7.0. The as-
precipitated Ti(OH), was filtered, and immediately
impregnated with an acetone (99.9%) solution of 1
under vigorous stirring for at least 12 h, followed
by evacuation for 5 h in vacuum to remove the solvent
at room temperature. The obtained samples were
calcined in a glass tube at a heating rate of 4 K/min
to given temperatures and the temperatures were
held for 4 h under a flow of air (30 ml/min). The
catalysts thus prepared are denoted as 1/Ti(OH);.
Note that the samples are always used as catalysts
after the temperature-programmed calcination. For
comparison, catalysts 1/TiO, were prepared by
impregnating 1 on commercially available TiO,
(Degussa P-25), followed by temperature-pro-
grammed calcination in a similar way to that for
1/Ti(OH);. The Au loading on both supports was
controlled to be 3.0 wt%.

2.2.  Characterization

The samples were characterized by EXAFS, XRD,
XPS, and *'P CP/MAS-NMR.

XRD patterns were measured on a Rigaku powder
X-ray diffractometer with Cu K, radiation over the 26
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range 20-80°. Mean Au particle sizes for 1/Ti(OH);
and 1/TiO, were estimated using the Sherrer equation
and the width of a selected diffraction line of
Au(2 0 0). XPS spectra were recorded on a Rigaku
XPS-7000 spectrometer by using MgK,, radiation with
an energy of 1253.6 eV. The binding energies were
referred to C(1s) at E,=284.6 eV.

Au L;-edge EXAFS spectra were measured in a
transmission mode at BL-10B of the Photon Factory in
the National Laboratory for High Energy Physics
(KEK) (Proposal No.: 95G200). The measurements
were carried out with a beam current of 250-350 mA
and a storage-ring energy of 2.5 GeV. The samples
were calcined in a U-shaped glass tube combined in a
fixed-bed flow reaction system in a flow of air (30 ml/
min) and transferred to EXAFS cells connected to the
U-shaped glass tube. Data were analyzed by a curve-
fitting method, using empirically derived phase-shift
and amplitude functions. The interactions of Au—Au
and Au-P were calculated by using the FEFF6.0
software [43,44]. The parameters used for the analysis
are summarized in Table 1.

3P CP/MAS-NMR measurements were performed
at a resonance frequency of 121.616 MHz on a Che-
magnetics Model-300 at room temperature. Chemical
shifts were referred to (NH4),PO4 (1.33 ppm). Rotors
were spun at 4 kHz and 4.5 ps pulses (90° pulses) were
applied to obtain 3'P MAS spectra with proton high
power decoupling. At least 1000 scans (a scan: 10 s)
were acquired for each spectrum of 1/supports. The
chemical shift of triphenylphosphine in the solid state
was measured as —4.9 ppm with respect to (NHy),POy,.

2.3.  Catalytic CO oxidation
CO oxidation reactions were carried out in a fixed-
bed flow reactor equipped with a computer-controlled

auto-sampling system by using 200 mg of catalyst

Table 1

powder. The reaction gas containing 1.0% CO
balanced with air purified through a molecular sieve
column was passed through the catalyst bed at a flow
rate of 67 ml/min (SV=20000 ml/h/g). The reaction
products were analyzed by a gas chromatograph using
a column of Unibeads C for CO, and a column of 5A
molecular sieve for CO and O,. The material balance
in the catalytic reactions was checked from the con-
centration of CO, and CO, showing good balance
under all the reaction conditions tested.

3. Results
3.1. Characterization by EXAFS and XRD

EXAFS measurements in a transmission mode were
carried out at room temperature to characterize 1/TiO,
and 1/Ti(OH),. The Fourier transforms of EXAFS
oscillations at Au Ls-edge for 1/Ti(OH); and 1/TiO,,
before and after calcination at 673 K are shown in
Fig. 1. The peak around 1.8 Ain spectra a and b of
Fig. 1 is assignable to Au—P bond, which indicates
that upon supporting the Au—phosphine complex 1 on
Ti(OH); and TiO, the Au complex 1 was not decom-
posed. After calcination at 673 K, the EXAFS Fourier
transform peak shifted to a longer distance as shown in
Fig. 1. The EXAFS curve-fitting analysis revealed that
the new peak is due to Au—Au bonding. The coordina-
tion number and distance of Au—Au bond were deter-
mined to be 9.8 and 2.86 A for 1/Ti(OH),, and 11.0
and 2.87 A for 1/TiO,, respectively, as shown in
Table 2. No Au-P bonding was observed with the
calcined samples. The results demonstrate that the Au
complex on the supports was decomposed to form
metallic Au particles by calcination at 673 K. The
coordination numbers for 1/Ti(OH); and 1/TiO, were
different from each other, suggesting the formation of
Au particles with different sizes.

Crystallographic data for FEFF calculation and Fourier transform ranges used in the EXAFS analysis

FEFF calculation

Fourier transform

Shell N r (A) Ak range (1&") Ar range (A)
Au-P for Au(PPhs) 1.0 2.28 3.0-14.50 1.40-2.30
Au-Au for Au foil 1.0 2.87 3.0-16.0 2.10-3.15

N: coordination number for absorber-backscatterer pair; : distance; Ak: range for Fourier transformation (k: wave vector); Ar: range for shell

isolation (r: distance).
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Fig. 1. The Fourier transforms of EXAFS oscillations at Au Lsz-
edge for 1/TiO, and 1/Ti(OH); before and after calcination: (a) as-
prepared 1/Ti(OH)); (b) as-prepared 1/TiO,; (¢) 1/Ti(OH);
calcined at 673 K (temperature-programmed); (d) 1/TiO, calcined
at 673 K (temperature-programmed).

The transformation from the Au—phosphine com-
plex to metallic Au particles was accompanied by the
development of the XRD peaks for crystalline TiO, as
shown in Fig. 2. The formation of metallic gold
particles and crystalline TiO, were not detected after
calcination at 473 K, but notable after calcination at
573 K. The XRD peak for crystalline Au particles was
hardly observed with 1/Ti(OH), calcined at 573 and
673 K, where the mean diameter of Au particles in
1/Ti(OH), was estimated to be less than 30 A In
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Fig. 2. The XRD patterns of 1/Ti(OH); before and after
temperature-programmed calcination. (4) Au(200): (a) as-
prepared 1/Ti(OH);; (b) 1/Ti(OH); after temperature-programmed
calcination at 473 K; (c) 1/Ti(OH)] after temperature-programmed
calcination at 573 K; (d) 1/Ti(OH); after temperature-programmed
calcination at 673 K; (e) 1/Ti(OH); after temperature-programmed
calcination at 773 K.

contrast, the 1/TiO, catalyst showed the Au(2 0 0)
peak at 20=44.4° after calcination even at 473 K.
The mean diameter of Au particles in 1/TiO, calcined
at 673 K was as large as 300 A. Moreover, the peaks
for crystalline TiO, produced from Ti(OH), were
much broader than those for TiO, (P-25) as shown
in Figs. 2 and 3.

3.2.  Characterization by XPS

Fig. 4 shows the XPS spectra of P 2p and Au 4f
levels in 1/Ti(OH), before and after calcination. The

Table 2
Curve-fitting results for the Au L;-edge EXAFS data of 1/Ti(OH)] and 1/TiO,
Pretreated Au-P Au-Au R¢
temperature 7 (K) . > > " (%)
r(A) Ac* (A>)  AE@V) N r(A) Ad® (AY)  AE (eV)
1/Ti(OH);
293 1.440.3 2.204+0.01  0.0006 —3.46 — — — — 1.3
673 — — — — 9.8£1.0 2.86+0.01  0.0001 2.55 0.9
1/TiO,
293 1.3+0.3 2.224+0.01  0.0000 —4.05 — — — — 0.9
673 — — — — 11.0£1.0 2.87£0.01  0.0001 2.12 0.7

EXAFS data of complex 1. Au-P: N=1, r=2.20 A.
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Fig. 3. The XRD patterns of 1/TiO, before and after calcination.
(#) Au(200): (a) as-prepared 1/TiO,; (b) 1/TiO, after tempera-
ture-programmed calcination at 473 K; (c) 1/TiO, after tempera-
ture-programmed calcination at 573 K; (d) 1/TiO, after
temperature-programmed calcination at 673 K; (e) 1/TiO, after
temperature-programmed calcination at 773 K.

Au 4f peak in the intact 1/Ti(OH), was observed at
85.5 eV, indicating that the Au atoms were still situ-
ated as monocationic ions probably bound to the

P2p 133.8 x3
MM
133.6

131.9~131.3

Intensity / a. u.

140 136 132 128

Binding energy / eV

phosphine ligand. After calcination at 473 K, the
Au 4f peak intensity became weak and a new peak
at 83.8 eV appeared. This may be due to the coexist-
ence of metallic gold particles and undecomposed
Au complex in the sample. When 1/Ti(OH), was
calcined at 573 K, no peak at 85.4 eV was observed
and a peak at 83.8 eV due to metallic gold developed.
The increase in the peak intensity at 83.8 eV for
metallic gold species by increasing calcination tem-
perature from 573 to 673 K may be due to the growth
and dispersion of the small metallic particles on the
catalyst surfaces. For the P 2p XPS spectra for phos-
phine species in the intact 1/Ti(OH);, a peak at
131.9 eV was observed, which is assignable to the
PPh; moiety bonding to Au. This species was also
observed after calcination at 473 K. The results indi-
cate that little change occurred significantly in the
phosphine species. The peak at 131.9 eV shifted to
higher binding energies (133.6—133.8 eV) by calcin-
ing the samples at 573-673 K, indicating the oxidation
of phosphine species by calcination.

Fig. 5 depicts the XPS spectra of P 2p and Au 4f for
1/TiO, before and after calcination. The Au 4f peak at
84.8 eV for the intact 1/TiO, shifted to a lower binding
energy of 83.7 eV by calcination at 473 K. No peak for
the Au complex was observed with the sample cal-
cined at 473 K. The P 2p XPS spectra showed that the

Au 4f 875 N

87‘5 83.8
Mﬁ“

88.9 874 854 838 b

Intensity / a. u.

92 90 88 86 84 82 80

Binding energy / eV

Fig. 4. P 2p and Au 4f XPS spectra for 1/Ti(OH)j: (a) as-prepared sample; (b) after temperature-programmed calcination at 473 K; (c) after
temperature-programmed calcination at 573 K; (d) after temperature-programmed calcination at 673 K.
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Fig. 5. P 2p and Au 4f XPS spectra for 1/TiO;: (a) as-prepared sample; (b) after temperature-programmed calcination at 473 K; (c) after

temperature-programmed calcination at 573 K.

peak at 131.9 eV in the intact 1/TiO, shifted to a
higher binding energy of 133.2 eV by calcination at
473 K, suggesting that the oxidation of phosphine
species occurred in parallel to the formation of metal-
lic gold particles.

3.3. Characterization by ' P CP/MAS—-NMR

The effects of calcination temperatures on the *'P
CP/MAS-NMR spectra for 1/Ti(OH); and 1/TiO, are
shown in Figs. 6 and 7, respectively. The spectra for
both 1/Ti(OH); and 1/TiO, calcined at 473 K are
similar to that for complex 1, though the chemical
shift slightly moved from 24.7 ppm (complex) to
30.6-31.6 ppm (1/Ti(OH);). The change in the che-
mical shift may be due to the chemical interaction
between Au complex and Ti(OH);. No other reso-
nances such as adsorbed PPh; (PPh;/Ti(OH),, 6
—18.8 ppm) and free PPhs (6 —4.9 ppm) liberated
from the complex 1 were observed. After calcination
at 673 K, a new resonance at 5.9 ppm was observed as
shown in Fig. 6. For 1/TiO,, the chemical shift of 3'P
in the intact sample was similar to that of 1/Ti(OH),
(Fig. 7(a)), but new resonances with chemical shifts at
75.1, 42.5 and 10.0 ppm appeared in the NMR spec-
trum of 1/TiO, calcined at 473 K (Fig. 7(b)). By
calcination at 673 K, another new signal at 3.0 ppm

5.9
d
31.6
C
30.6
b
247
a

100 80 60 40 20 0 -20  -40 ppm

Fig. 6. 3P CP/MAS-NMR spectra of 1/Ti(OH);: (a) Au
phosphine complex 1; (b) as-prepared 1/Ti(OH);; (c) after
temperature-programmed calcination at 473 K; (d) after tempera-
ture-programmed calcination at 673 K.

was observed. We assign the peaks at 3—-6 ppm
(Fig. 6(d) and Fig. 7(c)) to surface (PO,)*~ from
comparison with the spectrum of H3PO4/TiO,
(Fig. 7(d)). The difference in the chemical shifts
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Fig. 7. 3'P CP/MAS-NMR spectra of 1/TiO: (a) as-prepared 1/
TiO,; (b) after temperature-programmed calcination at 473 K; (c)
after temperature-programmed calcination at 673 K; (d) as-
prepared H3;PO,/TiO,.

may be due to the difference in the concentrations of
moisture in the samples [45].

3.4. Catalytic activities

Fig. 8 depicts the catalytic activities (CO conver-
sion) of supported Au catalysts, 1/Ti(OH), and
1/TiO,, for CO oxidation in a fixed-bed flow reactor
as a function of reaction temperature. Under the
present reaction conditions (SV=20000 ml/h/g-cat;
CO=1%), 100% conversion corresponds to a reaction
rate of 8.93x 10> mol/h/g-cat. It was found that the
catalytic performances of 1/Ti(OH); and 1/TiO, were
remarkably affected by catalyst calcination tempera-
tures. The CO oxidation on 1/Ti(OH); calcined at 673
and 773 K occurred at temperatures lower than 273 K.
On the other hand, the catalysts 1/TiO, calcined at 673
and 773 K were active for the CO oxidation only
above 350 K. It was found that the catalytic activity
of 1/Ti(OH), was much higher than that of 1/TiO,.
When the catalyst 1/Ti(OH), calcined at 473 K was
used, the CO conversion increased steeply with reac-
tion temperature above 400 K. This might be due to an
increase in the amount of small gold particles in the
catalyst during the catalytic reaction by decomposi-

100
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Fig. 8. CO oxidation reactions on various Au/Ti-oxide catalysts in
a fixed-bed reactor (SV=20000 ml/h/g) as a function of reaction
temperature: (A) 1/Ti(OH); (temperature-programmed calcination
at 673 K); ((J) 1/Ti(OH); (temperature-programmed calcination at
773 K); (@) l/Ti(OH)Z (temperature-programmed calcination al
473 K); (X)) 1/TiO, (temperature-programmed calcination at
773 K); (A) 1/TiO, (temperature-programmed calcination at
673 K); (®) 1/TiO, (temperature-programmed calcination at
473 K).

-

tion of the remaining Au complex in 1/Ti(OH),
calcined at 473 K. It coincides with the observations
of EXAFS, XRD and XPS for 1/Ti(OH); calcined at
473 K.

4. Discussion

The curve-fit results of the EXAFS data in Table 2
reveal that the Au-P bond lengths for 1/Ti(OH), and
1/TiO, before calcination range between 2.20 and
2.22 A. The Au-P distances are similar to that for
crystalline Au(PPh;)(NOj3) [46]. The results of XRD
(Fig. 2(a) and Fig. 3(a)), XPS (Fig. 4(a) and Fig. 5(a))
and 3'P CP/MAS-NMR (Fig. 6(a) and Fig. 7(a))
demonstrate that the Au phosphine complex
Au(PPh3)(NO3) (1) is supported on the surfaces of
as-precipitated titanium hydroxides and titanium oxi-
des without significant loss of the Au-P bond at room
temperature. The complex—surface interaction might
occur through the nitrate anions which reacted with
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the surface OH groups to form surface Au—phosphine
complexes [Au(PPh;)]" as suggested from the com-
parison of the IR spectrum of Au phosphine complex
1 in KBr with that of the supported complex.' Thus,
the downfield chemical shift observed in the *'P CP/
MAS-NMR spectra (Fig. 6(a) and Fig. 7(a)) of
1/Ti(OH); and 1/TiO, may be due to the interaction
between [Au(PPh;)]" and the supports. When
1/Ti(OH), was calcined at 473 K, only a partial
cleavage of the Au—P bond occurred to form a small
amount of metallic gold species, but no oxidation of
the phosphine species was observed, judging from the
results of XRD (Fig. 2(b)), XPS (Fig. 4(b)) and *'P
CP/MAS-NMR (Fig. 6(b)). The results indicate that
the amorphous as-precipitated Ti(OH); interacts with
the Au phosphine complex to stabilize the supported
complex. It was found that the formation of metallic
gold particles and the transformation of the amor-
phous Ti(OH); support to crystalline titanium oxide
took place at 573 K in the case of 1/Ti(OH), as
evidenced by XRD (Fig. 2(c)) and XPS (Fig. 4(c)).
On the other hand, when 1/TiO, was calcined at
473 K, the interpretation of the newborn chemical
shifts at 75.1, 42.5 and 10.0 ppm in 3'P CP/MAS-
NMR (Fig. 7(b)) is not clearly done at present. The Au
clusters such as [Aug(PPhs)g]®" and [Aug(PPhs);]"
provide similar 3'P-NMR shifts in the solid state [47—
49]. Hence, a possible explanation for the chemical
shifts at 75.1 and 42.5 is that phosphine species were
bound to Au clusters/particles formed by the decom-
position of the Au complex 1 at 473 K. Another
possible explanation is that partial oxidation of the
phosphine species on the support occurred as sug-
gested by XPS (Fig. 5(b)).

It may be of interest to note that the intensity of the
Au 4f and P 2p XPS signals for 1/Ti(OH); signifi-
cantly decreased after temperature-programmed cal-
cination at 473 K as shown in Fig. 4(b). The reason for
the intensity reduction by the 473 K calcination is not
clear at present, but it may not be artificial because the
intensity of the Ols XPS signal (not shown) was
similar in all the samples treated in Fig. 4. We propose
that the reduction in the Au and P XPS signals is due to
the change of the location of the Au phosphine species
from the catalyst surface to the subsurface/the bulk
near the surface upon calcination at 473 K. The

!The data are obtainable upon request.

occlude Au species are decomposed to metallic Au
particles after calcination at 573 K as shown in
Fig. 4(c), and the intensity increased, indicating that
a part of them is moved to and dispersed at the surface.
After calcination at 673 K, Au particles are suggested
to be grown and dispersed at the support surface
judging from the increase in the XPS signals
(Fig. 4(d)).

Our previous studies [39-41,50,51] demonstrated
that the Au complex on the oxide supports decom-
poses to metallic Au particles at lower temperatures
than 573 K. In the similar temperature range the as-
precipitated wet metal hydroxides are dehydrated to
form anhydrous metal hydroxides, and mostly to
partially dehydrated metal oxides. The supported
Au complex is expected to be stabilized on the surface
of the as-precipitated metal hydroxides like Ti(OH),
by chemical interaction between [Au(PPh;)]" and
hydroxyl groups or adsorbed water. During the
calcination of the samples the decompositions of both
the Au complex and the as-precipitated Ti(OH); occur
in parallel, which leads to the formation of highly
dispersed Au particles on the in situ prepared
oxide surfaces. On the other hand, in the case of
1/TiO,, there is only a limited number of OH groups
on the oxide surface and the property of the OH
groups seems to be different from the OH groups of
Ti(OH),, and the interaction of the TiO, surface with
the Au complex may be insufficient and weak, hence
leading to aggregation to large Au particles without
significant stabilization of Au species during the
calcination.

When the as-prepared 1/Ti(OH), was calcined at a
temperature-programmed rate of 4 K/min up to 673 K
in a flow of air, it was found that the obtained Au
catalysts showed high catalytic activities for CO oxi-
dation at low temperatures like 273 K as shown in
Fig. 8. The diameter of the Au particles in 1/Ti(OH),
is likely to be 30 A, judging from negligible Au(2 0 0)
peak. EXAFS (Fig. 1 and Table 2) and XRD (Figs. 2
and 3) estimate the size of Au particles in 1/Ti(OH);
to be about one-tenth of that in 1/TiO,.

Calcination of 1/Ti(OH); at 673 K oxidized the
phosphine ligands to phosphoric species as suggested
by XPS (Fig. 4) and *'P CP/MAS-NMR (Fig. 6).
There was no correlation between the catalytic activity
and the amount of the phosphoric species in the
catalysts, but limited information in the present study
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indicates the negative effect of the remaining phos-
phoric species on the CO oxidation catalysis.
Hoflund and co-workers [13,52] claimed that non-
metallic Au species is responsible for the low-tem-
perature activity. Haruta et al. [6] reported that the
sample having both metallic and nonmetallic Au
species was not more active than the sample having
only metallic Au species. Recently, it was suggested
by XPS and ISS that the near-surface region of Au/
Fe,O; contains more Au as compared with that of Au/
Co304, where Au is present as crystallites and small
amounts of nonmetallic Au species are also present
[52]. The present XPS date provided no evidence on
the presence of cationic Au species on the surface of
1/Ti(OH),, although XPS cannot detect a small
amount of cationic Au species which coexists with
metallic species in the 3.0 wt% Au catalysts.

5. Conclusions

The Au—phosphine complex 1 was supported intact
on the surfaces of as-precipitated Ti(OH); and TiO, at
room temperature. The amorphous as-precipitated wet
Ti(OH), which contains large amounts of surface OH
groups and physisorbed water, interacts with the Au
complex 1 more efficiently than the conventional
TiO,. The transformation of the as-prepared 1/
Ti(OH); to crystalline titanium oxide was observed
at 573 K, whereas the decomposition of 1/TiO,
accompanying the oxidation of phosphine species
occurred by calcination at 473 K. The difference of
the decomposition behavior results in the difference of
the sizes of metallic Au particles formed on 1/Ti(OH);
and 1/TiO, by calcination at 673 K. The mean dia-
meter of Au particles in 1/Ti(OH); was ten times
smaller than that in 1/TiO,. The supported Au cata-
lysts prepared from 1/TiO, catalyzed CO oxidation
above 350 K, while the catalysts derived from 1/as-
precipitated Ti(OH), showed a high activity for CO
oxidation at low temperatures.
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