Journal of Catalysis 196, 56-65 (2000)

¥
doi:10.1006/jcat.2000.3033, available online at http:/www.idealibrary.com on | INE ML

Supported Gold Catalysts Prepared from a Gold Phosphine Precursor
and As-Precipitated Metal-Hydroxide Precursors: Effect of
Preparation Conditions on the Catalytic Performance

Alexander I. Kozlov,* Anguelina P. Kozlova,* Kiyotaka Asakura,** Yoshio Matsui, Toshihiro Kogure,i
Takafumi Shido,* and Yasuhiro lwasawa**

*Department of Chemistry, Graduate School of Science, The University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113-0033, Japan; tNational
Institute for Research in Inorganic Materials, 1-1 Namiki, Tsukuba, Ibaraki 305-0044, Japan; and tlInstitute of Mineralogy,
Graduate School of Science, The University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113-0033, Japan

Received March 6, 2000; revised June 26, 2000; accepted August 21, 2000

Supported gold catalysts highly active for low-temperature CO
oxidation were prepared by using AuPPh3;NO3; complex as a
Au-metal precursor and wet as-precipitated iron hydroxide and
titanium hydroxide as support precursors. Effects of catalyst prepa-
ration conditions on the performance for low-temperature CO oxi-
dation were studied. Metal-hydroxide precipitation conditions and
heating rates of temperature-programmed calcination altered sig-
nificantly the performance of the supported gold catalysts. To elu-
cidate key factors responsible for the effects the catalysts were char-
acterized by EXAFS, TEM, XRD, and N; adsorption. Changes
in the activities of both Au/Fe oxide and Au/Ti oxide catalysts
originated mainly from changes of the Au particle size distribu-
tion. It was also found that states of the mesoporous support
precursors upon attaching the Au precursor onto them and dur-
ing the temperature-programmed calcination appeared to be of
great importance in obtaining dispersed Au nanoparticles on oxide
surfaces. (© 2000 Academic Press

Key Words: gold catalysts; preparation method; low-temperature
CO oxidation; supported Au—-phosphine complex; iron oxide; tita-
nium oxide.

1. INTRODUCTION

The longer challenge to catalyst preparation of oxide-
supported metal catalysts is to address important issues
in regulation of size and distribution of metal particles.
Distinct materials and chemistry prepared stepwise in a
controllable manner by using organic and inorganic metal
complexes or clusters as precursors have provided an op-
portunity for development of efficient catalytic surfaces
(1-7). However, the superiority of this kind of prepara-
tion method, where Au-complex precursors are attached on
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oxide surfaces, followed by further treatment to obtain ac-
tive gold metal ensembles, cannot be applied to supported
Au catalytic systems due to easy sintering of Au species to
grow to large Au particles.

Novel high reactivity of matrix-trapped Au atoms for CO
oxidation at 30-40 K has been discovered by Ozin and his
coworkers (8). In the 1990s supported Au catalysts have
been successfully applied to industrial reactions, while fun-
damental researches on catalytic properties of Au-based
materials have been conducted extensively interlacing with
industrial curiosity (9-22). Although there are several re-
ports about the activity of oxidic gold species (21, 23-25),
most researchers have ascribed the high performance of
supported Au catalysts to small metallic Au nanoparticles
(9-16, 18, 26-36). Extensive studies on a variety of sup-
ported gold catalysts have demonstrated a decisive role of
preparation method in stabilization of finely dispersed Au.

In 1996 we reported a novel efficient method for prepa-
ration of active supported gold catalysts using wet as-
precipitated metal hydroxides (M(OH)}) and gold phos-
phine complexes as precursors for oxide supports and gold
particles, respectively (37). A Au/Fe(OH)j catalyst is one
of the most active Au catalysts reported until now, showing
a high CO oxidation activity even at 203 K (10, 22, 37-39)
(Table 1). A crucial role of the interaction of Au complexes
and support precursors in obtaining active catalysts was ev-
ident for Au/Fe(OH)3 and Au/Ti(OH); catalysts (10, 38—
40), which suggests a possibility of being able to control Au
particle size through preparation conditions.

In the present study EXAFS, TEM, XRD, and N, ad-
sorption measurements were employed to elucidate an
effect of preparation conditions on the performances of
Au/Fe(OH)j; and Au/Ti(OH)j catalysts in low-temperature
CO oxidation. The choices of precipitation reagent and
calcination-heating rate altered significantly the catalytic
performance of Au/Fe(OH)j;. The key issues, such as Au
particle size distribution, mesoporous support precursor,
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TABLE 1

CO Oxidation on Iron Oxide-Supported Au Catalysts

Preparation Au particle Rate (mol CO E. TOF (207 K)

Catalyst method? size (nm) T (K) (mol-Au)~ts™) (kcal mol™Y) x 10% (s7HP Ref.
Au(3 wt%)/Fe(OH);-S-4 IAH 2.6 207 85 x 1073 6.8 17.9 This work
Au(3 wt%)/Fe(OH)3-A-0.1 I1AH 3.4 207 36 x 1072 — 10.2 This work
Au(3 wt%)/Fe(OH):-A-4 IAH 4.9 207 1.6 x 1078 — 6.4 This work
Au(3 wt%)/Fe(OH); IAH <4.0 268 9.6 x 107° — — 54
Au(3 wt%)/Fe;O% 10 12 207 8.1 x 1075 5.0 0.79 22,51
Au(5 wt%)/a-Fe;03 10 16.0 393 49 x 1073 — — 20
Au(0.26 Wt%)/a-Fe,03 DP Au,03+ Au 363 47 x 1071 — — 25
Au(0.26 Wt%)/a-Fe,03 DP 4.0 363 2.8 x 1071 — — 25
Au(11.5 wt%)/Fe,O3 CP 3.6 203 2.6 x 1078 — 9.7-11.4° 49
Au(0.56 wt%o)/Fe,O3 CP AuOOH 207 6.3 x 1074 9.35 — 21,52
Au(3.15 wt%)/Fe,O3 CP 6.5 207 2.4 x 1074 7.4 1.26 32
Au(5 wt%)/Fe;O5 CP 4.8 275 3.8 x 1073 — — 36
Au(0.66 Wt%)/Fe,05 DP — 207 46 x 1075 8.4 — 49
Au(3.15 wt%)/Fe,03 CP — 303 5.1 x 1072 — — 53

21AH, impregnation of the as-precipitated Fe hydroxides with the gold complex; 10, impregnation of Fe oxides; CP, coprecipitation;

DP, deposition—precipitation.

bp(CO) = 1 kPa, p(02) = 20 kPa; TOFs were calculated using reported mean Au particle sizes and activation energies.
¢ TOF at 207 K was calculated assuming E, in the range of 5.0-8.4 kcal mol~™.

and Au-support interaction, to obtain active supported Au
catalysts are discussed.

2. EXPERIMENTAL

2.1. Materials

FE(N03)3 -9H,0, Na,CO3, and 25%-NH,OH (aII, 99.9%
purity) were purchased from Wako Chemicals. Authentic
samples of iron oxide and titanium oxide polymorphs were
supplied by Soekawa Chemicals and Wako Chemicals, re-
spectively. Ti(i-OPr)4 (99.99%) was received from Aldrich.
AUPPh3NO3; was prepared according to the literature (41).

2.2. Catalyst Preparation

As-precipitated wet hydroxides were obtained by hy-
drolysis of Fe(NO3)3 - 9H,0 or Ti(i-OPr)4 with an aqueous
solution of Na,CO3; or NH,OH. They are denoted in the
text as M(OH)z-S and M(OH):-A (M = Fe, Ti), respec-
tively (10, 37-40). After supporting AuPPhzNO3; complex
on the M(OH);-S and -A, the samples were temperature-
programmed calcined at a given heating rate to 673 K and
kept at 673 K for 4 h in a flow of dry air (30 ml min~1) to give
AU/M(OH);-S-R and Au/M(OH);-A-R catalysts (where R
stands for a programmed heating rate of 20, 4, 0.5, or 0.1 K
min~1). Details of the preparation procedure have been re-
ported (10, 22, 37-40). The Au loading was typically 3 wt%.
Samples calcined at different temperature (T) are denoted
as Au/M(OH); (T). To examine the effect of PPh; ligand
on support structure, a Fe(OH)3{P} sample was prepared
by impregnation of Fe(OH)3 with an acetone solution of
PPh; instead of AuPPh3sNOs3.

2.3. Sample Characterization

TEM images of the Au/Fe(OH)j catalysts were ob-
served using a Hitachi-1500 electron microscope operated
at 800 kV, while images for Au/Ti(OH); were taken using
a Hitachi HF-2000 electron microscope at 200 kV. Samples
were dispersed in ethanol or CCl, and a drop of the ob-
tained suspension was fixed on a microgrid covered with
amorphous carbon film.

Au Ls-edge EXAFS spectra were measured at room
temperature in a transmission mode at BL-7C station of
the Photon Factory of the Institute of Materials Structure
Science, High Energy Accelerator Research Organization
(KEK-PF) (Proposal 97-G040) and the data were analyzed
by a “Rigaku EXAFS (REX)” program.

XRD patterns were recorded in the 20 range from 20° to
80° atascanning speed of 2°(20) min~* on a Rigaku Miniflex
X-ray diffractometer with nickel-filtered CuK, radiation
operated at 30 kV and 15 mA.

Nitrogen (N2 99.9999%) adsorption isotherms at 77 K
were obtained on a BELSORP-28SA equipment. Before
the measurements samples of about 0.3 g were pretreated
in vacuum using a turbo molecular pump. The surface areas
of the samples were estimated by the conventional BET
method (42). Mesopore analysis was carried out using the
Dollimore and Heal method (43).

2.4. Catalytic Performance

The catalytic performances at the steady-state were mea-
sured after 40 min on stream at each reaction temper-
ature in the temperature ranges from 207 to 298 K for
the Au/Fe(OH)j catalysts and from 273 to 503 K for the
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AuU/Ti(OH)j catalysts. In a typical experiment a gas mixture
of 1.0% CO balanced with air was passed through 200 mg of
a catalyst at a flow rate of 67 ml min~L. The product analysis
was performed by an on-line gas chromatograph.

3. RESULTS

3.1 Catalysts Derived from AuPPh3zNOs3
and As-Precipitated Fe(OH)3;

3.1.1. Catalytic performance. Figures 1 and 2 show
the results of CO oxidation on Au/Fe(OH); catalysts
prepared under different precipitation and calcination
conditions, respectively. All the Au/Fe(OH); catalysts
exhibited remarkably high activities for CO oxidation
allowing 100% CO conversion at room temperature or be-
low. Supporting AuPPh3zNO3 on iron hydroxides precipi-
tated by Na,COj at different pH resulted in Au/Fe(OH);
catalysts with similar catalytic performances to each other
(Fig. 1). Au/Fe(OH);-A-4 catalyst obtained by using
NH4OH for support precipitation also showed a high level
of CO conversion at room temperature, but the activity
leveled off from the high performance with decreasing
temperature. The Au/Fe(OH);-A-4 catalyst exhibited only
9% CO conversion at 207 K, while the conversion on the
Au/Fe(OH)3-S-4 catalyst was as high as 52% at the same
temperature (Fig. 1). Heating rate during the temperature-
programmed calcination changed the catalytic activity of
Au/Fe(OH)j; profoundly. Performances of the Au/Fe(OH);
catalysts were improved by applying slower heating rates
as shown in Fig. 2.
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FIG. 1. CO oxidation on the Au/Fe(OH); catalysts derived from as-
precipitated Fe(OH); obtained under different pH: (l) Au/Fe(OH);-S-4
at pH 9.1, (¢) Au/Fe(OH)3-S-4 at pH 10.0, (O) Au/Fe(OH);-S-4 at pH
7.6, (A) Au/Fe(OH)3-S-4 at pH 9.1.
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FIG.2. CO oxidation on the Au/Fe(OH); catalysts calcined at differ-
ent heating rates. Fe(OH); was obtained at pH 9.1: () Au/Fe(OH);-S-0.5,
(L) AulFe(OH)3-A-4, (@) Au/Fe(OH)3-S-4, (A) Au/Fe(OH)3-A-0.1, (O)
Au/Fe(OH);-S-20.

Table 1 lists reaction rates, turnover frequencies (TOFs)
and activation energies for the CO oxidation on iron oxide
supported catalysts prepared by different methods. The
TOFs were calculated on the basis of number of surface
Au atoms which were estimated from mean Au parti-
cle sizes assuming a hemispherical shape of the particles.
The Au/Fe(OH)3-S-4 sample exhibited the highest catalytic
performance at 207 K. The reaction rate of CO oxida-
tion on the Au(3 wt%)/Fe(OH)3-S-4 catalyst was 8.5 x
10~* mol-CO (mol-Au)~! s~ at 207 K, which was much
higher than 2.4 x 10~* mol-CO (mol-Au)~! s~ at 207 K
for Au (3.15 wt%)/Fe,O3 prepared by a traditional co-
precipitation method (32) (Table 1).

3.1.2. State of support. XRD patterns for Au/Fe(OH);
and iron oxide supports calcined at 673 K are shown in Fig. 3.
General features of XRD patterns for all the Au/Fe(OH);
catalysts were appearance of y-Fe,O3; phase and poorer
crystallinity as compared to Fe,O3-S-4 prepared by cal-
cination of as-precipitated Fe(OH)3-S. Fe(OH)3;{P}-S-4,
Au/Fe(OH)3-S-4, and Au/Fe(OH)3-A-4 exhibited essen-
tially the same XRD patterns, indicating similar content
of the y-Fe,O3 phase. There is a clear correlation between
the heating rate and the content of y-phase. The slower
the heating rate, the smaller the amount of y-Fe,O3 phase
became. Au(111) peak was hard to detect in all the catalysts.

Figures 4 and 5 show adsorption-desorption cycles
of nitrogen at 77 K for the Au/Fe(OH)3-S and Au/
Fe(OH)3-A catalysts calcined at different temperatures,
respectively. Types of adsorption isotherms, specific BET
surface areas and mean pore sizes for the examined
Au/Fe(OH)3; samples together with other characterization



SUPPORTED Au CATALYSTS: EFFECT OF PREPARATION CONDITIONS 59

40
20/°

FIG.3. XRD patterns of the Au/Fe(OH); catalysts: (a) Fe,0%-S-4,
(b) Fe(OH)3{P}-5-4, (c) Au/Fe(OH)3-S-20, (d) Au/Fe(OH);-S-4, (e) Au/
Fe(OH)3-S-0.5, (f) Au/Fe(OH)3-A-4, and (g) Au/Fe(OH)3-A-0.1. ¢ and
@ indicate y-Fe,O3 and «-Fe,O3, respectively.

data are listed in Table 2. The nitrogen adsorption iso-
therms of Au/Fe(OH);-S (RT), Au/Fe(OH);-S-4 (423),
and Au/Fe(OH)3-S-4 (473) samples can be described as
type Il of IUPAC classification (Table 2 and Fig. 4) (44).
The samples possessed mesopores of ca. 5 nm with the dis-
tribution of 2-15 nm in diameter and exhibited hysteresis
loops of type H2 with closure point at P/Pg as low as 0.45.
In contrast to the Au/Fe(OH)3-S samples, Au/Fe(OH)3-A
(RT), Au/Fe(OH)3;-A-4 (423), Au/Fe(OH)3-A-4 (473), and
Au/Fe(OH)3-A-0.1 (473) samples possessed mainly mi-
cropores, showing adsorption isotherms which resemble
type | of ITUPAC classification with narrow H4 type hys-
teresis. Gradual dehydration of the iron oxide support up
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FIG. 4. N, adsorption isotherms and hysteresis loops at 77 K for
the Au/Fe(OH);3-S samples. Closed and open symbols correspond to ad-
sorption and desorption steps, respectively: (¢) (&) Au/Fe(OH); (RT),
(A) (A) AulFe(OH)3-S (423), (@) (O) Au/Fe(OH)3-S (473), () (X)
Au/Fe(OH)3-S (573), () (O) Au/Fe(OH)3-S (673).
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FIG.5. N, adsorption isotherms and hysteresis loops for the
Au/Fe(OH);3-A samples. Closed and open symbols correspond to adsorp-
tion and desorption steps, respectively: (®) (&) Au/Fe(OH)3-A (RT),
(A) (L) Au/Fe(OH);-A-4 (423), (@) (O) Au/Fe(OH);-A-4 (473), () (X)
Au/Fe(OH)3-A-0.1 (473), (W) (O) Au/Fe(OH)3-A-4 (673).

to 473 K proceeded with retention of the pore structure
of the corresponding as-precipitated materials. Crystalliza-
tion of the support at temperatures >573 K was accompa-
nied with remarkable decreasing the surface area and in-
creasing the averaged pore size for both Au/Fe(OH);-S-4
and Au/Fe(OH)3;-A-4 catalysts. The Au/Fe(OH)3-S-4 (673)
catalyst exhibited type IV isotherm with H3 type of hystere-
sis, while the isotherm for Au/Fe(OH)3-A-4 (673) catalyst
was of type 1V with the hysteresis loop of H1 shape. Raising
the calcination temperature from 573 to 773 K resulted in
decrease of the surface area for Au/Fe(OH)3;-S-4 and in-
crease of the average pore size due to disappearance of a
fraction of mesopores <6 nm in diameter.

3.1.3. State of gold. Table 3 shows the results of curve-
fitting analysis of the Au Ls-edge EXAFS data for the
Au/Fe(OH)3-S (673) and Au/Fe(OH)3-A (673) samples
treated at heating rates of 0.1-20 K min~! from room tem-
perature to 673 K. The Au-Au bond distances for all the
Au/Fe(OH)j catalysts except the Au/Fe(OH)3;-A-0.1 cata-
lyst were similar to 0.287 nm for Au foil. Coordination
numbers were in the range of 7.7-10.0 and tended to de-
crease when slow heating rates were applied. The values
are significantly smaller than the value (N = 12) for Au foil.
The results demonstrate that Au atoms aggregate with each
other to form metallic particles. The larger coordination
number (10.0 + 1.4) for Au/Fe(OH)3-A-4 compared to that
(7.9 £1.2) for Au/Fe(OH)3-S-4 indicates the formation of
bigger Au metallic particles in the former catalyst.

Size distributions of Au metallic particles in typical
Au/Fe(OH)j; catalysts were estimated by TEM. Figure 6
shows the histograms of Au particle distributions in the Au/
Fe(OH)3-S-4, Au/Fe(OH)3-A-4, and Au/Fe(OH)3;-A-0.1
catalysts. All the catalysts exhibited the high population of
Au particles less than 5 nm. The Au/Fe(OH)3-S-4 catalyst
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TABLE 2

Characterization of Typical Iron Oxide-Supported Au Catalysts

Isoterm type and SBeT Mean pore

Catalyst hysteresis shape (m?g™h diameter (nm) Fe oxide? State of Au®
Au/Fe(OH);3-S (RT) 11/H2 164 55 Amorphous [AuPPh3]*
Au/Fe(OH)3-S-4 (473 K) 11/H2 186 48 Amorphous AU’ 4 [AuPPhs]*
Au/Fe(OH)3-S-4 (573 K) 1V/H1 54 9.3 a-Fe;,03 + y-Fe;04 A
Au/Fe(OH)3-S-4 (673 K) IV/H1 50 9.7 a-Fe;03 + y-Fe03 AU’, 2.6 nm
Au/Fe(OH)3-S-20 (673 K) 1V/H1 54 9.7 a-Fe,O3 + y-Fey0O3 A
Au/Fe(OH)3-S-4 (773 K) IV/H1 or H3 39 104 a-Fe,0O3 AUl
Au/Fe(OH)3-A-4 (RT) 1/H4 130 31 Amorphous [AuPPh3]*
Au/Fe(OH)3;-A-4 (473 K) 1/H4 226 2.9 Amorphous AU’ 4 [AuPPh;]*
Au/Fe(OH)3-A-0.1 (473 K) 1/H4 193 2.8 Amorphous —
Au/Fe(OH)3-A-4 (673 K) 1V/H3 68 8.3 a-Fe;03 + y-Fe,03 AU’, 4.9 nm

2From XRD.
b From XPS, EXAFS, and TEM (this work and Ref. 39).

showed a sharpest size distribution where about 80% of
Au particles ranged from 2 to 3 nm in diameter. For the
Au/Fe(OH)3-A-4 catalyst a broad multimodal Au particle
size distribution was observed (Fig. 6a). The population
of Au particles <3 nm was as small as 32%. The mean
Au particle size in the Au/Fe(OH);-A-4 catalyst was
4.9 nm that was about two times larger than 2.6 nm in
the Au/Fe(OH)3-S catalyst. Au particle growth in the
Au/Fe(OH); seems to be simply controlled by varying
heating rates. Although the Au/Fe(OH);-A-0.1 catalyst
exhibited Au particles in the range 1-17 nm, a relatively
sharp peak in the Au particle size distribution was located
at about 2 nm and the fraction of particles <3 nm was as
large as 67%. In contrast, the Au/Fe(OH);-A-4 catalyst
possessed no Au particles smaller than 2 nm.

3.2. Catalysts Derived from AuPPh3NO; and Ti(OH),

The catalytic activities of Au/Ti(OH); catalysts in the
steady-state CO oxidation are plotted as a function of
reaction temperature in Fig. 7. The catalytic activities of
the Au/Ti(OH); samples were lower as compared with
those the Au/Fe(OH); samples. In contrast to the case
of the Au/Fe(OH); catalysts, the kind of precipitation
reagent gave negligible effect on the performance of the

Au/Ti(OH); catalysts. CO conversions at 298 K on the Au/
Ti(OH);-S-4 and Au/Ti(OH);-A-4 catalysts were 23 and
25%, respectively. Applying slowest heating rates for cal-
cination resulted in the highest performance of the Au/
Ti(OH);-S catalyst. The Au/Ti(OH);-S catalysts heated
at 20, 4, and 0.1 K min~! exhibited 12, 25, and 42% CO
conversions at 298 K, respectively.

The AuU/Ti(OH);-S (673) catalysts exhibited a meso-
porous structure with surface area of about 80 m? g=1. XRD
patterns of Au/Ti(OH);-S-0.1, Au/Ti(OH);-S-4, and Au/
Ti(OH)};-S-20 are shown in Fig. 8. The Au/Ti(OH);-S-0.1
and Au/Ti(OH);-S-4 catalysts exhibited only XRD peaks
characteristic of Au metal, revealing amorphous structure
of the titania support. In addition to gold diffraction peaks,
the Au/Ti(OH);-S-20 catalyst showed the XRD peaks due
to anatase (25.2°, 48.0°, and 62.7°) and rutile (27.5°, 36.2°,
41.3°,54.4°,and 69.2°). Lines at 29.8°, 33.0°, 58.1°, and 67.0°
may tentatively be prescribed to reduced titania phases
(45). Inthe case of iron oxide-supported Au catalysts signal-
to-noise ratio was not sufficient due to fluorescence back-
ground of the iron oxide support. On the other hand, the ab-
sence of intensive background in the Au/Ti(OH), catalysts
due to amorphous/poorly crystallized state of the support
gave relatively high signal-to-noise ratio, which allowed to
observe clearly all the Au reflections.

TABLE 3

Curve-Fitting Results for the Au Ls-Edge EXAFS Data of Au/Fe(OH); Samples Calcined at 673 K

Catalyst Bond N r (nm) Ao? (nm?) AE (eV)
Au/Fe(OH)3;-S-0.5 Au-Au 7.7+£13 0.285 + 0.002 31410 x 107° 2+8
Au/Fe(OH);-S-4 Au-Au 79+12 0.287 £ 0.002 18+10 x 10°° 2+3
Au/Fe(OH)3-S-20 Au-Au 10.0+1.3 0.287 £ 0.002 11+10 x 10°° 145
Au/Fe(OH)3-A-0.1 Au-Au 82+13 0.283 £ 0.002 20410 x 1078 —44+5
Au/Fe(OH);-A-4 Au-Au 10.0+14 0.285+0.003 14+10 x 10°° 0+6




FIG. 6. Size distributions of Au metallic particles in the (a) Au/
Fe(OH)3-A-4, (b) Au/Fe(OH)3-A-0.1, and (c) Au/Fe(OH);-S-4 catalysts
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Au particle size distributions in the Au/Ti(OH);-S (673)
catalysts calcined at different heating rates are shown in
Fig. 9. The histogram for the Au/Ti(OH);-S-0.1 catalyst re-
vealed a relatively narrow distribution feature as compared
with that for the Au/Ti(OH);-S-20 catalyst which consisted
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FIG.9. Size distributions of Au metallic particles in the (a) Au/
Ti(OH);-S-20, (b) Au/Ti(OH);-S-4, and (c) Au/Ti(OH);-S-0.1 catalysts

as estimated by TEM.
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of Au particles of 2-20 nm in diameter. A bimodal distri-
bution with maxima at 5 and 9 nm was observed with the
Au/Ti(OH);-S-4 catalyst. The averaged Au-particle sizes
for Au/Ti(OH);-S-0.1, Au/Ti(OH);-S-4, and Au/Ti(OH);-
S-20 were estimated to be 4.6, 6.6, and 9.3 nm, respectively.

4. DISCUSSION

Dispersion of Au metal on oxide supports have been con-
sidered to be one of the main factors affecting the catalytic
performances in various reactions (9-11). Since Au has a
low melting point, it undergoes readily to sintering, and
hence strong interaction with the support is demanded for
stabilization of fine Au particles. Choice of an appropri-
ate preparation method may be more important to obtain
fine Au particles on oxide supports than in the cases of
other noble metal catalysts. The newly developed method
to prepare highly active Au catalysts for low-temperature
CO oxidation by using Au phosphine complexes and as-
precipitated wet metal hydroxides is efficient particularly
to produce extremely active Au catalysts supported on Fe,
Mn, Co, Ni, and Zn oxides (10, 22, 37-40).

Interactions between a gold precursor and a support pre-
cursor have been proved to be crucial for obtaining ac-
tive supported gold catalysts (10, 22, 38-40). The activity
of the Au/Fe(OH)j catalysts greatly depended on the na-
ture of a Au complex as well as the state of a support used
for preparation. AuPPh3sNO3; complex gave an extremely
active catalyst when it was supported on as-precipitated
iron hydroxide where efficient interactions of [AuPPhs]*
with surface O~ and OH™ groups (Scheme 1) were observed
(10, 38, 39). The Au precursor-support precursor interac-
tion would be affected by structural factors characteristic of
metal hydroxide precipitates, such as surface area, pore size,
and structural water, which may be determined in the pre-
cipitation stage. Unlike the coprecipitation method where
both support state and nature of deposited Au species may
be greatly altered by the precipitation conditions, our ap-
proach can exclude unknown effects of the precipitation
conditions on the state of the Au precursor.

Figure 1 shows that the pH for precipitation of Fe(OH)j
has a negligible effect on the activity of the Au/Fe(OH)3-S-4
catalysts, which suggests the similarity of the states of sup-
ports. On the other hand, significant decrease in the catalytic
activity was observed when NH,OH was used instead of
Na,COs as a precipitation reagent. The origin of the effect
was elucidated by EXAFS, TEM, XRD, and N, adsorp-
tion measurements. The TEM analysis demonstrated that
use of ammonia resulted in relatively larger Au particles
in the Au/Fe(OH)3-A-4 catalyst (4.9 nm mean size of Au
particles) as compared with the Au/Fe(OH)3-S-4 catalyst
(2.6 nm mean size of Au particles). Thistrend in particle size
was also indicated by the EXAFS curve fitting results which
showed an increase in the coordination number (10.0) for

mesoporous
as-precipitated
Fe(OH)3*-S

[AuPPh,J*

AUPPh3N°3l
No; OH O OH

O [AuPPh;]*

&y
-“ amorphous
mesoporous

m crystalline

Au/Fe(OH)3*-S

2-3 nm

SCHEME 1. Transformation of support and gold precursors during
temperature-programmed calcination.

Au-Au bond in the Au/Fe(OH)j3-A-4 catalyst as compared
with that (7.9) for the Au/Fe(OH)3-S-4 catalyst. The coor-
dination numbers determined by EXAFS are smaller than
those expected from the TEM mean particle sizes. This may
be due to the disorder effect which gives asymmetrical dis-
tribution function and hence apparent reduction of the co-
ordination number. This effect is larger with smaller par-
ticles. Thus the reduction of the coordination number for
Au-Au bond indicates smaller particle sizes, which give the
results compatible with the TEM results. Both catalysts ex-
hibited similar XRD patterns characteristic of a mixture of
poorly crystalline «-Fe,O3 and y-Fe,O3 (Fig. 3). Moreover,
the Au/Fe(OH)3-A-4 (673) catalyst showed a higher sur-
face area and a smaller mean pore diameter than those for
the Au/Fe(OH)3-S-4 catalyst. Thus, the higher surface area
and smaller pore diameter in the final state of the support
cannot be key issues to form smaller gold particles. Then
we thought that a key issue might arise from the morphol-
ogy/structure of Na,COgs-as-precipitated and NH,OH-as-
precipitated hydroxides. In fact, different states of the sup-
ports in the catalysts dried at RT are obvious from the
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N, adsorption isotherms for Au/Fe(OH);-A and Au/
Fe(OH)3-S (Figs. 4 and 5), which are similar to those
reported for poorly ordered and well-ordered ferrihy-
drites, respectively (46). Au/Fe(OH)3-A (RT) was micro-
mesoporous (3.1 nm in mean diameter) while Au/
Fe(OH)3-S (RT) exhibited amuch larger mesoporous struc-
ture (5.5 nm) that may favor to homogeneous spreading
of the Au precursor as illustrated in Scheme 1. More-
over, the surface area of Au/Fe(OH)3-S-4 (164 m? g~*) was
higher than that of Au/Fe(OH)3-A-4 (130 m? g~1). The as-
precipitated materials as well as the catalysts calcined at
temperature below 573 K might have different content of
structural water and accessible surface defects which are
important in stabilization of the Au precursors and small
Au particles (10, 38).

Our previous studies on the states of support and gold
during calcination step showed that decomposition of the
Au precursor and crystallization of the iron oxide support
occurred in almost the same temperature range (10, 39).
A similar conclusion can be drawn from the N, adsorption
results (Figs. 4 and 5). Indeed, the N adsorption isotherms
of the catalysts calcined at 423 and 473 K revealed reten-
tion of the original structure of the supports, while calci-
nation at temperatures higher than 573 K resulted in the
formation of crystalline iron oxides with about four times
lower surface area and bigger pore sizes (Table 2) as il-
lustrated in Scheme 1. Importance of the calcination condi-
tions for regulating the Au particle size in both Au/Fe(OH);
and Au/Ti(OH);, catalysts is evident from the TEM results
(Figs. 6 and 9), which revealed that slow heating in the
calcination process resulted in reduction of the gold parti-
cle size. The CO conversion was much larger when heating
rate of 0.1 K min~tinstead of 4 K min~! was used to calcine
Au/Fe(OH)3-A as shown in Fig. 2. The similar promoting
effect of slow calcination was observed with Au/Fe(OH)3-S
and Au/Ti(OH);-S (Figs. 2 and 7).

The low-temperature CO oxidation on the Au/M(OH);
catalysts proceeds through activation of oxygen on oxide
support and activation of CO on small Au particles (47, 48).
Both gold particle size and support morphology/structure
must be considered to clarify the origin of the observed
change in the catalytic activity. Surface area and pore struc-
ture of the supports in the Au/Fe(OH); (673) catalysts are
not important issues to regulate the Au particles as dis-
cussed above. Moreover, careful consideration of the XRD
patterns for the Au/Fe(OH)3-S and Au/Fe(OH)3-A cata-
lysts calcined at 673 K (Fig. 3) reveals that changes in the
catalytic performance is not due to the presence of y-Fe,O3
phase. The CO oxidation rates were larger with the cata-
lysts calcined at slower heating rates, while the amount of
a-Fe,O3 phase was smaller. We have previously reported
that the Au/Fe(OH)3-S-4 catalysts calcined at 573, 673, and
773 K exhibit similar catalytic activities in spite of great
difference in surface area, crystallinity of oxide-support,
and content of y-Fe,O3 (39) when the same precipitation

reagent and heating rate are applied for the catalyst prepa-
ration. We suggest that the kind of precipitation reagent
and the heating rate for calcination affect the catalytic per-
formance due to preferable formation and stabilization of
small Au metallic particles. Indeed the EXAFS and TEM
studies strongly support the suggestion (Table 3 and Figs. 6
and 9). There is no evidence on the existence of oxidic
(cationic) Au species in our active Au/M(OH)y catalysts
because no Au-O bonding in all the samples was detected
by the careful curve fitting analysis of the EXAFS data
(Table 3). This agrees with the recent FT-IR study of CO ad-
sorption and CO + O; reaction on the Au/Fe(OH)3-S cata-
lyst, where no characteristic bands of CO adsorbed on oxi-
dic forms of gold have been detected (47). The particle size
distributions for the Au/Fe(OH)3; and Au/Ti(OH); catalysts
(Figs. 6 and 9) provide a basis for more precise compari-
son of the catalysts with different activities. The most ac-
tive Au/Fe(OH)3-S-4 and Au/Fe(OH)3-A-0.1 catalysts pos-
sessed a high population of Au particles less than 3-4 nm,
while the Au particle size distribution in the Au/Fe(OH)3-
A-4 catalyst with low activity (Fig. 6a) was broad (2-13 nm)
with average particle size of 4.9 nm. Comparison of TOFs
for the supported Au catalysts in Table 1 and Fig. 10 indi-
cates that variation in the activity of both Au/Fe(OH); and
Au/Ti(OH), catalysts cannot be explained by changes of
surface area of Au particles. CO oxidation on Au-support
interfacial sites suggested by Haruta et al. (49) seems to be
areasonable interpretation for the present catalytic results.
It is to be noted that the data reported for coprecipitated
catalysts (32, 49) and our data for the Au/Fe(OH); catalysts
are on the same line for the TOF vs diameter plots as shown
Fig. 10.

251 5

20} 1

TOF /s

Diameter / nm

FIG.10. Plots of TOF (s71) at 207 K (Au/Fe(OH)3, Au/Fe;O3) or
298 K (Au/Ti(OH)};) vs mean Au particle diameter by TEM for the sup-
ported Au catalysts; (W) Au/Fe(OH)3, (¢) Au/Fe,Os, coprecipitated (32,
49), (x) AU/Ti(OH);.
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In conclusion, the present approach to preparation of
active supported gold catalysts provides a possibility to
improve interactions between gold species and a support
at all the stages of catalyst preparation. Scheme 1 illus-
trates the influence of iron hydroxide/oxide morphology/
structure on the transformation of the AuPPh;NO3; com-
plex to small Au particles in the preparation process of
highly active Au/Fe(OH)j3-S catalysts. At the first step the
wet as-precipitated support supplies numerous OH groups
which stabilize the Au complex at RT and at early stages
of the calcination. Lack of such stabilization in the case
of the gold precursor supported on crystalline iron ox-
ides results in large gold particles (22, 38, 39). A meso-
porous structure of Fe(OH)j3 precipitated with Na,COs fa-
vored to a homogeneous distribution of the Au precursor
on the high surface-area support (Scheme 1(b)). The struc-
ture of the Fe(OH)}; support remains without significant
change at least up to 473 K, at which temperature sig-
nificant dehydration of the support occurs, resulting in
loss of the stabilizing effect of OH groups and partial de-
composition of the AuPPhsNO; complex also occurs (39)
as illustrated in Scheme 1(c). By increasing the calcina-
tion temperature to 473-573 K, crystallization and further
dehydration of the support proceed to give iron oxide
with many defects that may be responsible for inhibi-
tion of Au particle growth. Increasing amount of the de-
fects can be caused by magnetite — magnemite — hematite
transformations (50). The magnetite may be produced
by reduction of the iron hydroxide/oxide support with
the coexisting PPhs ligands. After calcination at 573-
773 K (Scheme 1(d)) crystallization of the oxide sup-
port and complete decomposition of the [AuPPhs]*
species occur and small gold particles of 2-4 nm in
diameter are produced on highly defective iron oxide sur-
faces. The initial state of the iron oxide precursor and its
interaction with the Au precursor during the calcination are
crucial in formation of small gold particles. The suggested
Scheme 1 can be generally valid for other Au/M(OH)}; cata-
lysts derived from as-precipitated wet metal hydroxides and
Au phosphine complexes.
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