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Iron oxide supported gold catalysts were prepared by support-
ing the Au-phosphine complex Au(PPh3)(NO3) onto various iron
oxide supports. Among the prepared catalysts only the use of amor-
phous as-precipitated iron hydroxide Fe(OH)∗3 as a support for
Au(PPh3)(NO3) allowed us to obtain the tremendously active cata-
lytic material for low-temperature CO oxidation. The supports and
the Au catalysts were characterized by BET, SEM, XRD, FT-IR,
XPS, and Raman. Initial structures of the employed supports were
found to influence dramatically the gold particle size and the cata-
lytic activity. The most active catalyst consisted of small gold par-
ticles and poorly crystallized iron oxide support with a mixture of
α-Fe2O3 and γ -Fe2O3. The γ -Fe2O3 formation occurred by the pres-
ence of the PPh3 as a ligand for gold. The presence of γ -Fe2O3 influ-
enced positively the catalytic activity of the Au-containing samples.
c© 1998 Academic Press

INTRODUCTION

Metal particles supported on metal oxides are of last-
ing interest because of their wide applications to a variety
of catalytic reactions (1, 2). While many researchers have
been concerned with Pt group metals, catalysis of Au has
been little studied because Au was traditionally regarded
as a poorly active component in catalytic systems. Ozin and
co-workers found high reactivity of Au atoms condensed
with CO/O2 mixtures at 10 K for the oxidation of CO to
CO2 (3). However, for a long time the interest towards sup-
ported gold catalysts was to a large extent theoretical, until
Haruta and co-workers reported a possibility for dramatic
improvement of their catalytic activity using a coprecipita-
tion method (4). The catalytic materials, prepared by co-
precipitation of HAuCl4 and a metal nitrate, exhibited high
catalytic activity in low-temperature CO oxidation (4–6).
Works on supported gold catalysts done so far reveal that
the dramatic changes in the catalytic activity occur only
when gold is in a highly dispersed state. It has also been re-
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ported that Au/MxOy catalysts (MxOy = metal oxide where
M = Fe, Co, Ti, etc.) are active in a number of important re-
actions including complete oxidation of hydrocarbons (7),
hydrogenation (8), water gas shift reaction (9, 10), and NO
reduction (11). The supported gold catalysts were found
to be able to compete with commercially applied catalysts
in operating temperatures, activities, and life times (9, 10,
12–14). These findings have given new impulse to intensive
studies on both the origin of the unique high activity and the
search for novel preparation techniques of finely dispersed
gold on metal oxides (15, 16).

Recently we have showed that Au-PPh3 complexes pro-
vide a new way to obtain supported Au catalysts on a vari-
ety of metal oxides (17, 18). The feature of the preparation
procedure involves supporting the gold complexes from or-
ganic media onto as-precipitated metal hydroxides. The Au
catalysts derived from a Au-PPh3 complex and Mn, Co, Ni,
and Fe as-precipitated hydroxides showed remarkably high
activities for CO oxidation even at as low temperatures as
200 K. In contrast, conventional oxide-derived Au catalysts
exhibited much poorer catalytic performances. The most
pronounced difference was observed for Au/Fe oxide sys-
tems. Estimation of Au particles size by TEM gave mean
gold particle sizes of 2.9 for the Au/Fe(OH)∗3 and 30 nm for
Au/Fe2O3 samples (18). These results suggested that the
initial state and nature of the support strongly influence on
both Au particle size and CO oxidation activity. To under-
stand the origin of the support effect on the catalytic activity
of supported gold catalysts, detailed comparison of vari-
ous types of supports is necessary. To produce and stabilize
small metal particles, interactions between metal precursor
and supporting material during the course of preparation
seem to be important. Concentration of hydroxyl groups
may also be regarded as an important feature of metal ox-
ide surface to obtain small metal particles (19).

The present paper is reported as a part of the detailed
study on the Au/Fe oxide catalysts, prepared by supporting
the phosphine-ligated Au complex Au(PPh3)(NO3) to spe-
cially prepared and commercially available supports. We
will show that careful selection of supports is a key issue

0021-9517/98 $25.00
Copyright c© 1998 by Academic Press
All rights of reproduction in any form reserved.

426



          

Au/Fe2O3 CATALYSTS: SUPPORT STATE & STRUCTURE 427

in creating highly active Au catalysts. To elucidate the ef-
fect of initial states and structures of iron-oxide supports,
characterization of the supports and final catalysts has been
performed. In this paper we report chemico-physical char-
acteristics of the supports investigated by BET, SEM, XRD,
FT-IR, XPS, and Raman. Detailed characterization of Au-
species of the Au/Fe oxide catalysts by means of TEM, XPS,
and EXAFS will be reported in a separate paper.

EXPERIMENTAL

Sample Preparation

Fe(NO3)3 ∗ 9H2O and Na2CO3 (both from Wako Chem-
ical Co., 99.9%) were used as the starting materials for
preparation of the Fe(OH)∗3. Au(PPh3)(NO3) was syn-
thesized according to the literature (20) (calculated for
C18H15AuNO3P: C, 41.48; H, 2.90; N, 2.69. Found: C, 41.60;
H, 3.01; N, 2.68).

The Au/Fe(OH)∗3 sample was obtained by supporting the
gold complex Au(PPh3)(NO3) on as-precipitated wet iron
hydroxide Fe(OH)∗3, in a similar manner to the literature
(17, 18). In a typical procedure, an aqueous solution of
Fe(NO3)3 ∗ 9H2O (20.79 mmol in 400 ml H2O) was added
dropwise (8 ml/min) to an aqueous solution of Na2CO3

(69.81 mmol in 200 ml H2O) under vigorous stirring.
Final pH of the mixture was ca 9.1. After 3 h of aging at
room temperature (RT), the brown precipitate was filtered
and washed several times with distilled water until the per-
colated water showed pH 7. The resultant iron hydroxide
Fe(OH)∗

3 was immediately used for impregnation with the
gold complex. The Fe(OH)∗3 was thoroughly pounded in
100 ml of acetone to obtain a fine suspension, and then an
acetone solution of the Au(PPh3)(NO3) was added under
stirring. The acetone was slowly removed by vacuum evap-
oration for 4 h at RT, and the obtained sample was treated
by temperature-programmed calcination in a flow of air
(30 ml/min) prior to using as a catalyst. The general pro-
cedure for the calcination was as follows: the sample was
heated up to 673 K at a heating rate of 4 K/min; then the
temperature was kept for 4 h. The catalyst thus obtained
is denoted as Au/Fe(OH)∗3. The preparation procedure al-
lowed us to obtain good reproducibility in all independent
preparations of the Au/Fe(OH)∗3 catalysts.

We also prepared Au catalysts by using iron oxide sup-
ports Fe(OH)∗3-dried and Fe2O∗

3, which were obtained by
vacuum drying of Fe(OH)∗3 at RT for 1.5 h and by calcina-
tion of Fe(OH)∗3-dried at 773 K, respectively. These sam-
ples, denoted as Au/Fe(OH)∗3-dried and Au/Fe2O∗

3, respec-
tively, were prepared by impregnating the supports with
Au(PPh3)(NO3), followed by the similar solvent evapora-
tion and calcination procedures to those for Au/Fe(OH)∗3.

Au/Fe2O3-coprecipitated sample was obtained accord-
ing to the literature (5, 6). An aqueous mixture of

Fe(NO3)3 ∗ 9H2O and HAuCl4 (Au : Fe ratio = 1/19) was
added to an aqueous solution of Na2CO3 (final pH = 9.1),
followed by washing with hot water until no Cl− was de-
tected, drying in vacuum, and calcination in the same man-
ner as for the Au/Fe(OH)∗3 sample. Au loading in the Au/
Fe2O3-coprecipitated sample was determined by XRF to be
4.1 wt%.

Samples symbolized by CA were prepared by impregnat-
ing Au(PPh3)(NO3) on commercially available (CA) sup-
porting materials, followed by the same solvent evapora-
tion and calcination procedures as those for Au/Fe(OH)∗3.
Among the CA materials used as supports or as reference
samples, α-Fe2O3 CA was obtained from Wako Chemical
Co. and all the other CA materials (γ -Fe2O3 CA, α-FeOOH
CA, γ -FeOOH CA, Fe(OH)3 CA, Fe3O4 CA) were pur-
chased from Soekawa Chemical Co.

To elucidate the effect of the remaining P species in the
catalysts, a Fe(OH)∗3{P} sample was prepared by impreg-
nation of Fe(OH)∗3 with an acetone solution of PPh3, in-
stead of Au(PPh3)(NO3). The material was treated by the
temperature-programmed calcination before use as a cata-
lyst, similarly to other catalysts.

For all supported Au catalysts, except for coprecipitated
Au/Fe2O3, Au loading was 3 wt% (analyzed by XRF).

Sample Characterization

SEM images of powder samples mounted on copper
holders were obtained on a JEOL SM-6340F instrument,
operated at 15 kV, or on a JEOL JSM-6320F instrument,
operated at 10 kV (for Pt-sputtered samples).

The surface areas of the samples were measured by a con-
ventional BET nitrogen adsorption method (N2 99.9999%,
Takachiho Chemical Co.) at 77 K using a BELSORP36 ma-
chine. Before the measurements, samples of about 0.3 g
were pretreated at 573 K for 3 h in a vacuum using a turbo
molecular pump.

XRD patterns were recorded on a Rigaku X-ray diffrac-
tometer operated at 35 kV and 15 mA using nickel-filtered
Cu-Kα radiation and at a scanning speed 2◦(2θ)/min using
a 1/2◦ divergence slit and a 0.15 mm receiving slit. Powder
samples were mounted on glass holders with a small amount
of grease (Apiezon H).

X-ray photoelectron spectra were recorded by using a
Rigaku XPS 7000 spectrometer with Mg Kα radiation as
the X-ray excitation source. The measurements were per-
formed under pressures less than 5 × 10−7 Pa. The electron
binding energies were referenced to C 1s (BE = 284.6 eV)
peak (21).

Raman spectra were recorded with a Renishaw Raman
Microscope at the ambient conditions; a He-Ne laser at
632 nm was used as an excitation source. The laser power
was 30 mW. The spectra were taken with a resolution of
4 cm−1; three scans for each sample were averaged.
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FT-IR spectra were measured in a transmission mode on
a JASCO FTIR 230 spectrometer at a spectral resolution
of 4 cm−1. The measurements were conducted in an in situ
IR cell combined in a closed circulating system. Sample
powders were pressed into self-supported thin disks with a
diameter of 2 cm. The sample disks were heated (4 K/min)
under 13.3 kPa of O2 from 298 to 673 K.

Catalytic Performance

The catalytic performance of the samples for CO oxi-
dation was carried out in a glass fixed-bed flow reactor
equipped with a computer-controlled auto-sampling sys-
tem at atmospheric pressure. A reaction gas mixture (1.0%
CO balanced with air, Takachiho Chemical Co.) was passed
through the catalyst bed (200 mg of catalyst) at a flow rate
of 67 ml/min (SV = 20,000 ml/h/g). The effluent gas was an-
alyzed by a gas chromatograph using a Unibeads C column
(GL Sciences) for CO2 and a 5 Å molecular sieve column
(GL Sciences) for CO and O2. The catalytic activity was
expressed as degree of CO conversion.

RESULTS

Catalytic CO Oxidation

We compared the catalytic performance of several Au-
containing samples derived from various supports. Cata-
lytic activities (expressed as degree of CO conversion) of
Au/Fe(OH)∗3, Au/Fe(OH)∗3-dried, Au/Fe2O∗

3, Au/Fe(OH)3

CA, Au/α-FeOOH CA, and Au/α-Fe2O3 CA are plotted
as a function of the reaction temperature in Fig. 1. The data
show clearly that only the application of as-precipitated
wet iron hydroxide Fe(OH)∗3 allowed us to obtain the Au

FIG. 1. Catalytic performance of various Au(PPh3)(NO3)-derived
iron oxide supported catalysts and a coprecipitated Au/Fe2O3 catalyst,
calcined at 673 K for 4 h : (—d—) Au/Fe(OH)∗

3; (—s—) Au/Fe(OH)∗
3-

dried; (—.—) Au/Fe2O3-coprecipitated; (—r—) Au/α-FeOOH CA;
(—j—) Au/Fe2O∗

3; (—4—) Au/Fe(OH)3 CA; (—©✚ —) Au/α-Fe2O3 CA.

TABLE 1

Reaction Rates for Low-Temperature CO Oxidation on Iron
Oxide Supported Au Catalysts

Au CO conv. T Rate [mol CO
Catalyst (wt%) (%) (K) (mol-Au)−1 s−1] Ref.

Au/Fe(OH)∗
3 3 39 203 0.0064 This work

(0.2 g)

Au/Fe(OH)∗
3-dried 3 24 208 0.0039 This work

(0.2 g)

Au/Fe2O3-copr 4.1 2 234 0.0002 This work
(0.2 g)

Au/Fe2O3 11.5 60 203 0.0026 (6)
(0.2 g)

Au/Fe2O3 0.66 <10 304 <0.0298 (6)
(0.05 g)

Au/Fe2O3 0.56 4 251 0.0342 (43)
(0.15 g)

catalyst with extremely high activity toward CO oxidation
at as low temperatures as 200 K. The steady-state reac-
tion rates for several Fe-oxide supported Au catalysts ac-
tive for low-temperature CO oxidation are summarized in
Table 1. The Au/Fe(OH)∗3 catalyst showed a higher activity
than the Au/Fe2O3-coprecipitated sample for CO oxidation
at low temperatures (Fig. 1). Amounts of adsorbed water
and surface hydroxyls of the support on which the gold
precursor was impregnated seem to be very important be-
cause the decrease in the water and hydroxyl contents of
the Fe(OH)∗3 by drying and calcination resulted in lower-
ing the catalytic activity of the Au catalysts in the order for
support: Au/Fe(OH)∗3 > Au/Fe(OH)∗3-dried À Au/Fe2O∗

3
(Fig. 1). It should be noted that the decrease of the catalytic
performance caused by the RT-drying of the as-precipitated
Fe(OH)∗3 support was not so drastic as that caused by the
further heat treatment of the support, and the Au/Fe(OH)∗3-
dried sample showed ∼20% of CO conversion even at
200 K. On the other hand, the use of commercially available
supports including wet Fe(OH)3 CA produced the catalysts
which are active for CO oxidation only at elevated temper-
atures.

Figure 2 shows a comparison between catalytic activi-
ties of various samples containing α-Fe2O3 and γ -Fe2O3

in CO oxidation. Without the supporting Au, the iron ox-
ide supports were active for CO oxidation only at temper-
atures higher than 400 K. Among them, the Fe2O∗

3 sup-
port prepared from Fe(OH)∗3 was the most active one,
and the order of the activities for a series of the supports
was as follows: Fe2O∗

3 > α-Fe2O3 CA ≈ Fe(OH)∗3{P} À
γ -Fe2O3 CA. Pure α-Fe2O3 CA support is much more ac-
tive for CO oxidation than pure γ -Fe2O3 CA. However,
by impregnating those iron oxides with Au(PPh3)(NO3),
the order of the catalytic activities changed as follows: Au/
FeOH∗

3{P} > Au/Fe2O∗
3 > Au/γ -Fe2O3 CA > Au/α-Fe2O3
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FIG. 2. Catalytic performance of various iron oxide supports and
Au-containing samples: (—d—) Au/Fe(OH)∗

3; (—m—) Au/Fe(OH)∗
3{P};

(—h—) Fe2O∗
3; (—s—) α-Fe2O3 CA; (—.—) Fe(OH)∗

3{P}; (—r—)
Au/γ -Fe2O3 CA; (—©✚ —) Au/α-Fe2O3 CA; (—♦—) γ -Fe2O3 CA.

CA as shown in Fig. 2 (see also Fig. 1). It is to be noted
that the Au/Fe(OH)∗3{P} sample showed a much higher ac-
tivity than the Au/Fe2O∗

3 sample, with 90% CO conversion
at room temperature.

SEM Measurements

SEM images of α-Fe2O3 CA, Fe2O∗
3, Fe(OH)∗3{P}, and

gold-containing sample Au/Fe(OH)∗3 after calcination at
673 K are shown in Fig. 3. The SEM images clearly showed
a decrease in the particle size of the iron oxides in the series
of α-Fe2O3 CA (ca 150 nm) > specially prepared Fe2O∗

3 (ca
45 nm) > Fe(OH)∗3{P} ≈ Au/Fe(OH)∗3 (ca 15 nm). For the
Fe(OH)∗3{P} and Au/Fe(OH)∗3 samples the average size of
the primary units is about 3 and 10 times smaller than those
of the Fe2O∗

3 and commercially available α-Fe2O3 CA, re-
spectively. Moreover, the shape of the primary crystals of
the Fe(OH)∗3{P} and Au/Fe(OH)∗3 samples becomes very ir-
regular and defective, and their arrangement is highly disor-
dered (Figs. 3c and 3d), in contrast to the images of α-Fe2O3

CA and Fe2O∗
3 (Figs. 3a and 3b).

BET Measurements

The BET surface areas (SBET) for iron-oxide supported
Au catalysts are summarized in Table 2. The SBET de-
creases for the series of Au/α-FeOOH CA > Au/Fe2O∗

3 >

Au/Fe(OH)3 CA > Au/α-Fe2O3 CA. In agreement with the
SEM data in Fig. 3, specially prepared iron oxide Fe2O∗

3
possesses about 10 times larger specific surface area, as
compared to α-Fe2O3 CA. However, the SBET value for
the highly active Au/Fe(OH)∗3 was found to be comparable
with the SBET for the much less active Au/Fe2O∗

3 catalyst.
The SBET values for Au/Fe(OH)∗3-dried (57 m2 g−1) and
Au/Fe(OH)∗3{P} (69 m2 g−1) also fall into the similar SBET

range.

XRD Measurements

Figure 4 represents XRD patterns of various sup-
ports used for Au(PPh3)(NO3): Fe(OH)∗3-dried, Fe(OH)3

CA-dried, α-FeOOH CA, Fe2O∗
3, α-Fe2O3 CA, and

Fe(OH)∗3{P}. XRD of the as-precipitated wet Fe(OH)∗3 and
Fe(OH)3 CA were not measured in our X-ray diffractome-
ter because it was not convenient. The Fe(OH)∗3 was dried in
vacuum for 1.5 h before XRD measurement. The treatment
did not cause crystallization resulting in completely amor-
phous material (Fig. 4a). No XRD peak was observed in the
Fe(OH)∗3-dried sample in the 22 range between 20–70◦.
On the contrary, commercially available iron hydroxide
Fe(OH)3 CA after drying in a vacuum at RT revealed an
XRD pattern similar to that of α-FeOOH CA (Figs. 4b and
4c, respectively); i.e. the material possesses a pronounced
degree of crystallinity. Fe2O∗

3 also exhibited an XRD pat-
tern of crystalline solid corresponding to α-Fe2O3 (Figs. 4d
and 4e, respectively). The XRD pattern of Fe(OH)∗3{P} (Fig.
4f) showed broad peaks of low intensity with positions
mainly corresponding to α-Fe2O3. However, the pattern
possessed the intensity ratio I33.2◦/I35.5◦ = 0.48 which is dif-
ferent from that for α-Fe2O3 and it exhibited an additional
peak at 30.2◦ which is not observed for α-Fe2O3. Analysis
of selected XRD data is given in Table 2.

XRD patterns for the gold-containing samples af-
ter temperature-programmed calcination at 673 K for
4 h, Au/Fe(OH)∗3, Au/Fe(OH)3 CA, Au/α-FeOOH CA,
Au/Fe2O∗

3, Au/α-Fe2O3 CA, and Au/Fe(OH)∗3{P}, are given
in Fig. 5. An XRD peak appeared at 38.2◦ for all the sam-
ples, except for Au/Fe(OH)∗3 and Au/Fe(OH)∗3{P}, which
corresponds to Au(111) of Au particles as a result of
Au(PPh3)(NO3) decomposition during the calcination. The
peak is well pronounced for the Au/Fe(OH)3 CA sample,
and the mean size of the Au crystallites formed on the
Fe(OH)3 CA was estimated to be about 23 nm using the
Scherrer equation. Small Au(111) peaks were also observed

TABLE 2

N2-BET Surface Areas and the 50%-Conversion Temperatures
as the Scale of Catalytic CO Oxidation Activities for Various Iron
Oxide-Supported Au Catalysts Calcined at 673 K for 4 h

Catalyst T50%/K Surface area/m2 g−1

Au/Fe(OH)∗
3 206 63a

Au/Fe(OH)∗
3-dried 223 57

Au/α-FeOOH CA 337 84
Au/Fe2O∗

3 388 55
Au/Fe(OH)3 CA 490 47
Au/α-Fe2O3 CA —b 5
Au/Fe(OH)∗

3{P} 263 60

a The surface areas were measured with a number of Au/Fe(OH)∗
3 sam-

ples and found to be in the range of 50–75 m2 g−1.
b The 50% conversion was not reached until 773 K.
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FIG. 3. SEM images of iron oxide supports: (a) α-Fe2O3 CA; (b) specially prepared Fe2O∗
3; (c) Fe(OH)∗

3{P}; and (d) Au/Fe(OH)∗
3.

for Au/α-FeOOH CA, Au/Fe2O∗
3, and Au/α-Fe2O3 CA sam-

ples. On the other hand, the XRD peaks due to Au(111) in
the case of the Au/Fe(OH)∗3 and Au/Fe(OH)∗3{P} samples
were not detected, which implies the formation of Au metal
particles less than 3–4 nm.

The XRD patterns of the supported Au catalysts after
calcination at 673 K for 4 h (Fig. 5) show the presence of

α-Fe2O3 as a common feature for all the samples. The de-
gree of support crystallinity for the Au catalysts changes
as follows: Au/Fe(OH)∗3 ≈ Au/Fe(OH)∗3{P} < Au/Fe(OH)3

CA ≈ Au/α-FeOOH CA < Au/Fe2O∗
3 < Au/α-Fe2O3 CA.

The Au/Fe(OH)∗3 and Au/Fe(OH)∗3{P} samples reveal the
lowest intensities of the diffraction lines of α-Fe2O3. Be-
sides, the XRD spectra of those samples show an additional
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FIG. 3—Continued

broad line at 22 values of 30◦ (Figs. 5a and 5f), which can-
not be assigned to hematite α-Fe2O3. The XRD data are
summarized in Table 3 in the range of 22 values from 20◦

to 40◦, where the most intense peaks of all the iron oxide
polymorphs are presented. Table 3 indicates that the XRD
peak at 30◦ can be ascribed to either γ -Fe2O3 or Fe3O4, or it
suggests a superposition of two crystalline phases. Table 3
also shows the intensity ratio of the peak at 33.2◦ (the most

intense hematite peak) to the peak at 35.5◦ (most intense
peak for γ -Fe2O3 and for magnetite, overlapping with the
78% intensity of α-Fe2O3 peak). In the case of pure α-Fe2O3

the intensity ratio I33.2◦/I35.5◦ is assumed to be 1.27, with the
ratio going to 0.0 when the α-Fe2O3 content is diminished.
It can be seen that the ratios for Au/Fe2O∗

3 and Au/Fe(OH)3

CA are near 1, while for Au/Fe(OH)∗3 and Au/Fe(OH)∗3{P}
samples the ratios are about 3 times smaller (0.41–0.47)
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FIG. 4. XRD patterns of various supports used for Au(PPh3)(NO3):
(a) Fe(OH)∗

3-dried; (b) Fe(OH)3 CA; (c) α-FeOOH CA; (d) Fe2O∗
3;

(e) α-Fe2O3 CA; (f) Fe(OH)∗
3{P}.

than that for pure α-Fe2O3 (1.27). It should be noted that
the analysis ignores X-ray amorphous phases that also may
be present in the samples.

Surface Characterization by X-Ray Photoelectron
and Raman Spectroscopies

XPS Fe 2p spectra of Au/Fe(OH)∗3(RT) before calci-
nation, Au/Fe(OH)∗3 (473 K) after calcination at 473 K,
Au/Fe(OH)∗3 after calcination at 673 K, and Fe2O∗

3 are given
in Fig. 6. For the Au/Fe(OH)∗3(RT) sample the Fe 2p3/2 XPS
peak was observed at BE = 711.1 eV (Fig. 6a). Both the
Fe 2p3/2 peak position and a shake-up satellite between
719–720 eV are characteristic of Fe(3+) species (22, 23).
In the XPS spectrum for the Au/Fe(OH)∗3 (473 K) sam-
ple the position of the Fe 2p3/2 peak is a little shifted to
710.8 eV (Fig. 6b). A broadened satellite structure can be
distinguished in the spectrum 6b. The XPS spectrum of the

Au/Fe(OH)∗3 sample in Fig. 6c showed the Fe 2p3/2 peak at
711.3 eV. The 2p3/2 and satellite peaks for Fe2O∗

3 (Fig. 6d)
were observed at 711.5 and ∼719.5 eV, respectively, which
are close to those for Au/Fe(OH)∗3.

XPS O 1s spectra obtained from the same samples as
those in Fig. 6 are shown in Fig. 7. Au/Fe(OH)∗3(RT) and
Fe2O∗

3 exhibited the O 1s peak centered at 530.1 eV (Figs. 7a
and 7d). Positions of the main O 1s peak for the calcined
samples Au/Fe(OH)∗3 (473 K) and Au/Fe(OH)∗3 (Figs. 7b
and 7c) were a little shifted to lower energies by ∼0.3 eV.
The obtained BE values are typical ones for various MxOy

species, and the O 1s peaks for all iron oxide poly-
morphs were observed in the same range. In addition,
a shoulder between 531–532 eV was observed for both
Fe2O∗

3 and Au/Fe(OH)∗3 samples. The broad shoulder of
Au/Fe(OH)∗3(RT) gradually decreased under the calcina-
tion as shown in Fig. 7.

FIG. 5. XRD patterns of various Au(PPh3)(NO3)-derived iron oxide
supported catalysts after calcination at 673 K for 4 h: (a) Au/Fe(OH)∗

3;
(b) Au/Fe(OH)3 CA; (c) Au/α-FeOOH CA; (d) Au/Fe2O∗

3; (e) Au/α-Fe2O3

CA; (f) Au/Fe(OH)∗
3{P}. ♦ indicates the position of Au(111) peak.
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TABLE 3

Analysis of Selected XRD Data in the Region 20–40◦ 22

Sample XRD peaks positions I33.2◦/I35.5◦

Au/Fe(OH)∗
3 24.1 30.2 33.2 35.5 0.41

Au/Fe(OH)3 CA 24.1 33.2 35.5 38.2a 0.85
Au/Fe2O∗

3 24.1 33.2 35.5 38.2a 1.19
Au/Fe(OH)∗

3{P} 24.1 30.2 33.2 35.5 0.47

α-Fe2O3 CA 24.1 33.2 35.5 1.27
γ -Fe2O3 CA 30.0 35.5 0
Fe3O4 CA 30.2 35.6 0

a Au(111) peak.

Raman spectra for Au/Fe(OH)∗3(RT), Au/Fe(OH)∗3
(473 K), Au/Fe(OH)∗3, Fe2O∗

3, and α-Fe2O3 CA in the
200–1600 cm−1 region are shown in Fig. 8. Raman bands
for the reference compounds α-Fe2O3 CA, α-FeOOH CA,
γ -FeOOH CA, γ -Fe2O3 CA, and Fe3O4 CA observed in
this work are listed in Table 4. The positions of the char-
acteristic Raman bands are generally in good agreement
with those reported in the literature (24–28).

Six intense bands at 285, 400, 481, 600, 648, and 1298 cm−1

were observed in the Raman spectrum of specially prepared
iron oxide Fe2O∗

3 (Fig. 8d). Comparison with the reference
compounds (Table 4) allowed us to ascribe all the bands ex-
cept for 648 cm−1 to α-Fe2O3. The Au/Fe(OH)∗3(RT) sample
before calcination (Fig. 8a) revealed broad Raman bands of

FIG. 6. XPS Fe 2p spectra of the Au/Fe(OH)∗
3 samples: (a) before

calcination; (b) calcined at 473 K for 4 h; (c) calcined at 673 K for 4 h; and
the support Fe2O∗

3 (d).

FIG. 7. XPS O 1s spectra of the Au/Fe(OH)∗
3 samples: (a) before cal-

cination; (b) calcined at 473 K for 4 h; (c) calcined at 673 K for 4 h; and
the support Fe2O∗

3 (d).

low intensity at 286, 402, 490, 602, 654, and 1317 cm−1. Po-
sitions of the bands also corresponded to mainly α-Fe2O3.
Under calcination at 473 and 673 K, general features of the
Raman spectra and peak positions remained unchanged,
but the intensities of the bands increased (Figs. 8b and

FIG. 8. Raman spectra of the Au/Fe(OH)∗
3 sample: (a) before calci-

nation; (b) calcined at 473 K for 4 h; (c) calcined at 673 K for 4 h; the
support Fe2O∗

3 (d); and (e) reference α-Fe2O3 CA.
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TABLE 4

Raman Bands (cm−1) of Various Reference Iron Oxides
and Oxyhydroxides

α-FeOOH γ -FeOOH α-Fe2O3 γ -Fe2O3 Fe3O4

vw 245 s 247 w 218 vw 285
s 296 m 304 w 238 s 340
ss 383 s 343 ss 285 sh 375
sh 412 ss 374 s 402 s 501 w 530
m 478 s 522 m 487 s 630
m 549 m 645 s 604 s 653 s 663
w 677 w 1293 w 807 s 714
w 990 w 1000–1100 w 1420

s 1310

Note. ss, very strong; s, strong; m, medium; w, weak; vw, very weak; sh,
shoulder.

8c, respectively). The Raman spectrum of the Au/Fe(OH)∗3
sample calcined at 673 K finally revealed the bands at 285,
405, 490, 607, 655, and 1313 cm−1 which positions coincide
with those for Fe2O∗

3 (Fig. 8c). In addition, a shoulder at
∼700 cm−1 was observed for the Au/Fe(OH)∗3 samples after
calcination at 473 and 673 K (Figs. 8b and 8c).

In-Situ IR Measurements

Results of in-situ FT-IR measurements for Fe(OH)∗3-
dried and Au/Fe(OH)∗3 samples are shown in Figs. 9 and
10, respectively. The FT-IR spectra of the both samples be-
fore calcination exhibited broad and intensive absorbance
at 2600–3650 cm−1. The complexity of the band reflects the
presence of a variety of OH groups in these starting ma-
terials and is mainly contributed by hydrogen-bonded hy-
droxyls and adsorbed water. In addition, three intensive
bands in the 1300–1700 cm−1 region were observed for
Fe(OH)∗3-dried and Au/Fe(OH)∗3(RT) samples. The band
at about 1639 cm−1 can be attributed to H2O bending. The

FIG. 9. In-situ FT-IR spectra of Fe(OH)∗
3-dried (a), Fe(OH)∗

3 (473 K)
(b), and Fe2O∗

3 (c).

FIG. 10. In-situ FT-IR spectra of Au/Fe(OH)∗
3 (RT) (a), Au/Fe(OH)∗

3
(473 K) (b), and Au/Fe(OH)∗

3 (c).

other two broad and intensive bands centered at 1480 and
1360 cm−1 may be due to superposition of carbonate and
nitrate species on the iron support (29, 30). Calcination
up to 473 K resulted in the removal of physisorbed water
because of the complete disappearance of the 1639 cm−1

band and significant decrease of absorbance in the 2600–
3700 cm−1 region. Two bands at about 3640 and 3380 cm−1

can be distinguished for the Fe(OH)∗3 (473 K) sample. The
former peak can be ascribed to freely vibrating surface
hydroxyl groups (31, 32). The peak shifted to 3585 cm−1

for the Au/Fe(OH)∗3 (473 K) sample. Besides, a new band
appeared at 3053 cm−1. In the 1300–1700 cm−1 region af-
ter calcination up to 473 K a remarkable reduction in ab-
sorbance occurred. It corresponds to removal of the main
portion of the surface nitrate and carbonate species. It is to
be noted that at 473 K the Fe(OH)∗3-dried sample showed
the bands at 1230, 1361, 1376, 1436, and 1562 cm−1, whereas
the Au/Fe(OH)∗3 (473 K) sample exhibited bands at 1240
and 1368 and a broad complex band centered at about
1535 cm−1. The difference in their relative intensities and
in peak positions can be explained by a different popula-
tion of surface carbonates with various conformations and
nitrates adsorbed on the supports. The relatively sharp IR
bands at 1099, 1438, and 1493 cm−1 in Fig. 10b are due
to gold precursor Au(PPh3)(NO3) which was still present
in the Au/Fe(OH)∗3 (473 K) sample. These bands disap-
peared by calcination up to 673 K (Fig. 10c). The Fe(OH)∗3-
dried sample exhibited no strong absorbance band in the
1000–4000 cm−1 region after calcination at 673 K, while the
Au/Fe(OH)∗3 sample calcined at 673 K showed broad sig-
nals at 1060, 1380, and 1510 cm−1. The former of them can
be assigned to surface phosphate species (33).

DISCUSSION

Activities of iron oxide supported gold catalysts in CO
oxidation vary from excellent performance of Au/Fe(OH)∗3
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and Au/Fe(OH)∗
3-dried samples to no catalytic performance

of Au/Fe(OH)3 CA and Au/α-Fe2O3 CA until 400–500 K
(Figs. 1 and 2). Under the reaction conditions applied, the
steady-state rates of CO oxidation for Au/Fe(OH)∗3 and
Au/Fe(OH)∗3-dried catalysts were 0.0064 at 203 K and
0.0039 at 208 K [mol CO (mol-Au)−1 s−1], respectively
(Table 1). Accurate comparison with the reported data can-
not be done due to the differences in Au-loadings and re-
action conditions applied, but the Au/Fe2O3-coprecipitated
sample prepared according to the literature (5, 6) showed
reaction rate as low as 0.0002 mol CO (mol-Au)−1 s−1 at
234 K.

We have demonstrated clearly that tremendous catalysis
of Au can be achieved when as-precipitated wet iron hy-
droxide Fe(OH)∗3 is used as a support for Au(PPh3)(NO3).
The type of support applied may influence the catalytic ac-
tivity through control of the Au particle size or through for-
mation of highly active sites on the Au particle–iron oxide
interface. Previous researchers suggested that small gold
particles and the interface are responsible for high activ-
ity of metal oxide supported gold catalysts (16, 34). The
highly dispersed state of Au in supported Au catalysts is
believed to be formed as a result of specific interaction of
a gold precursor with a support. The strength of metal–
support interactions is generally controlled by the macro-
scopic properties of the support surface such as morphol-
ogy, crystallinity, surface area, chemical composition, OH
groups, and defects. To understand the origin of the high
activity of the Fe(OH)∗3-supported Au catalysts, compara-
tive characterization of both various starting supports and
final Au-containing catalytic materials has been performed
by different bulk and surface physical techniques.

It is known that among macroscopic factors, morphology
and specific surface area of catalyst supports have an
influence on the performance of heterogeneous catalysts.
Indeed, the increase of CO oxidation activity in the series of
commercially available supports Au/α-Fe2O3 CA (5 m2 g−1)
< Au/Fe(OH)3 CA (47 m2 g−1) < Au/α-FeOOH CA (84 m2

g−1) indicates that BET surface area (SBET) is an important
factor for the CA support-derived catalysts. On the other
hand, the samples with a high level of catalytic activity such
as Au/Fe(OH)∗3 (63 m2 g−1), Au/Fe(OH)∗3-dried (57 m2 g−1),
and Au/Fe(OH)∗3{P} (60 m2 g−1) possessed SBET values that
were comparable to 55 m2 g−1 of the low-active Au/Fe2O∗

3
sample (Table 2). SEM images (Fig. 3) and SBET (Table 2)
of the gold-containing sample Au/Fe(OH)∗3 and PPh3-
treated support Fe(OH)∗3{P} are similar to each other. The
triphenylphosphine ligand obviously affects morphology of
the final catalyst through support modification and surface
reconstruction. The catalytic performances of Au/Fe(OH)∗3
and Fe(OH)∗3{P} differ essentially, but supporting
Au(PPh3)(NO3) on the PPh3-treated support Fe(OH)∗3{P}
allowed us to obtain a catalyst with markedly improved
activity in comparison with the application of non-PPh3-

treated support Fe2O∗
3 (Fig. 2). Thus, the high catalytic

activity of the Fe(OH)∗3-supported samples cannot be fully
explained by the differences in the specific surface area and
morphology of the catalyst support, and therefore micro-
scopic investigations on the state and composition of both
starting supports and final catalytic materials are neces-
sary.

It is to be noted that supporting the gold complex to
commercially available wet Fe(OH)3 did not result in the
sample with a high catalytic activity. If the property of the
commercially available Fe(OH)3 CA is similar to that of the
as-precipitated iron hydroxide Fe(OH)∗3, one could expect
the same level of activity for the resultant supported Au
catalysts. Significant difference of Fe(OH)∗3 from Fe(OH)3

CA was revealed from XRD measurements (Fig. 4). The
as-precipitated Fe(OH)∗3 exhibited no XRD peak between
20 and 70◦ 22, while the other supports employed in
this work, including Fe(OH)3 CA, are crystalline solids.
The amorphous state of Fe(OH)∗3 was also confirmed by
TGA; weight loss took place gradually, without any clear
transformation point until 673 K. Such a kind of material
should contain a large amount of bound water in the form
of OH groups, as their amount increases with increasing
amount of amorphous part of an oxide (35). It was found by
Andreeva et al. for Au/α-Fe2O3-coprecipitated samples that
changing the pH value gradually during a coprecipitation
step resulted in amorphous precipitates, while the deposi-
tion process at constant pH value led to a definite α-FeOOH
phase (10). Total weight loss for the Fe(OH)∗3-dried sam-
ple under heating up to 773 K was estimated to be 20.9%,
while for crystalline α-FeOOH the total weight loss is re-
ported to be 13.8% in the same temperature range (36).
Comparison of the values of total weight losses indicates
that the samples possess different degrees of hydration;
i.e., even after drying the amorphous Fe(OH)∗3 in a vac-
uum it contains a larger amount of water, as compared
to the crystalline support α-FeOOH. Thus, the degree of
support hydration is associated with support crystallinity.
Moreover, the amorphous material may contain many sur-
face defects that should also increase Au-support interac-
tions and therefore prevent gold from agglomerating into
larger Au particles.

Analysis of the XRD data of Au/Fe(OH)∗3, Fe(OH)∗3{P},
and Au/Fe(OH)∗3{P} samples calcined at 673 K (Figs. 4 and
5) revealed their low crystallinity and the appearance of the
additional XRD peak at the 22 value of 30◦. The peak po-
sition does not belong to the one characteristic of hematite
α-Fe2O3, but it can be ascribed to either γ -Fe2O3 or
Fe3O4. We suggest that probably the Au precursor retarded
the iron oxide crystallization process and promoted the
formation of γ -Fe2O3. Supported gold catalysts obtained
by a coprecipitation method have been subject of much re-
search to date. It was suggested that the presence of gold
in the coprecipitated mixtures of Au/Fe, Au/Ni, and Au/Co
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may influence morphology and textural properties of the
metal oxide supports (5). The fact that the catalytic ma-
terials possessed larger specific surface areas than that of
the pure oxides is supposed to be due to retarding the
support crystal growth by gold. It was also reported by
Hutchings et al. (13) that for Au/CuO and Au/ZnO copre-
cipitated catalysts the presence of Au in the precipitated
mixtures suppressed the crystallization process of the sup-
ports, and the final materials after aging for 300 min were
nearly amorphous, although the absence of Au in the same
mixtures led to crystallized supports even after a much
shorter aging time. It is known that the addition of small
amounts of impurity metal cations can influence crystalliza-
tion processes (33, 37, 38). In particular, the presence of Co
and Cu additives is known to inhibit the formation of the
α-Fe2O3 phase (35, 38). Formation of the γ -Fe2O3 phase
in the iron oxide systems was observed to be promoted
by the presence of small amounts of metal cations such as
Co (37, 39). The low crystallinity of the iron oxide sup-
port in the Au/Fe(OH)∗3 sample, as well as the γ -Fe2O3 for-
mation, in comparison with the iron oxide support in the
Au/Fe2O∗

3, may be explained by assuming similar proper-
ties of gold. It should be noted, however, that no other iron
oxide phase except for α-Fe2O3 has been reported for the
Au/Fe2O3 samples prepared by a coprecipitation method
(4, 5, 9, 10). Close similarity of the SEM images and XRD
patterns of the gold-containing sample Au/Fe(OH)∗3 and
the PPh3-treated support Fe(OH)∗3{P} allowed us to sug-
gest that the presence of triphenylphosphine ligand is the
most important factor that influenced the morphology and
surface structure of the iron oxide support. Since crystal-
lization of the amorphous support Fe(OH)∗3 proceeded in
the presence of the phosphine, it is reasonable to suggest
the reduction of a part of Fe3+ to Fe2+ by the PPh3 and
the formation of the mixed-valence iron oxide Fe3O4 as
shown in Scheme 1. As the samples underwent the heating
treatment under oxidative conditions, the Fe3O4 formed
can be oxidized to produce γ -Fe2O3. The oxidation can
proceed at moderate temperatures (393–483 K), depend-
ing on Fe3O4 particle size, while further transformation of
the γ -Fe2O3 into α-Fe2O3 demands much higher tempera-
tures (773– 873 K) (40). The shift of the XPS Fe 2p3/2 peak

SCHEME 1. Transformations of the as-precipitated Fe(OH)∗
3 in the

presence and absence of Au(PPh3)(NO3) or PPh3.

for Au/Fe(OH)∗3 (473 K) sample to 710.8 eV could be an
indication of the formation of mixed-valence oxide Fe3O4

according to the literature (22, 23, 41, 42). However, the
small difference in the O 1s binding energies of Fe2O3 and
Fe3O4 makes it difficult to argue detection of Fe3O4 phase
by XPS for the Au/Fe(OH)∗3 (473 K) sample.

Laser Raman spectroscopy allows us to characterize the
samples composed of iron oxides with the same chemical
composition but different crystal structures. The data for
various reference compounds listed in Table 4 agree well
with the literature (24–28) and confirm that the iron ox-
ides and oxyhydroxides can be distinguished by their spe-
cific Raman bands. There was no evidence for the exis-
tence of oxyhydroxides α- and γ -FeOOH on the surface
of the Au/Fe(OH)∗3 catalyst at any stage of the prepara-
tion; α-FeOOH is characterized by the distinctive bands
at 383 and 296 cm−1, and γ -FeOOH is characterized by
the bands at 343 and 247 cm−1, and no other iron ox-
ides have intense bands at these positions (Table 4). The
Raman spectra of Au/Fe(OH)∗3 and Fe2O∗

3 after calcina-
tion at 673 K (Figs. 8c and 8d) possessed six intense bands
in the region 200–1600 cm−1. Five of them coincided with
bands at 285, 402, 487, 604, and 1310 cm−1 for reference
α-Fe2O3 (Table 4, Fig. 8e). The Raman spectra in Figs. 8c–8e
showed the weak bands at ∼800 and the broad bands at
1000–1100 cm−1. The similarity of these spectra in peak po-
sitions and intensity ratios also supports the assignment.
Interestingly, the Au/Fe(OH)∗3(RT) sample before calcina-
tion (Fig. 8a) revealed weak and broad Raman bands at
the same positions as those for Fe2O∗

3 and Au/Fe(OH)∗3,
indicating the presence of α-Fe2O3 crystallites on the sur-
face, although no XRD peaks were observed with the
Au/Fe(OH)∗3(RT) sample. As for the Au/Fe2O3 sample pre-
pared by a coprecipitation method, the presence of ferri-
hydrite, α-Fe2O3 and α-FeOOH in the sample before calci-
nation was suggested by Mössbauer spectroscopy (43). As
the crystallinity of the support in Au/Fe(OH)∗3 increased by
calcination, the intensities of the Raman spectra increased
from Figs. 8a to 8c. The additional Raman feature ap-
peared at 655 cm−1 for Au/Fe(OH)∗3 and can be ascribed to
γ -Fe2O3 rather than Fe3O4 in accordance to the reference
data in Table 4. However, the presence of the Raman band
at similar position (648 cm−1) for the Fe2O∗

3 makes the as-
signment doubtful. While the band is absent in the spectra
of single-crystal α-Fe2O3, it is observed for polycrystalline
α-Fe2O3 films concomitantly with the six Raman-allowed
phonons at 218 (A1g), 238 (Eg), 285 (2Eg), 402 (A1g), 487
(Eg), 604 (Eg) cm−1, and the band at 1310 cm−1. The band
near 650 cm−1 was ascribed to be due to a Raman-forbidden
longitudinal optical (LO) phonon caused by defect-induced
scattering (44). While the Raman-allowed 2LO line near
1300 cm−1 (at roughly twice LO frequency) is usually seen
in the spectra for any α-Fe2O3, a large amount of defects
in polycrystalline films make the LO line observable also
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(45). As for the shoulder at about 700 cm−1 in the Raman
spectra of Au/Fe(OH)∗3 calcined at 473 and 673 K, its ap-
pearance can be ascribed to γ -Fe2O3 rather than Fe3O4.
In addition, our measurements revealed that α-Fe2O3 was
a much stronger scatterer, as compared to γ -Fe2O3 and
Fe3O4, similarly to the previous observations for α-Fe2O3

(24, 25). Thibeau et al. showed that in a physical mixture of
α-Fe2O3 and Fe3O4, 5% α-Fe2O3 was enough for its iden-
tification, but more than 30% Fe3O4 was required for its
detection in the mixture (24). As we performed no special
calibration, our data can provide qualitative information
about the surface composition of Au/Fe(OH)∗3 due to dif-
ferent sensitivity towards various iron oxide polymorphs.
Nevertheless, the presence of γ -Fe2O3 on the support sur-
face in Au/Fe(OH)∗3 can be concluded in agreement with
the XRD data. Possibly, the γ -Fe2O3 formation may be
considered as an indication of the occurrence of stronger
interactions between Au(PPh3)(NO3) and Fe(OH)∗3. The
results of the catalytic tests for the various α- and γ -Fe2O3-
containing samples (Fig. 2) allowed us to suggest that the
γ -phase is an important component of the catalytic Au-
containing materials.

Defects and OH groups of support surfaces can signifi-
cantly modify the interaction between metal-complex pre-
cursor and oxide support and, hence, catalytic activity of the
resultant supported metals (46). The XPS O 1s spectrum of
the Au/Fe(OH)∗3 sample revealed a larger shoulder at about
532 eV, in comparison with that of Fe2O∗

3 (Fig. 7). The higher
BE peak can be ascribed to OH-groups at the support sur-
face. However, care should be taken in the interpretation
of the XPS O 1s data. As will be described elsewhere (47),
phosphorus oxygen species remain in Au/Fe(OH)∗3 during
the course of calcination and contribution of the species to
the XPS O 1s peak around 532 eV does not allow us to
make clear conclusions about the amount of OH groups
from the XPS data. More reliable information about ph-
ysisorbed water and surface OH groups was obtained from
in situ FT-IR spectra (Figs. 9 and 10). The Fe(OH)∗3 and
Au/Fe(OH)∗3 samples before calcination showed intensive
peaks at 1639 cm−1 and in the region 2600–3700 cm−1 due
to presence of large amounts of OH groups and absorbed
water. Probably, they promoted interactions between the
gold and support precursors. An indirect argument for oc-
currence of such interactions can be obtained from the
FT-IR spectra of the materials calcined up to 473 K. The
νOH peak at 3640 cm−1 in the Fe(OH)∗3 (473 K) sample
(Fig. 9b) shifted to 3585 cm−1 by 55 cm−1 by supporting
the Au complex (Au/Fe(OH)∗3 (473 K)) (Fig. 10b), which
assumes occurrence of an interaction between the surface
OH groups and the Au precursor. The interaction should
reduce the mobility of Au species on the iron oxide sup-
port and hence result in the formation of small Au par-
ticles in the final catalytic material Au/Fe(OH)∗3. Mobility
of Au species on the oxide surface can also be sufficiently

lowered by the presence of a lot of defects (48). Laser
Raman spectra in Fig. 8 indicated large amounts of the sup-
port defects in the active Au/Fe(OH)∗3 catalyst as discussed
above. Formation of about 10 times larger Au particles
when Fe2O3 was used as support, instead of Fe(OH)∗3 (30
and 2.9 nm, respectively) (18) coincides with the suggestion
about the occurrence of stronger interactions between the
Au(PPh3)(NO3) and OH-groups and defects of the amor-
phous iron hydroxide.

CONCLUSIONS

(1) It was found that the Au/Fe(OH)∗3 catalyst was supe-
rior to the other catalysts in low-temperature CO oxidation.

(2) Starting iron-oxide supports and resulting supported
Au catalysts were characterized and compared by various
surface and bulk techniques. The characterization revealed
that the initial state and structure of the supports are very
important for preparation of active Au catalysts.

(3) Crystallization of the iron oxide support in the pres-
ence of the phosphine-ligated gold complex resulted in
poorly crystallized iron oxide support consisting of a mix-
ture of α-Fe2O3 and γ -Fe2O3.

(4) The most probable mechanism of the γ -Fe2O3 for-
mation includes reduction of a part of Fe3+ to Fe2+ by the
PPh3 ligand to produce mixed-valence iron oxide Fe3O4,
followed by reoxidation of the magnetite to γ -Fe2O3. The
suggested transformation scheme was supported by XRD
and laser Raman data.

(5) No γ -Fe2O3 formation was observed when
Au(PPh3)(NO3) was decomposed on the other supports.
γ -Fe2O3 seems to be an important phase to promote the
catalytic activity of iron oxide supported Au catalysts for
the low-temperature CO oxidation.

(6) Application of the amorphous Fe(OH)∗3 may pre-
vent Au species from aggregation through stabilization of
Au(PPh3)(NO3) by interactions with OH-groups and de-
fects of the support, leading to formation of small gold
metallic particles.
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