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Gold nanoparticles. effect of treatment on structure and catalytic
activity of Au/Fe,Os catalyst prepared by co-precipitation
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1 wt% Au/Fe,O3 catalyst was prepared by a co-precipitation method. The structure of the sample in the as prepared, oxidized and
reduced states was investigated by means of X-ray photoelectron spectroscopy (XPS), transition electron microscopy (TEM), electron
diffraction (ED) and X-ray diffraction (XRD). The structure of the samples after various trestments and their activity in the CO oxidation
were compared. The results show the stability of the gold particle size during the treatments. However, after oxidation, a slight
shift in the Au 4f binding energy towards lower values points to the formation of an electron-rich state of the metallic gold particles
compared to that revealed in the as prepared sample. Simultaneously, a goethite phase in the Fe,O3z support is present, which is not
observed in the “as prepared” and reduced samples. In the reduced sample the presence of a crystalline maghemite-c phase indicates
a change in the support morphology. In the CO oxidation the oxidized sample shows the highest activity and it might be the result of
the cooperative effect of goethite, FeO and the electron-rich metallic gold nanoparticles. We suggest that a structura transformation
occurs along the gold/support perimeter during the treatments and we propose a possible mechanism for the effect of the oxidation

treatment.
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1. Introduction

The low reactivity of gold is attributed to the completely
filled 5d shell and the relatively high value of its first ion-
ization potential [1]. As a result, gold has been used as
an inert component in the platinum/gold foil as a model
system applied in hydrocarbon catalysis [2,3]. Despite the
available theoretical and practical evidence the gold was
found to be active under certain conditions observed in the
seventies [4].

It has well been established that the catalytic activity of
gold can be governed by two factors: (i) the gold parti-
cle size being in the range 26 nm, and (ii) the nature of
support. In the last decade gold appeared to be widely
investigated and the result was excellently reviewed by
Bond [5]. A wide range of reactions has also been studied
on gold/support systems. Among the first studies Galvagno
et a. investigated the gold activity in the O,/H, [6-8] and
in the NO/H; [9] reactions. Haruta et al. discovered that
small gold particles supported on Coz04, Fe,03 and TiOy,
had high activity in the CO and H, oxidation [10,11], NO
reduction [12], CO, hydrogenation [13] and in the catalytic
combustion of methanol [14]. Andreevaet al. investigated
the water—gas shift reaction [15]. These studies pointed out
that the reactivity of gold was attributable mainly to the
small particle size and to the metal/support interaction.

From these experiments it has appeared that the main
featurein preparing active gold catalystsisthe way in which
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the deposition of the gold precursor on the support occurs.
One of the major factors in the deposition—precipitation
technique is the appropriate pH value [16]. Some recently
developed methods, like arc-melting, chemical vapor depo-
sition (CVD), co-sputtering [17] and pulsed laser deposition
(PLD) [18] also led to good results.

Despite the wide knowledge about the adequate prepara-
tion techniqueto produce a highly active gold catalyst, there
are many open questionsto be answered. One of theseisthe
stabilization of small gold particles inserted into the zeolite
supercage [19-21]. In these studies Fraissard showed the
presence of Au’* species by °Xe NMR and DRIFT stud-
ies [21]. Ichikawa aso prepared positively charged gold
particles encapsulated in NaY zeolite and observed higher
activity than that shown by metallic gold particles [22].

However, in recent structural studies on gold particles
deposited on Mg(OH),, Haruta showed that below and
above 1 nm sizethe gold particlesexist in icosahedral and in
fcc cubooctahedral symmetry, respectively [23]. This fact
proved the importance of geometrical symmetry in devel op-
ing highly active gold catalysts. On the Au/Mg(OH), sam-
ples positively charged Au+ species were also observed
by Mosshauer spectroscopy [24]. Galvagno et a. arrived
at a similar conclusion, which also suggested the impor-
tance of Aut and Au*t species in the case of Au/Fe,03
catalysts[25,26]. From these experimentsit is now obvious
that the gold particle size is of primary importance, but its
critical size depends on the support (for MgO it is <1 nm,
whereas for TiO,, Fe;O3 the size is <10 nm).
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Model studies also supported that the major factor in
determining catalytic activity in CO oxidation is the size
of gold particles. According to the work carried out by
Goodman et al. [27], the maximum in activity is measured
on Au/TiO, having 4 nm gold particles. Below this size the
band gap abruptly increases and gold loses its metallic char-
acter. Similar statement was done in our previous study on
a Au/FeQ,,/SIO,/Si(100) model system [28] with low gold
loading prepared by pulsed laser deposition. A promot-
ing effect of iron oxide on the catalytic activity of gold
nanoparticles was also established. We found the three fac-
tors operate simultaneously to control the activity of the
gold system: (i) small metalic gold particles, (ii) amor-
phous iron oxide support, and (iii) oxygen vacancies caused
by the change of the valence state of iron.

In most of the earlier works the supported gold sam-
ples were calcined and the increasing calcination tempera-
tures increased the catalytic activity. Here the effect was
explained by a change in the gold particles size morphol-
ogy from spherical to hemispherical [29]. In contrast, Park
and Lee [30] showed the opposite effect on Au/TiO,, and
AU/Fe;0O3 samples. XPS and XAFS studies showed that
increasing calcination temperature gave rise to the fraction
of metallic gold in the phase transition of Au(OH)3 through
Au,O3 to metallic gold. Since it was suggested that Au™
were the active site for the CO oxidation, the deactivation
by calcination was due to the formation of metallic gold
particles.

Lin et a. found that even the drying conditions (vac-
uum vs. oven drying) changed the oxidation state and mor-
phology of the gold particles [29]. High-temperature re-
duction/calcination followed by low-temperature reduction
gave the highest activity, which was correlated with the en-
hanced proportion of metallic gold. In contrast, Gupta et a.
observed atransfer from Au/Fe,O3 to Au/Fe;O4 during hy-
drogen treatment and a simultaneous reduced rate in the CO
oxidation [31,32]. A similar effect was reported by Haruta
et al. on preoxidized Au/TiO, samples [33]. On the other
hand, Baiker found gold in metalic state after colloida
gold deposition on TiO, and ZrO, and the Au/ZrO, sample
could be activated by calcination and the presence of the
positively polarized gold sites was identified by FTIR [34].

Notwithstanding the widening research on gold catalysts,
still numerous conflicting pieces of evidence are available
about the effect of treatments, such as the oxidation state
of gold and the effect of support. In the present paper we
use the same pretreatments on the 1 wt% Au/Fe, O3 catalyst
prepared by co-precipitation as were applied previously on
the model system [28]. We use XPS, TEM, XRD and other
techniques to study the effect of various treatments on the
structure and morphology of the gold particles, on the iron
oxide support and the metal/support interaction. CO oxida-
tion as test reaction is employed to correlate the structural
changes to the catalytic activity.
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2. Experimental
2.1. Catalyst preparation

The catalyst was prepared by a co-precipitation method
using HAuCI, and Fe(NO3)3-9H,0. The aqueous solution
of the components (60 ml) was added into a 1 M aqueous
solution (400 ml) of NaCOs at a rate of 7.5 cm®min~?!
at 75°C under vigorous stirring [26]. The co-precipitate
was digesting in the mother solution at 77°C for 18 h
washed severa times with hot water and dried at 80°C
for three days. The sample was ground and meshed. The
fraction in 0.1-0.3 mm diameter range was selected for the
investigations. The final gold loading being 0.94 wt% was
determined by prompt gamma spectroscopy (PGS) [35].

2.2. Catalyst characterization

2.2.1. X-ray photoelectron spectroscopy (XPS)

Chemical states of the constituents as well as electronic
structure of the catalysts were investigated by the core
level spectrain aphotoel ectron spectrometer type KRATOS
XSAM 800. For chemical analysis the core level electrons
were excited by Al K, radiation. The spectra were taken
by FAT mode and the carbon peaks were used as binding
energy reference. After having used the samples in the
CO oxidation, their surface composition was also deter-
mined. The spectra of the Fe 2p core level electrons were
fitted with Gaussian—L orentzian product peaks after Shirley
background subtraction, while for the evaluation of other
peaks a linear background subtraction was used.

The Au 4f;,,, Fe 2p and O 1s photoelectron lines in
the Au/Fe,O3 samples in the “as received” state, after ox-
idation and reduction were determined in an in situ reac-
tion chamber directly attached to the spectrometer. The
same pretreatment conditions were applied before catalytic
measurements. The pure support was also investigated in
the same way.

2.2.2. Transmission electron spectroscopy (TEM)

Before and after pretreatments the microstructure and
morphology of the samples were determined by transmis-
sion electron microscopy (TEM) using a Philips CM-20
type microscope. The morphology of the sasmplewasinves-
tigated by plan-view imaging. The sample was pretreated
using the same conditions as were applied for XPS and cat-
alytic measurements. The electron diffraction pattern was
also established in the different stages of the pretreatment.

2.2.3. X-ray diffraction (XRD) measurements

X-ray diffraction measurements were carried out in a
Philips X-ray diffractometer equipped with a Cu K, source
using a Guinier camera. The as prepared and the differently
pretreated gold-containing samples as well as the pure sup-
port were investigated.
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2.3. Catalytic measurements

The CO oxidation was applied as catalytic test reaction.
The reaction has a well known mechanism on several sup-
ported metal surfaces like Pt [36], Pd [37] and in recent
years a great deal of experiments were made using sup-
ported gold catalysts [38—40].

The reaction was carried out in an all glass made cir-
culation reactor linked to a mass spectrometer via a cap-
illary leak to ensure viscous flow. The change in the CO
and CO», concentrations as a function of time was followed
using the same total pressure in the reactor. Due to the
sampling device the amount of CO, was measured a a
standard 180 mbar pressure monitoring the m /e = 44 peak
intensity. In each measurement the composition of the gas
mixture was 10 mbar CO, 10 mbar O, and 180 mbar He,
which were mixed and introduced into the reactor and due
to the volume increase, the total pressure became 180 mbar.
The CO oxidation was performed on the as prepared, ox-
idized and reduced samples. Calcination in oxygen was
carried out in 150 mbar O, at 200°C for 1 h. Reduction
took place in 150 mbar hydrogen at 200°C for 1 h using
the calcined sample. The reactions were usually performed
at 50°C. Since the pure Fe;O3; support might aso have
catalytic activity in the CO oxidation, the reaction was also
measured on the support itself in preliminary experiments
at somewhat higher temperature.

A preliminary calibration was performed to calculate
the amount of CO, formed. In separate experiments
the intensity—CO, pressure relationship was determined at
180 mbar total pressure and this was used for quantitative
evaluation of the amount of CO,. In the actual measure-
ment the intensity of the m/e = 44 peak after background
subtraction was determined. Under the conditions used for
the CO oxidation, 0.3 umol CO; in the gas phase corre-
sponds to 100% CO conversion.

3. Results
3.1. X-ray photoelectron spectroscopy (XPS)

The positions of the Fe 2p, Au 4f;/, and O 1s peaks
after different treatments were measured by means of XPS.
In figure 1 the Fe 2p core level spectra are plotted in the
as prepared, oxidized and reduced state. The binding en-
ergy in the as prepared and the oxidized samples (curves (a)
and (b)) lies at 711 and 710.9 eV, respectively, indicating
the presence of Fe,O3 and/or FEO(OH) species. After re-
duction (curve (c)) the peak shifted toward 710.2 eV which
shows the presence of FeO and/or FesO,4. These changesin
the position of Fe 2p peak cannot be observed in the pure
Fe, O3 sample treated under the same conditions (the bind-
ing energies appeared at 711.2—711.4 eV, the values being
indicative of Fe,O3 and/or FeO(OH)).

Figure 2 shows the gold Au 4f;,, peak in the as prepared
state with 84.3 eV BE being characteristic of metallic gold
(curve (a)). A dight shift towards lower binding energy
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Figure 1. XPS spectra of the Fe 2p peak at different stages of treatment:
(a) as prepared, (b) oxidized and (c) reduced.

is observed after oxidation, the BE being 83.9 eV for the
4f7,, peak (curve (b)). After reduction (curve (c)) the BE
value does not change (83.8 eV). These values indicate
metalic state for gold even after oxidation. We have to
note that the gold signal is weak which makes curve fitting
difficult.

In figure 3 the O 1s enveloping curve is asymmetric
towards the higher binding energy region which indicates
the presence of different oxygen species in the sample. In
the as prepared sample (curve (a)) the main component lies
at 530.3 eV which can be assigned to Fe,O3 phase, which
after treatments shifted to 529.6-529.7 eV corresponding
to FeO (curves (b) and (c)). The second component of the
asymmetric peak isfound at 533.5 eV BE (curve (a)), which
is most likely attributed to adsorbed water on the surface.
After oxidation (curve (b)) this peak disappeared and two
new lines could be recorded at 531.1 and 535.2 eV. After
reduction the former peak retained its position near this
value at 531.3 eV which isassigned to OH bond (curve (c)).
However, the latter is shifted to 534.1 eV which is assigned
to adsorbed water on the surface. The position of the O 1s
peak at 535.2 €V BE israther uncertain and hard to identify
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Figure 2. XPS spectra of the Au 4f peak at different stages of treatment:
(a) as prepared, (b) oxidized and (c) reduced.
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Figure 3. XPS spectra of the O 1s peak at different stages of treatment:
(a) as prepared, (b) oxidized and (c) reduced.

in the absence of any available reference data. A possible
assignation can be O, species.

3.2. Transmission electron microscopy (TEM)

Owing to the scarcely distributed gold particles (which is
a consequence of the low gold concentration at the surface)
the TEM techniqueis rather troublesome and time consum-
ing to find areas with sufficient amount of gold particles.
Nevertheless, figure 4 shows the TEM images after the var-
ious treatments, the size of metallic gold particles being in
the range of 7.5-12.5 nm. The size of the gold particles
does not change significantly due to the pretreatments as
shown by the size distribution histograms (figure 5).

According to the electron diffraction patterns of the as
prepared and reduced samples the diffraction lines show
only a Fe,O3 phase, while in the oxidized sample a new
phase which is assigned to FeO(OH) also appears (figure 6).
The lines appeared at d = 2.585, 2.453 and 1.805 A sepa-
rately, while the literature data for spacing of the goethite
(021), (111) and (211) reflexions are d = 2.583, 2.450 and
1.802 A, respectively.

3.3. X-ray diffraction measurements

In figure 7 the XRD spectra also indicate phase transi-
tionsin the iron oxide support due to the pretreatments. The
spectrum of the as prepared sample (curve (b)) shows only
the peaks of a Fe,O3 hematite phase, which is the same
as in the case of the pure support (curve (a)) except that
the intensities of the peaks are diminished. For the reduced
sample (curve (d)) the peaks of Fe;,O3z are indicative of
the maghemite-c phase appeared at 20 = 45.5°, 66.4°, 77°
and 84° next to the hematite lines. In the oxidized state
(curve (c)) only the peaks of the hematite phase can be
observed, however, their intensity decreased significantly
compared to the as prepared sample.

The peaks characteristic of gold could not be observed
in any spectra, which is surprising because the particles,
sizing 7.5-12.5 nm and detected by TEM, ought to be seen
by XRD. The possible reason is as follows. The phase con-
centration of the gold particles should be in the range of
4-5% in the area “seen” by the X-ray which condition is
obviously not fulfilled. On the other hand, the visibility of
an electron diffraction pattern in a TEM measurement is
due to the fact that the electron beam is already focussed
to the area in which larger amounts of Au particles exist.

3.4. CO oxidation

In figure 8(a) a preliminary experiment is presented
on the CO oxidation carried out at 100°C over oxidized
0.3 wt% Au/Fe,O3; and Fe,Os; samples. The preparation
method and the pretreatment of these samples are the
same as those described in section 2 for the 1% Au/Fe;O3
sample. Similarly to the model catalyst systems, in which
Fe,03/Si0,/Si(100) and Au/FeO3/SiO/Si(100) samples
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Figure 4. TEM images of the 1% Au/FeO, sample at different stages of
treatment: (a) as prepared, (b) oxidized and (c) reduced.
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Figure 5. Size distribution diagrams of the Au particles on the differently
treated samples: (@) as prepared, (b) oxidized and (c) reduced.

were compared [28], the initial rate of the CO oxidation
was significantly higher on a pretreated Au/Fe,O3 than on
the pure Fe;Os sample (ro = 0.1 pmol mggl min—! and
ro = 5.1 x 10~% mol mgz; min—!, respectively).

The effect of treatment was performed over 0.1 g of
the 1 wt% Au/Fe,O3; sample under the same conditions at
50°C. Based on the catalytic investigations the initial reac-
tion rate () of the CO, formation was always evaluated.
Using the nco,—time plots, from the equation of the fitted
curves ro was always determined as the sope of the kinetic
curve extrapolated to zero time.

In figure 9 the as prepared sample shows a very low,
nearly negligible activity (rp = 9 x 10~* pmol mgg
min—1). After oxidation of the sample the activity in the
CO oxidation increased by two orders of magnitude and
shows the highest value among the samples investigated
(ro = 0.11 pmol mg_ min—1). Subsequent reduction af-
ter oxidation caused a decrease in the activity compared to
the value of the oxidized sample, although the activity of
the reduced sample remains higher than the value of the as
prepared sample (rg = 7.1 x 10~2 pmol mgg: min~1).

On the pure support investigated under the same condi-
tions as in case of the presence of gold the activity was one
order of magnitude lower than that measured on the least
active as prepared sample.
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Figure 6. Electron diffraction patterns of the differently treated samples: (a) as prepared sample with the lines of Fe,Os, (b) reduced sample with the
lines of Fe;O3 and (c) oxidized sample indicating the lines of the goethite.

4. Discussion

The results presented here are in good agreement with
our previous finding [28], i.e., the nanoscale gold parti-
cles are active in the CO oxidation and the gold maintains
its metallic state, even after severa treatments. On the
other hand, during the development of high catalytic activ-

ity the structure of Fe,O3 must be changed [28]. These fin-
dings are based on the study of model catalystsin which we
have suggested the promoting effect of iron oxide on the
activity of the gold nanoparticles. As was indicated, the
gold particles in metallic state are stabilized by iron oxide
even at low gold loading and at small particle size. When
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Figure 6. (Continued.)
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Figure 8. Preliminary experiment on the CO, formation at 100°C after
c the oxidation treatment: (&) 0.3% Au/FeO, and (b) pure Fe,O3 support.
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Table 1
Binding energy vaues (eV) with the indication of the possible states of the catalyst and the surface
concentration of gold on 1% Au/FeO,, catalyst based on XPS investigation.

Fe 2p O 1s Au 4f Au Au/Fe
(eV) (ev) (ev) (wt%) x 100
As prepared 711 FeO(OH) 530.3 Fe; 03 84.3 A0 0.31 1.16
Fe,O3 533.5 H,0
Oxidized 710.9 FeO(OH) 529.6 FeO 83.9 Al 0.34 0.98
Fe,O3 531.1 OH
5352 0, ?
Reduced 710.2 Fe30q4 529.7 FeO 83.8 Al 0.28 0.86
FeO 531.3 OH
534.16 H,0

In the Au/Fe,O3 system XPS investigations indicate no
structural transformation on the pure iron oxide support,
which fact proves its stability before and after treatments
carried out at 200 °C. Regardless of the treatment in He or
O, only water was desorbed monitored by thermogravimet-
ric analysis. The Fe 2p peaks appeared at 711.2-711.4 eV
BE, which shows the presence of Fe,O3 and/or FeO(OH)
of the support. Pure iron oxide showed negligible activity
in the CO oxidation. Nevertheless, in the heat treatment the
water may result both from adsorbed water and FeO(OH).

When the Au/Fe,O3; sample was studied in the as pre-
pared state, the core level spectrafor Fe 2p had similar fea-
tures as that measured on the pure support. This points to
an identical initial composition of the Fe,O3 in both cases.
In accordance with other authors [22,41,42], in the as pre-
pared sample the 711 eV BE recorded for the Fe 2p peak,
shows the presence either of Fe;O3 or FeO(OH) phases,
whose binding energies are very close to each other. The
satellite peak at around 719 €V BE, however, unambigu-
ously points to the presence of Fe*t ions in the sample.
Moreover, the O 1s peak measured at 530.3 €V BE also
shows the presence of iron in the form of Fe;O3. The sec-
ond component of the O 1s peak at 533.5 eV is likely due
to the water adsorbed on the surface.

After oxidation both the Fe 2p and the satellite peaks
remained nearly at the same position (710.9 and 719 eV,
respectively) as they were in the as prepared sample. How-
ever, the O 1s peak was shifted towards 529.6 eV BE,
which could be a result of the presence of FeO surface
species formed after heat treatment. The second compo-
nent of the O 1s peak at 531.1 eV was assigned to the
presence of an OH bond which was till present in the
form of FeO(OH) [42]. Surprisingly, aweak O 1ssignal as
athird component was also recorded at around 535.2 €V. In
the absence of any reference data concerning such a high
binding energy value of the O 1s peak, the exact identifi-
cation of this peak is not available. Only some examples
are known concerning this high binding energy for O 1s,
which are around 533-534 eV. A similar binding energy for
O 1swas identified for P,Os, B,O3 as well as SIO,. For a
FesoNigB2o amorphous ribbon the O 1s line measured at
532 eV BE was assigned to boron oxide species [43]. In

addition to this, a value of 531.5 eV BE was also identified
and was suggested as weakly bonded oxygen species at the
iron/boron interface. Also a high value for O 1s species
(534.6 eV) was observed on palladium and was devoted to
particularly active oxygen speciesin the total combustion of
m-Xxylene[44]. Based on Sanderson’s calculations [45] and
Nefedov's XPS experiments [46], Bielanski established [47]
that the higher the value of BE, the lower is the electron
density on the oxygen. Inthe oxides he referred to, the oxy-
gen had a very low negative charge (—0.13, —0.23) which
explained the high BE value for O 1s. Consequently, in
our case oxygen species must be present whose electron
density according to this principle is low (discussed later).

After reduction the Fe 2p peak showed a significant shift
toward lower BE which appeared at 710.2 eV. This showed
the presence of Fe;O, in the iron oxide and the O 1s peaks
at 529.7 and 531.3 eV indicated the presence of FeO and
OH species, respectively. Both the characteristic satellite
peak of Fe** and the very weak signa at 535.2 eV BE
disappeared.

In table 1 data obtained by XPS are summarized. Here
we show aso the surface concentration of gold and the
surface Au/Fe ratio. The species identified for iron and
oxygen are already discussed. From table 1 it appears that
gold remains in the metallic state and only dight changes
can be seen in the BE. The small, but definite decrease in
the Au 4f;/, BE after oxidation is likely due to a change
in the electron state of gold. There is a simultaneous de-
crease in the Au/Fe ratio. From the TEM investigations
we know that the size of the gold particles did not change
significantly during the various treatments. The decrease in
the Au/Fe ratio means that after oxidation the FeO,. species
migrate on top of the gold surface and partialy cover it.
We have to note here that the amount of gold observed
by XPS is about one third of the real gold content in the
catalyst sample.

TEM images showed a more or less homogeneous size
distribution of the gold particles. Because of the low gold
content on the catalyst, only a few metal particles are vis-
ible. The size of the gold particles lies in the range of
7.5-12.5 nm. The diameter of the Au particles does not
change after the different treatments, which suggests the
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secondary importance of the diameter of gold particles in
revealing high catalytic activity.

Electron diffraction patterns show a number of diffrac-
tion lines and since the gold and the different FeO,, linesare
overlapped, it is difficult to have an exact evaluation based
on these measurements. The electron diffraction lines of
different Fe,O3 phases show a definite change in the struc-
ture of the support, namely, in the oxidized state the three
lines unambiguously prove the presence of FeO(OH) in the
orthorhombic form called goethite.

The structural transformation in the support during the
treatments was measured also by XRD. While the as pre-
pared sample contains only hematite, which is the rhom-
bohedral form of Fe,Os, in the spectrum of the reduced
sample the maghemite-c lines indicate the presence of the
cubic form of Fe,O3. The oxidized sample shows a some-
what amorphous state as the intensities of the hematite lines
decreased compared to that of the as prepared sample.

Along with the XPS results these findings suggest that
phase transitions occur on the support during the treat-
ments starting from the Fe** ions through an amorphous
phase, containing Fe?+ and Fe** ions, to maghemite-c- and
hematite-containing phases. These results show remarkable
agreement with our previous findings in the investigation
of a model catalyst prepared by PLD [28].

The activity of the samples in the CO oxidation sig-
nificantly changed after different treatments. Among the
samples the oxidized form was the most active and its ac-
tivity was one and half and two orders of magnitude higher
(TOF = 0.35 s71) than that measured on the reduced cat-
ayst (TOF = 0.22 s71) and on the as prepared sample
(TOF = 0.003 s71), respectively. This change in the activ-
ity cannot be attributed to the change in the surface carbon
contamination, which is always present. A small increase
in the activity could appear because of the decrease in the
initial carbon concentration from 18.2 to 7.7 at% measured
by XPS. The subsequent reduction treatment after oxidation
made only a minute decrease in the carbon contamination
(7.2 at%), while the activity in CO oxidation decreased to
a much larger extent. So, we could not exclude the effect
of carbon contamination, but this effect does not play a
decisive role in creation of the catalytic activity.

In spite of the low initial reaction rate on the as prepared
sample, after 30 min the CO conversion increasesto a level
measured on the reduced sample. This possibly indicates
some transformations of the catalyst during the reaction.

After the complete catalytic cycles on the as prepared,
oxidized and reduced samples, further oxidation caused re-
activation of the sample to the level characteristic of that
measured after the first oxidation treatment. This effect can
be seen even after several catalytic cycles followed by re-
oxidation treatment, which proves either the unimportance
of the surface carbon concentration in the reduced sample
or the presence of active sites being reactivated after oxi-
dation treatment.
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Mechanism of the oxidation treatment on Au/Fe,O3
sample

Based on our present work and on our previous results
on amodel catalyst [28], we propose a possible mechanism
for the effect of the oxidation treatment to reach the high-
est activity among the samples investigated. The scenario
also explains the type of electronic interaction that occurs
between the iron oxide support and the gold nanoparticles
which helps the gold to maintain its metalic state and to
increase catalytic activity.

In our previous paper we showed a shift of about 1 eV
in the Au 5d valence band on the Au/SiO,/Si(100) surface
due to the size reduction resulting in Au®t species. This
is in agreement with the results obtained for Cu and Ag
nanoparticles, and it points to a strong interaction with the
support [18]. We also showed a stabilization effect of the
iron oxide layer in Au/FeO,/SiO,/Si(100) on the valence
band structure of the Au particles by which the gold re-
mains in metallic state even at a very low Au/Fe ratio. Our
results presented here, show a similar effect of iron oxide
on the gold nanoparticles. Nevertheless, the structure and
oxidation state of iron are changed during the treatments.

In order to suggest a possible mechanism for the effect
of treatment the following facts must be taken into consid-
eration. (i) If the support is treated alone (without gold)
there are no changes, neither in the core level binding en-
ergies of Fe,Os, nor in the catalytic activity revealed in
the CO oxidation. (ii) If helium is used in place of O, to
heat up the Au/Fe,O3; sample no increase in catalytic activ-
ity was experienced in the CO oxidation, although in both
cases H,O from FeO(OH) evolved leaving oxygen vacan-
ceis behind on the surface. That is, in both cases metallic
gold—vacancy pairs are generated. (iii) The size of the gold
particlesis not of primary importance in the catalytic activ-
ity as the catalytic activity did not change in parallel with
the diameter of the gold particles.

The changein the structure of the iron oxide support and
in the respective alteration in the core level electron proper-
ties must be assigned to the presence of the gold particles.
Thisis because we could not observe any shiftsin the bind-
ing energy of the Fe 2p peaks on pure support after the same
treatments and there was only negligible catalytic activity
of the pure Fe;O3. This effect is a consequence of the
interface created during the treatment along the Au/Fe;O3
perimeter. This has been established by severa authors,
e.g., on the Au/TiO, system in which the decoration of gold
particles by TiO,. species plays an important role [48].

Our results show that in the case of the as prepared sam-
ple we have metallic Au particles and the support consists
of Fe;0O3 and FeO(OH). After oxidation, surface Fe*+ ions
along the Au/Fe,O3; perimeter were observed and a new
O 1s peak appeared at 535.2 eV BE. This O 1s peaK is
considered not to originate from a lattice oxygen, but from
a gas phase O, molecule whose s electrons are in a highly
positively charged neighborhood.
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Based on these findings a suggested mechanism for the
effect of the oxidation treatment is as follows. During oxi-
dation the FeO(OH) species on the surface at the gold/iron
oxideinterface (perimeter) are transformed into FeO species
according to the following equations:

4FeO(OH) — 4FeO + [0 + 2H,0(g) + Oy
Fet + 0O+ Oy = Fe*t + Oz_(s)

)
@)

where [J means an oxygen vacancy on the surface. One
assumes that reaction (1) does not require an oxidative at-
mosphere because the heat treatment of the sample is suffi-
cient to remove water. However, as we have mentioned, the
experiment carried out on the same sample by heating it in
He did not show phase transition, only some water desorp-
tion. In order to observe equation (2), oxygen molecules
are needed.

The existence of O species in equation (2) has been
identified on Au/TiO, by the isotope technique by Iwasawa
et al. [49,50] and by ESR on a system containing CeO, sup-
port [54]. We suggest, therefore, that reactions (1) and (2)
occur along the perimeter of the gold/iron oxide interface
because the XPS results show that FeO species are created
when after the oxidation the gold particles are partially cov-
ered by support species. Thisis a possible pathway for cre-
ating active oxygen species available for the CO oxidation.
One could, however, reject this assumption on the basis that
on pure support this process could take place, but the lack
of reaction would indicate only the absence of chemisorbed
CO. Structural investigations performed above clearly show
the change which occurred in the presence of gold.

The second problem is the CO activation. It is well
known that CO adsorption on gold is weak and re-
versible [48]. On the other hand, it is also well known
that small gold particles are electron deficient [28], thus,
gold atoms aone are not suitable for CO chemisorption.
However, the highly positive neighborhood (oxygen vacan-
cies) helps the O, adsorption, the O, species formed in
reaction (2) interact either with the vacancy formed in the
vicinity of the gold particles transferring charge to the gold
surface due to the electrons being delocalized. It results
in an increase in the metallic character of Au (see small,
definite 0.4 eV decrease in the Au 4f7/, BE):

AUt & 0y &0 ©)
BE =84.3eV/
200

°c

=

/ - 0,
. Bulk: Fe,0,+FeOOH -H,0
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The charge increase results in the formation of Au’~
species which has been assumed by Boccuzzi et al. [51].
Increased electron density on the surface of the gold parti-
cles increasing the metallic character of gold is necessary
to activate CO molecules in the presence of oxygen, con-
sequently increased electron density on gold results in an
enhanced CO adsorption by the increase of backdonation
from the gold d bandsto the 27* orbital of the CO molecule
according to the Blyholder mechanism [52]. The backdo-
nation weakens the C-O bond strength resulting in acti-
vated CO molecules which react with the activated oxygen
surrounding the gold particles and formed in equation (2),
finally causing the higher catalytic activity.

There are several reasonswhy we assume the presence of
the O, species molecule during the transformation. First,
there must be electron transfer from the support to the gold
mediated by the O, surface species even after oxidation.
Furthermore, even in spite of the oxidative treatment a small
fraction of the Fe** ions around the gold particles are trans-
formed to Fe’t. Based on the electron transfer suggested,
this should not be a direct transfer from the support to the
gold, because if it were so, we would expect this to be the
case also in the as prepared sample. This is, however, not
visible. Second, on a support like iron oxide the oxygen
is adsorbed mainly in the form of O, species [47] which
could result in the Fe?* = Fet + e~ transition. Third, in
a recent study lwasawa et a. [49,50] estabilished, that in
the CO oxidation negatively charged oxygen molecule has
a crucia role. We suppose that in the case of the oxida-
tion treatment this molecule can be produced and beyond
its effect on the gold electronic state, it could also take part
in the CO oxidation. Fourth, in case of NiO it was esta-
bilished that the highest eV value of the O 1s peak could
be assigned to a peak with excess oxygen on the surface
which is able to coordinate with several Ni?* and Ni+
species resulting in the high positive ambient and conse-
quently, in the high BE value [53]. According to this we
also explain the 535.2 eV for the O 1s peak with the pres-
ence of this kind of oxygen. Furthermore, if we consider
that this oxygen molecule adsorbed in the vicinity of the
AUt where we assume the F€t «— Fet + e trans
formation, one can see how much positively charged ions
are present in this area and can cause the strongly posi-
tively charged ambient causing the high BE value. The
scenario on the effect of the oxidation treatment is pre-
sented in scheme 1.

AuFel perimetr  BE = 83.9 eV

Au

Scheme 1. Proposed mechanism for the effect of the oxidation treatment on the 1% Au/FeO,, catalyst prepared by coprecipitation.
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After reduction the XPS peaks of FeO(OH) disappear
and we are unable to detect the presence of goehtite by
electron diffraction. According to this, in aggreement with
the presence of the OH peak in the XPS spectrum, and
the appearance of the peak of FeO and adsorbed water we
assume that almost al the FeO(OH) species, which were
previously present, transformed during the treatment:

2FeO(OH) + Hp — 2Fe0 + O + 2H,0 ()

In reaction (4) the same oxygen vacancies are produced as
after the oxidation, but the absence of the 535.2 eV O 1s
peak and the low catalytic activity could be due to the
absence of the O, species which is, of course, a conse-
guence of the absence of oxygen molecules. However, the
reduced sample has high catalytic activity as compared to
that observed in the as prepared state, because after reduc-
tive treatment the active sites are still present on the surface
and they are able to activate the O, molecules presented in
the reactant mixture resulting in catalytic activity.

It is aso important to discuss the catalytic activity of
the as prepared sample. As is shown in figure 9 the ac-
tivity of the sample is negligible at the beginning of the
reaction, however, after 30 min it increases to the level
of the reduced sample. We explain this with the possible
transformation of the support during the reaction caused by
the oxygen present in the reactant mixture. At the begin-
ning only the Fe* ions and gold particles are detected in
the catalyst and only a few active sites are supposed to be
present. The presence of these active sites at the beginning
explains also the Au metallic state appeared aready in the
as prepared sample as well. During reaction, based on our
hypothesis put forward in equation (1), the Fe** phase is
able to transform with the help of oxygen molecules result-
ing in more active sites for the reaction and resulting in the
gradually increasing catalytic activity.

5. Conclusions

In case of a low metal containing Au/Fe,O3 catalyst
prepared by a coprecipitation method we obtained the same
results that we had received for a model Au/FeO,./SiO,,
catalyst [28]. This fact confirms our previous findings. To
sum up our recent results the following conclusions can be
drawn:

(i) To reach high activity in the CO oxidation a changein
the size and in the oxidation state of the metallic gold
particles are not needed, but an electronic interaction
between the gold particles and the support is required.

(if) The most active sample is the oxidized one in which
the gold isin metalic state and the FeO,. support con-
tains Fe,O3 in hematite phase, and aso contains FeO
and FeO(OH). The electron diffraction pattern of this
sample revealed the presence of goethite which is the
orthorhombic form of the FeO(OH).
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(iii) After reducing the sample the maghemite-c phase of
Fe,O3 appeared, furthermore, there is a significant de-
crease in activity. The oxidation state and the size of
the metallic gold particles did not change during this
treatment, either.

(iv) Our hypothesis concerning the effect of oxidation fits

well with the results that we obtained and it explains
the components identified on the catalyst at the differ-
ent stage of the treatments and also the variation of
the catalytic activities.
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