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INTRODUCTION

Low-temperature carbon monoxide oxidation is a
very significant way to purify air in closed spaces and
offices, to reduce CO in industrial and automobile
emissions, and to detect CO [1–3]. In many cases, air
purification and CO detection involve CO oxidation at
a low concentration in air containing substantial
amounts of water. For practical application, catalysts
should exhibit high activity for long periods at room
temperature and in the presence of water vapor. Hop-
calite catalysts (mainly composed of 

 

MnO

 

x

 

 and CuO)
are the most important commercial catalysts for CO
oxidation. However, they are unstable in the presence
of water and have low activity at room temperature [3].
Supported Pt, Pd, Ru, and Rh catalysts exhibit appre-
ciable activity for CO oxidation only at temperatures
higher than 

 

150°C

 

 [4]. A search for new catalysts for
CO oxidation at ambient temperature is, therefore, an
important task. Haruta and co-workers have shown that
Au supported on metal oxides can provide catalysts with
high activity even at temperatures below 

 

0°C

 

 [3–6].
These surprising results attracted much attention and
subsequent studies confirmed the high activity of
Au-containing catalysts for low-temperature CO oxida-
tion [7–28]. However, most of the catalysts are only
efficient over a short period of time, especially in the
presence of water in the feed mixture, and some gold
catalysts such as 

 

Au/MnO

 

x

 

 [7, 8, 25], Au/TiO

 

2

 

 [9, 10],
and 

 

Au/ZrO

 

2

 

 [11] rapidly deactivate. Therefore, the cat-
alysts with improved stability and water-resistance are
strongly required.

Although 

 

Au/Fe

 

2

 

O

 

3

 

, Au/Co

 

3

 

O

 

4

 

, Au/NiO, and

 

Au/TiO

 

2

 

 [4, 5, 10–17] catalysts have been relatively
well studied, there have been few detailed studies on
the stability and deactivation mechanism of Au-based
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catalysts. In this paper, the catalytic stability of

 

Au/Fe

 

2

 

O

 

3

 

 catalysts for room-temperature CO oxidation
was investigated in detail, and we paid more attention
to the effects of the precipitation method and calcina-
tion temperatures. The 

 

Au/Fe

 

2

 

O

 

3

 

 catalysts before and
after CO oxidation were characterized by XRD, TEM,
BET, TPR, XPS, Mössbauer and 

 

in situ

 

 FTIR spectro-
scopy, and possible explanations for deactivation are
given.

EXPERIMENTAL

 

HAuCl

 

4

 

 

 

· 

 

4H

 

2

 

O (99.9%), Fe(NO

 

3

 

)

 

3

 

 

 

·

 

 9H

 

2

 

O

 

 (99%),
and 

 

Na

 

2

 

CO

 

3

 

 (99%) were used as starting materials for
the preparation of 

 

Au/Fe

 

2

 

O

 

3

 

 catalysts. Four different
preparation procedures were used.

Method A: An aqueous solution of 

 

Fe(NO

 

3

 

)

 

3

 

 and

 

HAuCl

 

4

 

 (Au : Fe = 1 : 50, atomic ratio, 84.144 mmol in
150 ml 

 

H

 

2

 

O

 

) was added dropwise (2 ml/min) to an
aqueous solutions of 

 

Na

 

2

 

CO

 

3

 

 (127.05 mmol in 120 ml

 

H

 

2

 

O

 

) under conditions of vigorous stirring. The final
pH achieved varied between 7.0 and 8.2. After 4 h of
aging at room temperature, the precipitate was filtered
and washed with hot deionized water (

 

~50°C

 

) several
times until no 

 

Cl

 

–

 

 was detected by 

 

AgNO

 

3

 

 solution in
the filtrate. The product was dried in air at 

 

50°C

 

 for 24
h, before the test sample was calcined at 

 

300°C

 

 for 4 h
in a flow of 20% 

 

O

 

2

 

/Ar

 

. The catalyst thus obtained is
denoted as 

 

Au/Fe

 

2

 

O

 

3

 

/Ä

 

.
Method B: 

 

Na

 

2

 

CO

 

3

 

 (127.05 mmol in 120 ml 

 

H

 

2

 

O

 

)
aqueous solution was added dropwise (2 ml/min) into
an aqueous mixture of 

 

Fe(NO

 

3

 

)

 

3

 

 and 

 

HAuCl

 

4

 

 (Au : Fe =
1 : 50, atomic ratio, 84.144 mmol in 150 ml 

 

H

 

2

 

O

 

), and
the rest of the procedure was similar to method 

 

Ä

 

. The
catalyst is denoted as 

 

Au/Fe

 

2

 

O

 

3

 

/B.
Method C: Aqueous solutions of 

 

Fe(NO

 

3

 

)

 

3

 

(82.494 mmol in 130 ml 

 

H

 

2

 

O

 

) were first added drop-
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wise (2 ml/min) to 

 

Na

 

2

 

CO

 

3

 

 (127.05 mmol in 120 ml

 

H

 

2

 

O

 

) solution; then, 

 

HAuCl

 

4

 

 (1.650 mmol in 20 ml

 

H

 

2

 

O

 

) solution was added dropwise (2 ml/min) under
conditions of vigorous stirring, and the rest of the pro-
cedure was similar to method 

 

Ä

 

. The catalyst is
denoted as 

 

Au/Fe

 

2

 

O

 

3

 

/C

 

.
Method D: An aqueous mixture of 

 

Fe(NO

 

3

 

)

 

3

 

 and

 

HAuCl

 

4

 

 (Au : Fe = 1 : 50 atomic ratio, 84.144 mmol in
150 ml 

 

H

 

2

 

O

 

) was poured into an aqueous solution of

 

Na

 

2

 

CO

 

3

 

 (127.05 mmol in 120 ml 

 

H

 

2

 

O

 

) under condi-
tions of vigorous stirring, and the rest of the procedure
process was similar to method Ä. The catalyst is
denoted as Au/Fe2O3/D.

To investigate the effect of the calcination tempera-
tures on the properties of Au/Fe2O3 catalysts, the dried
Au/Fe2O3 catalyst prepared by method Ä was split into
five portions and calcined at different temperatures:
100, 200, 300, 400, and 500°C. These samples are
denoted as Au/Fe2O3-T, where T is the calcination tem-
perature, °C. Fe2O3 was prepared by method Ä and cal-
cined at 300°C.

X-ray powder diffraction (XRD) patterns were
recorded on a D/Max-rA X-ray diffractometer operated
at 50 kV and 150 mA using nickel-filtered CuKα radia-
tion and at a scanning rate of 0.2° (2θ)/s in the range
20°–70°, and at a scanning rate of 0.002° (2θ)/s in the
range 37°–39° to detect metallic Au crystalline phase
clearly. The mean crystalline size was estimated from
the full width at the half-maximum (FWHM) of the
X-ray diffraction peak using the Scherrer equation with
a correction for instrument line broadening.

Transmission electron microscopic (TEM) images
were obtained using an H8100-IV electron microscope
operated at 200 kV. At least 100 particles were used to
determine the mean diameter of the Au particles.

The surface areas of the samples were measured by
a conventional BET nitrogen adsorption method
(N2 99.999%) at –196°C using an ASAP 2010 instru-
ment. Before measurements, samples (~0.3 g) were
treated at 300°C (or at the calcination temperatures) for
2 h in a vacuum.

X-ray photoelectron spectroscopy (XPS) measure-
ments were conducted on a VG ESCALAB MK II spec-
trophotometer using MgKα radiation for X-ray excita-
tion under pressures lower than 5 × 10–7 Pa. The elec-
tron binding energies were referenced to the C1s (Eb =
284.6 eV) peak.

TPR measurement was conducted in a homebuilt
flow system. Catalyst samples of 20 mg were placed in
a quartz cell, pretreated in Ar at 50°C for 30 min, and
an H2  :Ar (5 : 95 vol) gaseous mixture was introduced
into the cell. Water produced by reduction was trapped
in a 5 Å molecular sieve column. The temperature of
the samples was raised at a constant rate of 10°C/min,
and H2 uptake during reduction was measured using a
Shimadzu GC-8A gas chromatograph (TCD).

The 57Fe Mössbauer experiments were carried out
on an MS-500 constant acceleration spectrometer

equipped with a 57Co source. The velocity scale was
adjusted according to α-Fe at 25°C. The spectra were
fitted with appropriate superpositions of Lorentz lines.
In this way, spectral parameters, such as the isomer
shift, the electron quadrupole splitting, the full line-
width at half maximum, the magnetic hyperfine field,
and the relative resonance areas of different compo-
nents of the absorption patterns were determined.

FT-IR spectra were measured on a Nicolet Impact
410 spectrometer at a spectral resolution of 2 cm–1.
Sample powders were pressed into self-supported thin
disks with a diameter of 2 cm and placed in an IR quartz
cell allowing thermal treatment in a vacuum or in a con-
trolled atmosphere. First, the sample was calcined at
300°C in air for 3 h, evacuated for 2 h at the same tem-
perature and pressures less than 5 × 10–6 Pa, and then
cooled to 25°C. Carbon monoxide and oxygen
(26.7 kPa CO and 26.7 kPa O2) were admitted into the
IR cell, and the IR spectra were recorded at different
reaction times.

The catalytic activity of the Au/Fe2O3 catalysts for
carbon monoxide oxidation was carried out in a contin-
uous flow fixed-bed reactor (0.6 cm i.d.) under atmo-
spheric pressure at 25°C. The catalyst sample (0.50 g)
was loaded in each run, and the O2–CO–Ar mixture
bubbled through a water vapor saturator at a flow rate
of 100 ml/min. The gas mixture consisted of 0.5% CO,
10% O2, 1.8% H2O, and balance Ar. The reaction prod-
ucts were analyzed by on-line gas chromatography
using a column of GDX-502 for CO2 and a 5 A molec-
ular sieve column for CO and O2. The catalytic activity
was expressed as a degree of CO conversion. The life-
time of the catalyst was defined as the reaction time
during which the CO conversion remains higher
than 99%.

RESULTS AND DISCUSSION

Effect of the Precipitation Method

Figure 1 shows the conversion of CO to CO2 over
Au/Fe2O3 catalysts prepared by various methods as a
function of time-on-stream. It is seen that the complete
conversion of CO can be obtained over the four sam-
ples. The activity is stable for a certain period and then
decreases with reaction time. The lifetimes of the
Au/Fe2O3 catalysts are obviously different, the stability
series is Au/Fe2O3/Ä > Au/Fe2O3/B > Au/Fe2O3/C >
Au/Fe2O3/D. Method Ä is the best for preparing
Au/Fe2O3 catalysts that can completely transform CO
into CO2 for more than 380 h.

The XRD patterns of Au/Fe2O3 catalysts prepared
by different methods are shown in Fig. 2. All catalysts
exhibit the α-Fe2O3 phase [32]. However, subtle differ-
ences are apparent. For the Au/Fe2O3/Ä catalysts, the
XRD peaks at 2θ = 38.2° and 2θ = 44.4° for metallic
gold crystallites are barely observed. For the Au/Fe2O3
catalysts prepared by methods B, C, and D, the inten-
sity and sharpness of metallic Au peaks gradually
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increase, the mean diameters of metallic Au calculated
by the Scherrer equation are 4.0, 5.4, and 6.3 nm,
respectively.

Figures 3a and 3b show the TEM image and the size
histograms of gold particles of the Au/Fe2O3/A catalyst.
Deposited gold particles that appear as small black
spots are uniformly dispersed on the surface of
α-Fe2O3, and the diameter of gold particles is in the
range 1.6–6 nm with a mean diameter of ca. 3.4 nm.

From the above results, it can be found that the Au
particle size is strongly dependent on the preparation
procedure, following the series Au/Fe2O3/Ä <
Au/Fe2O3/B < Au/Fe2O3/C < Au/Fe2O3/D, which is
opposite to the order of the lifetimes. Therefore, the sta-
bility of Au/Fe2O3 catalysts is probably related to the
particle size of gold, and the small Au particle size is
beneficial for enhancing the lifetime of the Au/Fe2O3
catalysts.

Effect of the Calcination Temperatures

The initial CO conversion and the lifetime of
Au/Fe2O3-T (T = 100–500) are summarized in Table 1.
All Au/Fe2O3 samples calcined at 100–500°C provide
the complete oxidation of CO to CO2 under our exper-
imental conditions. If the catalysts are calcined at 100–
300°C, the lifetime ranges from 348 to 380 h, which is
a short range. For the calculation temperatures above
400°C, the lifetime significantly shortens, and the effective
calculation temperature ranges from 100 to 300°C.

Figures 4a and 4b shows the XRD patterns of
Au/Fe2O3-T (T = 100–500) catalysts before (fresh) and
after (used) CO oxidation. Figure 4a shows that fresh

catalysts calcined at <200°C show similar diffraction
patterns which mainly correspond to amorphous ferri-
hydrite [29–32] or comprise the poorly crystalline
phases of ferrihydrite and α-Fe2O3 (hematite) [32].
After calcination at > 300°C, the α-Fe2O3 phase can be
observed in the samples and the intensity of α-Fe2O3
XRD peaks gradually increases with an increase in the
calcination temperatures. The corresponding half-
widths of peaks became narrower. These facts indicate
that the amorphous ferrihydrite can decompose into
Au/Fe2O, and Au/Fe2O3-T particles agglomerate dur-
ing the calcination process; accordingly, the specific
surface area of the samples also decreases (Table 1).

It can also be found from Figs. 4a, 4b that no XRD
peaks of metallic Au (2θ = 38.2°, 44.4°) and/or Au2O3
(2θ = 25.5°, 30.2°, and 32.5°) [32] species are detected
in the Au/Fe2O3-T (T ≤ 300). This implies that gold par-
ticles are highly dispersed on the surface of amorphous
ferrihydrite and/or crystalline α-Fe2O3, or the amount
of gold species is smaller than that of the detectable
content by XRD technique. Because gold particles will
sinter with an increase in the calcination temperatures
[3, 9], the mean diameter of gold particles in Au/Fe2O3-T
(T = 100–200) catalysts may be smaller than in the
Au/Fe2O3-300 catalysts with a mean diameter of

20
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Time on stream, h
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100
Conversion of CO, %

1
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3
4

Fig. 1. Effect of the precipitation method on CO oxidation over
the Au/Fe2O3 catalysts calcined at 300°C: (1) Au/Fe2O3/A,
(2) Au/Fe2O3/B, (3) Au/Fe2O3/C, (4) Au/Fe2O3/D. Reac-
tion conditions: 25°C, 0.5% CO, 10% O2, 1.8% H2O, total
flow rate of 100 ml/min.

Fig. 2. X-ray diffraction patterns for Au/Fe2O3 catalysts
prepared by different precipitation methods calcined at
300°C. (1) Method A, (2) method B, (3) method C, and
(4) method D. Reaction conditions: 25°C, 0.5% CO,
10% O2, 1.8% H2O, total flow rate of 100 ml/min.
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3.4 nm. When the catalysts were calcined above 400°C,
the XRD peaks of metallic gold appear and become
more intense and sharper with an increase in the calci-
nation temperature. The mean diameter of metallic Au
particles in Au/Fe2O3-400 and Au/Fe2O3-500 calcu-
lated by the Scherrer equation is about 5.0 and 6.0 nm,
respectively. Taking into account this observation, we
conclude that the metallic Au particles agglomerate
during the calcination process and become more impor-
tant at higher temperatures.

Figures 5a, 5b show the XPS spectra of fresh
Au/Fe2O3 catalysts calcined at 100–400°C. As shown
in Fig. 5a, the Fe2p pattern for the Au/Fe2O3 catalysts

calcined at different temperatures exhibit a large peak
at an Eb value of 711.4 eV and a satellite peak at a
higher Eb value of 715–725 eV, which can be assigned
to Fe(III) species.

Figure 5b compares the XPS of Au4f1/2 for fresh
Au/Fe2O3-T (T = 100–400) catalysts. The fresh
Au/Fe2O3-100 shows peaks at BE values of 86.5 for
Au4f1/2 and 90.1 eV for Au4f5/2 lines, respectively.
These binding energies are close to the Au4f binding
energies of Au2O3 [12, 30]. After calcination at 200°C,
three broad peaks appear near the Au4f binding ener-
gies of Au2O3 and metallic Au indicating that oxide and
metallic Au coexist in the samples. When calcined at

10

2

20

30

40

50

1 3 4 5 6
0

Au particle size, nm

Number of particles, %

(b)

10 nm

(‡)

Fig. 3. TEM photograph of fresh Au/Fe2O3 catalysts prepared by method A and calcined at 300°C (a) and Au particles distribution
diagram (b). Mean dAu = 3.4 nm.

Table 1.  The initial CO conversion, lifetime, specific surface area, and mean diameter of Au over Au/Fe2O3-T (T = 100–
500°C) catalysts

Catalysts Initial CO
conversion Lifetime (h)

SBET, m2/g Mean , nm

fresh used fresh used

Au/Fe2O3-100 100 348 178.5 143.1 <3.4* 6.9*
Au/Fe2O3-200 100 370 121.5 130.4 <3.4* 8.0*
Au/Fe2O3-300 100 380 78.4 75.7 3.4** 9.7*
Au/Fe2O3-400 100 260 38.6 36.3 5.0* 10.3*
Au/Fe2O3-500 100 40 21.7 20.9 6.0* 9.8*

Note: Reaction conditions: 25°C, 0.5% CO, 10% O2, 1.8% H2O, GHSV = 12000 h–1. Fresh/used: before/after CO oxidation.
* XRD results.

** TEM results.

dAu
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400°C, only two distinct peaks appear at 83.7 and
87.4 eV, which are close to the Au4f binding energies
of metallic Au [12, 30]. To quantitatively determine the
relative portion of Au2O3 and metallic gold, the decon-
volution of Au4f peaks was performed, and the results
are listed in Table 2. The gold phase is transformed pro-
gressively from oxide to metallic gold as the calcina-
tion temperatures increases, and the pure metallic Au
phase is formed after calcination above 400°C.

Figure 6 shows the TPR spectra of α-Fe2O3 calcined
at 300°C and Au/Fe2O3-T (T = 100, 200, 300, 400, and
500) before and after CO oxidation. The TPR spectrum
of α-Fe2O3 contains two peaks, one of which with Tmax

at about 390°C is related to the Fe2O3  Fe3O4 reduc-
tion step, whereas the other at about 660°C is attributed
to the transition Fe3O4  FeO  Fe [33]. Fresh
Au/Fe2O3-T (T = 100, 200, and 300) catalysts mainly
show three peaks denoted as I, II, and III from low to
high temperature, respectively. The peak I area
decreases with an increase in the calcination tempera-
ture. After calcination above 400°C, peak I disappears
and only peaks II and III can be observed. TPR and
XPS data suggest that peak I may be related to the
reduction of Au oxide. At higher calcination tempera-
tures, the amount of Au oxide in fresh Au/Fe2O3-T cat-

alysts gradually reduces. On the other hand, the TPR
spectra of Au/Fe2O3-300 substantially differ from those
of α-Fe2O3: peaks II and III in the fresh Au/Fe2O3-300
catalyst markedly shifted toward a lower temperature
compared to the α-Fe2O3 samples. This means that Au
species (oxide or/and metal) strongly influence the
reducibility of iron species. This is probably due to the
polarization of the Fe–O bonds by Auδ+ (δ = 0–3), or
there may exist synergistic interaction between Au and
Fe2O3 [4, 5, 13, 14], which result in the easier reduction
of Fe2O3 species in Au/Fe2O3 catalysts. Furthermore,
Au species (oxide or metallic) in the Au/Fe2O3 catalysts
could activate H2 [3]. Then, the activated H species
spillover to the interface of gold, and iron promotes the
reduction of the Fe oxide species.

Figure 7 shows the room temperature 57Fe Möss-
bauer spectra of Au/Fe2O3-T (T = 100, 200, 300, and
400) catalysts before and after CO oxidation tests. The
results of the least-squares fit of all spectra are com-
piled in Table 3. Three main features are observed. The
first typical component is a broadened electric quadru-
pole doublet with an isomer shift of about 0.35 mm/s
and a splitting of about 0.75 mm/s. These parameters
are typical for ferrihydrite [13, 28–31], while they also
might be attributed to superparamagnetic hematite, i.e.,

37
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Fig. 4. X-ray diffraction patterns for Au/Fe2O3 catalysts calcined at different temperature. (a) (1) 100°C fresh, (2) 100°C used,
(3) 200°C fresh, (4) 200°C used, (5) 300°C fresh, (6) 300°C used, (7) 400°C fresh, (8) 400°C used, and (9) 500 fresh. (b) (1) 100°C
fresh, (2) 100°C used, (3) 200°C fresh, (4) 200°C used, (5) 300°C fresh, (6) 300°C used, (7) 400°C fresh, and (8) 400°C used. Reac-
tion conditions: 25°C, 0.5% CO, 10% O2, 1.8% H2O, total flow rate of 100 ml/min.
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to the hematite particles smaller than ~8 nm [13, 29–
31]. Since hematite particles small enough to be super-
paramagnetic at ambient temperature are rarely formed
in concentrated iron systems, the doublet spectrum was
attributed to ferrihydrite. The second feature is a sextu-
plet with a magnetic hyperfine field of 465 KOe or
more, which can unambiguously be attributed to hema-
tite [13, 29–31]. The third feature is also a sextuplet
with a magnetic hyperfine field of 440–450 KOe, which
can be assigned to the large ferrihydrite particles [30].
Table 3 shows the relative spectra areas of ferrihydrite
and hematite components in the Mössbauer spectra of
Au/Fe2O3 catalysts calcined at different temperatures.
With these assignments, several conclusions can be
drawn: the fresh Au/Fe2O3-100 catalysts mainly consist
of ferrihydrite. With an increase in the calcination tem-

peratures, the relative portion of ferrihydrite gradually
decreased, whereas the amount of hematite increased.
When the sample is calcined at 400°C, ferrihydrite
completely vanish. These results demonstrate further
that ferrihydrite gradually transforms into α-Fe2O3 with
an increase in the calcination temperature. It is worth
noting that, although no obvious Au/Fe2O3-200 crystal-
line diffraction peaks were observed in the XRD spec-
trum for the fresh Au/Fe2O3-200 catalysts, there are two
sextuplets assigned to α-Fe2O3 (H = 479–483 kOe) and
the larger particles of ferrihydrite (H = 440–448 kOe)
[30] in the Mössbaur spectrum. This suggests that
α-Fe2O3 is highly dispersed as relatively small crystal-
lites and/or as poor crystallites in fresh Au/Fe2O3-200
catalysts, so it was not detected by X-ray diffraction.

730 720 710
Eb, eV
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(‡)

92 90 88 86 84 82
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Fig. 5. XPS spectra of Fe 2p (a) and Au4f region (b) for fresh Au/Fe2O3 catalysts calcined at different temperature. (a) (1) 100°C
fresh, (2) 200°C fresh, (3) 300°C fresh, and (4) 400°C fresh. (b) (1) 100°C fresh, (2) 200°C fresh, (3) 300°C fresh, and (4) 400°C fresh.

Table 2.  Au4f7/2 binding energy, FWHM, and relative proportions of the various gold species in Au/Fe2O3-T (T = 100–400)
catalysts

Catalysts
E (Au4f7/2), eV W, eV Au species, %

I II I II I II

Au/Fe2O3-100 86.5 86.4 1.3 1.2 Au2O3 (63) Au2O3 (25)
Au/Fe2O3-200 86.3 86.1 1.8 1.8 Au2O3 (30) Au2O3 (8)
Au/Fe2O3-300 83.9 83.7 2.1 2.0 Metallic Au (88) Metallic Au (100)
Au/Fe2O3-400 83.7 83.6 2.0 1.9 Metallic Au (100) Metallic Au (100)

Note: I—fresh and II—used catalysts. Reaction conditions: 25°C, 0.5% CO, 10% O2, 1.8% H2O.
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It can be inferred from the lifetimes and characteris-
tics of the Au/Fe2O3 catalysts calcined at different tem-
peratures that Au/Fe2O3 catalysts calcined at tempera-
tures above 300°C have a similar α-Fe2O3 phase,
although a decrease in the lifetime with an increase in
the calcination temperature could be due to the sinter-
ing of gold and the agglomeration of α-Fe2O3. These
results demonstrate once again that the stability is
related to the particle size of gold and α-Fe2O3.

For Au/Fe2O3 catalysts calcined at temperatures
below 300°C, the physical and chemical properties of
iron and gold in catalysts such as concentration, crys-
tallinity, SBET, particle size, and other characteristics
changed with the calcination temperature. Hence, the
influence of these factors on the stability of Au/Fe2O3
catalysts is very complex. In these catalysts, the mean
diameter of gold particles does not vary a lot, while the
retained amount of Au oxide is obviously different
(Table 2). Clearly, both metallic gold and oxidized gold
species are responsible for the catalytic oxidation of
CO in addition to the particle size in this case. However,
quantitative correlation between the relative amount of
gold species present on the catalyst and the lifetime is not
clear, and detailed studies are in progress. On the other
hand, when gold exists in the form of nanoparticles dis-
persed on the surface of the catalysts, both ferrihydrite and
hematite in the Au/Fe2O3 catalysts also have a significant
effect on the catalytic performances of CO oxidation.

Investigation of Deactivation Mechanism
for Au/Fe2O3 Catalysts

As follows from Fig. 1 and Table 1, all the
Au/Fe2O3 catalysts deactivate during reaction. The
decay rate is  strongly dependent on the precipitation

method and  calcination temperatures. In order to
explore the deactivation reason of Au/Fe2O3 cata-
lysts, the fresh and used Au/Fe2O3 catalysts were
characterized by XRD, Mössbauer, BET, XPS, TPR
and in situ FTIR.

0 200 400 600 800
T, °C

 H
2 

co
ns

um
pt

io
n,

 a
rb

. u
.

11

10

9

8

7

6

5
4

3
2

1

Fig. 6. TPR spectra of Fe2O3 and Au/Fe2O3 catalysts cal-
cined at different temperature, (1) Fe2O3, (2) 100°C fresh,
(3) 100°C used, (4) 200°C fresh, (5) 200°C used, (6) 300°C
fresh, (7) 300°C used, (8) 400°C fresh, (9) 400°C used,
(10) 500 fresh. Reaction conditions: 25°C, 0.5% CO, 10%
O2, 1.8% H2O, GHSV = 12000 h–1.

Table 3.  57Fe Mössbauer parameters for Au/Fe2O3-T (T = 100–400°C) catalysts at 25°C

Sample
Multiplet IS, mm/s QS, mm/s H, kOe W1/2,

mm/s Y, % Assignment

I II I II I II I II I II I II I II

Au/Fe2O3-100 Doublet Doublet 0.35 0.32 0.75 0.74 – – 0.25 0.28 100 40 Ferrihydrite Ferrihydrite

Sextuplet 1 0.30 0.06 469.71 1.42 60 Hematite

Au/Fe2O3-200 Doublet Doublet 0.33 0.32 0.79 0.77 – – 0.31 0.31 32 26 Ferrihydrite Ferrihydrite

Sextuplet 1 Sextuplet 1 0.34 0.37 0.24 0.21 479.68 483.37 0.26 0.21 15 24 Hematite Hematite

Sextuplet 2 Sextuplet 2 0.32 0.32 –0.06 0.11 439.54 444.49 1.37 1.05 53 50 Ferrihydrite* Ferrihydrite*

Au/Fe2O3-300 Doublet Doublet 0.33 0.31 0.80 0.78 – – 0.29 0.30 8 5 Ferrihydrite Ferrihydrite

Sextuplet 1 Sextuplet 1 0.35 0.35 0.23 0.20 505.90 507.56 0.15 0.16 40 37 Hematite Hematite

Sextuplet 2 Sextuplet 2 0.36 0.36 0.23 0.20 483.95 481.27 0.52 0.40 52 58 Hematite Hematite

Au/Fe2O3-400 Sextuplet 1 Sextuplet 1 0.35 0.35 0.21 0.21 512.07 510.75 0.17 0.17 100 100 Hematite Hematite

Notes: I—fresh and II—used catalysts. Reaction conditions: 25°C, 0.5% CO, 10% O2, 1.8% H2O, GHSV = 12000 h–1. IS, isomer shift;
QS, quadrupole splitting; H, hyperfme field; W1/2, half width at half maximum; Y, area ratio.

* Large ferrihydrite. 
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Fig. 7. 57Fe Mössbauer spectra for Au/Fe2O3 catalysts calcined at different temperature before and after CO oxidation: (a) 100°C
fresh, (b) 100°C used, (c) 200°C fresh, (d) 200°C used, (e) 300°C fresh, (f) 300°C used, (g) 400°C fresh, (h) 400°C used. Reaction
conditions: 25°C, 0.5% CO, 10% O2, 1.8% H2O, total flow rate of 100 ml/min.
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The XRD patterns of the used Au/Fe2O3-T (T = 100,
200, 300, 400) catalysts are shown in Figs. 4a, 4b. The
differences in the XRD patterns are observed between
the used catalysts and their fresh analogues. First, the
metallic gold reflections Au(111) (2θ =38.2°) appear in
the used Au/Fe2O3-T (T = 100–300) catalysts, and the
gold peaks of Au/Fe2O3-400 are significantly stronger
and sharper than those of the fresh samples. These
results indicate that metallic gold might agglomerate
during CO oxidation at room temperature and moisture
(Table 1). Because the size of gold particles is one of
the crucial factors that influences the activity of the
gold-based catalysts, the activity is inversely propor-
tional to the square diameter of gold particles [3, 10].
Because the gold particle size gradually increases with
reaction time, the activity of Au/Fe2O3 catalysts
reduces.

Second, as shown in Fig. 4a, some new XRD peaks
(2θ = 24.2°, 33.2°, 35.7°, 40.9°, 49.5°, 54.2°, 62.5°, and
64.0°) appear in the used Au/Fe2O3-100 and Au/Fe2O3-
200 samples, which could be assigned to α-Fe2O3. This
suggests that the amorphous ferrihydrite species trans-
form into α-Fe2O3 crystalline during reaction, which is
also confirmed by Mössbauer data of Au/Fe2O3-T (T =
100–300) (Table 3 and Fig. 7). Wanger et al. [13, 30,
31] reported that the ferrihydrite in the Au/Fe2O3-100
catalyst is important for the activation of molecular
oxygen, and the activity in CO oxidation could be
enhanced by an increase in the relative amount of ferri-
hydrite increased. Therefore, the ferrihydrite trans-
formed into α-Fe2O3 may be contributed to the decay of
activity to some extent.

As follows from Table 1, the specific surface area
decreases in the course of the reaction compared to the
fresh samples, in particular with respect to samples cal-
cined at lower temperatures such as 100 and 200°C.

XPS results show that the amount of Au2O3 in used
Au/Fe2O3-T (T = 100, 200, and 300) decreased notice-
ably compared to the fresh samples, indicating that the
oxide gold was transformed into metallic Au during the
reaction (Table 2). This is also demonstrated by TPR
results. As shown in Fig. 6, the peak I (reduction peak
of oxide gold to metallic gold) area in used Au/Fe2O3-T
(T = 100–300) catalysts obviously increased compared to
the fresh samples. For Au/Fe2O3-300 catalysts, peak I
disappears completely. Park et al. [12, 27, 31] reported
that the oxidized gold species were more active than
metallic gold. Therefore, the reduction of Au oxide to
metallic Au may be one of the reasons for the deactiva-
tion of Au/Fe2O3 catalysts. Furthermore, it can be seen
from Fig. 6 that the Tmax of Au oxide and iron oxide
reduction peaks shift to a higher temperature, indicat-
ing that the interaction between Au species and Fe sup-
ports seem to weaken. It has to be noted that strong
interaction between gold and supports and the forma-
tion of a well-defined interface between the two phases
are critical for high activity [4–16]; therefore, these
phenomena will influence the CO oxidation.

In situ FT-IR results for the CO + O2 reaction at
25°C are shown in Fig. 8. It is clear that some strong
bands in the 1000–1700 cm–1 region grow with the
reaction time, indicating that carbonate-like species
were formed on the surface of Au/Fe2O3 catalysts. Pre-
vious studies showed that the decomposition of carbon-
ate-like species was a rate-determining step [3, 5, 9, 11,
21] and that the accumulation of carbonate may some-
what suppress the reaction of CO and O2.

CONCLUSION

The catalytic stability of Au/Fe2O3 catalysts for CO
oxidation has been investigated at ambient temperature
and in the presence of water vapor. Several conclusions
can be drawn: Gold supported on iron species exhibits
excellent catalytic activity and stability for CO oxida-
tion. The time-dependent deactivation is greatly
affected by the precipitation method and calcination tem-
peratures, because they affect the particle size of gold and
iron, the specific surface area, the oxidation state of Au
and iron crystallite, the interaction between gold and iron,
etc. The particle size of gold is one of the main factors
affecting the stability, and the lifetime of Au/Fe2O3
increases with a decrease in the gold particle size. During
the reaction, the sintering of metallic gold, the reduction of
gold oxide into metal, the weakening of interaction
between Au and iron species, the reduction of SBET, and
the formation of carbonate-like species on the surface of
Au/Fe2O3 catalysts are observed, which may contribute to
the deactivation of the Au/Fe2O3 catalysts.
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