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Au/Fe2O3 Water-Gas Shift Catalyst Prepared by Modified 
Deposition-Precipitation Method 
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Abstract: The Au/Fe2O3 catalyst was prepared by co-precipitation, deposition-precipitation, and modified deposition-precipitation meth-
ods and was characterized by X-ray diffraction, X-ray photoelectron spectroscopy, and transmission electron microscopy. The catalyst ac-
tivity for the water-gas shift (WGS) reaction was discussed. Under strictly controlled conditions, the Au/Fe2O3 catalyst prepared by modi-
fied deposition-precipitation displayed higher activity for the WGS reaction than that prepared by co-precipitation and deposi-
tion-precipitation. In the former case, the CO conversion of 82.3% was obtained with a feed gas of 10% CO/N2 at 150 °C. Wherein, gold 
particles of 3–5 nm were highly dispersed on the surface of the Fe2O3 support that existed in an amorphous and crystalline state. A relatively 
strong interaction between gold particles and the support occurred, which was beneficial for the WGS reaction. 
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The water-gas shift (WGS) reaction has captured the con-
tinuous interests of scientists owing to its extensive applica-
tions in the treatment of automobile exhaust gas and the puri-
fication of hydrogen-rich reformed gas in car-mounted fuel 
cells. Since Andreeva et al. [1] first reported the high catalytic 
activity of Au/Fe2O3 for the WGS reaction, extensive studies 
have been carried out on the preparation and microstructure of 
gold catalysts. The previous studies indicated that the catalytic 
activity of gold catalysts depends seriously on the preparation 
process; in other words, different particle sizes can be obtained 
using various preparation methods, and consequently, various 
interactions between gold and supports can be observed, 
leading to disparate catalytic activity [2]. So far, the common 
methods for preparing supported gold catalysts include im-
pregnation [3], co-precipitation [4], deposition-precipitation 
[5], and microemulsion methods [6]. Although gold catalysts 
with good initial catalytic activity can be prepared by these 
methods under the strict control of experimental conditions in 
the laboratory, there are many aspects in the preparation proc-
ess that need to be optimized for industrial applications. In 
view of this, Andreeva et al. [7] improved the deposi-
tion-precipitation method, by which a nano-Au catalyst with 
high catalytic activity was obtained. Their results indicated that 

most of the Au particles dispersed highly on the support surface 
and the interaction between gold and support was ameliorated. 
However, Wang et al. [8] and Hua et al. [9] could not reproduce 
the result when using the same preparation method.  

In this study, based on our previous work [9], we prepared 
the Au/Fe2O3 catalysts with high catalytic activity using a 
modified deposition-precipitation method, and the catalysts 
were characterized by X-ray diffraction (XRD), X-ray photo-
electron spectroscopy (XPS), and transmission electron mi-
croscopy (TEM). The effects of the synthesis methods 
(co-precipitation, deposition-precipitation, and modified 
deposition-precipitation) on their structures and catalytic ac-
tivity were also discussed. The relationship between the phase 
structure of the support and the interaction between gold and 
the support was investigated. 

1    Experimental 

1.1   Catalyst preparation 

1.1.1   Co-precipitation (CP) 

The aqueous solutions of 0.2 mol/L HAuCl4 and 1.0 mol/L 
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Fe(NO3)3 were mixed under vigorous stirring, the Au/Fe 
atomic ratio being 1/60. Then, the aqueous mixture was 
co-precipitated with an aqueous solution of K2CO3 (1.0 mol/L) 
under vigorous stirring. The co-precipitation conditions were 
as follows: temperature, 60 ºC; stirrer speed, 250 r/min; reac-
tant feed flow rate, 6 ml/min; pH = 8.0. After 1 h of aging at 60 
ºC, the precipitate was alternatively centrifuged and washed 
with deionized water until no Cl– ions were detected with 
AgNO3 solution. The samples were then dried at 120 ºC for 8 h 
and calcined at 300 ºC for 2 h in air. The final sample was 
labeled Au/Fe2O3-CP. 

1.1.2   Deposition-precipitation (DP) 

The support of Fe2O3 was prepared from the aqueous solu-
tion of Fe(NO3)3·9H2O and K2CO3 by the CP method. The 
support was crushed into fine particles and thoroughly sus-
pended in 50 ml deionized water under ultrasound irradiation. 
Then, a desired amount of HAuCl4 was added dropwise into the 
aqueous slurry of prepared Fe2O3 at 60 ºC and pH = 8.0. The 
resulting precipitate was aged at the same temperature for 1 h 
and then washed with deionized water until there were no 
residual Cl– ions. Then, the precipitate was dried and calcined 
in air. The controlled conditions were the same as the CP 
method, and the final sample was labeled Au/Fe2O3-DP. 

1.1.3   Modified deposition-precipitation (MDP) 

The aqueous solutions of 1.0 mol/L Fe(NO3)3 and 1.0 mol/L 
K2CO3 were simultaneously added to 20 ml deionized water at 
60 ºC and at a constant pH of 8.0 under vigorous stirring. After 
being centrifuged and washed with deionized water several 
times, the precipitate was re-dispersed into 50 ml deionized 
water at 60 ºC. Then, a 0.2 mol/L HAuCl4 solution was pumped 
into the support slurry prepared under vigorous stirring, 
maintaining a constant pH of 8.0 by adding 1.0 mol/L K2CO3.
After an additional 1 h of stirring, the precipitate was alterna-
tively centrifuged and washed with deionized water until no Cl–

ion was detected. Then, the samples were dried at 120 ºC for 8 
h and calcined at 300 ºC for 2 h in air. The final sample was 
labeled Au/Fe2O3-MDP. 

1.2   Activity measurements 

The catalytic activity of the samples for the WGS reaction 
was measured using a CO-CMAT 9001 apparatus (Beijing 
Hangdun, China) at atmospheric pressure. The sample charged 
each time was 0.5 ml (20–40 mesh size) and was preliminarily 
reduced at 150 ºC for 9 h in 10% H2/N2 mixture. The mixed gas 
of 10% CO/N2 was passed through a vaporizer (at 82 ºC) and 
then was fed into the reactor. The flow rate was 83 ml/min 
(space velocity = 10000 h 1). Catalysts were tested in the range 

of 150–300 ºC with a step size of 50 ºC. At each test point, the 
reaction temperature remained unchanged for 6 h. The product 
gas was directed through a condenser and sent to an online gas 
chromatograph (Shimadzu GC-8A), where the CO content was 
analyzed. The catalytic activity is expressed by the conversion 
of CO, which is defined as X(CO) = 100% × (1 Vo/Vi)/(1 + 
Vo), where Vi and Vo are the inlet and outlet contents of CO, 
respectively. 

1.3   Catalyst characterization 

The textures of the samples were measured by nitrogen ad-
sorption-desorption isotherms at liquid nitrogen temperature 
using an OMINSORP 100CX instrument. Prior to analysis, the 
samples were degassed at 200 ºC to 1 mPa. 

Powder XRD data of the samples were collected on a 
PANalytical X’pert Pro diffractometer with an X’Celerator 
detector using Co K  radiation ( = 0.17902 nm) at a voltage of 
40 kV and a current of 20 mA. Diffraction patterns were re-
corded at room temperature (RT) in a step scanning mode with 
a 0.0333º (2 ) step size and 40 s/step counting time in the range 
20º  2  80º. 

The morphology and microstructure of the samples were 
characterized using a Tecnai G2 F20 transmission electron 
microscope (accelerating voltage, 200 kV). Samples for the 
TEM study were prepared by gently grinding catalyst powder 
in a mortar followed by ultrasonically dispersing powder in 
ethanol. The solution was deposited onto a carbon-coated Cu 
mesh grid via a pipette and then was allowed to dry under 
ambient conditions. 

XPS measurements were performed on a Phi Quantum 2000 
spectrophotometer with Al K  radiation (1486.6 eV). The 
pressure in the test chamber was maintained below 1.33 × 10–9

Pa during the collection. An electron takeoff angle of 45º was 
used. The spectra were collected with an analyzer using the 
pass energy of 46.5 eV. The binding energies were corrected for 
surface charging by referencing them to the energy of C 1s
peak of contaminant carbon at 284.8 eV. 

2    Results and discussion 

2.1   Catalytic activity 

CO conversion via the WGS reaction over the Au/Fe2O3

catalysts prepared by different methods as a function of reac-
tion temperature is presented in Fig. 1. The sample prepared by 
MDP displays high low-temperature WGS activity with 82.3% 
CO conversion at 150 ºC. The catalyst prepared by DP shows 
the lowest activity, and the CO conversion is only 55% even at 
200 ºC. 

2.2   Nitrogen physisorption 
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The surface area, pore volume, and average pore radius of 
the samples prepared by different methods are summarized in 
Table l. It is observed that the textural properties of the sup-
ported gold catalysts are influenced by the preparation method. 
The average pore radius of all samples is 3–4 nm, but 
Au/Fe2O3-MDP and Au/Fe2O3-CP show higher values in both 
the surface area and pore volume than Au/Fe2O3-DP. The sur-
face area of all samples decreases remarkably after reaction, 
indicating that the structure of catalysts has changed during the 
pretreatment and the catalytic process [1]. 

2.3   XRD 

The XRD patterns of all samples reduced with 10% H2/N2

and after the WGS reaction are shown in Fig. 2. The reduced 
samples exhibit several peaks related to magnetite and metallic 
gold, and no peaks of Au2O or Au2O3 are observed. Although 
the supports in all samples are transformed to magnetite, the 
intensity of their peaks is different with the preparation 
method, indicating that the degree of crystallinity of the sup-
port varies with the preparation method. The average grain 

sizes of the support of Au/Fe2O3-CP, Au/Fe2O3-DP, and 
Au/Fe2O3-MDP estimated from the line-width of magnetite 
(74.5°) reflection peak using the Scherrer equation are 22.0, 
24.0, and 20.6 nm, respectively. The catalysts that experienced 
activity tests were also characterized by XRD. It is found that 
the intensity of the characteristic diffraction peaks of Au(111) 
increases significantly, the characteristic peaks of magnetite 
sharpen, and the average grain sizes of the corresponding 
supports are 45.2, 48.0, and 38.2 nm, respectively. This indi-
cates that serious sintering of gold particles and support parti-
cles occurred during the catalytic operation. 

2.4   TEM 

Fig. 3 shows the bright-field TEM images of Au/Fe2O3

catalysts prepared by different methods. As seen in the TEM 
images, the size of gold particles and the morphology of sup-
ports are different owing to the different preparation methods. 
For the sample prepared by co-precipitation, a relatively non-
uniform distribution of gold particle size and gold clusters are 
observed, and the support exists as an amorphous phase. An-
dreeva et al. [7] reported that co-precipitation favors the for-
mation of gold clusters and the incorporation of gold into the 
bulk of the precursor, becoming inaccessible to catalysis. 

The image of the sample prepared by deposition-precipita- 
tion shows occasional Au particles of ca. 6–8 nm in diameter, 
distributing on the well crystallized support that possesses 
observable lattice fringe of Fe2O3. One possible explanation for 

Fig. 1. Effect of preparation methods on the catalytic activity of
Au/Fe2O3 for WGS reaction. (1) Au/Fe2O3-CP; (2) Au/Fe2O3-DP; (3) 
Au/Fe2O3-MDP. Catalyst reduction with 10% H2/N2 at 150 °C for 15 h 
preceded all activity tests. CP: co-precipitation; DP: deposi-
tion-precipitation; MDP: modified deposition-precipitation. 

Table 1   Texture data of Au/Fe2O3 catalysts prepared by different
methods

Catalyst
BET surface 
area* (m2/g)

Pore volume 
(cm3/g)

Average pore 
radius (nm) 

  Au/Fe2O3-CP 116 (22) 0.2317 4.0 
  Au/Fe2O3-DP 79 (16) 0.1174 3.0 
  Au/Fe2O3-MDP 132 (23) 0.2226 3.4 

*The numbers in parentheses denote the BET surface areas of the used 
catalysts.

Fig. 2. XRD patterns of Au/Fe2O3 catalysts after being reduced and
WGS reaction. (1) Au/Fe2O3-CP reduced; (2) Au/Fe2O3-DP reduced; 
(3) Au/Fe2O3-MDP reduced; (4) Au/Fe2O3-CP used; (5) Au/Fe2O3-DP
used; (6) Au/Fe2O3-MDP used. 
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this phenomenon is the twice calcination of support during the 
synthesis process. As seen in Fig. 3(c), the lattice fringe of 
Fe2O3 is occasionally observed, which indicates that the sup-
port of Au/Fe2O3-MDP consists of amorphous and crystallized 
iron oxides. Au particles in all samples are well isolated and 
highly dispersed on the supports, and the average size is 3–5 
nm. 

2.5   XPS 

XPS was employed to obtain information on the state of gold 
and iron in the Au/Fe2O3 samples prepared by different meth-
ods. The results were fitted by a fitting program using a prop-
erly weighted sum of Lorentzian and Gaussian component 
curves after Shirley background subtraction shown in Fig. 4. In 
detail, the Au 4f core level spectra of the Au/Fe2O3 are shown 
in Fig. 4(a). According to the literature [10], XPS peaks of 
metallic Au (Au0) appear mainly at 83.8 eV (Au 4f7/2) and 
87.45 eV (Au 4f5/2). Comparably, those of Au 4f7/2 in Au+

(AuCl) and Au3+ (HAuCl4) can be observed at 86.2 and 87.3 
eV, respectively. In our case as shown in Fig. 4(a), all peaks are 
the characteristic peaks of metallic Au, indicating that gold 
species have transformed to metallic Au after calcination at 
300 °C. Further analyzing the spectrum, Au0 was detected with 
two broad intense bands, one at 83.0–85.0 eV for Au 4f7/2 and 
the other at 87.0–89.0 eV for Au 4f5/2. The band of Au 4f7/2 can 
be fitted into two peaks featuring higher and lower binding 
energy than 84.0 eV, which should be assigned to the charac-
teristic peaks of Au 4f7/2 with smaller size gold particles (d  2 
nm) and larger size particles, respectively [11,12]. In addition, 
the ratios of the areas of these two peaks for the as-prepared 
catalysts are 0.46, 0.12, and 0.49, respectively (Table 2), sug-
gesting that the sample prepared by the deposi-
tion-precipitation method has a small percentage of Au parti-
cles less than 2 nm. 

The electronic configuration of Au is [Xe]4f145d106s1 with d
orbitals being fully occupied; therefore, generally speaking, it 
has no catalytic activity. However, when Au appears as 

Fig. 3. TEM images of Au/Fe2O3 prepared by different methods. (a) Au/Fe2O3-CP; (b) Au/Fe2O3-DP; (c) Au/Fe2O3-MDP. 

Fig. 4. XPS spectra at Au 4f (a) and Fe 2p (b) regions of different Au/Fe2O3 samples. (1) Au/Fe2O3-CP; (2) Au/Fe2O3-DP; (3) Au/Fe2O3-MDP.
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nanoparticles and exhibits non-metallic character, part of Au 
5d electrons can transfer into the 3d orbitals of Fe, leading to a 
positive nature of Au. In this case, d orbitals of Au are partly 
occupied and exhibit similar electronic structure to that of Pt. 
Naturally, we can speculate that it will display similar catalytic 
activity to that of Pt [13]. As revealed by Fig. 4(b), the elec-
tronic binding energy of Fe 2p3/2 is lowered, compared with the 
standard spectrum, illustrating an obvious interaction between 
Au and Fe2O3. Besides, the characteristic peaks of Fe 2p3/2 can 
be fitted into two peaks at 709.5 and 710.5 eV, which can be 
attributed to the peaks of Fe2+ and Fe3+, respectively. Fur-
thermore, the Fe2+/Fe3+ ratios in the three samples are different 
with values being 0.239, 0.192, and 0.415 (Table 2). The dif-
ference in valence of surface Fe suggests the different degree of 
interaction between Au and Fe2O3 in the different preparation 
methods. Taking the previous activity test results into account, 
it can be concluded that a relatively strong interaction between 
Au and Fe2O3 can be obtained by the modified deposi-
tion-precipitation method, which leads to the highest catalytic 
activity. In addition, binding energy at 712.6 and 718.5 eV may 
be assigned to high-spin Fe2+ 2p3/2 and Fe3+ 2p3/2 shake-up 
satellite structures caused by Fe 3d-O 2p hybridization [14– 
16].

3    Conclusions 

Different preparation methods lead to the different micro-
structures and performance of the Au/Fe2O3 catalyst, and thus 
the disparate catalytic activity. The catalyst activity decreases 
with increasing particle size of iron oxides. The sample pre-
pared by co-precipitation shows nonuniform distribution of 
gold particle size, and gold clusters are formed during the 
preparation process. Comparatively, the sample prepared by 
deposition-precipitation has larger gold particles and higher 
crystallinity of support. The sample prepared by modified 
deposition-precipitation has small gold particles and uniform 
particle size distribution, and its support exists in an amorphous 
and crystalline state. Gold species are transformed to metallic 
Au after calcination, which has obvious interaction with the 
support. Distinct surface Fe2+/Fe3+ ratio can be explained by the 
different degree of interaction between gold and the support in 
the as-prepared catalysts. The crystallinity of the support af-

fects the degree of interaction between gold and the support 
and has ultimately important effect on the catalytic activity. 
Thus, the catalyst prepared by modified deposition-precipita- 
tion, in which amorphous and crystallized iron oxides are 
coexistence, has high surface area and small gold particles with 
uniform distribution and possesses a relatively strong interac-
tion between gold particles and the support, leading to the 
highest catalytic activity for the WGS reaction. 
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Table 2   XPS data for Au/Fe2O3 prepared by different methods 

Binding energy (eV) 
Catalyst

Au 4f7/2 Sn1/Sn2* Fe 2p3/2 Fe2+/Fe3+

Au/Fe2O3-CP 83.7 84.5 0.46 709.4 710.6 712.4 718.7 0.239 
Au/Fe2O3-DP 83.6 84.5 0.12 709.5 710.5 712.1 718.6 0.192 

Au/Fe2O3-MDP 83.6 84.4 0.49 709.4 710.5 712.1 718.4 0.415 
* Sn1/Sn2 is the area ratio of the two peaks featuring binding energies higher and lower than 84.0 eV, respectively. 


