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a b s t r a c t

Gold catalysts, supported on a solid base of MgxAlO hydrotalcite, were prepared by a modified deposition
precipitation method for CO selective oxidation. The preparation parameters and pretreatment of the
eywords:
O selective oxidation
atalyst preparation
old catalysts

catalysts were investigated. The pH and the HAuCl4 concentration in the initial solution, and the Mg/Al
molar ratio of MgxAlO affected the pH in the final solution and determined the actual gold loading of
the catalyst. The calcination temperatures of the MgxAlO support and the Au/MgxAlO catalyst dominated
the Au3+/Au0 ratio on the catalyst. The pretreatment of the catalyst as well as the gold loading and the
Au3+/Au0 ratio, critically determined the activity of the catalyst for CO selective oxidation. Based on XPS
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. Introduction

In the last decade, CO oxidation and selective CO oxidation in
xcess hydrogen over gold catalysts at low temperature were exten-
ively studied [1–5]. The activity of the supported gold catalyst
n CO oxidation at low temperature depends on various factors.
enerally, the size of Au particles [6], the nature of supports, the
reparation methods [7–11], the preparation parameters and the
retreatment conditions [12–17] affect the performance of the gold
atalysts. To date, explanations for the activities of gold catalysts
ave focused mainly on the size of the Au particles [18,19] and
he nature of the support material [20–22], including electronic
uantum-size effects, strain and oxygen diffusion via the support,
s well as the oxidation state of the gold particles [23–25]. Addition-
lly, support materials can affect the reactivity and are categorized
s active (TiO2, Fe2O3, CeO2, MnO) or inactive (SiO2, MgO, Al2O3)
26]. Active supports can provide oxygen atoms and thus enhance
ctivity; moreover, they are also capable of enhancing the stability
f small gold particles. The reactivity of gold clusters on inactive
upports is attributed to the high dispersion of the metal and the
resence of a low-coordinated gold surface site [6,27]. Hodge et
l. [28] utilized Mössbauer spectroscopy to conclude that the most

ctive catalyst has an Au3+/Au0 ratio of approximately 3/2. Based on
PS and EXAFS analyses, Park and Lee [29] proposed that the oxi-
ized gold is the active species in gold catalyst supported on TiO2,
l2O3 and Fe2O3. Visco et al. [30] found that the uncalcined sam-
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echanism for CO selective oxidation on 2%Au/Mg2AlO was proposed. The
participated in the reaction.

© 2008 Elsevier B.V. All rights reserved.

les were much more active than the calcined ones, and proposed
hat oxidized gold species constitute the major active sites for CO
xidation at low temperature. Date and Haruta [31] claimed that a
ood catalyst of CO oxidation requires the co-existence of metallic
nd cationic gold states. Nevertheless, the role of Au3+/Au0 is still a
atter of controversy. The involvement of hydroxyl groups on Aux+

r supports in CO oxidation was proposed over the gold catalysts
upported on Fe2O3 [28] and MgO [32]. Date et al. [33] proposed
he role of moisture on the activation of oxygen on the support and
he decomposition of carbonate intermediate on the gold catalyst.

The deposition precipitation (DP) method developed by Haruta’s
roup [34] has been extensively applied to prepare gold catalysts
or CO oxidation. In this procedure, the iso-electric point (IEP) of the
upport is critical for the deposition of gold species. The surface of a
ransition metal oxide is typically charged because of its amphoteric
haracter and the dissociation of the OH group on it. The positive
nd negative charges on the surface are compensated for each other
t the IEP. If the pH in the solution is lower than the pH of IEP, the
urface is positively charged and anion adsorption occurs. On the
ther hand, if the pH in the solution is higher than the pH of IEP,
he surface is negatively charged and will adsorb only cations. The
xides with an IEP of approximately 7, including CeO2 (IEP = 6.75)
35], Fe2O3 (IEP = 6.5–6.9) [34], TiO2 (IEP = 6), and ZrO2 (IEP = 6.7)
36] have been extensively used as supports to obtain an active cat-
lyst, while an acidic support such as SiO2 (IEP = 1–2) [13] or a basic

upport such as MgxAlO (IEP = 10) [14], MgO (IEP = 12) [37] is not
ypically used as a support. Al2O3, an amphoteric oxide (IEP = 8)
as been reported to generate either an active or even inactive gold
atalyst [38]. MgO is well known for stabilizing the nano-sized par-
icles of gold on it [39] and MgxAlO has a similar property [7]. No

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:ynzuchen@cc.ncu.edu.tw
dx.doi.org/10.1016/j.molcata.2008.10.040
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uitable method was proposed to obtain an active gold catalyst on a
olid base of MgO [11] or MgxAlO [14]. In our recent study, the solid
ase of MgxAlO hydrotalcite was used as a support to elucidate an
ptimal method of obtaining an active catalyst for CO oxidation [7].

MgxAlO hydrotalcite compounds are double-layered hydrox-
des, and consist of positively charged metal hydroxide layers that
re separated from each other by anions and water molecules.
he layers contain metal cations of at least two different oxida-
ion states [40]. The structure of hydrotalcite is similar to that
f brucite, Mg(OH)2. The hydrotalcites are commonly utilized as
atalysts or catalyst precursors, ion exchangers, adsorbents, and
olymer stabilizers and for other purposes [41,42]. The objective of
his study is to use the solid base of MgxAlO hydrotalcite to stabi-
ize the nano-sized particles of gold on it for CO selective oxidation
nd determine the factors, apart from particle size, that govern the
atalysis of gold. In this investigation, MgxAlO hydrotalcites with
arious Mg/Al molar ratios were prepared by co-precipitation, and
old catalysts containing 2 wt% Au (2%Au/MgxAlO) was prepared by
P. The effect of various parameters on the preparation, and pre-

reatment of Au/MgxAlO catalysts for CO selective oxidation were
tudied. The XPS and in situ DR-FTIR analyses were used to discuss
he role of surface hydroxyls on Au/MgxAlO catalysts.

. Experimental

.1. Preparation of support and catalyst

The hydrotalcite supports of MgxAlO (x = Mg/Al molar ratio)
ere prepared by co-precipitation of an aqueous solution of
agnesium and aluminum salts with a highly basic carbonate

olution. The salt solution (1 M) contained Mg(NO3)2·6H2O and
l(NO3)3·9H2O dissolved in deionized water at various Mg/Al molar
atios (x = 1–4). The basic solution of equal volume contained
OH and K2CO3 in the molar ratios of CO3

2−/(Al + Mg) = 0.67 and
H−/(Al + Mg) = 2.25. These two solutions were mixed at 60 ml/h,
ith a constant pH of approximately 10 maintained, and then

ged overnight with stirring. The white precipitate was washed,
ried at 100 ◦C, and then calcined in air at various temperatures
200–475 ◦C). The resulting hydrotalcite supports were designated
s MgxAlO(T), in which x was the Mg/Al molar ratio and T was the
alcination temperature of support.

The catalysts were prepared by the Haruta’s DP method [34] and
modified DP method [7]. In the typical DP method, the pH in the

nitial HAuCl4 solution (pHi) was first adjusted to 4–9 by using 0.5 M
aCO3 solution. In the modified method, the pH of approximately
in the initial solution (pHi 2) was not changed. The hydrotalcite

upport of MgxAlO(T) was first well dispersed in 100 ml of water,
nd then the mixture was poured into the gold solution slowly at
speed of approximately 3 ml/min for deposition precipitation at
0 ◦C. The obtained catalyst precursor was aged at 70 ◦C for 3 h,
nd then washed and dried overnight at 100 ◦C. The catalysts were
alcined at various temperatures (100–500 ◦C) for 4 h.

.2. Characterization of catalysts

The specific surface areas (SBET) of the samples were determined
y nitrogen adsorption with a Micromeritics ASAP-2020 appara-
us at −196 ◦C following degassing at 100 ◦C. The compositions of
he sample were identified by inductively coupled plasma analysis
ICP) using a Jobin JY-24 device. X-ray diffraction (XRD) patterns

ere obtained using a Siemens-500 diffractometer with Cu K�

adiation (� = 0.1542 nm).
Transmission electron microscopy (TEM) photographs were

aken using a JEOL JEM-2999FMII apparatus. Samples for TEM study
ere prepared by gently grinding a catalyst to powder in a mortar;

l
t
2

lysis A: Chemical 300 (2009) 80–88 81

he synthesized powder was ultrasonically dispersed in ethanol.
he solution was deposited onto a carbon-coated Cu mesh grid,
y using a pipette, and then naturally evaporating the solvent. The
ean particle diameters were determined by counting ∼150 parti-

les in the enlarged photographs.
The X-ray photoelectron spectroscopy (XPS) measurements

ere made using a Thermo VG Scientific Sigma Prob spectropho-
ometer with Al K� radiation (1486.6 eV). The nanoparticles were
rst pressed into a 10 mm × 10 mm disk and immediately trans-

erred to the pretreatment chamber after fixing onto the sample
older. In the chamber, each sample was degassed overnight at
× 10−6 Torr to remove the volatile contaminants and was then

ransferred to the analyzing chamber for XPS analysis. The spec-
ra were obtained at an analyzer pass energy of 25.5 eV and an
lectron take-off angle of 45◦. The vacuum in the test chamber
as maintained below 1.33 × 10−8 Torr during the collection. Bind-

ng energies were corrected for surface charging by referencing
hem to the energy of the C 1s peak of the contaminant carbon
t 284.6 eV.

Diffuse reflection Fourier transform infrared spectroscopy (DR-
TIR) was performed using a Varian 3100 FTIR with Varian software.
he sample was first treated in flowing He at 100 or 300 ◦C for 3 h
efore each experiment. The heating rate during the treatment was
0 ◦C/min. Then, the sample was cooled under He to an operation
emperature of either 25 or 70 ◦C. Infrared spectra were recorded
gainst a background of the sample at the reaction under flowing
e. IR spectra were recorded with the co-addition of 300 scans in

ingle beam spectra or absorbance spectra, at a resolution of 4 cm−1.
he catalyst was then exposed to CO, or a mixture of CO and O2 in
e. The total flow rate was 50 ml/min, set by Brooks 5850 mass flow
ontrollers.

.3. Selective CO oxidation (SCO)

A total of 100 mg of catalyst was loaded into a tubular stainless-
teel reactor with an internal diameter of 8 mm and a length of
00 mm. The reactor was placed in a three-sectional temperature-
ontrolled oven. The catalysts were placed in a quartz tube and
ecured between two quartz wool plugs. The composition of the
eactant gas was typically H2/CO/O2/He (50/1/1/48). This gaseous
ixture was allowed to flow to the reactor at a flow rate of

00 ml/min (F/W = 60,000 ml/(g h)) using Brooks 5850 mass flow
ontrollers. The reaction temperature was increased stepwise from
oom temperature to 120 ◦C. CO and O2 were analyzed using a
as chromatograph equipped with a 1/8-in. × 15 ft 60/80 Carboxen-
000 column (SUPELCO) and a TCD detector.

. Results and discussion

In our earlier work [7], a modified Haruta’s DP method was
dopted to prepare the Au catalysts, which were supported on the
olid base-MgxAlO hydrotalcite, for CO oxidation. The oxidation
f CO on Au/MgxAlO catalysts is very sensitive to the preparation
arameters. 2%Au/MgxAlO catalysts prepared with various param-
ters were used to evaluate their effectiveness in the selective CO
xidation in hydrogen-rich gas. The activation of 2%Au/MgxAlO cat-
lysts during SCO was observed and the behaviors of MgxAlO were
iscussed.

.1. Effect of preparation parameters
Fig. 1 displays CO selective oxidation over 2%Au/Mg2AlO cata-
ysts prepared at various pHi in the initial HAuCl4 solution. Among
hese catalysts with Au particles of similar sizes (3.6–3.8 nm),
%Au/Mg2AlO prepared without adjusting the pH (pHi 2) of the
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ig. 1. Effect of gold solution pHi on CO selective oxidation over 2%Au/Mg2AlO
atalysts.

nitial solution was the most active. The actual loadings of the
%Au/Mg2AlO catalysts that corresponded to pHi 2, 6, 8 and 9 were
.2%, 0.86%, 0.8% and 0.48%, respectively. The activities declined
arkedly as the pHi increased, which result was consistent with

he real loadings of gold. MgxAlO, a well-known solid base [14],
ncreases the pH of the HAuCl4 solution from 2 (pHi) to about 7.2
pHf). Generally, a HAuCl4 solution with a pH of about 7 is opti-

al for the deposition of gold complex species of [AuCl(OH)3]−

nd [Au(OH)4]− on the positively charged supports [15]. This mod-
fied DP method was used to prepare Au/MgxAlO catalysts without
djusting the pH of the initial gold solution and is described as
ollows.

Fig. 2 shows the extent of CO selective oxidation over the
%Au/Mg2AlO catalysts that are prepared in the HAuCl4 solution
t various concentrations. The 2%Au/Mg2AlO catalyst prepared at
concentration of 1 × 10−3 M was most active. The actual loadings
f the 2%Au/Mg2AlO catalysts prepared at 1 × 10−3, 7 × 10−4 and
× 10−4 M were 1.2%, 1.06% and 0.75%, respectively [7]. The activ-

ties of the catalysts increased with the concentration of HAuCl4,
hich result was also consistent with the actual gold loadings.
lthough the 2%Au/Mg2AlO catalyst prepared at 1 × 10−2 M had a

arger gold loading (1.8%) than that prepared at 1 × 10−3 M, it did not
xhibit greater activity. The gold complex species in the gold solu-
ion at 1 × 10−2 M have more chlorine ligands than at 1 × 10−3 M,
educing the reactivity of the formed catalyst. As for gold catalysts,
× 10−3 M is the optimal concentration for the preparation of gold

atalysts by the DP method [7,50].

Fig. 3 displays CO selective oxidation over the 2%Au/MgxAlO
atalysts that were prepared with various molar Mg/Al ratios.
he 2%Au/Mg2AlO catalyst with Mg/Al = 2 had the lowest start-

ig. 2. Effect of the HAuCl4 concentration in the initial solution on CO selective
xidation over 2%Au/Mg2AlO catalyst.

A
t
d
0

F
t

ig. 3. Effect of Mg/Al molar ratio on CO selective oxidation over 2%Au/MgxAlO
atalysts.

ng temperature for CO selective oxidation. The activity decreased
arkedly as the Mg/Al ratio increased. All MgxAlO (x = 1–4) have

he same typical structure of hydrotalcite and similar surface areas,
ut their basic strengths are different. As stated elsewhere, the basic
trength of MgxAlO increased with the Mg/Al ratio [43]. The pH
alues of the final solutions were 7.0, 7.2, 8.2 and 8.4 for MgxAlO
ith x = 1, 2, 3 and 4, respectively. The actual loadings of gold

or 2%Au/MgxAlO with x = 3, 4 were much lower than those of
%Au/MgxAlO with x = 1, 2. The pH values of the final solution deter-
ined the actual loading of the gold catalyst and the activity in CO

elective oxidation.

.2. Effect of calcination temperature of Mg2AlO support and
atalyst on CO selective oxidation

Fig. 4 shows CO selective oxidation over the Au/Mg2AlO(T)
atalysts with Mg2AlO(T) calcined at various temperatures
100–475 ◦C). 2%Au/Mg2AlO(100) with Mg2AlO calcined at 100 ◦C
as the most active catalyst. The higher calcination tempera-

ure of Mg2AlO(T) was associated with the lower activity of
he 2%Au/Mg2AlO(T) catalyst. The 2%Au/Mg2AlO(T) catalysts have
onsiderable loadings (1.05–1.20 wt%) and similar particle sizes
3.6–3.8 nm), so the loading was not the major factor that deter-

ined the activity, as in the foregoing discussions. The relative
roportions of the gold states were estimated by the deconvo-

ution of the Au 4f peaks in the XPS spectra, as displayed in
ig. 5 and Table 1. The 2%Au/Mg2AlO(100) catalyst had the largest

u3+/Au0 ratio, which was about 1.2. As the calcination tempera-
ure of Mg2AlO increased, the Au3+/Au0 ratio declined. The activity
eclined markedly as the Au3+/Au0 ratio decreased from 1.19 to
.64. Just as for CO oxidation, as described elsewhere [7], the

ig. 4. Effect of calcination temperature of Mg2AlO support on CO selective oxida-
ion over 2%Au/Mg2AlO catalysts.
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ig. 5. XPS spectra of Au 4f for 2%Au/Mg2AlO(T) calcined at 100 ◦C (a), 475 ◦C (b)
nd 2%Au/Mg2AlO(100) catalyst calcined at 300 ◦C (c).
u3+/Au0 ratio was the dominant factor in affecting the perfor-
ance of the 2%Au/Mg2AlO(T) catalysts in CO selective oxidation.
Fig. 6 plots the extent of CO selective oxidation over the

%Au/Mg2AlO(100) catalysts calcined at 100 and 300 ◦C. The

C
o
f
o
a

able 1
urface composition of 2%Au/Mg2AlO catalysts determined by the deconvolution of Au 4f

alcination temperature (◦C) Au3+ Au0 A

g2AlO supportsa

100 0.54 0.45 1
200 0.52 0.48 1
300 0.49 0.57 0
475 0.39 0.61 0

%Au/Mg2AlO catalystsb

100 0.54 0.45 1
300 0.00 1.00 0
After SCO 0.60 0.40 1

a Calcination temperature of 2%Au/Mg2AlO catalysts at 100 ◦C.
b Calcination temperature of Mg2AlO support at 100 ◦C.
ig. 6. Effect of calcination temperature of 2%Au/Mg2AlO catalyst on CO selective
xidation.

u3+/Au0 ratio was about 1.19 for the 2%Au/Mg2AlO(100) catalyst
alcined at 100 ◦C (Table 1), and Au3+ was completely reduced to
u0 when the catalyst was calcined at 300 ◦C (Fig. 5). TEM analysis
evealed no significant agglomeration of gold particles as the cal-
ination temperature was increased from 100 ◦C to 300 ◦C (Fig. 7).
he activity of 2%Au/Mg2AlO(100) declined sharply as the calcina-
ion temperature increased to 300 ◦C, which result was consistent
ith the disappearance of the oxidized state of gold (Au3+).

Fig. 8 displays the FTIR spectra of CO adsorbed on the
%Au/Mg2AlO(100) catalysts that were calcined at 100 and 300 ◦C.
he two absorption bands at 2116 and 2131 cm−1 observed on
he sample calcined at 100 ◦C were assigned to CO adsorbed on
u0 and Au3+, respectively [44–47]. Only one dominant absorp-
ion band at 2112 cm−1, assigned to Au0, was observed on the
%Au/Mg2AlO(100) catalyst calcined at 300 ◦C. The absorption
and at 2170–2190 cm−1 is typically attributed to CO adsorbed on
he support [44,45]. The absorption band at 2174 cm−1 could be
ssigned to CO adsorbed on the support of Mg2AlO.

These results supported the assertion that the active sites
nvolve an ensemble of metallic Au atoms and Au cations (Au3+ or
u1+) [48,49]. A mechanism that involved the hydroxyl ligand on
he Au cations for CO oxidation has been proposed [49]. The reac-
ion proceeds by the insertion of an adsorbed CO into Au–OH to
orm a hydroxycarbonyl, which is oxidized by an adsorbed oxygen
o form a bicarbonate, and is then decarboxylated to form Au–OH
nd CO2.

Gold can be dispersed and stabilized on a solid base of MgxAlO
ydrotalcite by a modified DP method, to obtain a good catalyst for

O oxidation [7] and CO selective oxidation. The optimal catalyst
f 2%Au/Mg2AlO was obtained with the preparation parameters as
ollows: (1) 1 × 10−3 M HAuCl4, (2) pH 2 (without adjusting pH)
f the initial solution, (3) Mg/Al = 2 (Mg2AlO) calcined at 100 ◦C as
support, and (4) 2%Au/Mg2AlO catalyst calcined at 100 ◦C. Just

peaks and comparison of their activity in CO selective oxidation.

u3+/Au0 Conversion, T100% (◦C) Selectivity, SCO2
(%)

.19 53 61.3

.08 63 53.7

.75 73 51.4

.64 >110 <50

.19 48 51

.00 >100 <50

.50 25 81
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Fig. 7. TEM images of 2%Au/Mg2AlO(100) catalysts calcined at 100 ◦C (a), 200 ◦C (b), and 300 ◦C (c).
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ig. 8. In situ DR-FTIR spectra of the carbonyl region over 2%Au/Mg2AlO under the
tream of 10%CO/He (50 cm3/min) at room temperature.

ike general gold catalysts, the selectivity of CO oxidation in excess
ydrogen was about 50–60% at T100 of about 45 ◦C (Table 1).

.3. Effect of pretreatment on catalyst activity

CO selective oxidation over 2%Au/Mg2AlO catalyst during heat-

ng–cooling runs exhibited interesting characteristics, as displayed
n Fig. 9. For the first run, the CO conversion increased with temper-
ture, up to complete conversion at around 48 ◦C during heating,
ut the catalyst retained its activity upon complete conversion
uring cooling to room temperature, which was about 25 ◦C. Nev-

ig. 9. Effect of the repeat operation through heated and cooled on the
%Au/Mg2AlO catalysts for the selective oxidation of CO.
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ig. 10. Variation of the CO conversion and of the selectivity with the reaction time
uring the selective oxidation of CO. The reaction temperatures at each portion of
he long time catalytic test are indicated alongside the small horizontal line.

rtheless, the selectivity increased from 51% to 81% during cooling.
he 2%Au/Mg2AlO catalyst retained its activity with complete con-
ersion of CO during the repeated heating–cooling runs, as in Fig. 9,
nd even during the 120-h stability test, as displayed in Fig. 10.

Following CO selective oxidation, the 2%Au/Mg2AlO catalyst was
nalyzed by TEM and XPS. No significant agglomeration of gold par-
icles was observed, but the Au3+/Au0 ratio increased from 1.2 to
.5. In the authors’ earlier work on the CO oxidation the feed in the
bsence of H2 [7], a fall-off hysteresis curve was obtained during
ooling. It is worth noting the difference between the behavior of
he 2%Au/Mg2AlO catalyst in CO oxidation in the presence of H2
nd in the absence of H2. It was speculated that H2 or H2O formed
rom the oxidation of H2 could activate the 2%Au/Mg2AlO catalyst.

hen 10%H2/He, 1%H2O/He and 10%H2O/He were used to pretreat
he 2%Au/Mg2AlO catalyst at 60 ◦C, no activation was observed as
hown in Fig. 11. Apparently, the high activity of catalyst resulted
rom the selective oxidation reaction, which is consistent with the
n situ FTIR results for the catalysts pretreated at various pretreat-

ent conditions (Fig. 12). The absorption band intensity of the
ydroxyl group on 2%Au/Mg2AlO(100), pretreated with the selec-
ive oxidation conditions, was largest. However, similar and smaller
ntensities were obtained for 2%Au/Mg2AlO(100) pretreated under
ther conditions. Thus, the high activity of 2%Au/Mg2AlO(100) after

he selective oxidation reaction might be attributed to the substan-
ial increase in the hydroxyl group resulting from the formation and
ubsequent adsorption of H2O onto the catalyst during the reac-
ion. Date and Haruta [31] also noted the obvious influence of the
mount of H2O adsorbed on the catalyst during reaction on the
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ig. 11. Effect of the pretreatment condition on the 2%Au/Mg2AlO catalysts for the
elective oxidation of CO.

ctivity of the gold catalyst rather than the content of H2O in the
as phase.

.4. Fourier transform infrared spectroscopy (FTIR)

.4.1. In situ DR-FTIR adsorption spectra of CO and CO/O2
In situ DR-FTIR was performed to investigate the real-time

dsorption of CO on the 2%Au/Mg2AlO catalysts in a stream of
%CO/He at room temperature. CO was first adsorbed on Mg2AlO
alcined at 100 and 300 ◦C to distinguish the adsorption prop-
rties of the Au atoms from those of the support materials. The
%Au/Mg2AlO(100) catalysts that were used to make the measure-
ents were calcined at 100 and 300 ◦C in the presence or absence

f O2 to investigate the active sites of Au.
Fig. 13(a) and (b) displays the in situ DR-FTIR spectra of Mg2AlO

alcined at 100 and 300 ◦C, respectively, upon the adsorption of
O. Fig. 13(a) presents four main absorption bands. The band at
170–2190 cm−1 is typically attributed to the adsorption of CO
n the support oxide [44,45]. Therefore, the absorption band at
174 cm−1 was assigned to the adsorption of CO on Mg2AlO(100).
wo bands at 2361 and 2341 cm−1 were assigned to the adsorption
f CO2 on Mg2AlO(100) [50–52]. The absorption band at 3726 cm−1

as assigned to OH groups on Mg2AlO(100) [53,54]. It is noticed
hat the intensity of the absorption band at 2173 cm−1 increased
ith time on stream and then was unchanged after the reaction for

5 min. On the other hand, the intensity of the absorption band at
−1
726 cm decreased with time on stream and remained constant

fter the reaction for 15 min. The intensity of bands at 2340 and
361 cm−1, assigned to the absorption of CO2, was initially large
nd then decreased gradually with time on stream. Furthermore,
o apparent absorption band was detected in the carbonate region

ig. 12. In situ DR-FTIR spectra of 2%Au/Mg2AlO(100) under various pretreatment
onditions.
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ig. 13. In situ DR-FTIR spectra of (a)Mg2AlO(100) and (b) Mg2AlO(300) under the
tream of 10%CO/He (50 cm3/min) at room temperature.

1000–1800 cm−1). This phenomenon is explained by the fact that
substantial amount of CO2 was produced in the initial stage of the

eaction between CO and active OH groups on Mg2AlO(100). After
min of the reaction, some weakly adsorbed CO2 was flushed out
y the continuous stream and the intensity of the CO2 absorption
and decreased gradually with time on stream.

Fig. 13(b) shows the absorption spectra of Mg2AlO(300) upon
he adsorption of CO. An absorption band at 2173 cm−1 reveals a
teady change in intensity with time on stream. No absorption band
as observed at 2361 or 2341 cm−1, indicating that no significant
O2 had been generated. The absorption bands at 1223–1360 cm−1

as attributed to the CO3
2− that penetrated from the interlayer

f Mg2AlO(300) during calcination [55]. The absorption band at
726 cm−1 was associated with the inert OH groups on Mg2AlO
alcined at 300 ◦C [55]. Undoubtedly, the formation of CO2 in an
xygen-free environment resulted from the reaction between CO
nd the active OH groups on Mg2AlO calcined at 100 ◦C.

Fig. 14(a) and (b) shows the in situ DR-FTIR spectra of
%Au/Mg2AlO(100) calcined at 100 and 300 ◦C, respectively, upon
he adsorption of CO in the absence of oxygen. A comparison with
he spectra in Fig. 13(a) indicated that Fig. 14(a) showed two new
bsorption bands at 2116 and 2131 cm−1. The band at 2116 cm−1 is
ssigned to the adsorption of CO on Au0, whereas that at 2131 cm−1

s assigned to the adsorption of CO on Au3+ [44–47]. Notably,
he intensities of the absorption bands at 2340 and 2361 cm−1

ncreased with time on stream and remained constant after 30 min

f reaction. However, the intensity of the absorption band at
726 cm−1 decreased and remained constant after 30 min of the
eaction. Au0 sites are expected to favor CO adsorption; CO reacts
ith Au3+–OH to form the carboxylate group Au3+–COOH, which
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reaction intermediate generated from the reaction of gaseous O2
ig. 14. In situ DR-FTIR spectra of 2%Au/Mg2AlO(100) calcined at (a) 100 ◦C and (b)
00 ◦C under the stream of 10%CO/He (50 cm3/min) at room temperature.

ecomposes to form CO2. In the mean time, the carboxylate group
n the vicinity of Au and Mg2AlO(100) may also react with the active
H group on Mg2AlO(100) to form CO2 and H2O. H2O is also capa-
le of replenishing the OH groups on the support as well as Au3+. No
bvious absorption band in the carbonate region (1000–1800 cm−1)
as observed. Fig. 14(b) displays the in situ DR-FTIR spectra of
%Au/Mg2AlO(100) catalysts calcined at 300 ◦C upon the adsorp-
ion of CO. The intensity of the absorption band at 2173 cm−1

emained constant as the time on stream increased. Only weak
bsorption bands at 2340 and 2361 cm−1 were observed, and their
ntensities decreased with time on stream. A comparison with the
pectra in Fig. 13(b) indicates that the intensity of the absorption
and at 1250 cm−1 is weakened. It could be speculated that the
race amount of CO2 was originated from the decomposition of
O3

2−. Obviously, the oxygen that formed CO2 from the CO that
as adsorbed on Au was contributed by the OH groups on Au and
g2AlO for 2%Au/Mg2AlO(100) calcined at 100 ◦C. Furthermore,

he CO adsorbed on Au was more likely than that adsorbed on the
upport to react to form CO2.

Fig. 15(a) shows the in situ DR-FTIR spectra of 2%Au/
g2AlO(100) calcined at 100 ◦C upon the adsorption of CO in the

resence of oxygen. The absorption intensities at 2116, 2131 and
173 cm−1 for CO on Au/Au3+ and Mg2AlO, respectively, were sig-
ificantly weaker than those in Fig. 14(a), and decreased with time.
he intensities at 2340 and 2361 cm−1 for CO2 on the catalyst were
nitially strong and unchanged. The bicarbonate species, evidenced
y the absorption band at 1223 cm−1, appeared in the presence of
xygen. These results are explained by the following mechanism.

he adsorbed CO of Au0–CO reacted with the hydroxyl group of
u3+–OH to form the carboxylate group Au3+–COOH which then
eacted with the adsorbed oxygen, Au0–O, to form a bicarbon-
te intermediate (1223 cm−1), and subsequently decomposed into

w
a
1
b

ig. 15. In situ DR-FTIR spectra of 2%Au/Mg2AlO(100) calcined at (a) 100 ◦C and (b)
00 ◦C under the stream of 2%CO/2%O2/He (50 cm3/min) at room temperature.

O2 and an OH group. Fig. 15(b) shows the in situ DR-FTIR spectra
f 2%Au/Mg2AlO(100) calcined at 300 ◦C. The absorption intensi-
ies at 2340 and 2361 cm−1 for CO2 on the catalyst were initially
trong, and decreased with time, becoming much weaker than
hose in Fig. 15(a), indicating that less CO2 was produced during the
ime on stream. Clearly, the in situ DR-FTIR and XPS spectra of the
%Au/Mg2AlO(100) calcined at 100 ◦C provided evidence of its high
ctivity in CO oxidation [7] and CO selective oxidation. The oxidized
tates on gold species and active hydroxyl groups on Mg2AlO(100)
re responsible for the high activity of 2%Au/Mg2AlO(100) calci-
ated at 100 ◦C through the synergistic effects.

.4.2. In situ DR-FTIR study of SOC reaction
In situ DR-FTIR analyses were conducted to understand the acti-

ation of the 2%Au/Mg2AlO catalyst during the selective oxidation
f CO. Fig. 16 shows the in situ DR-FTIR spectra of 2%Au/Mg2AlO
hat is exposed to a reactant stream of 1%CO/1%O2/50%H2/48%He at
arious temperatures. The absorption intensity of the OH group at
bout 3733 cm−1 increased with the temperature to a maximum at
5 ◦C. The absorption of CO2 at 2340 and 2361 cm−1 was then high-
st in intensity. This phenomenon is consistent with the complete
onversion of CO at about 45 ◦C for CO selective oxidation. These
esults demonstrate that the generation of CO2 may be related to
he formation of the OH groups during the reaction. It is worth
oting that the two absorption bands at 1090 and 860 cm−1 were
ttributed to the peroxide species [56]. They may be the ozonide
ith surface O− from OH decomposition. Another in situ DR-FTIR
nalysis of the 2%Au/Mg2AlO catalyst (Fig. 17) was performed in
0%CO/He without oxygen. After 1 min of the reaction, absorption
ands of CO2 at 2340 and 2361 cm−1 were observed. The absorption
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ig. 16. In situ DR-FTIR spectra of 2%Au/Mg2AlO under the stream of
%CO/1%O2/50%H2/48%He (100 cm3/min) at different reaction temperatures.

and of the OH group on Mg2AlO at 3733 cm−1 assumed a negative
ntensity and fluctuated between the zero intensity of the baseline
nd negative intensity during the course of the process. This phe-
omenon is explained by the consumption of OH groups and the
eplenishment of OH groups from H2O during the reaction. In the
bsence of oxygen, CO2 is formed in a reaction between CO and OH
roups. The OH group on Mg2AlO may participate in CO oxidation.
he results of XPS and in situ DR-FTIR analyses demonstrate the
echanism of CO oxidation as follows:

u0 + CO → Au0· · ·CO (1)

u0· · ·CO + Au3+· · ·OH → Au0 + Au3+· · ·COOH (2)

Au0 + O2(g) → 2Au0· · ·O (3)

u3+· · ·COOH + Au0· · ·O → Au3+· · ·OH + Au0 + CO2 (4a)

u3+· · ·COOH + S· · ·OH → Au3+ + CO2 + S· · ·OH2 (4b)

CO is adsorbed on Au0 (1) and reacts with Au3+–OH to form the
arboxylate group (2), which is adsorbed on the periphery of Au
nd the Mg2AlO support. Oxygen on Au0 dissociates to form Au0–O
3). The carboxylate group reacts with the oxygen of Au0–O to form
he bicarbonate intermediate which then dissociates into CO2 and
H radical (4a). Simultaneously, the carboxylate group may also
eact with the OH group on Mg2AlO to form CO2 and H2O (4b).
he OH group on Mg2AlO can be replenished by H2O and adsorbed
n Au3+. Step (4b) of this mechanism can be used to elucidate the
nhancement of the catalytic activity of the 2%Au/Mg2AlO catalyst

ig. 17. In situ DR-FTIR spectra of 2%Au/Mg2AlO (after pretreatment) under the
tream of 10%CO/He (50 cm3/min) at room temperature.
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s it undergoes selective CO oxidation. The adsorption of the OH
roups on Au3+ and their replenishment by H2O did not change
he stability of Au3+ on the 2%Au/Mg2AlO catalyst, maintaining the
u3+/Au0 ratio that is suitable for the reaction.

. Conclusion

Gold was dispersed and stabilized on a solid base of MgxAlO
ydrotalcite using a modified DP method to obtain a favorable cat-
lyst for the selective oxidation of CO. The pH and the HAuCl4
oncentration in the initial gold solution, and the Mg/Al molar
atio of MgxAlO affected the pH of the final gold solution and
etermined the actual gold loading of the catalyst. The calcination
emperature of the MgxAlO support and the catalyst dominated the
atio of gold states (Au3+/Au0) on the catalyst. The optimal catalyst
%Au/Mg2AlO(100) was obtained with the preparation parameters
s follows: (1) 1 × 10−3 M HAuCl4, (2) pH 2 (without adjusting pH)
n the initial solution, (3) Mg/Al = 2 (Mg2AlO) calcined at 100 ◦C as a
upport, and (4) 2%Au/Mg2AlO catalyst calcined at 100 ◦C. Pretreat-
ent of 2%Au/Mg2AlO under the stream of CO/O2/He at about 45 ◦C

nhanced its reactivity. The oxidized states on the gold species and
he active hydroxyl groups on Mg2AlO are the two causes of the
avorable reactivity of 2%Au/Mg2AlO through synergistic effects.
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