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Gold catalysts, supported on a solid base of Mg,AlO hydrotalcite, were prepared by a modified deposition
precipitation method for CO selective oxidation. The preparation parameters and pretreatment of the
catalysts were investigated. The pH and the HAuCly concentration in the initial solution, and the Mg/Al
molar ratio of MgyAlO affected the pH in the final solution and determined the actual gold loading of
the catalyst. The calcination temperatures of the MgyAlO support and the Au/MgyAlO catalyst dominated
the Au?*/Au® ratio on the catalyst. The pretreatment of the catalyst as well as the gold loading and the
Au3*[Au? ratio, critically determined the activity of the catalyst for CO selective oxidation. Based on XPS
and in situ DR-FTIR analyses, a mechanism for CO selective oxidation on 2%Au/Mg,AlO was proposed. The
hydroxyl group on Mg,AlO also participated in the reaction.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

In the last decade, CO oxidation and selective CO oxidation in
excess hydrogen over gold catalysts at low temperature were exten-
sively studied [1-5]. The activity of the supported gold catalyst
in CO oxidation at low temperature depends on various factors.
Generally, the size of Au particles [6], the nature of supports, the
preparation methods [7-11], the preparation parameters and the
pretreatment conditions [12-17] affect the performance of the gold
catalysts. To date, explanations for the activities of gold catalysts
have focused mainly on the size of the Au particles [18,19] and
the nature of the support material [20-22], including electronic
quantum-size effects, strain and oxygen diffusion via the support,
as well as the oxidation state of the gold particles [23-25]. Addition-
ally, support materials can affect the reactivity and are categorized
as active (TiO,, Fe;03, CeO,, MnO) or inactive (SiO,, MgO, Al,03)
[26]. Active supports can provide oxygen atoms and thus enhance
activity; moreover, they are also capable of enhancing the stability
of small gold particles. The reactivity of gold clusters on inactive
supports is attributed to the high dispersion of the metal and the
presence of a low-coordinated gold surface site [6,27]. Hodge et
al. [28] utilized Mossbauer spectroscopy to conclude that the most
active catalyst has an Au3*/Au® ratio of approximately 3/2. Based on
XPS and EXAFS analyses, Park and Lee [29] proposed that the oxi-
dized gold is the active species in gold catalyst supported on TiO5,
Al;03 and Fe;03. Visco et al. [30] found that the uncalcined sam-
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ples were much more active than the calcined ones, and proposed
that oxidized gold species constitute the major active sites for CO
oxidation at low temperature. Date and Haruta [31] claimed that a
good catalyst of CO oxidation requires the co-existence of metallic
and cationic gold states. Nevertheless, the role of Au3*/Au? is still a
matter of controversy. The involvement of hydroxyl groups on Au**
or supports in CO oxidation was proposed over the gold catalysts
supported on Fe;03 [28] and MgO [32]. Date et al. [33] proposed
the role of moisture on the activation of oxygen on the support and
the decomposition of carbonate intermediate on the gold catalyst.

The deposition precipitation (DP) method developed by Haruta’s
group [34] has been extensively applied to prepare gold catalysts
for CO oxidation. In this procedure, the iso-electric point (IEP) of the
support is critical for the deposition of gold species. The surface of a
transition metal oxide is typically charged because of its amphoteric
character and the dissociation of the OH group on it. The positive
and negative charges on the surface are compensated for each other
at the IEP. If the pH in the solution is lower than the pH of IEP, the
surface is positively charged and anion adsorption occurs. On the
other hand, if the pH in the solution is higher than the pH of IEP,
the surface is negatively charged and will adsorb only cations. The
oxides with an IEP of approximately 7, including CeO, (IEP=6.75)
[35], Fe; 03 (IEP=6.5-6.9) [34], TiO, (IEP=6), and ZrO, (IEP=6.7)
[36] have been extensively used as supports to obtain an active cat-
alyst, while an acidic support such as SiO, (IEP=1-2)[13] or a basic
support such as MgyxAlO (IEP=10) [14], MgO (IEP=12) [37] is not
typically used as a support. Al,03, an amphoteric oxide (IEP=38)
has been reported to generate either an active or even inactive gold
catalyst [38]. MgO is well known for stabilizing the nano-sized par-
ticles of gold on it [39] and MgyxAlO has a similar property [7]. No
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suitable method was proposed to obtain an active gold catalyst on a
solid base of MgO [11] or MgxAlO [14]. In our recent study, the solid
base of MgyAlO hydrotalcite was used as a support to elucidate an
optimal method of obtaining an active catalyst for CO oxidation [7].

MgxAlO hydrotalcite compounds are double-layered hydrox-
ides, and consist of positively charged metal hydroxide layers that
are separated from each other by anions and water molecules.
The layers contain metal cations of at least two different oxida-
tion states [40]. The structure of hydrotalcite is similar to that
of brucite, Mg(OH),. The hydrotalcites are commonly utilized as
catalysts or catalyst precursors, ion exchangers, adsorbents, and
polymer stabilizers and for other purposes [41,42]. The objective of
this study is to use the solid base of MgyAlO hydrotalcite to stabi-
lize the nano-sized particles of gold on it for CO selective oxidation
and determine the factors, apart from particle size, that govern the
catalysis of gold. In this investigation, MgyxAlO hydrotalcites with
various Mg/Al molar ratios were prepared by co-precipitation, and
gold catalysts containing 2 wt% Au (2%Au/MgyxAlO) was prepared by
DP. The effect of various parameters on the preparation, and pre-
treatment of Au/MgxAlO catalysts for CO selective oxidation were
studied. The XPS and in situ DR-FTIR analyses were used to discuss
the role of surface hydroxyls on Au/MgxAlO catalysts.

2. Experimental
2.1. Preparation of support and catalyst

The hydrotalcite supports of MgyAlO (x=Mg/Al molar ratio)
were prepared by co-precipitation of an aqueous solution of
magnesium and aluminum salts with a highly basic carbonate
solution. The salt solution (1 M) contained Mg(NOs),-6H,0 and
Al(NO3)3-9H,0 dissolved in deionized water at various Mg/Al molar
ratios (x=1-4). The basic solution of equal volume contained
KOH and K,COs in the molar ratios of CO3%~/(Al+Mg)=0.67 and
OH~/(Al+Mg)=2.25. These two solutions were mixed at 60 ml/h,
with a constant pH of approximately 10 maintained, and then
aged overnight with stirring. The white precipitate was washed,
dried at 100°C, and then calcined in air at various temperatures
(200-475 °C). The resulting hydrotalcite supports were designated
as MgxAlO(T), in which x was the Mg/Al molar ratio and T was the
calcination temperature of support.

The catalysts were prepared by the Haruta’s DP method [34] and
a modified DP method [7]. In the typical DP method, the pH in the
initial HAuCl, solution (pH;) was first adjusted to 4-9 by using 0.5 M
NaCOj; solution. In the modified method, the pH of approximately
2 in the initial solution (pH; 2) was not changed. The hydrotalcite
support of MgyAlO(T) was first well dispersed in 100 ml of water,
and then the mixture was poured into the gold solution slowly at
a speed of approximately 3 ml/min for deposition precipitation at
70°C. The obtained catalyst precursor was aged at 70°C for 3 h,
and then washed and dried overnight at 100 °C. The catalysts were
calcined at various temperatures (100-500°C) for 4 h.

2.2. Characterization of catalysts

The specific surface areas (Sger) of the samples were determined
by nitrogen adsorption with a Micromeritics ASAP-2020 appara-
tus at —196°C following degassing at 100 °C. The compositions of
the sample were identified by inductively coupled plasma analysis
(ICP) using a Jobin JY-24 device. X-ray diffraction (XRD) patterns
were obtained using a Siemens-500 diffractometer with Cu Ko
radiation (A =0.1542 nm).

Transmission electron microscopy (TEM) photographs were
taken using a JEOL JEM-2999FMII apparatus. Samples for TEM study
were prepared by gently grinding a catalyst to powder in a mortar;

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

The X-ray photoelectron spectroscopy (XPS) measurements
were made using a Thermo VG Scientific Sigma Prob spectropho-
tometer with Al Ko radiation (1486.6 eV). The nanoparticles were
first pressed into a 10 mm x 10 mm disk and immediately trans-
ferred to the pretreatment chamber after fixing onto the sample
holder. In the chamber, each sample was degassed overnight at
1 x 10~% Torr to remove the volatile contaminants and was then
transferred to the analyzing chamber for XPS analysis. The spec-
tra were obtained at an analyzer pass energy of 25.5eV and an
electron take-off angle of 45°. The vacuum in the test chamber
was maintained below 1.33 x 108 Torr during the collection. Bind-
ing energies were corrected for surface charging by referencing
them to the energy of the C 1s peak of the contaminant carbon
at 284.6eV.

Diffuse reflection Fourier transform infrared spectroscopy (DR-
FTIR) was performed using a Varian 3100 FTIR with Varian software.
The sample was first treated in flowing He at 100 or 300 °C for 3 h
before each experiment. The heating rate during the treatment was
10°C/min. Then, the sample was cooled under He to an operation
temperature of either 25 or 70 °C. Infrared spectra were recorded
against a background of the sample at the reaction under flowing
He. IR spectra were recorded with the co-addition of 300 scans in
single beam spectra or absorbance spectra, ataresolution of4 cm~1,
The catalyst was then exposed to CO, or a mixture of CO and O, in
He. The total flow rate was 50 ml/min, set by Brooks 5850 mass flow
controllers.

2.3. Selective CO oxidation (SCO)

A total of 100 mg of catalyst was loaded into a tubular stainless-
steel reactor with an internal diameter of 8 mm and a length of
500 mm. The reactor was placed in a three-sectional temperature-
controlled oven. The catalysts were placed in a quartz tube and
secured between two quartz wool plugs. The composition of the
reactant gas was typically H,/CO/O,/He (50/1/1/48). This gaseous
mixture was allowed to flow to the reactor at a flow rate of
100 ml/min (F/W=60,000ml/(gh)) using Brooks 5850 mass flow
controllers. The reaction temperature was increased stepwise from
room temperature to 120°C. CO and O, were analyzed using a
gas chromatograph equipped with a 1/8-in. x 15 ft 60/80 Carboxen-
1000 column (SUPELCO) and a TCD detector.

3. Results and discussion

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

3.1. Effect of preparation parameters

Fig. 1 displays CO selective oxidation over 2%Au/Mg,AlO cata-
lysts prepared at various pH; in the initial HAuCl, solution. Among
these catalysts with Au particles of similar sizes (3.6-3.8 nm),
2%Au/Mg,AlO prepared without adjusting the pH (pH; 2) of the
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Fig. 1. Effect of gold solution pH; on CO selective oxidation over 2%Au/Mg,AlO
catalysts.

initial solution was the most active. The actual loadings of the
2%Au/Mg,AlO catalysts that corresponded to pH; 2, 6, 8 and 9 were
1.2%, 0.86%, 0.8% and 0.48%, respectively. The activities declined
markedly as the pH; increased, which result was consistent with
the real loadings of gold. MgyAlO, a well-known solid base [14],
increases the pH of the HAuCly, solution from 2 (pH;) to about 7.2
(pHg). Generally, a HAuCl, solution with a pH of about 7 is opti-
mal for the deposition of gold complex species of [AuCI(OH);]~
and [Au(OH)4]~ on the positively charged supports [15]. This mod-
ified DP method was used to prepare Au/MgxAlO catalysts without
adjusting the pH of the initial gold solution and is described as
follows.

Fig. 2 shows the extent of CO selective oxidation over the
2%Au/Mg,AlO catalysts that are prepared in the HAuCl,4 solution
at various concentrations. The 2%Au/Mg,AlO catalyst prepared at
a concentration of 1 x 10~3 M was most active. The actual loadings
of the 2%Au/Mg,AlO catalysts prepared at 1 x 103, 7 x 10~4 and
5 x 104 M were 1.2%, 1.06% and 0.75%, respectively [7]. The activ-
ities of the catalysts increased with the concentration of HAuCly,
which result was also consistent with the actual gold loadings.
Although the 2%Au/Mg,AlO catalyst prepared at 1 x 1072 M had a
larger gold loading (1.8%) than that prepared at 1 x 103 M, it did not
exhibit greater activity. The gold complex species in the gold solu-
tion at 1 x 1072 M have more chlorine ligands than at 1 x 1073 M,
reducing the reactivity of the formed catalyst. As for gold catalysts,
1 x 103 M is the optimal concentration for the preparation of gold
catalysts by the DP method [7,50].

Fig. 3 displays CO selective oxidation over the 2%Au/Mg,AlO
catalysts that were prepared with various molar Mg/Al ratios.
The 2%Au/Mg,AlO catalyst with Mg/Al=2 had the lowest start-
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Fig. 2. Effect of the HAuCl, concentration in the initial solution on CO selective
oxidation over 2%Au/Mg;AlO catalyst.
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Fig. 3. Effect of Mg/Al molar ratio on CO selective oxidation over 2%Au/MgxAlO
catalysts.

ing temperature for CO selective oxidation. The activity decreased
markedly as the Mg/Al ratio increased. All MgxAlO (x=1-4) have
the same typical structure of hydrotalcite and similar surface areas,
but their basic strengths are different. As stated elsewhere, the basic
strength of MgxAlO increased with the Mg/Al ratio [43]. The pH
values of the final solutions were 7.0, 7.2, 8.2 and 8.4 for MgyAlO
with x=1, 2, 3 and 4, respectively. The actual loadings of gold
for 2%Au/MgxAlO with x=3, 4 were much lower than those of
2%Au/MgyAlO with x =1, 2. The pH values of the final solution deter-
mined the actual loading of the gold catalyst and the activity in CO
selective oxidation.

3.2. Effect of calcination temperature of Mg,AIO support and
catalyst on CO selective oxidation

Fig. 4 shows CO selective oxidation over the Au/Mg,AlO(T)
catalysts with Mg,AIO(T) calcined at various temperatures
(100-475°C). 2%Au/Mg,AlO0(100) with Mg, AlO calcined at 100°C
was the most active catalyst. The higher calcination tempera-
ture of Mg,AlO(T) was associated with the lower activity of
the 2%Au/Mg,AlO(T) catalyst. The 2%Au/Mg,AlO(T) catalysts have
considerable loadings (1.05-1.20wt%) and similar particle sizes
(3.6-3.8nm), so the loading was not the major factor that deter-
mined the activity, as in the foregoing discussions. The relative
proportions of the gold states were estimated by the deconvo-
lution of the Au 4f peaks in the XPS spectra, as displayed in
Fig. 5 and Table 1. The 2%Au/Mg,Al0(100) catalyst had the largest
Au3*/Au® ratio, which was about 1.2. As the calcination tempera-
ture of Mg, AlO increased, the Au3*/AuC ratio declined. The activity
declined markedly as the Au3*/Au® ratio decreased from 1.19 to
0.64. Just as for CO oxidation, as described elsewhere [7], the
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Fig. 4. Effect of calcination temperature of Mg,AlO support on CO selective oxida-
tion over 2%Au/Mg,AlO catalysts.
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Fig. 5. XPS spectra of Au 4f for 2%Au/Mg,AlO(T) calcined at 100°C (a), 475°C (b)
and 2%Au/Mg,AlO(100) catalyst calcined at 300°C (c).

Au3*/Au® ratio was the dominant factor in affecting the perfor-
mance of the 2%Au/Mg,AlO(T) catalysts in CO selective oxidation.

Fig. 6 plots the extent of CO selective oxidation over the
2%Au/Mg,AlO(100) catalysts calcined at 100 and 300°C. The
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Fig. 6. Effect of calcination temperature of 2%Au/Mg,AlO catalyst on CO selective
oxidation.

Au3*/AuC ratio was about 1.19 for the 2%Au/Mg,AlO(100) catalyst
calcined at 100°C (Table 1), and Au3* was completely reduced to
Au® when the catalyst was calcined at 300 °C (Fig. 5). TEM analysis
revealed no significant agglomeration of gold particles as the cal-
cination temperature was increased from 100 °C to 300°C (Fig. 7).
The activity of 2%Au/Mg,Al0(100) declined sharply as the calcina-
tion temperature increased to 300 °C, which result was consistent
with the disappearance of the oxidized state of gold (Au3*).

Fig. 8 displays the FTIR spectra of CO adsorbed on the
2%Au/Mg,AlO(100) catalysts that were calcined at 100 and 300°C.
The two absorption bands at 2116 and 2131cm~! observed on
the sample calcined at 100°C were assigned to CO adsorbed on
Au® and Au3*, respectively [44-47]. Only one dominant absorp-
tion band at 2112cm™!, assigned to Au®, was observed on the
2%Au/Mg,AlO(100) catalyst calcined at 300°C. The absorption
band at 2170-2190cm™! is typically attributed to CO adsorbed on
the support [44,45]. The absorption band at 2174cm~! could be
assigned to CO adsorbed on the support of Mg,AlO.

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

Gold can be dispersed and stabilized on a solid base of MgyAlO
hydrotalcite by a modified DP method, to obtain a good catalyst for
CO oxidation [7] and CO selective oxidation. The optimal catalyst
of 2%Au/Mg,AlO was obtained with the preparation parameters as
follows: (1) 1 x 10-3 M HAuCly, (2) pH 2 (without adjusting pH)
of the initial solution, (3) Mg/Al =2 (Mg,AlO) calcined at 100°C as
a support, and (4) 2%Au/Mg,AlO catalyst calcined at 100°C. Just

Surface composition of 2%Au/Mg,AlO catalysts determined by the deconvolution of Au 4f peaks and comparison of their activity in CO selective oxidation.

Calcination temperature (°C) Aud* Au® Au3*|Au® Conversion, Tygoy (°C) Selectivity, Sco, (%)
Mg, AlO supports?

100 0.54 0.45 1.19 53 61.3

200 0.52 0.48 1.08 63 53.7

300 0.49 0.57 0.75 73 514

475 0.39 0.61 0.64 >110 <50
2%Au/Mg,AlO catalystsP

100 0.54 0.45 1.19 48 51

300 0.00 1.00 0.00 >100 <50

After SCO 0.60 0.40 1.50 25 81

2 Calcination temperature of 2%Au/Mg,AlO catalysts at 100°C.
b Calcination temperature of Mg, AlO support at 100°C.
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Fig. 8. In situ DR-FTIR spectra of the carbonyl region over 2%Au/Mg,AlO under the
stream of 10%CO/He (50 cm?3/min) at room temperature.

like general gold catalysts, the selectivity of CO oxidation in excess
hydrogen was about 50-60% at T1gg of about 45°C (Table 1).

3.3. Effect of pretreatment on catalyst activity

CO selective oxidation over 2%Au/Mg,AlO catalyst during heat-
ing—cooling runs exhibited interesting characteristics, as displayed
in Fig. 9. For the first run, the CO conversion increased with temper-
ature, up to complete conversion at around 48 °C during heating,
but the catalyst retained its activity upon complete conversion
during cooling to room temperature, which was about 25 °C. Nev-
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Fig. 9. Effect of the repeat operation through heated and cooled on the
2%Au/Mg, AlO catalysts for the selective oxidation of CO.
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Fig. 10. Variation of the CO conversion and of the selectivity with the reaction time
during the selective oxidation of CO. The reaction temperatures at each portion of
the long time catalytic test are indicated alongside the small horizontal line.

ertheless, the selectivity increased from 51% to 81% during cooling.
The 2%Au/Mg,AlO catalyst retained its activity with complete con-
version of CO during the repeated heating-cooling runs, as in Fig. 9,
and even during the 120-h stability test, as displayed in Fig. 10.
Following CO selective oxidation, the 2%Au/Mg,AlO catalyst was
analyzed by TEM and XPS. No significant agglomeration of gold par-
ticles was observed, but the Au3*/Au? ratio increased from 1.2 to
1.5. In the authors’ earlier work on the CO oxidation the feed in the
absence of H, [7], a fall-off hysteresis curve was obtained during
cooling. It is worth noting the difference between the behavior of
the 2%Au/Mg,AlO catalyst in CO oxidation in the presence of H,
and in the absence of Hj. It was speculated that Hy or H,O formed
from the oxidation of H; could activate the 2%Au/Mg,AlO catalyst.
When 10%H,/He, 1%H,0/He and 10%H,0/He were used to pretreat
the 2%Au/Mg,AlO catalyst at 60 °C, no activation was observed as
shown in Fig. 11. Apparently, the high activity of catalyst resulted
from the selective oxidation reaction, which is consistent with the
in situ FTIR results for the catalysts pretreated at various pretreat-
ment conditions (Fig. 12). The absorption band intensity of the
hydroxyl group on 2%Au/Mg,AlO0(100), pretreated with the selec-
tive oxidation conditions, was largest. However, similar and smaller
intensities were obtained for 2%Au/Mg,Al0(100) pretreated under
other conditions. Thus, the high activity of 2%Au/Mg,AlO(100) after
the selective oxidation reaction might be attributed to the substan-
tial increase in the hydroxyl group resulting from the formation and
subsequent adsorption of H,O onto the catalyst during the reac-
tion. Date and Haruta [31] also noted the obvious influence of the
amount of H,O adsorbed on the catalyst during reaction on the
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Fig. 11. Effect of the pretreatment condition on the 2%Au/Mg,AlO catalysts for the
selective oxidation of CO.

activity of the gold catalyst rather than the content of H,O in the
gas phase.

3.4. Fourier transform infrared spectroscopy (FTIR)

3.4.1. Insitu DR-FTIR adsorption spectra of CO and CO/O5

In situ DR-FTIR was performed to investigate the real-time
adsorption of CO on the 2%Au/Mg,AlO catalysts in a stream of
2%CO/He at room temperature. CO was first adsorbed on Mg,AIO
calcined at 100 and 300°C to distinguish the adsorption prop-
erties of the Au atoms from those of the support materials. The
2%Au/Mg,AlO(100) catalysts that were used to make the measure-
ments were calcined at 100 and 300°C in the presence or absence
of O, to investigate the active sites of Au.

Fig. 13(a) and (b) displays the in situ DR-FTIR spectra of Mg,AlO
calcined at 100 and 300°C, respectively, upon the adsorption of
CO. Fig. 13(a) presents four main absorption bands. The band at
2170-2190cm~! is typically attributed to the adsorption of CO
on the support oxide [44,45]. Therefore, the absorption band at
2174cm~! was assigned to the adsorption of CO on Mg,Al0(100).
Two bands at 2361 and 2341 cm~! were assigned to the adsorption
of CO, on Mg,AlO(100) [50-52]. The absorption band at 3726 cm™—!
was assigned to OH groups on Mg,AIO(100) [53,54]. It is noticed
that the intensity of the absorption band at 2173 cm~! increased
with time on stream and then was unchanged after the reaction for
15 min. On the other hand, the intensity of the absorption band at
3726 cm~! decreased with time on stream and remained constant
after the reaction for 15 min. The intensity of bands at 2340 and
2361 cm~!, assigned to the absorption of CO,, was initially large
and then decreased gradually with time on stream. Furthermore,
no apparent absorption band was detected in the carbonate region
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Fig. 12. In situ DR-FTIR spectra of 2%Au/Mg,AlO(100) under various pretreatment
conditions.
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Fig. 13. In situ DR-FTIR spectra of (a)Mg,AlO(100) and (b) Mg, AlO(300) under the
stream of 10%CO/He (50 cm3/min) at room temperature.

(1000-1800 cm~1'). This phenomenon is explained by the fact that
a substantial amount of CO, was produced in the initial stage of the
reaction between CO and active OH groups on Mg;AlO(100). After
5 min of the reaction, some weakly adsorbed CO, was flushed out
by the continuous stream and the intensity of the CO, absorption
band decreased gradually with time on stream.

Fig. 13(b) shows the absorption spectra of Mg;AlO(300) upon
the adsorption of CO. An absorption band at 2173 cm™! reveals a
steady change in intensity with time on stream. No absorption band
was observed at 2361 or 2341 cm™!, indicating that no significant
CO, had been generated. The absorption bands at 1223-1360 cm ™!
was attributed to the CO32~ that penetrated from the interlayer
of Mg,AlO(300) during calcination [55]. The absorption band at
3726cm~! was associated with the inert OH groups on Mg,AlO
calcined at 300°C [55]. Undoubtedly, the formation of CO, in an
oxygen-free environment resulted from the reaction between CO
and the active OH groups on Mg,AlO calcined at 100°C.

Fig. 14(a) and (b) shows the in situ DR-FTIR spectra of
2%Au/Mg,AlO(100) calcined at 100 and 300 °C, respectively, upon
the adsorption of CO in the absence of oxygen. A comparison with
the spectra in Fig. 13(a) indicated that Fig. 14(a) showed two new
absorption bands at 2116 and 2131 cm~!. The band at 2116 cm~1 is
assigned to the adsorption of CO on Au®, whereas thatat 2131 cm~!
is assigned to the adsorption of CO on Au3* [44-47]. Notably,
the intensities of the absorption bands at 2340 and 2361 cm™!
increased with time on stream and remained constant after 30 min
of reaction. However, the intensity of the absorption band at
3726 cm~! decreased and remained constant after 30 min of the
reaction. Au? sites are expected to favor CO adsorption; CO reacts
with Au3*-OH to form the carboxylate group Au3*-COOH, which
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Fig. 14. In situ DR-FTIR spectra of 2%Au/Mg,AlO(100) calcined at (a) 100°C and (b)
300 °C under the stream of 10%CO/He (50 cm3/min) at room temperature.

decomposes to form CO,. In the mean time, the carboxylate group
in the vicinity of Au and Mg, AlO(100) may also react with the active
OH group on Mg,AlO(100) to form CO, and H,0. H,O0 is also capa-
ble of replenishing the OH groups on the support as well as Au3*. No
obvious absorption band in the carbonate region (1000-1800cm~1)
was observed. Fig. 14(b) displays the in situ DR-FTIR spectra of
2%Au/Mg,AlO(100) catalysts calcined at 300°C upon the adsorp-
tion of CO. The intensity of the absorption band at 2173 cm™!
remained constant as the time on stream increased. Only weak
absorption bands at 2340 and 2361 cm~! were observed, and their
intensities decreased with time on stream. A comparison with the
spectra in Fig. 13(b) indicates that the intensity of the absorption
band at 1250cm~! is weakened. It could be speculated that the
trace amount of CO, was originated from the decomposition of
CO32~. Obviously, the oxygen that formed CO, from the CO that
was adsorbed on Au was contributed by the OH groups on Au and
Mg, AlO for 2%Au/Mg,AlO(100) calcined at 100°C. Furthermore,
the CO adsorbed on Au was more likely than that adsorbed on the
support to react to form CO,.

Fig. 15(a) shows the in situ DR-FTIR spectra of 2%Au/
Mg, AlO(100) calcined at 100°C upon the adsorption of CO in the
presence of oxygen. The absorption intensities at 2116, 2131 and
2173 cm~! for CO on Au/Au3* and Mg,AlO, respectively, were sig-
nificantly weaker than those in Fig. 14(a), and decreased with time.
The intensities at 2340 and 2361 cm~! for CO, on the catalyst were
initially strong and unchanged. The bicarbonate species, evidenced
by the absorption band at 1223 cm~?, appeared in the presence of
oxygen. These results are explained by the following mechanism.
The adsorbed CO of Au®-CO reacted with the hydroxyl group of
Au3*-OH to form the carboxylate group Au3*-COOH which then
reacted with the adsorbed oxygen, Au®-0, to form a bicarbon-
ate intermediate (1223 cm~!), and subsequently decomposed into

0.30 — =)
(=] o1
(a) o3 ] P
025 & |
020
8 .
£ 60 min
8 015 f }
] 30 min
_E 0.10
S 15 min
0.05 r 5 min
0.00 F 1 min
1 1 1 1 1 1 1 1
500 1000 1500 2000 2500 3000 3500 4000 4500
Wavenumber, cm !
030 =
(b) ) l‘r?-cz —_ E
it -]
025 | b fl\'g Q
020 | l
§ 60 min
.E 015
5 30 min
£ 010 )
< 15 min
0.05 r 5 min
0.00 F | min
) \ \ . . . \ )

500 1000 1500 2000 2500 3000 3500 4000 4500

Wavenumber, cm !

Fig. 15. In situ DR-FTIR spectra of 2%Au/Mg,AlO(100) calcined at (a) 100°C and (b)
300°C under the stream of 2%C0/2%0, /He (50 cm3/min) at room temperature.

CO, and an OH group. Fig. 15(b) shows the in situ DR-FTIR spectra
of 2%Au/Mg,Al0(100) calcined at 300°C. The absorption intensi-
ties at 2340 and 2361 cm~! for CO, on the catalyst were initially
strong, and decreased with time, becoming much weaker than
those in Fig. 15(a), indicating that less CO, was produced during the
time on stream. Clearly, the in situ DR-FTIR and XPS spectra of the
2%Au/Mg,AlO(100) calcined at 100 °C provided evidence of its high
activity in CO oxidation [7] and CO selective oxidation. The oxidized
states on gold species and active hydroxyl groups on Mg,AlO(100)
are responsible for the high activity of 2%Au/Mg,Al0(100) calci-
nated at 100 °C through the synergistic effects.

3.4.2. In situ DR-FTIR study of SOC reaction

In situ DR-FTIR analyses were conducted to understand the acti-
vation of the 2%Au/Mg,AlO catalyst during the selective oxidation
of CO. Fig. 16 shows the in situ DR-FTIR spectra of 2%Au/Mg,AlO
that is exposed to a reactant stream of 1%C0O/1%0,/50%H,/48%He at
various temperatures. The absorption intensity of the OH group at
about 3733 cm~! increased with the temperature to a maximum at
45°C. The absorption of CO; at 2340 and 2361 cm~! was then high-
est in intensity. This phenomenon is consistent with the complete
conversion of CO at about 45 °C for CO selective oxidation. These
results demonstrate that the generation of CO, may be related to
the formation of the OH groups during the reaction. It is worth
noting that the two absorption bands at 1090 and 860 cm~! were
attributed to the peroxide species [56]. They may be the ozonide
reaction intermediate generated from the reaction of gaseous O,
with surface O~ from OH decomposition. Another in situ DR-FTIR
analysis of the 2%Au/Mg,AlO catalyst (Fig. 17) was performed in
10%CO/He without oxygen. After 1 min of the reaction, absorption
bands of CO, at 2340 and 2361 cm~! were observed. The absorption



C.-T. Chang et al. / Journal of Molecular Catalysis A: Chemical 300 (2009) 80-88 87

600C
550C
500C
450C
40eC

- 35C

' ’ 300C
0.0 WZSUC
_OI | 1 1

1 1 1 1 1
1000 1500 2000 2500 3000 3500 4000
Wavenumber, cm-1

Absorbance

Fig. 16. In situ DR-FTIR spectra of 2%Au/Mg,Al0 under the stream of
1%C0/1%0,/50%H, [48%He (100 cm3/min) at different reaction temperatures.

band of the OH group on Mg,AlO at 3733 cm~! assumed a negative
intensity and fluctuated between the zero intensity of the baseline
and negative intensity during the course of the process. This phe-
nomenon is explained by the consumption of OH groups and the
replenishment of OH groups from H,O during the reaction. In the
absence of oxygen, CO, is formed in a reaction between CO and OH
groups. The OH group on Mg;AlO may participate in CO oxidation.
The results of XPS and in situ DR-FTIR analyses demonstrate the
mechanism of CO oxidation as follows:

AW’ +CO - Ad-..CcO (1)
AW’...CO + Aut...OH — Au®+Au*...COOH (2)
2Au® + Oy(g)— 2AU’-.-0 3)
Au3t...COOH + Au®-..0 — Au3t...OH + Au® +CO, (4a)
Au3t...COOH + S---OH — Au®* +CO, +S:--OH, (4b)

CO is adsorbed on Au® (1) and reacts with Au3*-OH to form the
carboxylate group (2), which is adsorbed on the periphery of Au
and the Mg;AlO support. Oxygen on Au® dissociates to form Au®-0
(3). The carboxylate group reacts with the oxygen of Au-0 to form
the bicarbonate intermediate which then dissociates into CO, and
OH radical (4a). Simultaneously, the carboxylate group may also
react with the OH group on Mg,AIlO to form CO, and H,O (4b).
The OH group on Mg, AIO can be replenished by H,0 and adsorbed
on Au3*. Step (4b) of this mechanism can be used to elucidate the
enhancement of the catalytic activity of the 2%Au/Mg,AlO catalyst
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Fig. 17. In situ DR-FTIR spectra of 2%Au/Mg,AlO (after pretreatment) under the
stream of 10%CO/He (50 cm3/min) at room temperature.

as it undergoes selective CO oxidation. The adsorption of the OH
groups on Au3* and their replenishment by H,0 did not change
the stability of Au3* on the 2%Au/Mg,AlO catalyst, maintaining the
Au3*/AuC ratio that is suitable for the reaction.

4. Conclusion

Gold was dispersed and stabilized on a solid base of MgyAlO
hydrotalcite using a modified DP method to obtain a favorable cat-
alyst for the selective oxidation of CO. The pH and the HAuCly
concentration in the initial gold solution, and the Mg/Al molar
ratio of MgyAlO affected the pH of the final gold solution and
determined the actual gold loading of the catalyst. The calcination
temperature of the MgyAlO support and the catalyst dominated the
ratio of gold states (Au3*/Au®) on the catalyst. The optimal catalyst
2%Au/Mg,AlO(100) was obtained with the preparation parameters
as follows: (1) 1 x 1073 M HAuCly, (2) pH 2 (without adjusting pH)
in the initial solution, (3) Mg/Al =2 (Mg, AlO) calcined at 100°Cas a
support, and (4) 2%Au/Mg-,AlO catalyst calcined at 100 °C. Pretreat-
ment of 2%Au/Mg,AlO under the stream of CO/O,/He at about 45 °C
enhanced its reactivity. The oxidized states on the gold species and
the active hydroxyl groups on Mg,AlO are the two causes of the
favorable reactivity of 2%Au/Mg,AlO through synergistic effects.
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