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Abstract: Gold supported on various bentonites were prepared using hydrothermal and co-

precipitation methods. The catalysts were characterized by FT-IR, BET, XRD, TEM, SEM, XPS 

and ICP and tested for CO oxidation reaction. It was found that the Au-Al-Ce pillared bentonite, 

Au-Al-Ce/Na-LBen(CP) and Au-Al-Ce/Na-LBen(HT), have better catalytic activity and stability 

than Au/Na-Lben and Au/Al-Ce-Na-LBen. Characterization results show that gold nanoparticle 

could move into the interlayer spaces of bentonite, which contributes to the high stability of the 

Au-Al-Ce/Na-LBen(HT) and Au-Al-Ce/Na-LBen(CP) samples. Ce oxide distributes on the 

surface of Au-Al-Ce/Na-LBen(HT), while stays in the interlayers of the bentonite for the sample 

Au-Al-Ce/Na-LBen(CP). The pillaring process could increase the d(001) space of the bentonite 

since the Ce and Au spieces could move into the interlayer space of the bentonite. The acid-

activation process obviously increases the surface area of the bentonite, while the pillaring 

process increases the surface area of the samples slightly.  
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1. Introduction 

In recent years, gold catalysis has become a hot topic in chemistry.1,2 The catalytic activity of 

supported gold particles was discovered in the 1980s by Masatake Haruta.3,4 His pioneering work 

initiated extensive activities in applied and fundamental researches in this field.5 Following the 

pioneering work of Haruta et al. on the application of supported gold nanoparticles as catalysts 

for low-temperature CO oxidation, gold catalysts have been widely studied.6 The synthesis of 

gold nanoparticles supported on a variety of metal oxides, such as TiO2, Fe2O3, ZrO2, CeO2, 

Al2O3, has been reported.7-9  

The catalytic performance of Au is defined by three major factors: contact structure, support 

selection, and particle size, the first of which being the most important because the perimeter 

interfaces around Au particles act as the site for reaction.10 The use of Au as catalysts require 

careful and unconventional preparation of the Au clusters, focused on achieving very small and 

stable Au particles (<5 nm).3,11,12 The problem is that Au nanoparticles (NPs) could move and 

aggregate into larger particles on the support surface, which is one of the key issues impeding the 

application of Au catalysts.13-15 

Clays are layered oxide materials, which widely exits in nature and could be used as catalyst 

supports.6,16-18 By exchanging the interlayered cations of layered clays with bulky inorganic 

polyoxocations, followed by calcination, the intercalated polycations increase the basal spacing 

of the clays and, upon heating, they convert to metal oxide clusters by dehydration and 

dehydroxylation. In such process the clays became pillared clays. The metal oxide clusters, 

named pillars, are inserted between the clay layers, yielding temperature stable oxide pillars that 

permanently keep the layers apart.18 Previous experiments tried to stabilize metal nanoparticles 

into the interlayer spaces of clay minerals of the smectite group like montmorillonite, hectorite 
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and saponite.1,2,8,15 Several methods were also reported in the literature for preparation of metal 

nanoparticles in the interlayer space of modified montmorillonite.6,19,20 

As a kind of clay, bentonite has been widely used in many industries as filter materials, 

decolorant, and adsorbents and so on.21,22 The bentonite used as catalyst support remains an 

important research area, drawing much attention due to its large surface area and moderate 

reactivity.14,15,23-31  

In order to acquire the Au nanoparticles confined in the interlayer space of modified bentonite, 

the bentonite supported Au-Al-Ce pillaring catalysts were prepared in the present work, and 

compared with Au nanoparticles catalysts supported on Al-Ce pillared bentonite.19,20,25 The 

catalyst performance was evaluated for the CO oxidation reaction (2CO + O2 → 2CO2), and the 

catalysts were characterized by FT-IR, BET, XRD, TEM, SEM, XPS and ICP. 

2. Experimental 

2.1. Preparation of supports and catalyst 

The original clay is a commercial type natural bentonite from Jiangxi province, China. It is a 

calcium montmorillonite, previously separated through a 80 mesh sieve and dipped in deionized 

water for 24 h. The bentonite was obtained, centrifuged and dried at 70 ºC for 12 h. 10 g 

bentonite was dissolved in 30% (w/w) H2SO4 solution at 70 ºC for 6 h with the ratio of 

acid/bentonite(w/w)=5:1. The acid-activated bentonite was centrifuged, washed with deionized 

water until the pH of the solution became 7, and then dried at 80 ºC. The dried acid-activated 

bentonite was grinded into powders and labeled as LBen. Then sodium bentonite was obtained by 

dispering LBen to NaCl aqueous solution with constant stirring at 60 ºC for 3 h, until a ratio 

NaCl/clay(mol/g) = 0.1 was obtained. The clay was then centrifuged and washed with deionized 

water repeatedly up to the end of chlorides. The bentonite obtained was dried at 80 ºC and 

labeled as Na-Lben. 
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Al-Ce pillaring solution had been prepared by AlCl3
.6H2O and Ce(NO3)3

.6H2O, with the 

Ce/(Al+Ce) molar ratio of  20% and molar concentration for Al3+ of 0.5 M. Then the dilute 

NaOH solution (0.05 M) was added into the mixture slowly until the OH-/metal molar ratio 

reaches 2.6. Hydrothermal treatments were carried out in Teflon coated stainless steel pressure 

vessels, which were slowly rotated for 24 h at 120 ºC. Then, the vessels were cooled to room 

temperature and opened under atmospheric pressure. The mixtures were added drop-wise to Na-

LBen slurry (bentonite/water ration of 2g/0.1 L), until the reaction mixture/Na-LBen ratio 

reaches 20 mmol/g. Then the mixture was stirred continuously for 48 h at 60 ºC, after which the 

mixture was filtered and washed with deionized water until the chlorides were removed. Then, 

the samples were dried at 80 ºC and calcined at 400 ºC for 2 h. This sample is labeled as Al-Ce-

Na-LBen.  

Au/Na-LBen and Au/Al-Ce-Na-LBen catalysts were prepared by deposition-precipitation 

method with an aqueous of HAuCl4
.4H2O as gold precursor. 1 g of Na-LBen and Al-Ce-Na-LBen 

were mixed with 10 ml HAuCl4 solution separately. The suspension was constantly stirred at 70 

ºC for 2 h, and then 0.5 M NaOH solution was added to the suspension until the pH of the 

mixture became 8‒9. The suspension was then filtered and washed with large amount of 

deionized water until the chlorides were removed, dried at 80 ºC and calcined at 400 ºC for 3 h. 

Au-Al-Ce pillaring solutions were prepared by co-precipitation method and hydrothermal 

treatment, respectively. For the co-precipitation method, AlCl3
.6H2O, Ce(NO3)3

.6H2O and a 

certain amount of HAuCl4
.4H2O were firstly dissolved into water, with the Al/Ce molar ratios of 

20, and the Al3+ molar concentration of 0.5 M. A dilute NaOH solution (0.05 M) was added into 

the suspensions slowly until the ratio of OH-/metal reaches 2.6. The mixture was stirred at 70 ºC 

for 24 h. Then, the reaction mixture was added drop-wise to Na-LBen slurry (2 g/0.1 L), until the 

mixture/Na-LBen ratio reaches 20 mmol/g. Then the mixture was stirred continuously for 48 h at 
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60 ºC, filtered, washed with deionized water until the chlorides were removed, dried at 80 ºC and 

calcined at 400 ºC for 3 h. This sample is labeled as Au-Al-Ce/Na-LBen(CP). For the 

hydrothermal treatment, the AlCl3
.6H2O, Ce(NO3)3

.6H2O and HAuCl4
.4H2O solution and NaOH 

mixture was kept at 120 ºC in Teflon coated stainless steel pressure vessels for 24 h. Then, the 

mixture was added to the Na-LBen slurry (2 g/0.1 L), until the mixture/Na-LBen ratio reaches 20 

mmol/g and stirred for 24 h at room temperature. Then, the products were filtered, washed with 

deionized water until the chlorides were removed, dried at 80 ºC and calcined at 400 ºC for 3 h. 

This sample is labeled as Au-Al-Ce/Na-LBen(HT).  

2.2. Catalytic activity tests 

The catalysts were evaluated for the CO oxidation reaction with a micro-reactor (stainless steel 

U-shaped tube, 4 mm i.d.) under atmospheric pressure. The sample (100 mg) is placed among 

quartz sand. A K-type thermocouple was used to control the reaction temperature. The 

composition of the feed gas contains 3% CO, 3% O2 with N2 as carrier gas and a flow rate of 30 

ml/min, which corresponds to a gas hourly space velocity (GHSV) of 18,000 ml/ (g cat·h). The 

catalyst was reduced in situ under hydrogen flow (30 ml.min−1) at 150 ºC for 2 h before the 

reaction was performed. The reactants and products were analyzed on-line with a GC7890I gas 

chromatograph equipped with TDX-01 column and TCD with optimized working conditions of 

carrier gas flow rate at 35~ 42 mL/ min, column temperature at 80 ºC, injector temperature at 100 

ºC and detector temperature at 110 ºC. Before the products analysis, the reaction over the 

catalysts at each temperature was stabilized for 30 minutes to get steady data. 

2.3. Characterization 

  The contents of the catalysts were analyzed by ICP-AES(optima 5300DV, PE, USA) 

quantitative analyses (Au line 267.595 Å, plasma power 1200W, plasma flow 1.5 L/min). 
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  XPS characterization was carried out on a PerkinElmer PHI1600 system using a single Mg-K-

X-ray source operating at 300 W and 15 kV of voltage. The spectra were obtained at ambient 

temperature with an ultrahigh vacuum. The binding energies were calibrated using the C 1s peak 

of graphite at 284.5 eV as a reference. 

  XRD analyses were performed on a Bruker AXS D8Focus diffract meter instrument operated at 

40 kV and 40 mA with Cu target Kα-ray irradiation. Scans were collected over a range of 2θ 

from 2o to 90o with a speed of 2o/min.  

  The specific surface area, pore volume, and average pore diameter of the supports and catalysts 

were measured by BET methods using a Micromeritics ASAP2020C instrument. Before analysis, 

the samples were degassed for 1h at 90 ºC and 10h at 200 ºC in vacuum. 

  The morphologies of the samples were investigated by scanning electron microscopy (SEM, 

FEI Quanta 200F). 

  Transmission and high resolution transmission electron microscopic images were obtained on a 

JEOL JSM-2010 electron microscope. The powders were suspended in ethanol for about 10 min 

under ultrasonic treatment before been deposited on carbon-film-coated copper grids. The 

average gold particle diameter and its distribution were determined by counting more than 50 

particles. 

  FT-IR spectral data (KBr pellets) were collected in the range of 400-4000cm-1 on VARIAN 

2000 FT-IR. 

3. Results and discussion 

3.1. Characterization 

3.1.1 ICP and XPS 

The compositions of Au and Ce of the catalysts were characterized by ICP and XPS, and the 

results are shown in Table 1. For Au-Al-Ce/Na-LBen(CP), Au-Al-Ce/Na-LBen(HT) and Au/Al-
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Ce-Na-LBen, the real surface contents of Au characterized by XPS are less than that of ICP. It 

indicates that part of the Au nanoparticles has gone into the inter-layers of the bentonite. In 

addition, it is found the XPS results show that the surface contents of Ce in Au-Al-Ce/Na-

LBen(CP) is 0, v.s. 6.14% for the  Au-Al-Ce/Na-LBen(HT) sample. It suggests that Ce 

distributes on the surface of Au-Al-Ce/Na-LBen(HT). While, for Au-Al-Ce/Na-LBen(CP), Ce 

stays in the interlayers of the bentonite. 

3.1.2 XRD and BET 

X-ray diffraction was used to characterize the structures of the samples. XRD diagrams 

between 2o and 90o (2θ) of Au/Al-Ce-Na-LBen, Au/Na-LBen, Au-Al-Ce/Na-LBen(HT) and Au-

Al-Ce/Na-LBen(CP) are presented in Fig. 3. 2θ angles at about 19.88 and 26.78 belong to 

kaolinite and SiO2, respectively.32 It can be seen that the d(001) spacing of Na-LBen is 12.35Å, 

while the d(001) spacings of Au-Al-Ce/Na-LBen(HT) and Au-Al-Ce/Na-LBen(CP) are 14.19 Å 

and 14.04 Å respectively. Shifting of 2θ valuing from 7.350 to 6.290 clearly suggests expansion 

of clay layers during preparation. The d(001) spacing increased from 12.35 Å (Na-LBen) to 

12.51Å for Au/Al-Ce-Na-LBen in the present case, indicating the presence of ion substituted Al-

Ce pillaring solution as polymers. These sentences should be rewriten. In addition, it is found that 

the XRD diagrams of Au-Al-Ce/Na-LBen(CP) and Au-Al-Ce/Na-LBen(HT) show strong peaks 

of CeO2. On the contrary, the Au/Al-Ce-Na-LBen sample does not show the CeO2 peak. It 

indicates that the Ce aggregated into larger particles in Au-Al-Ce/Na-LBen(CP) and Au-Al-

Ce/Na-LBen(HT), while Ce was highly dispersed in Au/Al-Ce-Na-LBen.       

BET surface area, average pore volume, and average pore diameter for all the samples are 

shown in Table 2. It shows that the original Ben had a BET surface area of 35.5 m2/g, after the 

acid-activation, the LBen became 210.9 m2/g, it indicates the acid-activation process could 

increase the BET surfaces of the bentonite. While, direct ion-exchange process could reduce the 
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BET surface areas of the samples, as indicated by the BET surface area of Ben and LBen (35.5 

and 210.9) v.s. Na-Ben and Na-LBen (32.8 and 153.8 m2/g). In addition, it is found that the BET 

surface area of Na-LBen increases from 153.8 to 187.3 m2/g for Au-Al-Ce/Na-LBen(CP). It 

indicates that the pillaring process increases the BET surface area of the sampes,33 since the 

process creates regular porosity. However, the surface area of Al-Ce-Na-Lben decreased from 

179.7 to 168.1 m2/g for Au/Al-Ce-Na-LBen. This may because some of the Au nanoparticles go 

into the interlayers of the bentonite. 

3.1.3 TEM and SEM 

The TEM images of Au-Al-Ce/Na-LBen(CP) and Au/Al-Ce-Na-LBen are depicted in Fig. 4. It 

shows that bentonite has a layered structure and a two-dimension porous structure with small 

basal spacing. For Na-LBen the layers are obviously kept apart, obtaining large pore structures 

and the large d(001) spacing. It is reported that the intercalated polycations increase the basal 

spacing of the clays and, upon heating they are converted to metal oxide clusters by dehydration 

and dehydroxylation processes. These metal oxide clusters (pillars) between clay layers 

permanently keep apart the layers, generating an interlayer space of molecular dimensions.15,29 

Fig. 4(a) and 4(b) show that both Au-Al-Ce pillaring species and Au nanoparticles appeared as 

particles, in the diameter of 5–19 and 1–4 nm respectively. In adition, for the Au/Al-Ce-Na-

LBen, some of the Au nanoparticles entered the interlayers of bentonite. For the Au-Al-Ce/Na-

LBen(CP), the Au-Al-Ce pillaring species homogeneously dispersed in the interlayers of 

bentonite. 

SEM micrographs of Au-Al-Ce/Na-LBen(CP) and Au/Al-Ce-Na-LBen are illustrated in Fig. 5. 

It is shows that the Au-Al-Ce/Na-LBen(CP) sample has a uniform particles size. While, the 

particle sizes of Au/Al-Ce-Na-LBen are irregular. 

3.1.4 FT-IR 
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The FT-IR spectra of Al-Ce-Na-Lben, Na-Lben, Au-Al-Ce/Na-LBen(CP), Au-Al-Ce/Na-

LBen(HT), Au/Na-Lben and Au/Al-Ce-Na-LBen are shown in Fig. 6. The spectrum of Na-

LBen showed the characteristic bands in the range of 3300–3800 cm-1 presents the interlayer H-

bonded O–H, 1623 cm-1(H–O–H bending), 1037 cm-1, 1098 cm-1 (Si–O stretching), 521 and 465 

cm-1 (Si–O–Si and Si–O–Al deformation vibrations, respectively).24 Meanwhile, compared with 

pure Na-LBen, the characteristic peaks of other samples have some changes, due to the 

interactions between the supports and nanoparticles.   

3.2. Catalytic activity and stability tests 

The selectivity of the CO oxidation to CO2 is 100%. The yield of CO2 is equal to the CO 

conversion.  The catalytic performances of the prepared catalysts for CO oxidation are shown in 

Fig. 1. It should be mentioned that the clay without gold does not show any catalytic activity for 

the CO oxidation. Our results show that the activity of Au catalysts for CO oxidation highly 

depends on the type of supports and the preparation methods. In addition, the CO conversion 

increases as the temperature rises at low temperature. Fig. 1 shows that Au/Na-LBen acquires its 

best performance until the temperature reaches 330 oC. Au/Al-Ce-Na-LBen acquires its best 

performance until the temperature reaches 310 oC. Au-Al-Ce/Na-LBen(CP) could reach its best 

performance at 200 oC (the turnover number of the CO oxidation over Au-Al-Ce/Na-LBen(CP) 

catalyst is 2.15×1016/s·m2 for 100% CO conversion.), v.s. 240 oC for  Au-Al-Ce/Na-LBen(HT) 

and 310 oC for Au/Al-Ce-Na-LBen. It indicates that Au-Al-Ce pillaring species and the co-

precipitation method contribute to the high CO conversion activity of the catalysts.  

Some experiments reported that the gold nanoparticles could catalyze the CO oxidation 

reaction at lower temperature.4,9,34 It should be noted that the catalytic performance of Au is 

defined by three major factors10: contact structure, support selection, and particle size, the first of 

which being the most important because the perimeter interfaces around Au particles act as the 
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site for reaction. The sizes of the gold particles of the Au-Al-Ce/Na-LBen(CP) catalyst are as 

small as the reported work, while the contact structure and support interaction are different, 

which may contribute to the activity of the catalyst.  

Except for the activity, the stability of the catalyst is another important factor to evaluate the 

catalytic performance. Fig. 2 shows the durability tests of CO oxidation for the Au-Al-Ce/Na-

LBen(CP) and Au/Al-Ce-Na-LBen. The reaction temperature for Au-Al-Ce/Na-LBen(CP) and 

Au/Al-Ce-Na-LBen are 170 oC and 290 oC, repectively, which obtained ~80% CO conversions. 

Fig. 2 shows that no obvious deactivation was observed for the Au-Al-Ce/Na-LBen(CP) catalyst 

during the 60 h’s evaluation. While, the CO conversion over the Au/Al-Ce-Na-LBen decreases 

from 80% to 60% in 60 h’s evaluation. It indicates that the Au-Al-Ce/Na-LBen(CP) shows much 

better stability than Au/Al-Ce-Na-LBen. 

Furthermore, we tried to stop the CO oxidation reaction over the Au-Al-Ce/Na-LBen(CP) 

catalyst and restart the reaction after the reactor was cooled to room temperature. It shows that 

Au-Al-Ce/Na-LBen(CP) catalyst could perform as well as the first run. 

4. Conclusions 

Au/Na-Lben, Au-Al-Ce/Na-LBen(HT)， Au-Al-Ce/Na-LBen(CP) and Au/Al-Ce-Na-LBen 

catalysts are synthesized using hydrothermal and co-precipitation methods for CO oxidation 

reaction. It is found that Au-Al-Ce/Na-LBen(CP) and Au-Al-Ce/Na-LBen(HT) have better 

catalytic activity and stability than Au/Na-Lben and Au/Al-Ce-Na-LBen. The samples were 

characterized using XPS, XRD, BET, TEM, SEM and FT-IR. XPS analysis found that Ce oxide 

distributes on the surface of Au-Al-Ce/Na-LBen(HT), while stays in the interlayers of the 

bentonite for the sample Au-Al-Ce/Na-LBen(CP). In addition, the gold nanoparticle could move 

into the interlayer spaces of bentonite, which contributes to the high stability of the Au-Al-
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Ce/Na-LBen(HT), Au-Al-Ce/Na-LBen(CP) samples. The XRD characterization indicates that the 

pillaring process could increase the d(001) space of the bentonite since the Ce and Au species 

could move into the interlayer space of the bentonite. The BET results show that the acid-

activation process obviously increases the surface area of the bentonite, while the pillaring 

process increases the surface area of the samples slightly. The TEM results indicate that the Au-

Al-Ce pillaring species homogeneously dispersed in the interlayer of bentonite for Au-Al-Ce/Na-

LBen(CP). SEM micrograph shows that the Au-Al-Ce/Na-LBen(CP) sample has a uniform 

particles size, while, the particle sizes of Au/Al-Ce-Na-LBen(24h) are irregular. The FTIR results 

show that, compared with Na-LBen, some new peaks emerged for the samples with Au, due to 

the interaction between the supports and nanoparticles. 
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Fig.1. Reaction performance of the catalysts for CO oxidation 
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Fig. 2. Time-on-stream evolution of the catalyst for CO conversion 
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Fig. 3. XRD patterns of the catalysts. a. Au/Al-Ce-Na-LBen, b. Au/Na-LBen, c. Au-Al-

Ce/Na-LBen(HT), d. Au-Al-Ce/Na-LBen(CP) 
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Fig. 4. TEM images of the catalysts (a) and (c)Au-Al-Ce/Na-LBen(CP) (b) and (d)Au/Al-

Ce-Na-LBen 
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Fig. 5. SEM images of the catalysts (a)Au-Al-Ce/Na-Lben(CP) (b)Au/Al-Ce-Na-LBen 
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Fig. 6. FT-IR spectra of the catalysts. a. Al-Ce-Na-Lben, b. Na-Lben, c. Au-Al-Ce/Na-

LBen(CP), d. Au-Al-Ce/Na-LBen(HT), e. Au/Na-Lben, f. Au/Al-Ce-Na-LBen   
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Table 1. The real contents of Au and Ce were measured by ICP and XPS 

Sample 
ICP XPS 

Au(%) Ce(%) Au(%) Ce(%) 

Au/Na-LBen 0.01 / 0.04 / 

Au/Al-Ce-Na-LBen 0.32 0.018 0.11 3.23 

Au-Al-Ce/Na-LBen(CP) 0.39 0.0087 0.18 0 

Au-Al-Ce/Na-LBen(HT) 0.36 0.011 0.16 6.14 
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Table 2. BET surface area, pore volume and average pore size of the catalyst supports 

and catalysts 

 

 

 

 

 

Sample 
Average pore diamete 

(nm) 

Pore 

volum(cm3/g) 
SBET(m2/g) 

Ben 6.68 0.059 35.5 

LBen 4.23 0.223 210.9 

Na-Ben 7.07 0.058 32.8 

Na-LBen 4.61 0.177 153.8 

Al-Ce-Na-LBen  9.02 0.405 179.7 

Au/Al-Ce-Na-LBen  9.72 0.408 168.1 

Au-Al-Ce/Na-LBen (HT) 11.6 0.449 154.1 

Au-Al-Ce/Na-LBen (CP) 4.46 0.209 187.3 
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