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Abstract Mesoporous TiO2 whisker was loaded with gold

(denoted as Au/T(t), t represents the calcination temperature

of support) by deposition-precipitation with urea (DPU) and

then used in low-temperature CO oxidation. Disparate

morphologies were obtained for the gold deposited on dif-

ferent TiO2 whisker samples while the particle sizes were in a

similar range. The better performance of Au/T(600) than

Au/T(300) was attributed to the increased contacting area of

gold/titania and the strong interaction between gold and

well-crystallized suppot surface.

Keywords Gold � Mesoporous TiO2 whisker �
CO oxidation � Catalyst

1 Introduction

Gold catalysis has become a rapidly developing topic in

chemistry these years in view of its potential applications in

CO oxidation [1] and other important reactions [2–4].

Although it is generally agreed that the catalytic activity of

gold catalysts depends on the particle size of deposited gold,

the nature of the catalyst support has played an important role

[5]. Because of high reactivity and possible strong metal

support interaction (SMSI) effects [6], titania is thought to be

the most prominent one among several supports and com-

mercial titania such as P25 (Degussa AG) is mostly used as

the support of Au/TiO2 catalyst. These titania supports

mainly consist of nonporous particles and own rather low

surface areas, however, mesoporous titania materials which

can offer large surface areas and proper nano-scale channels

are very suitable to act as support of the nano-gold catalysts

for its obvious quantum effect. Nevertheless, the low thermal

stability, elaborate synthetic procedures and more impor-

tantly the low crystallinity together result in unstable

catalytic performances which prevent the mesoporous titania

from being a qualified gold catalyst support. In our earlier

work, a mesoporous titania was synthesized using a novel

template-free method [7]. The mesoporous titania owned not

only a high thermal stability [7] (a high specific surface area

of 139 m2/g was maintained after calcination at 500 �C for

2 h) but also a same crystallographic orientation for all

composed titania nanoparticles [7]. Besides, the mesoporous

titania support has a special whisker morphology, which was

thought to come out widely different catalytic performances

[8–11]. For example, disparate catalytic activities were

obtained for CeO2 nanorods and nanoparticles [8, 9], TiO2

nanofibers [10] and porous a-Fe2O3 nanorods [11] when used

as the support of gold catalyst. Our recent study also showed

that the Pt-doped TiO2 whisker catalyst had a high activity in

photocatalytic degradation of organics [12–15] which

directly indicates the application potential of TiO2 whisker

as an excellent catalyst support of noble metals. In the

present paper, the TiO2 whisker is firstly loaded with gold by

homogeneous deposition-precipitation method and tested in

the low-temperature CO oxidation reaction to investigate its

suitability of acting as gold catalyst support.

2 Experimental

2.1 Preparation of TiO2 Whisker Support and Catalysts

TiO2 whisker was prepared following the procedure:

Potassium dititanate whisker (K2Ti2O5) was synthesized
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first as our previous works [16]. The dried acid-washed

protonic titanate was obtained [7] and then calcined at 300

and 600 �C, respectively, for 2 h to get two TiO2 whisker

samples. Gold (1.0 wt%) was deposited on as-synthesized

TiO2 whisker samples by DPU method. In a typical pro-

cedure, excess urea (3.78 g) was dissolved in 150 mL of

0.52 mmol/L HAuCl4 solution at room temperature. About

1.5 g titania support was then added into the yellow solu-

tion, the resulting mixture was heated at 80 �C for 2 h

under vigorous stirring. The suspension was then cooled

down and filtered, followed by washing several times with

distilled water. The solid product was oven-dried at 60 �C

for 12 h and calcined at 300 �C for 2 h in static air before

activity evaluation. For comparison, commercial titania

(P25, Degussa Co.) was loaded with gold following the

same procedure. ICP-AES results showed that the gold

loadings were 1 wt% for all the prepared catalysts.

2.2 Catalyst Characterization

TiO2 whisker support together with the precursor potassium

dititanate whisker and intermediate ion-exchange product

were all characterized by X-ray diffraction (Bruker D8),

CuKa radiation with a nickel filter was used, operating at

40 kV and 30 mA. The morphology and structure of the

samples were investigated using scanning electron micro-

scope (SEM, FEIQUANTA-200) and transmission electron

microscope (TEM, JECS-2100). The textural properties were

studied by N2 adsorption–desorption measurements at liquid

nitrogen temperature (BELSORP II-mini). Before analysis,

the samples were degassed for 2 h at 150 �C in vacuum.

2.3 Catalytic Activity Tests

The reactions were carried out in a fixed-bed reactor using

50 mg gold catalyst for each sample. The reactant gas

(1 vol.% CO and 1.98 vol.% O2 balanced with helium) was

admitted at a flow rate of 20 mL/min, corresponding to a

space velocity of 24 Lh-1gcat
-1. The flow rate of reactant

gas was monitored by mass flow controllers. The temper-

ature was controlled by a thermocouple placed inside the

catalyst bed. The effluent gas was analyzed with an

HP-6890 gas chromatograph equipped with a thermal

conductivity detector (TCD) and a molecular 139 column

using helium as the carrier gas.

3 Results and Discussion

3.1 Structural Properties of the Catalysts

The phase constitutions of TiO2 whisker and its precursors

were shown in Fig. 1. The (001) peak was the strongest

peak in the XRD pattern of potassium titanate precursor

and the intensity of the (111) peak was only about one-fifth

that of the (001) peak, which corresponded with the ori-

ented growth of K2Ti2O5 [17]. After K? was totally

removed by acid washing, the product was composed of

titanate H2Ti2O5 � H2O (JCPDS 47-0124) which was con-

firmed by the peaks at 2h = 9.7� and 24.1�. Further

investigation showed that all the diffraction peaks for the

Au/T(t) samples can be indexed to (101), (004), (200),

(105) and (211) peaks, corresponding to anatase type TiO2

(JCPDS 21-1272). No rutile type TiO2 were detected for

Au/T(600), indicating an high phase stability of the anatase

type titania support. The XRD patterns also displayed no

gold peaks which might be attributed to the high dispersion

of gold and/or the very low gold loading. Moreover, the

relative intensity of the (101) plane for TiO2 whisker was

much higher compared with that for commercial titania

P25. According to the literature [18], the preferential

exposed plane determined by the shape of the particles

should be the reason.

N2 adsorption–desorption isotherms of the mesoporous

titania whisker samples were shown in Fig. 2a. The ion-

exchanged protonic titanate had a lower N2 adsorption

amount than its two calcined products and its isotherm was

typical of type I, indicating the protonic titanate being a

microporous material. The calcination temperature con-

siderably influenced the isotherms. The isotherm of T(300)

was a combination of type I and IV with two distinct

regions: at low relative pressures, the isotherm exhibited

high adsorption, indicating that T(300) contained microp-

ores, at high relative pressures from 0.45 to 0.95, the

isotherm had hysteresis loop of type H4, indicating the

presence of mesopores in T(300). Therefore, T(300) sam-

ple was a micro-mesoporous material. However, after

calcined at 600 �C, the isotherm shape was converted to
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Fig. 1 XRD patterns of (1) potassium titanate precursor, (2) ion-

exchanged product, (3) Au/T(600), (4) Au/T(300). (5) K2Ti2O5, (s)

H2Ti2O5�H2O, (h) anatase
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the one of type IV, indicating the disappearance of mi-

cropores and the formation of pure meso-structure during

the calcination. These results were also proved by the pore

size distributions of these samples calculated by applying

the BJH approach to the desorption branches of the cor-

responding isotherms, as shown in Fig. 2b.

Although the pore size distributions of all the samples

were relatively narrow, they were widely different from

each other. Table 1 summarized the physical properties of

the samples. Higher calcination temperatures resulted in

both lower BET areas and larger BJH pore diameters.

Specifically, the BET area of the T(600) sample was

59 m2/g, slightly higher than commercial P25 (50 m2/g),

indicating a high thermal stability. And no evident differ-

ence was observed after loading gold for the structural

properties of both Au/T(t) samples which meant that the

micro or meso-scale structures of the samples were all well

preserved.

Scanning electron microscopy (SEM) images of Au/T(t)

samples were shown in Fig. 3a, b. The morphologies in the

micrometer scale of TiO2 whisker were well preserved

after loading gold. Most of the products in ‘‘a’’ and ‘‘b’’

were whiskers with uniform size and good whisker mor-

phology, their average diameters were 0.3, 0.6 lm

respectively and their average lengths were all [5 lm. A

deep insight into the fine structure of Au/T(t) samples can

be obtained by TEM observations. Figure 3 (a1, b1)

showed the larger scale TEM images which revealed that

the nanoparticles were undoubtedly deposited on the
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Fig. 2 N2 adsorption–desorption isotherms a and pore size distribu-

tions b of H2Ti2O5 � H2O and T(t) samples

Table 1 Chemical component and physical properties of the samples

Sample Crystal

phase

BET surface

area/m2/g

BJH pore

diameter/nm

Pore

volume/

cm3/g

P25 Anatase ?

Rutile

50 – –

H2Ti2O5 � H2O – 237 3.3 0.08

T(300) Anatase 143 3.7 0.24

Au/T(300) Anatase 141 3.9 0.24

T(600) Anatase 59 11.0 0.23

Au/T(600) Anatase 55 11.0 0.24

Fig. 3 SEM a, b and TEM images (a1, a2, b1, b2) of Au/T(300) (a,

a1, a2) and Au/T(600) (b, b1, b2) after calcination at 300 �C (2 h,

Static Air)
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supports. Another obvious phenomenon was that the sup-

ports owned two widely different surface morphologies.

Specifically, the surface of Au/T(600) was much rougher

than that of Au/T(300), and it was also revealed that the

support material of Au/T(600) was composed of close-

packed bright spots of 5–15 nm in diameter which could be

corresponded to the mesopores of the titania support

regarding its pore size data listed in Fig. 2 and Table 1.

Similar to Au/T(600), a few less brighter spots also existed

on the surface of T(300) which was consistent with the

microstructural transformation in the dehydration process

of the protonic titanate. Noting that the protonic titanate

(H2Ti2O5 � H2O) was composed of massive micropores

and owned a high surface area, the growth of TiO2 crys-

tallites was accompanied with the collapse of the

micropores which resulted in the increase of pore diameter

and the decrease of specific surface area.

Although the specific surface area of T(300) was much

higher than that of T(600) as mentioned above, the gold

nanoparticles were not as well-dispersed as expected on

T(300). Remarkably, similar gold particle size distributions

of Au/T(t) samples were observed with a gold particle size of

8.5–13.5 and 6.5–11.5 nm for Au/T(300) and Au/T(600)

respectively, which was much larger than those obtained in

the literatures [19, 20]. That must be attributed to the dif-

ferent preparation conditions. And it was difficult to find a

large number of gold particles due to the low gold loading or

more probably the poor gold dispersions. Interestingly, these

two gold particle sizes were very similar to the BJH pore

diameter of T(600) and distinctly larger than that of T(300)

(shown in Table 1). Moreover, it was found that each gold

nanoparticle was embedded in one mesopore (bright spots in

Fig. 3b1) of the T(600) support. This special way of com-

bination must increase the contacting area between gold

nanoparticles and the T(600) support, which was usually

thought to be crucial to the catalytic activity. Claus and co-

workers found that the support influences the morphology of

the gold nanoparticle: more-rounded gold particles were

present on TiO2, while highly faceted particles were present

on ZrO2 [21]. In this work, HRTEM images (Fig. 3a2, b2)

furthermore revealed different gold particle morphologies

on the two supports. For gold particles on T(300), a rather

rounded morphology was observed while the particles pre-

sented a highly faceted hexagonal shape on T(600). This

might be attributed to the stronger interaction between gold

nanoparticles and T(600) support than that on T(300).

Though the periphery of the particle bounded on the support

was not clearly visible in Fig. 3b2, it was these peripheral

atoms that were responsible for the activation of dioxygen in

the catalytic process. In addition, the titania whisker support

owned a well crystallized structure with the lattice fringe

corresponding to a d spacing of 0.62 nm (Fig. 3b2), which

might be beneficial to its catalytic performance.

3.2 Catalytic Activity of the Prepared Catalysts

The catalytic activity of the Au/T(t) catalysts in low tem-

perature CO oxidation reaction, measured in the

temperature range of 20–160 �C, was presented in Fig. 4.

Au/T(600) owned the best catalytic activity among all the

prepared gold catalysts including Au/P25. Specifically, the

100% CO conversion for Au/T(600) was reached at 80 �C

while 120 �C was needed for Au/T(300). Additionally, it

could be found that T50% (temperature for 50% conversion)

for Au/T(300), Au/T(600) and Au/P25 catalysts were about

50, 30 and 40 �C respectively, indicating a same activity

order. There is no doubt that a high surface area will be

beneficial to the dispersion of gold particles, but the highest

activities were often obtained with supports having mod-

erate surface areas [22]. In our experiments, TiO2 whisker

with a higher surface area did not come out a better per-

formance, which had no conflict with literature’s result

[22]. To find out the reason of this phenomenon, other

factors related to the nature of support such as surface

roughness, degree of crystallinity and pore size distribution

were took into consideration. All of these factors affect the

size and shape, the electronic states of deposited gold

particles, which further influence the catalytic perfor-

mance. For example, Wang et al. [23] ascribed the

enhanced catalytic activity of the Au/MnO2 catalyst to the

surface oxygen vacancies resulting from the strong inter-

action between Au and the MnO2 support. Yan et al. [24]

found that brookite supported gold catalyst showed a

higher stability against sintering compared with anatase,

which resulted from the unique surface properties of

brookite. In the present work, the mesopores of T(600)

provided plenty of anchoring sites for gold nanoparticles

which were different from the situation of T(300),
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considering the gold particle size and the pore diameter of

support. Noting that the TiO2 whisker can maintain its

anatase polymorph after calcination at 600 �C, a high

crystallinity titania surface was obtained in the meantime,

which could be confirmed by the HRTEM image

(Fig. 3b2). To the best of our knowledge, the synthesis of

stable titania with high crystallinity and large surface area

is still a challenge, the mesoporous titania whisker might

be a good support for noble metals. Our result also showed

that strong interactions might exist between gold nano-

particles and the well-crystallized support surface of Au/

T(600), which resulted in a higher faceted gold morphol-

ogy compared with Au/T(300). Moreover, we can also

imagine that the mesopores of T(600) were crucial to sta-

bilize the nanoparticles and also to enlarge accessible

interface area for the similar pore size with the deposited

gold particles. This hypothesis could be easily confirmed

by introducing an accepted fact: The higher activity

observed with the Au/TiO2 catalysts was associated with

the more-rounded morphology of the particles accompa-

nied by a higher relative amount of low-coordinate surface

sites [25]. Catalyst with more-rounded gold nanoparticles

was less active than that with faceted gold particles in this

work. Considering the very similar gold particle sizes, the

most reasonable explanation of the catalytic performances

was that the available interface area of Au/T(300) was

distinctly smaller than that of Au/T(600) due to the

improper pore size. Besides activity, the thermal stability

should be another important factor for application. The

high anatase stability of TiO2 whisker might enhance the

durability of the catalyst. Moreover, the titania support

with the special whisker morphology studied in this work

might exhibit some good properties in other fields, which is

still under investigation.

In summary, we have successfully prepared Au/T(t)

catalysts by DPU method using mesoporous TiO2 whisker

calcined at different temperatures as supports. The struc-

tural properties of the mesoporous TiO2 whisker changed

obviously with the calcination temperature. Totally dif-

ferent gold particle morphologies were obtained on the two

different TiO2 whisker supports while the gold particle

sizes were similar. The catalytic tests show that the gold

supported on T(600) is much more active than that on

T(300), which is attributed to the increased contacting area

of gold/titania and the collaborative effects resulting from

the strong interaction between gold nanoparticles and the

well crystallized support surface.
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