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Abstract

Gold nanoparticles were first supported on protonic titanate nanotubes with the formation of Au/titanate nanocomposites. They were further
transformed to Au/titania nanocomposites via an acetic acid treatment at 70 °C for 60 h. The porosity, crystal structure and morphology of those
composites have been studied by X-ray diffraction (XRD), High-resolution transmission electron microscope (HRTEM), and low-temperature
nitrogen adsorption. Catalytic tests for CO oxidation show that the Au/titanate nanocomposites had a promising activity with complete conversion
of CO at 70 °C and that of Au/titania was at room temperature (25 °C). Both catalysts exhibited good thermal and long-term stabilities. The influence
of the crystal vacancies and surface properties of the titanate and titania supports on the catalytic activities were evaluated.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Since the discovery of layered titanate nanotubes several
years ago [1], intense interests have been focused on their for-
mation mechanisms and crystalline structures [2—4]. Because of
their high surface area, uniform nanotubular morphology, strong
ion-exchange ability, those protonic titanate nanotubes have
shown wide application in the fields of hydrogen sensors [5],
hydrogen storage materials [6], Li ion batteries [7,8], enzymatic
immobilization for bio-sensors [9,10], electrochromism [11],
solar cell photosensitizers [12] and catalyst supports [13—15].
Recently, Zhu et al. demonstrated that this kind of nanostruc-
tures could be easily converted into titania which is one of the
most important industrial metal oxides through a simple wet
chemical process [16]. Our group discovered that Ni/titanate
and Ni/titania can be obtained through ion-exchange method at
different reduction temperatures by hydrogen flow, and stud-
ied their photocatalytic and magnetic properties [17]. Bavykin
et al. reported the stability and phase transition of the titanate
nanotubes in acidic, neutral, and basic aqueous suspensions [18].
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Nanosized gold particles or clusters exhibited high activ-
ities for selective oxidation of hydrocarbons, water—gas shift
(WGS) reaction, preferential oxidation of CO (PROX reaction),
and selective epoxidation, when they were highly dispersed
on oxide supports [19-21]. A series of metal oxides including
TiO; [22-25], ZnO [25-27], Fe,03 [28,29], MgO [30], Al,O3
[25,31], ZrO, [25,32] and CeO; [27,33,34] were successfully
utilized as the supports to load gold nanoparticles and/or clus-
ters for the CO low-temperature catalytic oxidation. Several
kinds of non-oxide supports of gold nanoparticles and/or clus-
ters, including LaPO4 nanoparticles [35], MeCOj3 carbonates
(Me=Ca, Sr, and Ba) [36], MeCr;0O4 spinels (Me=Co, Mn,
Fe, Mg, and Cu) [37], and carbon materials [38,39] were also
explored for the CO oxidation reaction. Experimental and the-
oretical results show that the catalytic activity closely depends
on the preparation method, pretreatment condition, gold parti-
cle diameter, support structure, metal-support interaction, and
so forth [30,31,40—42]. Despite many studies on gold-based CO
low-temperature catalytic oxidation, however, there is still no
clear picture with respect to the origin of the catalytic activ-
ity, and many experimental results and proposed mechanisms
are diverse or even contradictory. Therefore, further study is
of great importance to obtain a lucid understanding of this
reaction.
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In the present study, we report the preparation of gold
nanoparticles supported on protonic titanate nanotubes (abbre-
viated as Au/titanate) first, and subsequently via an acetic acid
thermal treatment the Au/titanate catalysts were transformed
into the other kind of nanocomposites, which was composed
of gold nanoparticles supported on titania nanocrystals (abbre-
viated as Au/titania). The catalytic activity for CO oxidation
was studied. The Au/titanate nanocomposites had a promising
activity with complete conversion of CO at 70 °C and that of
Au/titania was at room temperature (25 °C). Titanate nanotubes
using as catalyst supports for esterification [13], selective oxi-
dation of alcohols by oxygen [14], and water—gas shift reaction
were reported [15]. However, no investigation on this support for
the CO oxidation has been reported up to now. Here it needs to
make clear that the catalysts for CO oxidation reported by Zhu et
al. recently are Au/titania but not Au/titanate, which can be dis-
tinguished clearly by their sample XRD patterns. Their resulted
titania (anatase phase) from the titanate precursor maintained
the original one-dimensional morphology mostly [43,44]. More-
over, due to unique structural features of the titanate compared
to that of titania [45,46], the correlation of the support characters
between titanate and titania associated with gold-based catalysis
for CO oxidation has been considered.

2. Experimental
2.1. Preparation

Titanate nanotubes were prepared under hydrothermal condi-
tions based on Kasugaetal. [1]. 2.0 g of commercial anatase-type
titanium oxides were added to 80 mL of 10 M NaOH solution
under vigorous stirring. The solution was placed in a PTFE-
lined stainless steel autoclave and heated to 130°C kept for
72h. To gain protonic titanate nanotubes the white powdery
sodium titanates were first washed with dilute hydrochloric acid
for 2h and then with de-ionized water three times to remove
Na* ions. After filtration the as-prepared hydrogen titanate nan-
otube samples were dried in a furnace at 80 °C for 48h. 2.0¢g
of protonic titanate nanotubes were added to 80 mL of 5.0 and
2.0mM HAuCly solutions, respectively, stirred magnetically
under exclusion of light for 24 h. The suspensions were washed
with de-ionized water till the absence of C1~ ions and recovered
by filtration. The samples were dried at 80 °C and reduced under
a gas flow of 5vol% Hj in N» for 2h at 200 °C, leading to the
formation of Au/titanate nanocomposites. A mount of the dark
Au/titanate samples were added in an acetic acid solution with
pH value of 1.5 in a reflux glass bottle, heated to 70 °C and kept
for 60 h under magnetically stirring. The resulted brown precipi-
tate was washed with de-ionized water and ethanol several times
to remove CH3COO™ ions and recovered by centrifugation. The
solids were dried at 80 °C for 16 h and the Au/titania catalysts
were fabricated.

2.2. Characterization

X-ray diffraction (XRD) patterns of the as-synthesized
products were collected on a Rigaku D/MAX-2250V diffract-

meter using Cu Ka radiation (wavelength A =0.15147 nm).
High-resolution transmission electron microscope (HRTEM)
measurements were performed on a JEM-2010 electron micro-
scope equipped with an energy-dispersive X-ray spectroscopy
(EDX) using an accelerating voltage of 200kV for the analyses
of gold contents of the catalysts. The samples were outgassed
for 12 h at 240 °C to remove loosely adsorbed species. The BET
surface areas and BJH pore distributions of the samples were
measured using nitrogen adsorption on a Micromeritics ASAP
2020 instrument.

2.3. Catalytic reaction assays

Catalytic activities for the CO oxidation were measured
in a quartz fixed-bed flow reactor under a gas mixture of
1.0vol% CO in dry air at a flow rate of 44.6 mL/min, cor-
responding to a space velocity of 26.76 Lh~ g ! (using
100mg catalyst). Prior to the measurements, all samples
were in situ pretreated with an air stream at 200°C for
1h. The temperature was controlled by a thermocouple
placed near the sample. The effluent gas was on-line ana-
lyzed with an HP-6890 gas chromatograph equipped with a
thermal conductivity detector (TCD) and a molecular 13X col-
umn.

3. Results and discussion

3.1. Preparation, morphologies and structures of
Au/titanate and Au/titania nanocomposites

The as-prepared protonic titanate nanotubes had uniform
morphology and end-open tubular structure with outside and
inside diameters of 10 and 4 nm, respectively, and interlay-
ered space of 0.78 nm (Fig. 1a) based on the HRTEM analyses.
Fig. 1b demonstrates the titania nanocrystals transformed from
the protonic titanate nanotubes via an acetic acid hydrothermal
treatment at 70 °C for 60 h.

EDX analyses show that the gold contents of Au/titanate
and Au/titania nanocomposites were 2.60 (5.99) and 2.57
(5.91)wt%, respectively, which were prepared in the 2.0
(5.0)mM HAuCly precursor solutions. Fig. 1c shows the
resulted 5.99 wt% Au/titanate nanocomposites. After stirring
and thermal treatments the supports kept their original struc-
ture basically and the Au nanoparticles were formed mainly
with main size distribution of 2—-5 nm and individual about 8 nm
Au particles adjacent to the support margins. In a higher mag-
nification TEM image (shown in Fig. 1d), one can observe
that some of Au nanocrystals were spherical with the others
elongated under the restriction of the support channels. The
Au nanoparticles are supposed to be dispersed adhered to the
inner- and outer-wall of the titanate nanotube supports. Hydro-
gen flow reduction method was chosen to prepare the nanosized
gold particles. So, this method is helpful for the dispersion of
gold nanoparticles both inside and outside the support tubes
and enhancement of the interface areas between the metal
and support, which are considered as reaction centers for CO
oxidation.
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Fig. 1. HRTEM images of protonic titanate nanotubes (a), titania nanocrystals (b), 5.99 wt% Au/titanate (c) and (d) with different zooms, and 5.91 wt% Au/titania

(e) and (f) with different zooms.

Representative images of the 5.91 wt% Aul/titania nanocom-
posites are shown in Fig. 1e and f. A size growth of gold from the
original 2-5 nm to the current 3—7 nm was observed and all of
the Au particles were almost spherical, surrounded by the titania

nanocrystals. Clearly, in this case Au particles are well encircled
by the titania nanocrystals and there are sufficient interface con-
tacts between the metal and support, which will be beneficial to
the CO oxidation reaction. XRD analyses confirmed the phase
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Fig. 2. Nitrogen adsorption—desorption isotherms of 5.99 wt% Aul/titanate (a),
2.60 wt% Aultitanate (b), 5.91 wt% Au/titania (c), and 2.57 wt% Au/titania (d).
The insets are the BJH desorption pore size distributions of these samples.

transition correspondingly, where the transformed titania was
totally anatase phase (see supplementary material, Figures sl
and s2).

Low-temperature nitrogen adsorption isotherms provide
detailed information on the surface area, pore volume and
pore size distribution of the samples. Fig. 2 displays the nitro-
gen adsorption—desorption isotherms (77 K) of the 5.0mM
Au/titanate (curve a) and the resulted Au/titania (curve c),
2.0 mM Auv/titanate (curve b) and the resulted Au/titania (curve
d), respectively. The insets show the BJH desorption pore size
distributions of those samples, correspondingly. The Au/titanate
samples have the typical IV nitrogen adsorption isotherm curves
based on the IUPAC classification. The BET surface areas
decrease from 153 to 142 m?/g along with the increase of gold
contents from 2.60 to 5.99 wt% on the titanate supports. Both
of them have two kinds of distinctive mesopores which range at
2.5-3.2nm and 10-20 nm, respectively. Clearly, the pore struc-
ture positioned at 2.5-3.2 nm is associated with the inside pore
diameters of the support titanate nanotubes, which decreased a
little compared to that of the pure titanate nanotubes positioned
at 3.5-4 nm. This result also confirms the incorporation of Au
particles into the inner pores of the titanate nanotubes. Another
pore size distribution positioned at 10-20 nm is correlated to the
stacks of the tubes which similarly existed in pure titanate nan-
otubes [47]. The Au/titania nanocomposites also demonstrated
a type 1V isotherm with a sharp step characteristic of capillary

Table 1

Textural parameters of Au/titanate and Au/titania materials

Samples BET surface Pore volume BJH desorption
area (m2/g) (cm?/g) pore size (nm)

5.99% Au/titanate 142 0.447 2.5-3.2,10-20

2.60% Au/titanate 153 0.471 2.5-3.2,10-20

5.91% Aul/titania 164 0.267 5-10

2.57% Aultitania 193 0.292 5-10

condensation of nitrogen and the BET surface area decreased
from 193 to 164 m?/g along with the increase of gold contents
from 2.57 to 5.91 wt% in the titania supports. There is a rela-
tively narrow desorption pore size distribution at 5-10 nm for
the Au/titania samples induced by the self-aggregation and self-
accumulation of the gold and titania nanocrystals, which can be
observed from the microscopic images in Fig. le and f. These
parameters for the above-mentioned samples are summarized in
Table 1.

3.2. Catalytic activity

The catalytic activities for CO oxidation by O, over these
samples have been investigated with the increase of reaction
temperatures. Fig. 3 shows the light-off curves of the 5.99 wt%
Au/titanate catalysts as-prepared and after calcination in air for
2 h at 300 and 500 °C, respectively. The fresh Au/titanate sam-
ple exhibits a high activity with CO conversion of 78% at 20 °C
and complete oxidization at 70 °C. After calcination treatment
at 300 °C no obvious change of catalytic activities has been
observed. The activities of the sample calcined at 500 °C have
partly decreased with a complete conversion of CO over the
temperature of 130 °C. The main reason is assigned to the gold
particles growth during the high-temperature treatment, which
can be reflected by the XRD patterns. At the same time the XRD
diffraction peaks of the support shift slightly to high angles,
owing to a severe interlayered dehydration and possible lat-
tice distortion of the titanate nanotubes during this process (see
supplementary material, Figure s3). Fig. 4 shows the light-off
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Fig. 3. CO conversion as a function of reaction temperature over 5.99 wt%
Au/titanate catalysts, fresh and calcined at different temperatures.
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Fig. 4. CO conversion as a function of reaction temperature over 5.91 wt%
Aul/titania catalysts, fresh and calcined at different temperatures.

curves of the 5.91 wt% Aul/titania catalyst as-prepared, in situ
calcined in air stream with flow rate of 50 mL/min at 200°C
for 1h, calcined in air for 2h at 300 and 500 °C, respectively.
It is noteworthy that the catalytic activities of the Au/titania
catalyst after calcination in air stream at 200 °C have a large
enhancement compared to that of the Au/titania fresh sample.
This result is different from that of the Au/titanate sample, which
has no clear activity change before and after such a pretreatment
process (without giving this activity curve since a large overlap
with the activity curve of fresh sample in Fig. 3 for the sake
of brevity). The origin of this phenomenon may be attributed to
the adsorbed acetic molecules on the Au/titania catalyst surfaces
during the transformation of the Au/titanate via an acid treatment
and the consequent combustion of these organic species in air
stream [25]. The room-temperature complete conversion of CO
catalyzed by the activated Au/titania sample is stable at 300 °C
and the activity loss is not very severe even after calcination
at 500 °C, in agreement with the trend of the Au/titanate sam-
ple. The drop of the activity is related to the growth of the gold
nanoparticles and titania nanocrystals, reflected by the XRD pat-
terns which show sharper diffraction peaks for both of gold and
titania phases after this calcination treatment (see supplementary
material, Figure s4).

Catalytic activities over the 2.60 wt% Au/titanate and
2.57 wt% Au/titania samples have also been checked. Compared
to the Au/titanate and Au/titania with higher gold contents, these
catalysts are less active (as shown in Fig. 5). In fact, we did not
observe apparent size variation of gold particles of the catalysts
with different gold contents. Thus, samples with high gold con-
tent (from 5.0 mM HAuCly precursor) possess more active areas
than that of the samples with low gold content (from 2.0 mM
HAuCly precursor). We speculate they should be responsible
for the differences in activity for both Au/titanate and Au/titania
systems.

The catalyst activity data are summarized in Table 2, com-
pared with some previous studies about the Au/TiO; system
[48-51]. Generally, our samples are active at low temperature
and have high specific rates, and the 2.57 wt%. Au/titania sam-
ple has the highest specific rate comparatively. However, it is
difficult to make strict comparison, due to the choice of differ-
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Fig. 5. Activity results over the catalysts with low gold content, 2.60 wt%
Au/titanate and 2.57 wt% Au/titania.

ent test conditions, including temperature (7;-), CO/O,/Nj ratio,
contact time, time on stream, catalyst distribution in the reactor,
etc. [49].

Besides the low-temperature activity and thermal stability, as
a good catalyst the long-term stability is also an important factor.
Accordingly, the reaction of CO oxidation over Au/titanate and
Au/titania catalysts has been tested for three consecutive cycles
and then another straight 8 h. No deactivation occurred during
the measurements for both of them. After stored in a close dark
box at ambient atmosphere for 40 days the catalytic activities
were evaluated with unchanged data. Here the Au/titania sample
is also activated first in air stream at 200 °C for 1 h before activity
tests, as mentioned above.

3.3. Effect of the support structure on catalytic
performances

In fact, there are basic structure similarity between the titanate
and titania that both crystal lattices consist of the octahedra
sharing four edges and the zigzag ribbons [45,46]. However,
differences such as elemental compositions and surface prop-
erties exist. A comparison of these two supports may provide
us further understanding of the relationship between support
structures and catalytic performances. As a conventional metal
support for CO catalytic oxidation reaction, structure and sur-
face properties of titania associated with the catalytic activities
have been investigated thoroughly. What is generally accepted
firstly is that the oxygen vacancies (the so-called F-color cen-
ters) existing in the titania can efficiently transfer charge from
the support to the Au clusters thus increasing its chemical activ-
ity, which is thought to be a key factor for the activation of
supported Au based on a model of SMSI (strong metal-support
interaction) [30,41,52,53]. On the contrary, there is no oxygen
vacancy in the titanate crystal structure, instead of vacancies of
titanium, with a charge state of low electron densities. Obvi-
ously, it is impossible for the titanium vacancies of the titanate
to transfer charge to the Au clusters. It is convinced that the
activity of the support is sensitive to the condition of the defect
sites, correlated to the Au/titanate (cation vacancies with poor
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Table 2
Specific rates of CO oxidation over Au/titanate and Au/TiO, materials

Catalysts Au (Wt%) Tso (K)* T, (K)° rep(10* molco s™! gau™") Refs.
Au/titanate 5.99 <293 300 0.43 This work
Au/titanate 2.60 331 300 0.12 This work
Au/titania 591 <293 300 0.51 This work
Au/titania 2.57 <293 300 1.1 This work
AW/TiO, 1.8 253 300 0.31 (48]
Au/TiO 23 235 300 1.8 [48]
AW/TiIO, 3.1 235 300 6.5 (48]
Au/TiO 0.5 260 243 1.0 [49]
AW/TiIO, 0.35 291 243 0.8 [49]
Au/TiO 1.25 403 243 0.0022 [49]
AW/TiIO, 0.92 >433 243 0.03 [50]
Au/TiOy 1 273 243 0.25 [50]
AW/TiO, 0.16 293 243 2.0 [50]
Au/TiO 4.4 - 273 2.0 [51]

2 Temperature at 50% conversion.
b Temperature for specific rate (rsp) calculation.

electrons) and Au/titania (anion vacancies with rich electrons)
systems. In addition, water can readily dissociate on titania
surfaces at the oxygen vacancies to form a certain amount
of OH groups [54]. These OH groups are usually proposed
to be positive for the catalytic reaction [31,42]. Recent theo-
retical calculations through a density functional theory (DFT)
study [55] have also evidenced that the high coverage of sur-
face OH groups is helpful for O, adsorption and diffusion to
the metal-support interface. With increase of the OH coverage,
the O, adsorption energy is considerably enhanced. Compared
to titania, protonic titanate nanotubes are totally covered on
the surface by Ti-OH groups. This kind of special surface
features of the protonic titanate nanotube support fully cov-
ered by OH groups should facilitate diffusion and supply of
O; reasonably, which are considered as a rate-limiting step in
such a reaction process. Finally, whether the presence of pro-
tons in the titanate supports, which renders weak acidity to the
catalysts, impact on the catalytic activity is unclear for us at
present.

4. Conclusions

In summary, we synthesized the Au/titanate nanocompos-
ites through a hydrogen flow reduction of ion-exchanged
titanate nanotubes in HAuCly precursor solutions. Furthermore,
Au/titania nanocomposites were obtained via an acetic acid ther-
mal treatment of the Au/titanate. Catalytic tests of the Au/titanate
sample show a high activity for CO oxidation. To the best of our
knowledge, titanate nanotubes as the support of gold nanopar-
ticles for CO oxidation have not been reported hitherto. The
Au/titania sample exhibits a higher catalytic activity which con-
verts CO completely at room temperature.
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