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Small gold particles having sizes of 1.0-2.0 nm were deposited on the surface of the sodium trititanate
(Na;Tiz07) nanotube by the ion exchange method. This nanotube-supported gold catalyst was able to
oxidize CO at the sub-ambient temperature. In a pulse reactor, the gold catalyst could achieve a Tsoy of
218 K using 1.0 vol.% CO/He gas pulses (0.34 umol CO/pulse). In the Au loadings of 0.39-2.53 wt.%, the
activity of the gold catalyst increased with the gold loading. Calcination of nanotube support at higher
than 383K prior to the gold deposition produced a catalyst with a lower activity. Regarding the effect
of calcining the gold particles on the activity (with NaTNT support calcined at 673 K), the catalyst with
gold particles heated at 383 K only exhibited the best CO oxidation activity. XPS indicated that there are
three gold species with different oxidation state, Au®, Au*! and Au’-, in the calcined gold catalysts. As
calcination temperature increased, the Au® concentration increased at the consumption of Au*! species,
while the Au’~ concentration remained relatively constant. This fact strongly suggested that Au*! species

must play an important role in the activity in the sub-ambient temperature region.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Gold is normally regarded as an inert noble metal for catalytic
purposes. Nevertheless, in the late 1980s Haruta reported that a
supported gold catalyst was able to catalyze the oxidation of CO to
CO, even at 203K [1,2]. Since then, there has been a surge in the
number of papers published in this field to investigate the mysteri-
ous catalytic effect of such gold catalyst. Intensive research efforts
have been concentrating on using various preparation techniques
to prepare supported gold particles such as co-precipitation [3],
co-sputtering [4], chemical vapor deposition [5], impregnation [6],
grafting [7], photodeposition [8], physical mixing [9], low-energy
cluster beam deposition [10], adsorption of gold colloids on metal
oxides [11], and ion exchange [12]. Even though small gold particles
are active for CO oxidation, the oxide support definitely plays a role.
It had been demonstrated that the support affected the dispersion
[13] and shape of the gold particles [14]. In addition, the presence
of defect sites on the oxide surface was known to provide sites for
nucleation and growth of metal particles [15]. Both non-reducible
(e.g., y-Al,03 [16], MgO [17], SiO; [18]) and reducible metal oxides
(e.g., Fe;05 [19], CeO, [20] and TiO, [6]) had been utilized as sup-
port materials to prepare active supported gold catalysts.
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Furthermore, it has been widely recognized that only the prepa-
ration method able to produce gold particles with a size smaller
than 5nm on oxide supports can lead to a good performance cat-
alyst [2,6,21]. There is also a consensus in the literature that the
choice of support affects the reaction pathway of the supported
gold catalyst. For example, the mode of supplying O, to the active
center in the gold catalyst is different over reducible and non-
reducible oxides [2,22]. The effects imposed by the preparation
method and the support might also interact with each other, adding
more complexity to the research. For instance, using impregnation
method with HAuCly4 to prepare Au/TiO, resulted in a large Au par-
ticle (>20nm) and less active catalyst after thermal treatment to
form the metallic gold particles [23]. The formation of large gold
particles was attributed to both the weak interaction between the
HAuCl, and the support and the presence of chlorides in the catalyst
to promote the sintering of the gold particles during the thermal
treatment.

Recently, Kasuga reported the preparation of a mesoporous
sodium titanate nanotube (NaTNT) using a hydrothermal method,
in which TiO, powder was treated in a concentrated NaOH
solution at the elevated temperatures [24,25]. Due to the high
sensitivity of the phase composition to the preparation condi-
tion, a number of crystal structures had been proposed for this
titanate nanotube such as dititanate (Na,TipO4(0OH),) [26], tri-
titanate (Na,Ti3O7) [27], tetratitante (Na,Ti4Og(OH),) [28], and
lepidocrocite (HxTiz_x/40xj404H20 where x=0.7 O =vacancy) [29].
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It is known that alkali metal titanates with a layered structure are
good ion exchangers [30,31]. lon exchange itself has been a use-
ful technique to prepare highly dispersed precious metal catalysts
in heterogeneous catalysis [12,32,33]. Nevertheless, there are very
few reports to explore the ion exchange ability of the newly syn-
thesized NaTNT [33,34]. In this manuscript, we have shown that
small gold particles having sizes of 1.0-2.0 nm could be prepared
on the NaTNT surface by ion exchange with AuCls, and this titanate
nanotube-supported gold catalyst (AuNaTNT) displayed an excep-
tional activity in the oxidation of CO to CO, at the sub-ambient
temperature. This AuNaTNT catalyst contained three gold species
with different oxidation states (Au®, Au*! and Au’~) and the pres-
ence of Au*! species is crucial for the catalytic activity in the
sub-ambient temperature region.

2. Experimental
2.1. Preparation of NaTNT and AuNaTNT

To prepare sodium titanate nanotube, 1.5 g of anatase TiO, pow-
der was mixed with 600 ml of 10 M NaOH in a 1.0 L perfluoroalkoxy
container and the mixture was kept at 383K for seven days with
vigorous stirring. The resulting slurry was filtered and washed a
few times with deionized water. The washed product was filtered to
yield a cake, which was dried at 383 K overnight to yield NaTNT. The
NaTNT was further calcined at between 473 K and 673 K in ambient
air for 3 h using a heating rate of 1 Kmin~1.

Different weight percentage of gold was introduced into NaTNT
by ion exchange with AuClz (99.9%, Aldrich). Appropriate amount
of the AuCl3 was mixed with 250 mL of deionized water, into which
0.50 gof NaTNT was added and stirred for 24 h at room temperature.
The pH of the suspension solution was then adjusted with 0.10 M
NaOH to 10 to lower the zeta potential of NaTNT in order to elim-
inate the adsorption of chloride ions. The resulting solution was
filtered, and the obtained solid was washed with deionized water
and dried at 383K for 1h to yield a pale yellow powder. Gener-
ally speaking, about 50-85% of the calculated amount of gold could
be loaded into the titanate nanotube with the above preparation
procedure. To examine the effect of calcination temperature on the
gold particles, the pale yellow powder was calcined again as pre-
viously between 473 K and 673 K, yielding AuNaTNT with a purple
color. It should be mentioned that the color of AuNaTNT catalysts
became darker purple after CO oxidation reaction. The catalyst was
labeled as AuT1-ST2-wt.% of Au, where AuT1 and ST2 denoted the
calcination temperatures of gold precursor and of NaTNT support,
respectively. Literature had reported that the gold complex used to
prepare the supported gold catalyst would be decomposed by light
and that the size of the gold metal particle would increase when
exposed to light or ambient air (due to its moisture content) during
storage [35]. Therefore, all the experimental procedures including
preparation, characterization and catalytic activity measurements
should be conducted in the absence of light as much as possible,
and the prepared AuNaTNT catalysts were stored in brown bottles
under dry N, atmosphere and placed the dark.

2.2. Characterization of catalysts

The BET surface areas of the catalysts were measured with
Micromeritics ASAP 2010 using N, as the adsorbate, and their
pore size distributions were determined by the BJH method. X-
ray powder diffraction patterns of the calcined gold catalysts were
obtained using a Shimadzu Lab-X XRD-6000 spectrometer with Cu
Ko irradiation (A = 1.5418 A) at 30 kV and 30 mA. A JEOL J]SM-6700F
field-emission scanning electron microscope (FE-SEM) operated at
15 kV was employed to observe the morphology of the nanotubes.

The FE-SEM samples were prepared by adding a drop of aqueous
solution that contained the sample onto a 4 mm x 5mm silicon
wafer followed by drying at 383 K. The sample-loaded wafer was
coated with a thin layer of gold by sputtering before the FE-SEM
experiments. A Phillips Tecnai G2 F20 transmission electron micro-
scope at an accelerating voltage of 200 kV was adopted to observe
the fine structure of AuNaTNT. A copper grid that was coated with
a holey carbon film was used to prepare the samples for HRTEM
observation. The powder sample was dispersed in ethanol and the
resulting suspension was treated in an ultrasonic bath for 1 h. The
copper grid was then dipped into the ethanol for a few seconds to
fix the sample onto the copper grid, which was dried in the atmo-
sphere overnight before TEM experiments. The determination of
Au particle size distribution using HRTEM was measured over 100
particles. XPS spectra were obtained with PHI Quantera SXM X-
ray photoelectron spectrometer. A charge-compensating electron
gun was used during recording the XPS spectra to avoid catalyst
charging. The vacuum inside the analysis chamber was better than
3 x 1078 torr.

The diffuse reflectance infrared Fourier transformation (DRIFT)
spectra of NaTNT were recorded by using an Equinox 55 spectrome-
ter (Bruker) equipped with a diffuse reflectance accessory (Praying
Mantis, Harrick) and a high temperature cell with KBr windows
(HVC, Harrick). 50 mg of catalyst powder was loaded in the high
temperature cell and evacuated (<6 x 10> torr) at 383K for 1h
prior to the spectra recording. DRIFT spectra were recorded using
a resolution of 4cm~! and 128 scans. The gold contents in these
AuNaTNT catalysts were determined by neutron irradiation. Four
samples of NaTNT spiked with known amount of Au were used as
calibration standards. The standards and samples were pressed into
tablets and irradiated with a 15 MV X-ray from a medical accelera-
tor (Primus, Simens) for a period of time, and the emitted neutrons
were subsequently measured by photodiode detector (Model 1135,
Sun Nuclear Corporation). The medical accelerator, which is part
of the facility of Changhua Christian hospital, is routinely used for
cancer therapy.

2.3. Measurement of the catalytic activity in a pulse flow reactor

The measurement of the catalytic reactivity was performed in
an AutoChem 2910 analyzer (Micromeritics) equipped with a lig-
uid N, cryo-cooler to control the sub-ambient temperature. The
AutoChem 2910 was operated in a pulse reactor mode, and its dia-
gram is depicted in Scheme 1. In a typical experiment, 50 mg of
catalyst was packed inside the U-shape quartz reactor held by a
quartz wool plug, and was dried at 393K in 10vol.% O, /He at a flow
rate of 30 mL min~! for 1 h. After pretreatment, 10 vol.% O, /He con-
tinuously flowed through the catalyst bed, while the temperature
of the oven was controlled between 183 K and 393K at an inter-
val of 5K. At each selected temperature the reactor was operated
isothermally, and two pulses of gaseous mixture containing 1 vol.%
CO in He (0.34 wmol CO/pulse) were injected into the O,/He gas
stream through the sampling loop to obtain the CO conversions.
The product mixture were analysed by an on-line quadrupole mass
spectrometer (Prolab, Thermo Onix), and the average value of the
two CO conversions was adopted as the conversion of the temper-
ature. Such pulse experiment was repeated three times for each
catalyst so that a total of 258 data points were collected in a single
activity test. The CO conversion plots presented in the manuscript
were those obtained from the third run of the pulse experiment.
The CO conversions were calculated based on the amount of CO,
produced according to the following equation,

CO conversion (%) =
Aco,,100%
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Scheme 1. The reactor diagram of Autochem 2910 analyzer, (A) U-shape quartz
reactor; (B) oven; (C) liquid N3 cryo-cooler; (D) mass flow controller; (E) two-way
valve; (F) two-way valve; (G) two-way valve; (H) quadrupole mass spectrometer; (I)
TCD; (J) cold trap; (K) injection loop.

where Aco, : peak area of CO; (m/e=44), and Aco,,100%: Peak area
of CO, corresponding to 100% conversion of CO (m/e=28).

3. Results and discussion

3.1. Characterization of morphology, microstructure and Au
particle size of AuNaTNT by electron microscopy

Fig. 1adisplays the FE-SEM micrograph of the anatase TiO, pow-
der that was used to prepare NaTNT. It indicates that the starting
material comprises round particles of sizes 50-250 nm. Fig. 1b is
the FE-SEM micrograph of the hydrothermal product after wash-
ing in deionized water and drying at 383 K. The micrograph shows
that the hydrothermal product consists of many fiber-like materi-
als with diameters of 20-150 nm and lengths of up to a micrometer.
The HRTEM micrograph in Fig. 1c reveals that the fiber-like material
with a larger diameter is actually comprised of a few smaller hol-
low tubes with outer diameters of around 10 nm, binding to each
other to form a nanotube-bundle. The HRTEM micrograph of a sec-
tion of the nanotube loaded with two spherical gold nanoparticles
is displayed in Fig. 1d. This micrograph indicates that the nanotube
has an outer diameter around 9 nm and a hollow inside diameter
of 4.5 nm. The inside diameter of the nanotube obtained by HRTEM
is close to the pore diameter measured by the low temperature
adsorption of the N, (see Section 3.2). This micrograph also shows

Fig. 1. (a) FE-SEM micrograph of anatase particles, (b) FE-SEM micrograph of NaTNT dried at 383 K, (c¢) TEM micrograph of NaTNT dried at 383 K, and (d) HRTEM micrograph
of AuNaTNT dried at 383 K showing the image of the gold particles and the lattice fringe of NaTNT.
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Fig. 2. (a) TEM micrograph of AuNaTNT with 2.53 wt.% of gold loading and dried at
383K, and the insert is a magnified image of a selected region, and (b) gold particle
size distribution of AuNaTNT in (a).

that the nanotube has a lattice fringe of 0.75 nm, whose value is the
interplanar distance of (2 00) crystal plane of a sodium trititanate
(NazTi307) [36]

The gold particle size distribution and the location of gold par-
ticles on the titanate nanotube surface are depicted in Fig. 2 for
AuNaTNT (Au383-S383-2.53). As can be seen in the micrograph in
Fig. 2a, the gold particles are distributed quite homogeneously on
the NaTNT surface, showing no preference of anchoring sites. The
gold particle size deposited by the ion exchange method on NaTNT
israther small and the average gold particle size observed in HRTEM
was about 1.51 +0.25 nm (Fig. 2b). Furthermore, the gold particle
size distribution is quite narrow, and most of the gold particles have
diameters within 1.0 and 2.0 nm. Numerous investigations on low
temperature CO oxidation had shown that gold catalysts with a
small particle size (<5 nm) were more active on a variety of oxide
supports [16,20,37]. The origin of the exceptional catalytic activity
of small gold particles is the presence of undercoordinated atoms,
which are sites for binding O, and CO [38,39]. Theoretical calcu-
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Fig. 3. The pore size distributions of NaTNT calcined at (a) 383K, (b) 473 K, (c) 573K,
and (d) 673 K.

lations indicated that the number of undercoordinated atom (step
density) increases continuously as the particle size decreases [40].
In addition, these undercoordinated sites have lower adsorption
energies for both CO and O atoms (stronger Au-CO and Au-0 bonds)
[38]. Therefore, it is reasonable to expect that AuNaTNT contain-
ing nanosized gold particles should be an active catalyst for low
temperature oxidation of CO.

3.2. Surface area and pore structure characterization of NaTNT
and AuNaTNT

Fig. 3 presents the pore size distributions of the NaTNT that
were calcined between 383 K and 673 K. The figure reveals a bipo-
lar distribution of pore diameters, whose maximum are located at
3-5nm and 30-50 nm, respectively. The smaller pores of 3-5nm
corresponds to the inside diameters of the NaTNT, and the larger
pores of 40-50nm are the space between the nanotubes in the
nanotube-bundle and that between the nanotube-bundles. As nan-
otubes and nanotube-bundles are randomly arranged, it is natural
that the large pore of NaTNT has a wide distribution of pore size.
Furthermore, when these nanotubes were calcined at 673K, the
volume of small pore was shrunk significantly but that of the large
pore decreased only slightly. Table 1 summarizes the physical prop-
erties of NaTNT and AuNaTNT at various calcination temperatures.

Table 1
The physical properties and Tsox for NaTNT and AuNaTNT calcined at various
temperatures.

Catalysts BET surface Pore volume Tso (K)
area (m?/g) (ecm?/g)
Au383-S383-0.39 141 0.45 246
Au383-5383-0.86 142 0.46 242
Au383-5383-1.39 140 0.46 238
Au383-5383-2.53 141(144)? 0.45 (0.46) 218
Au383-5473-2.50 129(131)* 0.43(0.43) 232
Au383-5573-2.37 103(106)? 0.42(0.42) 250
Au383-5673-2.20 81(83) 0.36 (0.37) 263
Au473-5673-2.20° 85 0.34 270
Au573-5673-2.20° 82 0.33 284
Au673-S673-2.20° 80 0.35 292

2 The number in the parenthesis is the surface area and total pore volume for the
NaTNT support.

b These catalysts are prepared by calcining Au383-5673-2.20 between 473 K and
673 K.
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The surface area and pore volume of NaTNT that was dried at
383K were 144m?g-! and 0.46 cm3 g1, respectively, decreasing
to83m2g1and0.37cm3 g1 after calcining at 673 K. The decrease
in surface area is mainly due to the loss of small pore, and the fact
is also consistent with the slight decrease in the total pore vol-
ume. Introducing gold particles into NaTNT by ion exchange did
not cause any significant change in surface area and pore volume
asindicated in Table 1.In the gold loading of 0.39-2.53 wt.% investi-
gated in this paper, the surface areas and pore volumes of AuNaTNT
dried at 383 K remained relatively constant at around 140 m2 g~!
and 0.45 cm3 g~1, similar to those of pure NaTNT. Therefore, intro-
ducing gold nanoparticles onto NaTNT by ion exchange do not block
the pore of NaTNT to any significant extent.

3.3. Characterization of phase composition of NaTNT and
AuNaTNT by XRD

Fig. 4 displays the XRD spectra of the hydrothermal products
after washing in deionized water and calcining at between 383 K
and 673 K for 3 h. The XRD pattern in Fig. 4a is for the as prepared
sample dried at 383K, and it resembles to those of sodium tri-
titanate (Na,Ti3O7) reported in the literatures [34,36]. The XRD
spectra did not change significantly with the calcination temper-
ature except that the diffraction peak at 26=9.9° shifted slightly
to a larger angle at 260=10.3° as the calcination temperature was
increased from 383K to 673 K. The peak at 20=9.9° was due to
the reflection of (2 00) crystal plane and the shift toward a higher
diffraction angle was attributed to the dehydration of the OH group
in NaTNT leading to a smaller interlayer distance in the nanotube
wall [26]. The identification of crystalline phase of the nanotube
by XRD is consistent with the observed lattice fringe of the mate-
rial in HRTEM experiment (Fig. 1d), confirming that the crystalline
phase of the nanotube is a sodium trititanate. Fig. 5 depicts the
XRD spectra of AuNaTNT calcined at between 383 K and 673 K. The
XRD data show that below 473 K, the Au particles are so small that
they are un-detectable by XRD. However, at between 573 K and
673K the Au particles start to sinter and a broad and weak peak
appears at 20=77.5°, which corresponds to the reflection of Au
(311)plane. The average particle sizes estimated by Scherrer equa-
tion are 2.6 nm and 3.1 nm, respectively (with a significant error, for
the peak is too broad and peak width is difficult to obtain). The lat-
ter is close to the average particle size observed by TEM in Fig. 12d
[37].
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Fig.4. XRD spectra for NaTNT calcined at (a) 383 K, (b) 473K, (¢) 573 K,and (d) 673 K.
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Fig. 5. XRD spectra for (a) AUNaTNT dried at 383 K (Au383-5S383-2.53) and for the
catalyst (Au383-S673-2.20) calcined for 3 h at (b) 383K, (¢) 473K, (d) 573 K, and (e)
673 K. Insert includes the expanded peaks at 26 = 77.5° to estimate the particle sizes
in b-e.

3.4. Low temperature oxidation of CO over AuNaTNT catalysts

3.4.1. Catalytic activity in a pulse reactor

Fig. 6 is the CO conversions vs. temperature profiles for an
active AuNaTNT catalyst containing 2.53 wt.% Au. As CO conversion
obtained over this catalyst has already reached 100% at 228 K, data
points collected at higher than 243 K are not plotted in Fig. 6 for
clarity. As indicated in Fig. 6, AuNaTNT starts to oxidize CO to CO,
at a temperature as low as 198 K with a T5gy of 215 K. On the other
hand, the conversions vs. temperature profiles of the second and
the third run almost overlap and the Tsgy lays slightly higher at
218 K. The results indicate that the catalyst has reached a stable
activity after the first run. The rationalization of the difference in
catalytic activity between the first run and those of the second
and the third runs are the following: The gold content in 2.53 wt.%
AuNaTNT is 6.42 pmol, and it requires a maximum amount of
9.63 pmol of CO to reduce the gold oxide in AuNaTNT to metallic
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Fig. 6. The CO conversions vs. temperature profile over AuNaTNT with 2.53 wt.% Au
and dried at 383 K, showing the CO conversions of the three consecutive runs in a
single catalytic activity test.
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Fig. 7. The CO conversions vs. temperature profile for AuNaTNT with different Au
loadings. All the catalysts were dried at 383 K.

gold (Au,03 +3CO — 2Au+3C0,). Gold oxide such as Au,03 was
known to oxidize CO to CO, at ambient temperature [9,41]. If there
is reduction of gold oxide to proceed, it should be completed in
the first run of the catalytic test (at the 29th pulse of CO). The
colour of AuNaTNT was purple after drying at 393 K in the flowing
0,, and turned into darker purple after the CO oxidation reaction.
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Therefore, the CO conversions in the first test run in Fig. 6 might be
partly due to stoichiometric reduction of gold oxide into metallic
gold, and those in the second and third run should represent the
true catalytic activity of AuNaTNT catalyst in the CO oxidation
reaction. As a result, we reported only the CO conversions obtained
in the third run of the activity test for the rest of the paper. Since the
catalyst bed was shielded completely by the furnace of our reactor,
the contribution of photocatalytic oxidation of CO over AuNaTNT
[42] to the CO conversions measured here should be neligible.

3.4.2. Effect of Au loading on the catalytic activity

In the range of Au loading 0.39-2.53 wt.% investigated in this
manuscript, all of the AuNaTNT dried at 393 K were active for CO
oxidation below the room temperature (Fig. 7). The activities of
AuNaTNT catalysts increased with the Au loading: Tsqg of catalyst
with 2.53 wt.% Au was 218 K, while that of 0.39 wt.% Au was 246 K.
The results are the same as observed over Au/TiO, with similar
gold loading but prepared by DP method [37]. TEM investigations
revealed that for AuNaTNT in this Au loading range, an increase
in Au loading mainly increased its Au particle density but did not
change the Au particle size appreciably. As shown in TEM micro-
graph in Fig. 8, the Au particle density for AUNaTNT containing
1.39 wt.% Auis 2.2 nm~2 (Fig. 8a) with an average Au particle diam-
eter of 1.40+0.43 nm (Fig. 8b), and those for sample containing
0.39wt.% Au are 1.1 nm~2 (Fig. 8c) and 1.42 + 0.42 nm (Fig. 8d). As
this ion exchange method can produce very small Au particles with

1.40+0.43 nm

2.0 25

1.42+0.42 nm

Fig. 8. TEM micrographs of AuNaTNT showing the Au particle size distributions and particle densities for two different Au loadings (a) for 1.39 wt.% AuNaTNT, (b) Au particle
size distribution in (a), (¢) for 0.39 wt.% AuNaTNT, and (d) Au particle size distribution in (c). These two catalysts are dried at 383 K.
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highly undercoordinated sites on the NaTNT surface, it is reason-
able to expect that AuNaTNT is an active catalyst in the CO oxidation
reaction. Furthermore, a higher Au particle density will result in a
longer perimeter at the Au particle-NaTNT interface, which facil-
itates the adsorption of more O, molecules and further enhances
the catalytic activity (see more detailed discussion in Section 3.4.3
below).

3.4.3. Effect of support calcination temperature on the catalytic
activity

The basic role of oxide support is to provide sites for anchor-
ing gold particles in order to increase the Au metal surface area,
and in consequence, to produce a lager number of undercoordi-
nated Au atoms. In addition, the support is thought to contribute
to the catalytic activity of Au catalyst through the following mech-
anisms: (a) the support helps to activate the O, molecule [22], (b)
the defects on the oxide support can stabilize the small gold par-
ticles [15,43,44], (c) water or hydroxyl group on the oxide surface
may enhance the catalytic activity [45,46]. We had investigated the
support effect by calcining the NaTNT support at between 383 K
and 673K prior to the ion exchange of gold. The variation in CO
conversions with respect to calcination temperature is displayed in
Fig. 9, where Tsgy for catalysts varied between 218 Kand 263 K. It is
clear that AuNaTNT with support dried only at 383 K was the most
active catalyst. Calcining NaTNT at a higher temperature reduced
the interlayer distance of (2 0 0) plane of NaTNT, but did not change
its the phase composition, as suggested by XRD results depicted in
Section 3.3. Calcination did result in the loss of the surface area and
pore volume of NaTNT support (see Table 1), which might lead to a
smaller Au loading in AuNaTNT and a lower activity. The Au load-
ing, however, decreased only slightly from 2.53% for NaTNT dried
at 393K to 2.20% for that calcined at 673 K.

On the other hand, calcination of NaTNT lowered its moisture
content, which was clearly demonstrated in the DRIFT spectra
Fig. 10. As can be seen from the IR spectra in Fig. 10, the peaks
at 1630cm~! and 3400cm™! are the deformation and stretching
vibrations of adsorbed water, respectively. In addition, there are
a broad peak at 3266cm~! and two other smaller but sharper
peaks at 3658cm~! and 3731cm~!, which were attributed to
hydrogen-bonded and isolated surface hydroxyl groups on NaTNT,
respectively. The peak intensities of the adsorbed water and
hydrogen-bonded hydroxyl groups decreased (but did not com-
pletely vanish) as the calcination temperature of NaTNT was
increased from 383K to 673 K. Haruta had investigated the effect
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Fig.9. The variation of CO conversions of AuNaTNT with the calcination temperature
of NaTNT support.
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Fig. 10. DRIFT spectra of NaTNT calcined at (a) 383K, (b) 473K, (c) 573K, and (d)
673 K.

of moisture on the activity of Au/TiO,, and concluded that the
low temperature CO oxidation over gold catalyst involves water-
derived species on the catalyst surface [45,47]. Furthermore, a
recent theoretical work focused on this aspect with several impor-
tant conclusions [48]: (a) water could dissociate into hydroxyl
group at oxygen vacancies of TiO, (1 1 0) surface, (b) these hydroxyl
species stabilized O, adsorption, and (c¢) O, could diffuse along
the channel of five-coordinated Ti atoms on TiO,(110) to the
Au/TiO, interface. It is possible that NaTNT without high tempera-
ture calcination, having a higher number of OH group, was able to
enhance the adsorption of O, molecules, and increased the activity
of AuNaTNT.

In addition, Wang and Hammer, also through their theoretical
calculation results, predicted a strong adhesion of the gold clusters
to TiO; (11 0) surface containing OH groups. The adsorbed clusters
became cationic as Au-0 bonds formed between gold atoms in the
cluster and oxygen atoms of the support [49]. Our results on the
calcined NaTNT support are consistent with the above theoretical
predictions: (a) AuNaTNT with support calcined at a lower temper-
ature could accommodate a higher Au loading, (b) the presence of
higher concentration of cationic Au species in the low temperature-
calcined AuNaTNT was confirmed by the XPS results (described in
Section 3.4.4 below).

It seems that the existence of OH groups or physically adsorbed
water in AuNaTNT is beneficial to its catalytic activity of CO oxida-
tion by increasing the gold loading and creating cationic Au active
sites as well as increasing the O, supply to the active sites.

3.4.4. Effect of calcination temperature of Au particles on the
catalytic activity

Fig. 11 depicts the change in CO conversions for AuNaTNT
calcined at between 383 K and 673 K in the ambient air. The NaTNT
support used to prepare these AuUNaTNT catalysts were calcined
at 673K before Au ion exchange to avoid the support calcination
effect. Fig. 11 indicates that Tsgy of AUNaTNT increases (becomes
less active) as the calcination temperature of Au is increased: the
Tso% for AuNaTNT dried at 393 Kis 263 Kand that calcined at 673 Kis
292 K. The activity of AuNaTNT was reduced partly because the gold
particle grew larger in size when the calcination temperature was
increased in oxidizing or reducing environments [35]. The increase
in Au particle size with calcination temperature of AUNaTNT was
indeed observed in TEM micrographs in Figs. 2b and 12. The
average Au particle sizes for AuUNaTNT calcined at 383K, 473K
and 673 K were 1.51 +£0.25nm, 1.82 +0.33 nm and 3.37 £ 0.85 nm,
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Fig. 11. The variation of CO conversions with gold calcination temperature (Tp). The
data in this figure were obtained by calcining the sample Au383-5673-2.20 between
383K and 673K.

respectively. Binding between gold particle and NaTNT should be
rather strong so that calcination of AuNaTNT at 673 K did not pro-
duce Au particles with size greater than 6 nm (Fig. 12d). This might
be the reason why even AuNaTNT calcined at 673 K still possessed
the capability to oxidize CO at sub-ambient temperatures.

Count

Count
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However, the results in Fig. 11 could not be interpreted by the
gold particle size alone. Date et al. measured Tsgy of Au/TO, (DP
method) calcined in air at 473 K (Tsgy =245 K), 573 K (Ts9% = 235 K),
673K (T50% =250 K) and 873K (Tso% =300 K) [50] AlthOUgh the
average gold particle size for catalyst calcined at 473K (2.4nm)
was smaller than that calcined at 573K (3.5 nm), the latter cata-
lyst had a lower Tsgy than the former. Their FT-IR/CO adsorption
results indicated that the oxidic gold precursors were not com-
pletely decomposed into metallic gold particles at 473 K. Park and
Lee investigated effect of pretreatment conditions on gold catalysts
supported on different oxide supports (Fe; 03, TiO, and Al,03) [51].
Their results indicated a decreasing CO oxidation activity with an
increasing calcination temperature, similar to our results in Fig. 11.
X-ray photoelectron spectroscopy (XPS) and X-ray absorption fine
structure (XAFS) results indicated that the phase transformation of
gold from Au(OH); through Au,03 to metallic gold with increasing
calcination temperature over all the supported catalysts, and oxida-
tion states of gold were proven important in CO oxidation. Recently,
a MgO-supported Au(lll) catalyst, whose oxidation state could be
controlled under different CO partial pressure in the reaction mix-
ture, was used to study the relationship between the concentration
of positively charged gold (Au*) or metallic gold (Au®) and the reac-
tion rate. It was found that the presence of cationic Au* species in
the gold active sites is crucial to the catalytic activity.

We have used XPS to detect the variation of the gold oxidation
state in these calcined AuNaTNT catalysts, and the results are
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Fig. 12. Variation of gold particle size with the gold calcination temperature (a) TEM micrograph of AuNaTNT calcined at 473K, (b) the gold particle size distribution in (a),
(c) TEM micrograph of AuNaTNT calcined at 673 K, and (d) the particle size distribution in (c).
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Table 2

Effect of calcination temperature on the oxidation states of Au and their distribution in AuNaTNT catalysts.

Calcination temperature of AuNaTNT (K) BE and concentration of gold species
Au’~ (mol%) [4f7p: Au® (mol%) [4f;,:83.8eV; Au*! (mol%) [4f;,:86.0eV; Au*!/Au®
82.8eV; 4fs,: 86.5eV] 4fs,:87.5eV] 4f5,:89.7 eV]

383 40.6 353 241 0.68

473 40.7 46.3 13.0 0.28

573 39.2 53.2 7.6 0.14

673 39.5 56.7 3.8 0.07

summarized in Fig. 13 and Table 2. The XPS showed that there
were three Au species on the AuNaTNT surface, denoted as Au®-,
Au® and Au*'. The gold species with a 4f;, binding energy of
82.8 eV, whose value is even lower than that of the metallic gold
by 1eV, was assigned to a gold species with a negative oxidation
state, Au®~ state. Such gold species had been reported before, and
its formation was attributed to the transfer of the electron density
from the support to the gold particle [10,52]. The concentration
of Au’- species did not change with calcination temperature (and
remained relatively constant at 40%), implying that the presence of
this species was not the key point in the sub-ambient temperature
oxidation of CO over AuNaTNT catalysts.

Although the binding energies for Au*! (such as AuCl) and Au*3
(such as Au,03) overlap [53], we had assigned the XPS peak with
4f7, binding energy of 86.0eV to Au*! because Au, 05 is known to
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Fig. 13. Variation of XPS signals of gold with calcination temperature of gold parti-
cles(To). The Auloading used in this experiment was 2.2 wt.% and the NaTNT support
was calcined at 673 K before ion exchange with gold.

be readily reduced even at room temperature (NaTNT seems to be
very electron-rich, capable of donating electrons to gold particle
and producing Au’~ species). More interesting, as the calcination
temperature of AUNaTNT increased, XPS results in Table 2 showed
that the concentration of Au*! species decreased and that of metal-
lic gold (the peak with a 4f;, binding energy at 83.8 eV) increased
simultaneously. This fact clearly demonstrated that Au*! species are
crucial in the sub-ambient CO oxidation reaction over AuNaTNT cat-
alyst. The possible functions of Au*! species are to provide Au-OH
as part of the active site [54] and/or to stabilize the Au-CO bond
through its positive oxidation charge (CO adsorbed more strongly
on cationic gold than zerovalent gold [55]).

However, it should be pointed out that although AuNaTNT
calcined at 673K contained mostly reduced gold species
(Au® + Aud~ >96%), the catalyst was still capable of achieving 100%
CO conversion near room temperature (see Fig. 11).

4. Conclusions

Small gold particles with sizes of 1-2 nm could be prepared
on the sodium trititanate nanotube surface by the ion exchange
method. This titanate nanotube-supported gold catalyst could oxi-
dize CO at sub-ambient temperatures, and the most active gold
catalyst (Au383-5S383-2.53) was able to achieve a T5gy of 218 K.
The CO oxidation activity of AuUNaTNT catalyst increased with gold
loading (lower T5g% ). Increasing gold loading increased gold particle
density on NaTNT without changing the gold particle size apprecia-
bly. Calcination of the NaTNT support lowered its surface area but
did not affect its capability to accommodate gold particles. How-
ever, calcining NaTNT at higher than 383 K resulted in a activity
loss, which was probably due to reduction of hydroxyl group and
water content in AuNaTNT. The interaction between the gold par-
ticle and the NaTNT was probably strong, and calcining AuNaTNT
at 673 K did not produce gold particles larger than 6 nm. XPS indi-
cated there were three gold species, Au®, Au*! and Au®-, in these
AuNaTNT catalysts. Calcination of gold particles has no effect on
the concentration of Au®- species, but higher calcination temper-
ature will produce more Au® species at the consumption of Au*!
species. Lower concentration of Au*! species in AuNaTNT, however,
will decrease the catalytic activity of the AuNaTNT catalyst in the
sub-ambient CO oxidation reaction.
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