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Abstract: Three catalytic oxidation re-
actions have been studied: The ultra-
violet (UV) light induced photocatalyt-
ic decomposition of the synthetic dye
sulforhodamine B (SRB) in the pres-
ence of TiO, nanostructures in water,
together with two reactions employing
Au/TiO, nanostructure catalysts,
namely, CO oxidation in air and the
decomposition of formaldehyde under
visible light irradiation. Four kinds of
TiO, nanotubes and nanorods with dif-
ferent phases and compositions were
prepared for this study, and gold nano-

the order of the surface OH regenera-
tion ability of the four types of TiO,
nanostructures studied gave the same
trend as the catalytic activities of the
TiO, nanostructures or their respective
Au/TiO, catalysts for the three oxida-
tion reactions. Both IES and X-ray
photoelectron  spectroscopy  (XPS)
proved that anatase TiO, had the
strongest OH regeneration ability
among the four types of TiO, phases or
compositions. Based on these results, a
model for the surface OH group gener-
ation, absorption, and activation of mo-

lecular oxygen has been proposed: The
oxygen vacancies at the bridging O*~
sites on TiO, surfaces dissociatively
absorb water molecules to form OH
groups that facilitate adsorption and
activation of O, molecules in nearby
oxygen vacancies by lowering the ab-
sorption energy of molecular O, A
new mechanism for the photocatalytic
formaldehyde decomposition with the
Au/TiO, catalysts is also proposed,
based on the photocatalytic activity of
the Au-NPs under visible light. The
Au-NPs absorb the light owing to the

particle (Au-NP) catalysts were sup-
ported on some of these TiO, nano-
structures (to form Au/TiO, catalysts).
FTIR emission spectroscopy (IES)

i ) TiO,
measurements provided evidence that

Introduction

TiO, is the most extensively studied photocatalyst for the
decomposition of organic pollutants in water and air owing
to its high efficiency, stability, nontoxicity, and low cost.?!
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surface plasmon resonance effect and
mediate the electron transfers that the

catalytic :
reaction needs.

It is also used to support heterogeneous gold catalysts for
catalytic oxidation reactions of HCHOP* and CO.*" In
these catalytic oxidation reactions with molecular O, as the
oxidant, O, activation is the key step. Therefore, to under-
stand the catalytic origin of these oxidation reactions and to
design efficient catalysts, it is essential to know the activa-
tion route of molecular O, on the catalyst surfaces. Recently,
a scanning tunneling electron microscopy (STM) study per-
formed in a ultrahigh vacuum provided evidence that molec-
ular O, is adsorbed on the defects on the (110) surface of a
rutile single crystal, and that the oxygen diffusion rate was
dependent on the surface oxygen vacancy density.®! Howev-
er, it is still a challenge to acquire such information on the
TiO, surface or on supported Au/TiO, catalysts accurately
under typical reaction conditions. In the case of supported
gold catalysts, because gold species in high oxidation states
are usually not stable and their oxidation state changes
easily, the associated active oxygen species are not easy to
identify."”
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For supported gold catalysts that are used for CO oxida-
tion, the catalyst supports have three roles: 1) to support the
active gold particles mechanically, 2) to modify the electron-
ic properties of the gold particles, and 3) to mediate oxygen
supply in the reaction. Usually, reducible catalyst supports
such as TiO, are categorized as active catalyst supports. Al-
though the reducibility of the supports is one of the require-
ments for a high catalytic activity, it cannot explain the ob-
servation that CO oxidation can take place at a temperature
much lower than that of the reduction temperature of the
support.”’] In addition, it has been experimentally proven
that moisture also plays an essential role in low-temperature
CO oxidation on supported gold catalysts by contributing to
the formation and regeneration of the surface active
sites.'“11] Haruta et al. later reported that this effect of the
moisture is dependent on the catalyst support.'!? However,
so far a detailed mechanism that involves the role of mois-
ture and that of catalyst supports has not been well ad-
dressed.

Because of the extensive studies on the photocatalytic
water-splitting reaction on TiO, surfaces,'* it is well known
that water molecules can either dissociate at oxygen vacan-
cies (defects) on the TiO, surface to yield surface OH
groups, or physically adsorb on these sites. These physically
adsorbed and dissociated H,O molecules can be monitored
by measuring the infrared (IR) spectra of the samples.”-'*1]
On the other hand, theoretical studies have revealed that
surface OH groups on TiO, can facilitate adsorption and ac-
tivation of molecular oxygen.'*!”) In a recent coupled ther-
mogravimetric-FTIR (TG-FTIR) study on an Au/a-Fe,0;
catalysts for CO oxidation,'¥ it was proven that at low tem-
peratures, small gold nanoparticles (Au-NPs) cannot activate
the oxygen of the support lattice directly, and thus the lat-
tice oxygen does not participate in the reaction, but instead,
it is molecular oxygen species that are responsible for the
low-temperature CO oxidation. Some theoretic calculations
have shown that adsorption of O, on isolated Au clusters re-
quires an unpaired electron from the metal particle, and
preferably an anionic Au species, leading to the formation
of superoxo or peroxy anions. However, dissociative adsorp-
tion of O, has a kinetic barrier higher than that for O, de-
sorption.” Bokhoven et al.” studied the Au/AlL,O; catalyst
by in situ high-energy-resolution and time-resolved X-ray
spectroscopy techniques and believed that reduced Au parti-
cles could transfer charge to oxygen and activate it. Howev-
er, Kung et al. believed there was only a very small quantity
of adsorbed oxygen on the Au species in a Au/TiO, cata-
lyst.”!! Meanwhile, there are a lot of reports showing that
the activation of molecular O, mainly occurs on the catalyst
support,”'*?! and as discussed above, are probably related
to the surface OH groups and to the surface oxygen vacancy
concentration and distribution. Based on this knowledge, a
logical hypothesis could be proposed in which the defect
sites on the TiO, surfaces may play a key role in the catalyt-
ic oxidations by using molecular O, as oxidant, and that the
enhanced O, and H,O adsorption due to these defects re-
sults in increased activity. This hypothesis could be verified

Chem. Eur. J. 2010, 16, 1202-1211

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

by correlating the IR bands corresponding to the surface
OH groups and physically adsorbed water on the surface de-
fects with the catalytic activity for oxidation taking place on
the TiO, surface. To conduct such a study, a series of TiO,
surfaces with large specific surface areas must be employed
to enable observation of clear differences in the IR bands
and in catalytic activity.

Au-NPs have also been doped on to TiO, photocatalysts
to enhance their performance for photocatalytic oxidation
of organic molecules,” ! but the role of the Au-NPs has
not been correctly understood. The surface plasmon reso-
nance effect of Au-NPs, which is responsible for the visible
light absorption by the Au-NPs, has been recognized for
years, and recently we have found that the Au-NPs them-
selves exhibit significant photocatalytic activity under visible
light irradiation.! Such activity should be taken into ac-
count when interpreting the mechanism of the photocatalyt-
ic oxidation with Au-NPs supported on TiO, solids.

In this study, four types of TiO, nanostructured solids
(NTM, a metastable phase between a hydrogen titanate and
a TiO,(B) phase (a monoclinic polymorph of titanium diox-
ide); NTMA, a thin anatase-layer covered metastable
phase; NTB, a mixed TiO,(B) and anatase phase; and NTA,
an anatase phase) were prepared and deposited in the pres-
ence of gold to yield four Au/TiO, (3 wt%) catalysts. The
Au/TiO, catalysts were used for the photocatalytic oxidation
of HCHO in air at 20°C under blue light (with wavelength
between 400 and 500 nm) and for CO oxidation at moderate
temperatures in the gas phase. The bare TiO, nanostruc-
tured solids were also directly used as photocatalysts in the
oxidation of the dye sulforhodamine B (SRB) in aqueous so-
lution under ultraviolet (UV) irradiation. The three oxida-
tion reactions have a common feature of using molecular O,
as the oxidant. We found that the catalytic activities for all
three reactions gave the same trend as the order of the sur-
face OH group regeneration ability of the TiO, nanostruc-
tures that was observed by using FTIR emission spectrosco-

py (IES).

Results and Discussion

Characterization of the TiO, nanostructured solids and gold
particles: By indexing the diffraction peaks of the XRD pat-
terns in Figure 1, the NTM sample was found to consist of
the metastable phase, the NTMA sample consisted of the
mixed metastable and anatase phases, the NTBA sample
consisted of the mixed TiO,(B) and anatase phases, and the
NTA sample consisted of the anatase phase. To verify the
structure of NTMA further, Raman spectra were also mea-
sured for the hydrogen titanate sample before and after the
acid-treated sample at 60°C (see Figure S1 in the Support-
ing Information). The bands at 448 and 663 cm™' were as-
signed to Ti-O-Ti vibrations, which are found in both hydro-
gen titanate and acid-treated hydrogen titanate nanotubes.
The band at 152 cm™! was only observed in the spectrum of
the acid-treated hydrogen titanate nanotubes, and was as-
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Figure 1. XRD patterns of Au/TiO, (3 wt %) nanostructured catalysts.

signed to the anatase A,, vibrational mode.”” The Raman
results confirmed that the NTMA nanotubes consisted of
hydrogen titanate and anatase phases. The XRD patterns in
Figure 1 also indicated that loading with Au-NPs and subse-
quent calcination at 300°C did not cause any phase change
in the nanotube supports. According to the Brunauer—
Emmett-Teller (BET) results in Table 1, the TiO, nano-
structures possessed large specific surface areas, so changes
in the surface properties could clearly be observed. This
property is ideal for the IES studies.

The morphology and structure of the Au-NPs was deter-
mined from high-resolution transmission electron micro-
graphs (HRTEM, Figure 2). The Au-NPs were spherical and
the Au (111) plane was observed in the HRTEM images of
all the gold catalysts. The transmission electron microscopy

Figure 2. HRTEM images of Au-NPs for a) Auw/NTM and b) Au/NTA cat-
alysts.

(TEM) results (Figure 3) showed that the Au-NPs in all of
the catalysts were similar. More than 80% of the Au-NPs
were prepared in the size range 4-8 nm (an average ob-
tained from the measurement of 100 Au-NPs) from a series
of HRTEM and TEM images. The large specific surface
area of these supports allowed the effective dispersion of
the Au-NPs. Moreover, X-ray photoelectron spectroscopy
(XPS) analysis of the supported Au-NPs (Figure 5) indicated
that the gold was present in the metallic state in all of the
samples (with the Au4f,, and Au4fs, peak identified at
83 eV and 86.5 eV, respectively).

Results of the IES measurements: The IES technique was
employed to investigate water adsorption and dissociation.
It was also used to elucidate the defects on the TiO, nano-
structure surfaces from the IES bands and their changes in
conjunction with information acquired from the TEM obser-
vations. The IES spectra of the TiO, samples are shown in
Figure 4. During the IES measurement, the spectra were re-
corded in situ when the sample was heated on a sample
holder from 100 to 300°C at intervals of 50°C in a N, flow.
Because all of the TiO, nanostuctures were obtained after
calcination at 300°C or above for 3 h, they were stable
during the measurement (i.e., no phase transition took
place).

As can be seen, two OH stretching bands at 3705 and
3665 cm ™! were observed for all of the samples. The band at
3665 cm ! was assigned to hydrogen bonded (adjacent) OH
groups, whereas the band at 3705 cm™! was assigned to iso-
lated OH groups.””! The intensity of the band at 3665 cm™!
considerably decreased when the samples were heated from
100 to 300°C, whereas that of the band at 3705 cm™" only
slightly changed. Clearly, the isolated OH groups were more
difficult to remove from the surface than the adjacent OH
groups by the heating treatment. At 300°C (Figure 4,
traces d), the band intensity of the adjacent OH groups de-
creased to a level similar to that of the isolated OH groups.
It was also found that the band at 1620 cm ™' (H-O-H bend-
ing vibrations, not shown in Figure 4) varied harmoniously
with the broad band between 3000-3500 cm ™ (Figure 4). In
the IES spectra, the band at approximately 3400 cm™ is at-
tributed to the hydrogen-bound surface OH groups (Ti—
OH) stretching vibration (hydrogen bonded with water mol-
ecules), whereas the band at 3250 cm™! is attributed to the
stretching vibration of the water molecules that are hydro-

Table 1. Catalytic performance of TiO, nanostructures and Au/TiO, nanostructure catalysts.

Catalyst Sper! [m?g] SRB oxidation!”! Catalyst CO oxidation!*! HCHO oxidation!"!
Conversion [%] TOF [s7'] Conversion [%] TOF [s7'] Conversion [%] TOF [s7']
NTM 294.6 15.84 8.4x107% Au/NTM 5.38 52x1072 20.55 41x107*
NTMA 306.6 21.07 1.1x1077 Au/NTMA 15.86 1.5x107! 32.51 6.5x107*
NTBA 236.7 30.32 1.6x1077 Au/NTBA 38.89 3.7x107! 67.17 1.3x107°
NTA 192.7 42.44 2.3x1077 Au/NTA 55.67 5.4x107! 87.47 1.7x1073

[a] Sggr= Specific surface area determined by BET analysis. [b] SRB oxidation conversion was calculated after reacting for 90 min with the SRB (C)
and catalyst concentration of 1.8x 107> molL™" and 0.5 gL', respectively. [c] CO oxidation was performed at 30°C under 197 mLmin~' CO (1 %) flow in
the presence of the catalyst (10 mg). [d] HCHO oxidation was performed at 20°C for 120 min in the presence of HCHO (4 pL, liquid injection) and cata-
lyst (20 mg).
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Figure 3. TEM images of Au (3 wt%) supported on various TiO, nano-
structured substrates: a) Au/NTM, b) AuNTMA, c) Au/NTBA, d) Au/
NTA catalysts, and e) the distribution of Au-NPs. The scale bars are all
50 nm. The particle size distributions were determined by analyzing 100
Au-NPs by using HRTEM images taken from several specimens.

gen bonded.™ 'l When heated to above 150°C, the band at
approximately 3250 cm~! weakened and the band at approx-
imately 3400 cm™' became visible, indicating that the ab-
sorbed water could be readily removed. The band at
1620 cm™! completely disappeared when the samples were
heated in situ at 300°C in a flow of N,, together with those
at approximately 3400 cm™' for the hydrogen-bonded OH
group and water. Loss of the surface OH groups and ab-
sorbed water is easier on NTM than on NTA in our IES
measurements, whereas in the cooling process (just after the
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heating at 300°C), these bands reappeared in the spectra of
both NTM and NTA, but the reappearance was observed at
a lower temperature in the spectra of NTM. When the tem-
perature was lowered to 150°C, the band at 3665 cm™' for
NTA was regenerated with much higher intensity than that
of NTM. This is clear proof that the NTA surface has a
stronger ability to adsorb and dissociate water (rehydoxyla-
tion). The water molecules that were present were probably
due to the trace moisture in the N, flow or diffusion from
atmosphere because the IES system is not completely isolat-
ed from air. The recovery of the absorbed water (the broad
band at 3000-3500 cm ' and the band at 1620 cm™') was
clearly seen when the temperature was decreased to 100°C.
Similar to rehydoxylation, an intensive band due to the re-
absorbed water was observed for the NTA sample, and it
was a stronger band than for NTM sample (Figure 4,
traces f). When the N, flow was shut off and the specimen
was exposed to air at 100°C for 10 min, the intensity of the
same band was almost fully recovered for the NTA sample
but was only partially recovered for the NTM sample. Ac-
cording to the IES results, the ability of the TiO, nanostruc-
tures to regain surface OH groups and absorbed water is in
the order NTA >NTBA >NTMA >NTM.

It should be emphasized that, because the IES measure-
ments for all of the samples were carried out under the
same conditions (N, flow rate and heating and cooling pro-
cedures), the measured IES spectrum for a specific sample
was well reproducible. Moreover, the same order was ob-
served for the TiO, nanostructures loaded with gold (results
not shown here), confirming that the rehydroxylation and
re-adsorption of water took place on the TiO, support sur-
face.

Results of the XPS measurements: The discovery that the
NTA sample had the strongest surface OH group regenera-
tion ability was also confirmed by XPS measurements.
Figure 5 shows the O 1s spectra of the Aw/TiO, (NTA) and
Au/TiO, (NTM) catalysts before and after the CO oxidation
reaction (more reaction results are discussed below). The
main O 1s peak (either before or after the reaction) is at ap-
proximately 530-530.2 eV, revealing the main component of
the lattice oxygen (O*") species in the supports. However,
besides the normal lattice oxygen species at 530.2 eV and
the surface OH species at approximately 531.8 eV, an inter-
esting O 1s shoulder peak at 534.9 eV was observed, but
only in the Au/TiO,(NTA) catalyst after the reaction. Ta-
bayashi et al.”® calculated the X-ray spectra of small formic
acid clusters by using density functional theory, and predi-
cated that in addition to the normal O 1s binding energy at
532 eV, which is attributed to O 1s (C=0)—n* (C=0) exci-
tation, there would be an additional O 1s peak at 535¢V,
originating from three transitions: O 1s (C=0)—o*(OH),
O 1s (OH)—xn* (C=0), and O 1s (OH)—o0*(OH). The ob-
servation of the O 1s peak at 534.9 eV (Figure 5) indicates
the interaction of the CO groups with the OH groups on the
surface of the Au/TiO, (NTA) catalyst, revealing the stron-
gest OH regeneration ability of the NTA support. This
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Figure 4. IES spectra of NTA, NTBA, NTMA, and NTM samples. Traces a), b), ¢), and d), were measured at
100, 150, 200, and 300°C, respectively; traces e¢) and f) were obtained after the temperature was lowered from
300°C to150 and 100°C, respectively; trace g) was measured when the samples had been exposed to air at
100°C for 10 min.

CO + OH complex could be formed in the CO oxidation re-
action owing to the abundance of OH groups in the NTA
supports, or it could be generated after the catalytic reaction
during transfer of the sample to the XPS sample chamber
(owing to the high surface OH regeneration ability of the
NTA support and the fact that the sample was unavoidably
exposed to air for a short time during the operation). Simi-
lar results were reported by Kung et al.,?!) who observed an
IR peak at 1242 cm™!, which was assigned to a hydroxycar-

bonyl species after an Au/TiO, catalyst was exposed to CO

gas. Because the NTM sample exhibited the weakest OH re-
generation ability among the four TiO, samples, it is under-
standable that a similar O 1s peak at 534.9 eV was not ob-

served in this case.
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Catalyst performance results:
The surface OH groups could
facilitate O, absorption, and
thus, binding and activation of
O, could be significantly en-
hanced in the presence of
water.l'%%3% We found that the
catalytic activity of the cata-
lysts for all of the three oxida-
tion reactions strongly depend-
ed on the ability of the TiO,
nanostructures to regain sur-
face hydroxyl groups and ab-
sorbed water. Catalyst activity
curves are shown in Figure 6
and the catalytic test condi-
tions, conversion, and turnover
frequency (TOF) are derived
from conversion and the con-
tent of the active component
of the catalyst, which are listed
in Table 1. The TOF for the
SRB photocatalytic degrada-
tion was calculated based on
the total TiO, because TiO, is
the active component of the
photocatalysts. The TOF for
the other reactions were calcu-
lated based on gold content
because gold is the active com-
ponent. Of all of the three re-
actions the NTA sample and
its supported gold catalyst ex-
hibited the highest activity fol-
lowed by NTBA, NTMA, and
NTM and their respective sup-
ported gold catalysts.

For the catalysts containing
gold, the Au-NPs were loaded
onto the supports by using the
same procedure. Analysis of
TEM and XPS results demon-
strated that the Au-NPs in all

of the catalyst samples were similar in terms of size (4-
8 nm), shape, dispersion, and oxidation state. X-ray fluores-
cence (XRF) analysis showed that the gold loadings on all
of the supports were similar at about 3 wt%. These facts
suggest that the difference in the supports has a limited
effect on the properties of the Au-NPs in these catalysts.
Consequently, the difference in catalytic activities of the cat-
alysts is mainly attributed to the difference in the supports,
especially the difference in the surface structures.

Mechanism of photocatalytic HCHO oxidation: For HCHO
oxidation under visible light (wavelength of 400-500 nm), all
of the photocatalysts of the Au-NPs on TiO, supports exhib-

ited significant activity (Table 1). Because the bare sub-

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. XPS spectra of Au 4f and O 1s for a) and ¢) Au/NTM and b) and d) Au/NTA catalysts before and after catalytic oxidation of CO.

strates showed negligible activity under the same conditions,
there is no doubt that the enhanced activity was due to the
presence of Au-NPs. We note that when using other metal
oxide supports with large band gaps (e.g., ZrO,, CeO,), Au-
NPs also exhibit high activity.! It has been reported that
the Au/TiO, photocatalysts have high activity for the oxida-
tion of organic molecules,™ but the role of the Au-NPs has
not been correctly explained because the photocatalytic ac-
tivity of the Au-NPs themselves under visible light has not
been recognized. The results of the present study provide
clues to understanding these issues better. Clearly, it is the
Au-NPs, rather than the semiconductor TiO, supports, that
act as the active photocatalyst under visible light irradiation.
The visible light absorbed by the Au-NPs due to the surface
plasmon resonance (SPR) effect!*! should be able to induce
transition of the 6 sp electrons of gold to high energy levels.
These energetic electrons can then migrate to the conduc-
tion band of TiO, and are seized by the oxygen molecules.*"!
Meanwhile, Au-NPs can capture electrons from the HCHO
molecules adsorbed on them because of the high electrone-
gativity of gold. O, adsorbed on the TiO, supports surface
should be the major electron acceptor (the oxidant). The
more O, adsorbed, the higher the oxidation activity. Be-
cause the surface OH groups and adsorbed H,O can facili-
tate O, adsorption on the surface and enhance oxygen mobi-
lity on the supports,™ the ability to regain surface OH
groups and H,O can thus act as an indicator for the O, ad-

Chem. Eur. J. 2010, 16, 1202-1211
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sorption as well as for the oxidation activity. These steps are
illustrated in Figure 7.

The roles of the surface OH groups in the catalytic oxida-
tions: In the low-temperature CO oxidation, the observed
Au/TiO, catalyst activity follows the same order as in the
photocatalytic oxidation of HCHO (Table 1). This is logical
because the supports serve as an oxygen reservoir and pro-
vide oxygen for the CO oxidation on the catalyst. DFT cal-
culations by Hu et al." showed that molecular O, cannot
absorb on a perfect TiO, surface, but instead can only
absorb on oxygen vacancies. The surface OH groups could
facilitate the absorption of molecular O, by donating elec-
trons to TiO,, and these excess electrons could be delocal-
ized among the Ti atoms that act as the active sites to
absorb molecular O,. In addition, as reported by Kung
et al.,” the surface OH groups or moisture can remove sur-
face carbonate species, which are the reaction intermediates
in the CO oxidation and can block the active sites. Clearly,
the existence of surface OH groups is important in the CO
oxidation reaction because they directly contribute to the
supply of active oxygen species and the regeneration of the
active sites in the reaction.

Similar to the above two reactions, in the photocatalytic
decomposition of SRB on the bare TiO, nanostructures
under UV light irradiation (300-400 nm), the observed pho-
toactivity order of the TiO, nanostructures was consistent
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Figure 6. a) Activity performance for the oxidization of HCHO at 20°C
under blue light illumination; b) specific activity at 197.8 mLmin~! of Au
catalysts supported on various TiO, nanostructures; c) photocatalytic ac-
tivity for the decomposition of SRB on bare TiO, nanostructured photo-
catalysts under UV irradiation (m=Au/NTA, e=Au/NTBA, a=Au/
NTMA, ¢ =AwNTM, 0=NTM, 0=NTBA, A=NTMA, c=NTM, ¥ =
blank).

with that of the ability to regain surface OH groups and ab-
sorbed water. According to the literature, in this reaction an
O, molecule seizes a photogenerated electron in the conduc-
tion band of TiO, to form the superoxide anion (O)") spe-
cies, which then reacts with protons to yield H,O, and H,O.
The photogenerated holes lead to the formation of OH radi-
cals that have a strong oxidation ability to decompose or-
ganic molecules. The relevant equations [Eq. (1)-(5)] are
summarized below (in which h* stands for a photoexcited
hole, R represents an organic molecule, and —OH is the sur-
face OH group):"*
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Figure 7. Energy diagram of Au/TiO, catalysts showing the oxidation of
HCHO by the SPR effect of Au-NPs under visible light.

TiO, + hv(> E,) — e~ +h* 1)
h* + -OH — OH (2)
OH' + R — CO, + H,0 (3)
e +0,— 0y 4)
e  +h" — heat (5)

The formation of O species consumes photogenerated
electrons, preventing them from recombination with the
holes so that the reaction rate depends on the formation of
O; species and hydroxyl radicals, and thus O, molecule ad-
sorption on the TiO, surface is of essential importance for
the reaction.

Structural model for the regeneration of surface OH and
active oxygen species: The catalysis results demonstrate that
the activities of the photocatalysts and the catalysts for the
three catalytic oxidations rely on the ability of the TiO,
nanostructures to regain surface OH groups and absorbed
water. As previously mentioned, this and the O, adsorption
ability arise from surface defects. To reveal the structure of
these important sites, we determined the outer surface plane
of anatase nanostructures (NTA) from the HRTEM image
(see Figure S2 in the Supporting Information). The two in-
terplanar spacings were both measured as 0.36 nm, which is
in agreement with (010) and (100) (0.378 nm according to
JCPDS 71-1166). The angle between the two indicated
planes is 90°. Therefore, the two planes can be indexed as
the (010) and (100) plane, respectively, and the surfaces
most probably exposed are the (001) and (101) planes.
According to a density functional theory (DFT) calcula-
tion by Gritzel et al., water is preferably dissociated on the
bridging oxygen vacancies on the (101) and (001) surfaces of
anatase to form two OH bridging groups,'® and these OH
groups can lower the O, adsorption energy further to facili-
tate molecular O, adsorption,"*!”! resulting in molecular O,
adsorption over the two Ti atoms near the OH group. By
combining the literature results with the results from the
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present study, we can propose a structural model to illus-
trate the absorption of H,O and O, molecules on the ana-
tase (001) plane (Figure 8). According to this model, both
the absorption and the activation of molecular O, are relat-
ed to the surface oxygen vacancy density and distribution.
Therefore, it can easily explain the experimental facts as to
why the supported gold catalyst on reducible oxides are
more active towards CO oxidation than that on nonreduci-
ble oxides,* that is, it is easier to generate oxygen vacancies
on reducible oxides and these supports can adsorb O, mole-
cules, whereas it is generally impossible for nonreducible
oxides. The activated oxygen species can directly participate
in the oxidation reactions. For supported gold catalysts it
has also been suggested that oxygen can be activated on
nanoparticles and then react with hydroxyl groups on a sup-
port.”2!l Even in such a mechanism, molecular O, activated
on the TiO, surface provides an additional oxidation agent,
and thus enhances oxidation together with the regenerated
surface hydroxyl groups. Loading Au-NPs on the TiO, sup-
ports is likely to create more defects on the interface be-
tween the gold particles and the support, which can act as
active sites.'?! Therefore, the supports for the gold catalysts
not only act as the substrates that allow gold to be ade-
quately dispersed as small Au-NPs, but also play a crucial
role in the adsorption of O, and the supply of active oxygen
for catalytic oxidation.

For the three reactions investigated in this study, the abili-
ty to adsorb and activate O, molecules, the oxidant in these
oxidation reactions, is the most significant factor contribu-
ting to the catalytic activity. This ability depends on the
oxygen vacancies on the TiO, surface. Because surface OH
vibration bands of different samples (with different TiO,
phase composition) appear at the same position, it is most
likely that the structure of the vacancy sites in different sam-
ples is similar and is located at bridging O*" sites. Therefore,
the more O vacancy sites there are, the easier it is to regen-
erate surface OH groups and to activate the molecular O,,
and the higher the activity of TiO,-based catalysts and pho-
tocatalysts for the oxidations.

[001] [001]

Oxygen vacancy

@ H from H,0 dissociative adsorption

Q T1site

o In-plane O site

Bridging O% site

FULL PAPER

We noted that the NTA sample possessed the smallest
specific surface area among the four samples but exhibited
the strongest ability to form surface OH groups and absorb
water. The oxygen vacancy density on the anatase surface is
probably higher than that on the surface of the other TiO,
polymorphs, thus a higher activity is observed from the cata-
lysts of anatase solid. Because the surface OH regeneration
ability can act as an indicator of the ability to activate mo-
lecular oxygen, we can probably avoid the need to measure
the short-lived surface oxygen species in many catalytic
studies on supported Au catalysts. Furthermore, in the low-
temperature oxidation of CO on gold catalysts, because it is
the molecular O, and not the lattice oxygen of the catalyst
supports that are involved in the oxidation reaction, we can
understand further why the mobility of the lattice oxygen is
not directly related to their catalytic performances.

Conclusion

Four kinds of TiO, nanostructures with different phase com-
positions, namely, NTM, NTMA, NTBA, and NTA, and
their supported Au catalysts have been prepared and used
for the three catalytic oxidation reactions. It was found that
the order of the catalytic activity of the catalysts in the
three reactions are the same as that of the surface OH re-
generation ability of the catalyst supports, NTA >NTBA >
NTMA >NTM. This observation reveals the common
nature of these three catalytic oxidation reactions: the sur-
face OH groups of the catalyst supports contribute to the
three reactions, especially the adsorption and activation
steps of the O, molecules. XPS measurements have identi-
fied one O 1s peak at 534.9 ¢V on Au/TiO, (NTA) after its
exposure to CO gas, revealing the strong interaction be-
tween the coexisting CO and OH species on this catalyst
and the abundance of OH groups on the NTA support. This
peak should be assigned to the hydroxycarbonyl-like species,
an intermediate proposed by Kung et al. A structural model
for the generation of surface OH groups and absorption of

[001]

O} Surface OH group from H.O
dissociative adsorption

m Molecular O,

Figure 8. Proposed H,0 and O, adsorption process on exposure of the (001) plane in anatase.
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molecular oxygen based on the structural characterization
and literature results is thus proposed: The oxygen vacan-
cies at the bridging O*” sites of the TiO, surface can readily
and dissociatively absorb H,0O molecules to generate surface
OH groups, which facilitate adsorption and activation of O,
molecules bound to nearby oxygen vacancies. This O, acti-
vation step is the key step of the three oxidation reactions.
A mechanism for the photocatalytic formaldehyde decom-
position on the Au—TiO, catalysts is also proposed, which is
different from those previously reported in the literature:
The Au-NPs can absorb visible light owing to the surface
plasmon resonance effect, thus inducing a transition of the
6 sp electrons of gold to high energy levels. These energetic
electrons can then migrate to the conduction band of TiO,
and are seized by the oxygen molecules. Meanwhile, the Au-
NPs capture electrons from the formaldehyde molecules ad-
sorbed on them because of their high electronegativity. O,
adsorbed on the TiO, supports surface thus acts as the
major electron acceptor. The knowledge acquired in this
study will be useful in designing efficient catalysts and pho-
tocatalysts for a number of oxidation reactions and for un-
derstanding their working mechanisms.

Experimental Section

Synthesis of TiO, nanotubes and nanorods and Au loading: Titania nano-
tubes and nanorods of different phase compositions (labeled as NTM,
NTMA, NTBA, and NTA) were prepared through various post treat-
ments of hydrogen titanate nanotubes at temperatures ranging from 300
to 400°C in different gases. The hydrogen titanate nanotubes were ob-
tained by a hydrothermal treatment of anatase powder with NaOH solu-
tion (10m) and subsequent ion exchange with H*.” NTM and NTBA
were obtained after calcination of the hydrogen titanate nanotubes at 300
and 350°C, respectively, in air for 3 h, whereas NTA was obtained after
calcination at 400°C in argon gas for 3 h. NTMA was obtained by first
treating the hydrogen titanate nanotubes with a HNO; (0.1 m) solution in
a water bath at 60°C for 12 h, and was then washed with deionized (DI)
water and dried at 100°C overnight before calcination at 300°C in air for
3 h. After the various treatments, NTM were nanotubes of a metastable
phase between the hydrogen titanate and TiO,(B) phase, whereas NTBA
were nanotubes of mixed TiO,(B) and anatase phases. NTA consisted of
nanorods of the anatase phase, and NTMA was composed of the metasta-
ble phase nanotubes covered with a thin layer of anatase. The Au-NPs
were prepared by a sonication-assisted reduction method that employed
HAuCI, as the precursor, lysine as the capping agent, and NaBH, as the
reduction reagent.”™ In a typical preparation of a Au/TiO, catalyst (3
wt %) and DI water (8 mL) were added to the nanotube support (0.50 g),
followed by addition of HAuCl, (0.01m, 8 mL) and an aqueous solution
of lysine (0.01M, 9 mL). The pH value of the suspension was then adjust-
ed to a value between 5 and 5.5 by using NaOH solution (0.10m). There-
after, the suspension was subjected to ultrasonication for 20 seconds.
Freshly prepared NaBH, (0.1 M, 5-10 times the Au molar number) was in-
jected during sonication. After the reaction, the pH value at the end
point was measured. The suspension was then washed four times with DI
water and centrifugation was carried out before drying at 60°C overnight
and calcining at 300°C for 1 h. This method can lead to a nearly complete
gold precipitation from the gold precursor solution as proven in our pre-
vious report.*)

Catalytic activity test—HCHO oxidation: The Au/TiO, catalysts (20 mg)
were suspended in ethanol (0.5 mL) to coat the solid onto a glass plate
(7 cm in diameter), which was then dried at 80°C. The coated plate was
placed in a 6 L glass vessel located in a chamber equipped with six 18 W

1210 ——

www.chemeurj.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

light tubes (Philips, TLD18, wavelength 400-500 nm) as the light source.
The chamber temperature was actively maintained at 20°C, otherwise
the light illumination could cause an increase in the temperature of the
vessel. The vessel was filled with air and sealed after the coated glass
plate was mounted. Formaldehyde (4 uL, 40% solution) was injected
into the vessel and allowed to fully evaporate with the help of an internal
fan. The gaseous specimens were sampled before and after the light was
switched on, and were analyzed by a gas chromatograph (Shimadzu GC-
2014) equipped with TCD and FID detector.

CO oxidation: The measurement of the catalytic activity for CO oxida-
tion was carried out in a fixed-bed microreactor. Each catalyst (10 mg)
was loaded in the middle of a quartz tube in between two layers of
quartz wool. Prior to the characterization and activity test, the catalyst
was first treated in air at 300°C for 1h to remove the lysine molecules
that capped the Au particles. After cooling to room temperature, a reac-
tant gas containing CO (1%) in air was then passed through the catalyst
bed. The outlet gas was analyzed on-line by using gas chromatography
(Shimadzu-14B). Each catalyst was tested at two gas hourly space veloci-
ties (GHSV) of 47771 h™' and 472452 h™.

SRB oxidation: In this study, the UV light source for the photoactivity
test was six 20 W tubular Hg lamps (NEC, FL20SBL) with a peak wave-
length at about 350 nm. The catalyst concentration was 0.5 g/L, and the
initial concentration (C,) of the SRB (Aldrich) was 1.8x107°m. At regu-
lar irradiation time intervals, the dispersion was sampled, and the speci-
men was filtered through a filter (Millipore, 400 nm, teflon) to remove
the catalyst particles prior to the analysis. The filtrate was analyzed by
UV/VIS spectroscopy (Varian Cary 100 spectrometer) for the absorbance
intensity by using the reading at 565 nm.

Characterization techniques: The TEM study on the samples and the
HRTEM investigations were carried out on a FEI Tecnai F20 operating
at 200 kV. XRD patterns of the samples were recorded on a Philips PAN-
alytical X'Pert PRO diffractometer using Cuy, radiation (1=1.5418 A)
operating at 40 kV and 40 mA with a fixed slit. The Raman spectra of the
samples were measured on a Spectra-Physics model 127, the excitation
source was a He-Ne laser (633 nm) and the resolution was 2 cm™'. The
Au loadings in the catalysts were measured on an X-ray fluorescence
spectrometer (Bruker Axs, S4 Explorer), and the nitrogen sorption iso-
therms were measured by the volumetric method on an automatic ad-
sorption instrument (Micromeritics, Tristar 3000) at liquid nitrogen tem-
perature (77 K). The specific surface area was calculated by the BET
method from the data in a P/P, range between 0.05 and 0.2. The XPS
data were recorded on an ESCALAB 250 spectrometer and Alg, radia-
tion was used as the X-ray source. The C 1s peak at 284.5 eV was used as
a reference for the calibration of the binding energy scale. The IES meas-
urements were carried out on a Digilab FTS-60A spectrometer equipped
with a TGS detector, which was modified by replacing the IR source
with an emission cell (the principles of the emission experiment have
been published elsewhere).””! The same amount (in volume) of powder
for different samples was loaded on the sample holder to form a uniform
thin layer. During the IES measurement, the specimen was heated from
100 to 300°C and then cooled from 300 to 100°C on a sample holder at
50°C intervals in a flow of N, (15 standard cubic centimeters per minute
deliberately controlled with a flow meter) in an closed but not sealed
chamber to remove desorbed species from the specimen. The interval be-
tween the two scans (while the temperature was raised to the next hold
point) was approximately 120 s for the powdered sample to reach tem-
perature equilibrium. When the specimen was heated, the species ad-
sorbed on the surface such as adsorbed water and OH groups were grad-
ually removed. The extent of the removal varied from sample to sample,
depending on the adsorption strength of the species on the sample sur-
face. The maximum heating temperature was limited at 300°C to prevent
the specimen from undergoing a phase change. When the specimen at
300°C was cooled, trace moisture in the N, flow resulted in adsorption of
water and the formation of surface OH groups. Similarly, the extent of
the adsorption and the formation depended on the strength of the inter-
action between the species and the sample surface. By comparing the
water desorption and the loss of the surface hydroxyl groups during heat-
ing with water adsorption and the gain of the surface hydroxyl groups
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during cooling, the ability of the surface to generate surface OH groups
and to adsorb water was determined. The IES measurement was repeat-
ed and the data were well reproducible. The IES spectra at the lower
temperatures always contained more noise owing to the low signal-to-
noise ratio caused by the low temperature difference between the sample
and the detector.
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