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Improve the Visible-Light Photocatalytic A ctivity**
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The properties and applications of materials are significantly
controlled by their physical characteristics, such as size, shape,
and structural state. Many processes are governed by inter-
face reactions by which the surface energy and reactivity
depend on the spatial configuration, coordination, and
structural state of surface atoms and molecules. For crystals,
this dependence is directly related to the expression of
specific crystallographic faces, which exhibit different surface
structures and atomic configurations. These differences
explain why some applications, such as molecular adsorption
and desorption, gas sensing, drug molecule delivery and
release, and heterogeneous catalysis are highly sensitive to
the surface atomic structures. Recent progress in the engi-
neering of crystal morphology has included the synthesis of
polyhedral silver nanocrystals by the polyol method,!! the
epitaxially seeded growth of highly faceted Pt-Pd nanocrys-
tals,” and the controlled overgrowth of Pd-Au core-shell
structures enclosed by {111} facets.”) Apart from these
metallic nanocrystals, binary or ternary compounds with
preferentially developed facets have also been reported.™
The facet effect is an important factor for heterogeneous
photocatalysts, because surface atom arrangement and coor-
dination intrinsically determine the adsorption of reactant
molecules, surface transfer between photoexcited electrons
and reactant molecules, and desorption of product mole-
cules.’! This phenomenon has been well studied in TiO,
photocatalysts.!”! TiO, is one of the most extensively studied
photocatalysts owing to its abundance, nontoxicity, and
stability. However, for practical applications, pure TiO, is
not a good candidate because it is only active under ultra-
violet (UV) irradiation owing to the band gap of 3.2 eV for
the anatase phase. Therefore, band-gap engineering is
required to use TiO, as a water-splitting catalyst under
visible-light irradiation. Reduced TiO, (TiO,_,), containing
Ti** or O vacancies, has been reported to show visible-light
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absorption.” Various strategies have been applied to synthe-
size reduced TiO,, such as heating under vacuum® or
reducing gas,” laser irradiation,'”’ and high-energy particle
bombardment (electrons!"! or Ar* ions!'?). A big challenge
for the application of reduced TiO, is that the surface oxygen
defects are highly unstable in air owing to the susceptibility of
Ti** toward oxidation by O,.”l Recently, we reported a facile
one-step combustion method to synthesize partially reduced
TiO,." The presence of Ti*" in the sample extends the
photoresponse of TiO, from the UV to the visible light
region, which leads to high visible-light photocatalytic activity
for the generation of hydrogen gas from water. However, in
the rapid and harsh combustion process, there is very limited
control over the crystallization process, which results in the
irregularly shaped products. Herein we report the develop-
ment of a simple solution method to grow non-stoichiometric
rutile TiO, crystals with desired facets. The incorporation of
Ti**, which extends the light absorption from the UV into the
visible range, along with the development of facets with high
reactivity, results in a material exhibiting greatly enhanced
photocatalytic H, production activity relative to the combus-
tion product we reported before.

Powder X-ray diffraction analysis (Figure 1a) shows that
the sample of as-produced TiO, (sample S1) has rutile
structure. All of the diffraction peaks can be assigned to
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Figure 1. a) XRD pattern of an as-prepared sample obtained by hydro-
thermal treatment of Ti powder and HCl under 220°C for 12 h.

b) Typical SEM image of the rutile crystal: a tetragonal prism with

a pyramid-like top. c) High-magnification SEM image showing the top
feature of the crystal. d) The faceting process of the rutile TiO,.
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tetragonal rutile structure with cell parameters a =4.584 A
and ¢=2.953 A, space group P4,/mnm (JCPDS No. 89-4920).
No anatase diffraction peaks are observed. Figure 1b shows
a typical scanning electron microscopy (SEM) image of the
as-synthesized sample. This hydrothermal method produces
tetragonal crystals with a prismatic habit that are obviously
different from the irregular particles we previously prepared
(sample S2; Figure S1). Based on first-principles calculations,
the crystal face with the lowest surface free energy for rutile is
{110}, a form which is preferentially developed in the
crystals from this sample. A high-magnification SEM image
(Figure 1c¢) reveals that the rutile crystals are a combination
of prismatic and bipyramidal forms. The angle a of (53.6°)
measured between the edges of the prismatic and pyramidal
facets (Figure 1c) matches closely the theoretical value
between the (110) and (011) directions in a tetragonal lattice
with a=4.584 A and ¢=2.953 A. From the above investiga-
tion, we can propose that the rutile crystals in sample S1 are
a combination of a {110} tetragonal prism and a {111}
tetragonal bipyramid, with preferentially developed {110}
prismatic faces, which gives the crystals an elongated habit
along the c axis (Figure 1d). This interpretation is unambig-
uously supported by transmission electron microscopy
(TEM). Figure 2a shows a TEM image of a representative
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Figure 2. a) Typical TEM image of a rutile TiO, single crystal. The
overlaid inset is the oriented [110] SAED pattern from this crystal.
b) High-resolution TEM image taken from the circled area in (a).
c) EPR spectra measured at 100 K. d) UV/Vis diffuse reflectance
spectra for commercial P25 (seees) and ST (—).

rutile single crystal, and the corresponding selected area
electron diffraction (SAED) pattern, which is overlaid on top
of the crystal image. The spot SAED pattern clearly
demonstrates the single-crystal nature of the individual
grains of this sample. The SAED pattern was taken with the
electron beam normal to one of the prismatic faces of the
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crystal. Inspection of the indexed [110] zone axis pattern
reveals that the prismatic crystal faces are parallel to {110},
the bipyramid faces are parallel to {111}, and the elongation of
the crystal is parallel to (001). This is confirmed by the high-
resolution TEM (HRTEM) image taken from the marked
area in the low-magnification TEM image (Figure 2b), which
reveals the crystal lattice and the orientation of the lattice
planes with respect to the crystal faces. The lattice fringes of
3.22 A and 2.95 A correspond to the {110} and {001} lattice
spacing, respectively, corroborating the SAED measure-
ments.

Electron paramagnetic spectra (EPR) were recorded at
100 K to determine the presence of Ti*". A strong EPR signal
is observed at g=1.97 (Figure 2c), which could be assigned to
Ti** % thus confirming the existence of the Ti** in the
synthesized sample (Figure 2c). The presence of Ti** may
result from reduction of Ti*" by H,, which is produced by the
reaction between Ti powder and HCI (details are presented in
the Supporting Information). It is worth noting that the EPR
spectra also excludes the presence of Ti*" on the surface of the
sample, as the surface Ti’" is prone to adsorb atmospheric O,,
which would be reduced to O, and will show an EPR signal
at g~2.02,"" which is absent in our spectrum. The XPS study
further confirmed that no Ti*" exists on the surface (Support-
ing Information, Figure S2). Having all of the Ti*" located in
the bulk is crucial for the stability of our non-stoichiometric
TiO, sample, as the surface oxygen defects are not usually
stable enough to survive in air and are even susceptible to
oxidation by dissolved oxygen in water.”>!8! The concentra-
tion of Ti*" was determined by numerical double integration
of EPR spectra and comparison with a frozen aqueous
solution of Cu**. The concentration of Ti** was estimated to
be 4.95 umol g~! with an absolute accuracy of about + 20 %.!

Figure 2d shows the UV/Vis absorption spectra for the
sample and the commercial Dequssa P25 (a mixture of
anatase and rutile TiO,). Compared to the stoichiometric
TiO,, the partially reduced sample shows a red-shift in the
spectrum, which suggests a decrease in the band gap. Our
calculation has demonstrated that the Ti*" inside the bulk
TiO, could induce a vacancy band of electronic states just
below the conduction band, which is responsible for the band
gap narrowing.'¥ The assumption of a miniband also explains
why the absorbance in the visible range for the as-prepared
sample is stronger than that for Ti*" free P25.

The photocatalytic activity of the sample for hydrogen
production from water was tested. After loading a sample
(0.100 g) with 1% Pt (0.001 g), the photocatalyst S1 was
placed into an aqueous methanol solution (120 mL, 25%) in
a closed-gas circulation system. A Xe lamp (300 W) with
a 400 nm cut-on filter was used to cut off the UV light and
allow only visible light (>400 nm) to pass through. Figure 3
shows the time course of H, evolution for as-prepared sample
S1. Under the above reaction conditions, the sample could
steadily produce hydrogen gas at about 18.1 umolh~'/0.100 g.
After illumination for 100 h, 1843 umol H, was evolved in
total, which accounts for a turnover number of 1.47. This
result confirms the H, production is a photocatalytic process.
Note that no noticeable decrease in H, production rate was
observed within the 100 h photocatalytic period (Supporting
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Figure 3. Time course of evolved H, under visible light (>400 nm)
illumination. (m) Sample S1, reduced TiO,, tetragonal prism; (@) Sam-
ple S2, reduced TiO,, irregular nanoparticles; (A) Sample S3, stoichio-
metric TiO,, tetragonal prism.

Information, Figure S3), thus demonstrating the high stability
of the photocatalyst. We measured the external quantum
efficiency (EQE) with a 420 nm band pass filter, which gave
an EQE value of 2.28%.

The effect of the active facets is investigated by comparing
sample S1 with our previously reported reduced TiO, irreg-
ular nanoparticles S2. Under the same photoreaction con-
ditions, S1 exhibits 200 % improvement (18.1 umolh~/0.100 g
versus 6.0 umolh~'/0.100 g), which strongly demonstrates the
enhancement of the photocatalytic activity owing to the active
facets. We have measured the surface area of these samples
and find that S1 has a much lower surface area than S2
(5.5 m*g ! versus 11.7 m*g '), even though its activity is much
higher. This decrease in surface area would be expected to
lower the catalytic activity of S1, which is contrary to what is
observed. Thus the increased activity of S1 must result from
some other feature of its morphology. It has been reported
that {111} and {110} facets are prone to collect holes and
electrons, respectively,”” which greatly improves the separa-
tion of holes and electrons. SEM imaging of sample S1 after
the photocatalytic reaction (Supporting Information, Fig-
ure S5) revealed that no deformation or size and shape
changes have taken place during the photocatalytic reaction.
Of greater importance is the observation that the Pt nano-
particles accumulated exclusively on the {110} facets, without
any Pt nanoparticles found on the {111} facets. This observa-
tion confirms that the photogenerated electrons selectively
gathered on the {110} facets, where the Pt" was reduced to Pt
nanoparticles. To further examine how the shape of the
particle influences the electron—hole dynamics, we compared
the fluorescence decays from samples S1 and S2. Both
samples show the highly nonexponential decay of fluores-
cence centered around 480 nm that has previously been
attributed to surface trap states.?!! The distribution of surface
traps, with different lifetimes, is what leads to the highly
nonexponential decays. However, in S1, where the {111} and
{110} facets are well-defined, the fluorescence lifetime is
significantly longer than in the irregularly shaped S2 sample.
Although we cannot extract a single decay time, the 1/e decay
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time is almost twice as long for the S1 sample at room
temperature (Supporting Information, Figure S6). This differ-
ence becomes more pronounced at lower temperatures
(Supporting Information, Figure S7). At 84 K, the S11/e
decay time is almost four times longer, and it is clear that the
short-time decay in S2 is much reduced in S1. If we attribute
the fluorescence decay to recombination of the surface
trapped electron or hole with its counterpart, then it appears
that rapid recombination events play a smaller role in S1. If
electrons and holes are trapped at crystallographically differ-
ent crystal facets, such as the {111} and {110} in the S1 sample,
then this effective separation of the electron and hole would
suppress rapid recombination events, as observed experimen-
tally. Slower electron-hole recombination would provide the
trapped charges with more opportunities to initiate surface
reactions, thus presumably enhancing the photocatalytic
activity as observed for these particles as well. We also ran
a control experiment on a stoichiometric rutile TiO, sample
with active facets (sample S3) formed by heating S1 in air
under 210°C for 8 h. After oxidation, S3 retains the original
prismatic shape of the S1 sample (Supporting Information,
Figure S8) but almost completely loses its photocatalytic
activity (< 0.1 umolh™/0.100 g). EPR measurements show no
presence of Ti*" in the S3, and the UV/Vis spectra reveal that
the absorbance of visible light (wavelength greater than
400 nm) is nearly extinguished (Supporting Information,
Figure S9). This control experiment demonstrates that it is
the Ti** that effectively extends the photoresponse of TiO,
from UV to visible light region, resulting in the visible-light
activity of the as-synthesized S1.

In conclusion, we have synthesized a partially reduced
non-stoichiometric rutile TiO, with active facets by a facile
solution method. This highly stable photocatalytic material
has a greatly improved efficiency to reduce water when
compared to irregularly shaped nanoparticles. The new
synthetic approach presented herein provides a way to
control the final crystal morphology of the target product.
We expect to utilize this new strategy to explore how the
interplay of chemical composition and nanoscale morphology
affects the photocatalytic activity of TiO,, with the ultimate
goal of finding new and highly efficient photocatalysts.

Experimental Section

All chemicals, including titanium powder (Aldrich, 99%) and
hydrochloric acid (Fisher scientific, 37.1%), were used as received
without any further purification. In a typical synthetic procedure,
titanium powder (0.300 g) and hydrochloric acid (10 mL, 2M) were
mixed in a 50 mL pyrex beaker and magnetically stirred for 15 min.
This mixture was then transferred to the Teflon-lined stainless-steel
autoclave (23 mL capacity) and hydrothermally treated for 12 h
under 220°C. The sample was then collected and washed by distilled
water and ethanol three times.
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