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In situ coupling of Ti,O with rutile TiO, as a core—
shell structure and its photocatalysis performancet
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The fabrication of high-performance, low-cost photocatalysis materials, which absorb in the visible-light
region, is of significance for their practical applications. A Ti,O@TiO, (rutile) core—shell structure was
fabricated through dehydrogenation and oxidation from TiH,. Thermal analysis indicates that a bimodal
oxidation behavior accounts for the formation of a bi-phasic composite. The response of the composite
under UV and visible light was measured by PL (photoluminescence) spectra and a photo-degradation
test. A pronounced improvement in photo-degradation performance is attributed to the synergistic
function of exciton separation of the core—shell structure and the visible light response of the Ti,O cores.

1. Introduction

A visible light response of photocatalysts induced by localized
surface plasmon resonance (SPR) has been commonly observed
in noble metal nanostructures since it was first reported for
synthesized gold colloids by Faraday more than 150 years ago.
The surface plasmon resonance phenomena observed in noble
metal nanoclusters such as Au, Ag, Cu, Pt, and Pd provide
a promising strategy for enhancing the photocatalytic efficiency
of semiconductors by loading these nanoclusters on to the
semiconductor surfaces.” The resonance between the metal
nanostructures depends on the interaction of their free elec-
trons with the oscillating electromagnetic field of light. There-
fore, the electron concentration and effective mass of the
carriers determines the performance of the plasmonic material
systems. As the free electron concentration in metallic materials
is always fixed, the SPR of the metal nanoparticles is always
tuned by the size effect and geometric factors. For instance, gold
(Au) nanostructures are the most systematically investigated
due to their chemical inertness and relative synthetic accessi-
bility. Spherical gold nanoparticles with diameters ranging
from 3 to 50 nm exhibit SPR at visible-light wavelengths.*
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Hollow or anisotropic gold nanostructures can exhibit multiple
SPR modes over visible to near infrared (NIR) wavelengths.
Anisotropic structures (e.g., nanorods) can support multiple
SPR modes along different axes of the nanostructure.®

Many classes of materials such as doped semiconductors
and metal chalcogenides exhibit plasmonic behavior in their
corresponding optical band."* Although these plasmonic
materials share identical physical basis with elemental metals,
their stoichiometry endows them with more freedom to tune
the electronic structure by doping and other band engineering
approaches. However, none of the plasmonic materials exhibit
optical properties superior to those of silver and gold. The
discovery and study of alternative materials, other than plas-
monic gold and silver, that interact with visible light is still
a rapidly growing field of research. For materials to be inte-
grated in realistic applications of photocatalysis, they should
meet the following requirements: (i) low cost, (ii) ease of fabri-
cation, and (iii) tunable optical absorption in visible region.
Herein, oxygen-deficient titanium oxide Ti,O is proposed as
a novel photocatalyst material for visible light absorption. The
employed precursor was commercially available TiH, powder. A
bimodal oxidation behavior resulted in the formation of the
TiO,@Ti,O core-shell composite. An evident enhancement in
the visible light absorption due to the formation of Ti,O was
observed. A photodegradation study was also employed to
exhibit the performance of the Ti,O co-catalyst. The simple and
feasible fabrication method demonstrates the possibility of
practical applications of these photocatalysts in the future.

2. Experiment

In a typical preparation process, 2 g TiH, (Sigma-Aldrich, 99%)
was first milled by a planetary ball milling mixer for 2 h (400
rpm), containing 30 g agate balls. Subsequently, the milled TiH,
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was treated at 550-640 °C for 2 h, 6 h and 10 h in a tube furnace.
The heating rate was set to 2 °C min~'. Then, the pre-treated
TiH, powder was placed in a sealed container and the heat
treatment was carried out without any protective gas. It should
be noted that TiH, is an industrial raw material for the
production of H, in metallurgy as it provides an oxygen-limited
atmosphere.

The morphologies and structures of the as-prepared samples
were analyzed using a field emission scanning electron micro-
scope (FESEM; JSM-7500F) and a high resolution transmission
electron microscope (TEM; FEI Tecnai G2 F20) with an accel-
erating voltage of 200 kV. Typical powder XRD patterns of the as-
prepared samples were obtained using a D/max 2500 XRD
diffractometer (Rigaku Ultima IV) with Cu Ko radiation (1 =
0.1541 nm) from 20° to 80° at a scanning rate of 4° min~". The
content of the different phases was evaluated by XRD patterns.
The relative content was obtained by comparing the intensity of
the dominant diffraction peaks. The analysis software was
integrated into the XRD (Rigaku Ultima IV) equipment. The UV-
vis absorption of the as-prepared samples in the range from 200
to 800 nm was measured using a Shimadzu, model UV3600,
spectrophotometer equipped with an integrating sphere, in
which standard BaSO, powder was used as a reference. X-ray
photoelectron spectroscopy (XPS) was performed on an ESCA-
LAB 250 spectrometer (Thermo Scientific Ltd. England) with Al
Ka. (hv = 1486.6 €V) radiation as the source. Photoluminescence
spectra were recorded to characterize the electron-hole
recombination probabilities with a Jobin Yvon HR800 micro-
Raman spectrometer using a He-Cd 325 nm laser.

The photocatalytic activity under visible irradiation of the as-
prepared TiO,/Ti,O composites was evaluated by performing
the degradation of a methylene blue (MB) aqueous solution
under visible light irradiation (>420 nm). Briefly, 50 mg as-
synthesized samples were mixed with 80 mL 100 mg L™' MB
aqueous solution in a transparent quartz container with
a volume of 100 mL. Prior to illumination, the suspension was
ultra-sonicated for 1 min to ensure that the photocatalyst was
highly dispersed, followed by stirring for 30 min in the dark at
room temperature to establish an adsorption-desorption equi-
librium between MB and the surface of the photocatalyst.
Following this, the container was placed under a 300 W xenon
lamp (Beijing Perfectlight Co. Ltd, the UV-vis spectrum was
shown in Fig. S17) equipped with an ultraviolet cutoff filter (1 >
420 nm), which was used as the visible light source. During
illumination, photocatalytic degradation of the MB aqueous
solution was measured by an UV-Vis spectrophotometer
(UV3600 spectrophotometer, Shimadzu) at given intervals (30
min). As a comparison, the photocatalytic degradation of the
MB aqueous solution over pure rutile TiO, was also conducted
under identical conditions. The percent degradation percentage
of the MB solution was calculated in the same way as described
in ref. 6.

3. Results

Following thermal treatment, the phase composition of the
resultant powder was tested by XRD and the results are shown
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in Fig. 1. Based on the results, the formation of Ti,O was
confirmed. As the heating temperature was increased, the
residual TiH, phase disappeared and the rutile-phase TiO,
gradually increased. When the temperature was increased to
610 °C, the resultant powder demonstrated a dual-phase
structure. At the temperature of 580 °C, prolonged treatment
time also resulted in the formation of Ti,O and TiO, compos-
ites. The structure of Ti,O can be described in terms of
a hexagonal close-packed arrangement of titanium atoms (c/a =
1.637), in which the oxygen atoms are ordered so as to occupy
every second layer of octahedral interstices normal to the c-axis.
The unit cell is shown in Fig. 1b.” It is well-known that anatase
TiO, is a very effective photocatalyst. According to anatase ICDD
(21-1272), the first and second XRD peaks of anatase are located
at 2-theta values of 25.28° and 48.04°, respectively. However, in
the XRD spectra of the as-prepared composite, there is no peak
observed corresponding to these 2-theta values. Thus, we can
exclude the formation of this phase. The as-prepared photo-
catalyst displays a high stability exposed in air for months.
Following refinement of the XRD patterns, the phase compo-
sition ratios were calculated and are displayed in Fig. 1c.

Fig. 2 shows the morphology of the as-synthesized TiO,/Ti,O
composite. The raw TiH, is irregular in shape with sizes
measuring of several tens of micrometers. After milling and
heat treatment, the powder particles showed nearly-spherical
morphologies with rough surfaces (Fig. 2b). The internal
HRTEM image of the selected area was further characterized
(Fig. 2c). The outer layer was a rutile TiO, shell, as indicated in
regions A, B, and D. For region A, d = 3.24 nm is attributed to
rutile (R) (110), with an angle of 67.5° to R (101), whose lattice
fringe was 2.50 nm. The internal phase shows a typical lattice
spacing, corresponding to Ti,O. These results confirm that
a TiO, shell@Ti,O core structure was formed.

To understand the formation process of the core-shell
structure, a differential scanning calorimetry (DSC) analyses
was carried out. In Fig. 3, the bimodal oxidation behavior is
represented by a dotted curve. The exothermic reaction starting
at 510 °C corresponds to the dehydrogenation of TiH,. The
subsequent reaction was the further oxidation of Ti,O to rutile
phase. Both reactions occurred continuously and resulted in the
dual phase composite.® The reaction route is illustrated in the
left inset in Fig. 3.

The photoresponse of the as-synthesized samples, which
were heated for 6 h at different temperatures, was measured
using a UV-vis spectrophotometer. The samples obtained at
640-550 °C for 6 h exhibited a typical UV-vis reflectance
spectrum with a primary cut-off edge at ~410 nm, corre-
sponding to the intrinsic band gap of 3.0 eV for rutile.” As
observed, the SPR-like visible-light absorption band at ~400-
500 nm was present in the spectrum. The position and
intensity of the absorption peaks in the visible light region
depend on the heat-treatment temperature, which originates
from the grain-size effect and is consistent with other SPR
systems.'®'* The rutile TiO, is transparent, i.e., it does not
absorb visible light. As a consequence, the improved utiliza-
tion of photo energy was due to the existence of Ti,O phase in
a composite. The sample synthesized at 550 °C for 6 h showed
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Fig.1 (a) XRD patterns of the samples heated at different condition (indicated on the corresponding patterns). T: Ti,O (ICDD 01-073-1581), TH:

TiH, (ICDD 03-065-0934), R: rutile TiO, (ICDD 01-086-0147). (b) The unit cell of Ti,O phase. (c) The relative contents of different phases.

extra broad visible-light absorption at 500-800 nm, owing to
the residual TiH, phase.’” The inset in Fig. 4a shows that
samples fabricated at 580 °C for 2-10 h demonstrated iden-
tical phenomena (details in Fig. S2at).

I s

Rutile

O m

Fig. 2 (a) Morphology of milled TiH,. (b) Morphology of the synthe-
sized composite. (c) HRTEM of selected area. The detail on the lattice
fringe in the selected area was shown in A-D.
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It has been shown that heterojunctions are usually favorable
for the separation of photo-induced holes and electrons. To
address the effect of the TiO,@Ti,O core-shell structure on the
separation of the electrons and holes, the PL spectra of core-
shell structure films excited at 325 nm are shown in Fig. 4b. A
broad PL band in 400-700 nm represents the radiative recom-
bination of self-trapped excitons.” The peaks at 425 nm and
540 nm were ascribed to a strongly localized state (based on
oxygen vacancies) and the recombination of free electrons with
the trapped holes in the rutile phase, respectively."**> With
prolonged treatment time, a pronounced intensity decrease was
observed in the spectrum. The loss in intensity demonstrates
the enhancement in exciton separation. The transformation
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Fig. 3 DSC curves of TiH,.
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Fig. 4 (a) UV-vis absorption spectra of the as-synthesized samples. The i
synthesized samples. The relative content of Ti,O in composite is shown

nset in (a) is also shown separately in Fig. S2at (b) PL spectra of the as-
in Fig. S2b.} (c) Comparison of photocatalytic degradation of aqueous

solution of MB under visible light irradiation. Fig. S31 shows the time-dependent absorption spectral pattern of MB samples obtained for the
sample over 6 h@610 °C. T = 0 is when the light is turned on. The spectra for commercial rutile TiO, (pure) is shown as a comparison. (d) The
postulated mechanism for the UV light and visible light response of composite.

from Ti,O to rutile TiO, would shrink the contact interface of
the two phases. As a result, the sample 640-6 shows an intense
luminance peak. Generally, a diffusive PL spectrum is a char-
acteristic for rutile TiO,.">* However, a pronounced dip in
the PL spectra is observed (Fig. 4b), which is located within
the band of the SPR-like absorption. A more probable expla-
nation could be the strongly enhanced field effect near the core-
shell interface,'®, where the electron-hole separation of photo-
excited TiO, can be promoted through plasmon exciton
coupling."”*®

The photo catalytic activity of the as-synthesized Ti,O@TiO,
composite samples was evaluated by the degradation of meth-
ylene blue (MB) under visible light (>420 nm) irradiation. The
degradation curves are displayed in Fig. 4c. It could be observed
that after visible light irradiation for 2 h, the degradation effi-
ciencies of the MB aqueous solution were about 38%, 40%, 61%
and 90% for the samples 6 h@550 °C, 6 h@640 °C, 6 h@580 °C
and 6 h@610 °C, respectively. In comparison, pure rutile TiO,
(Sinopharm Group, 100 nm) showed poor degradation activity
of less than 10% over 2 h due to its negligible harvesting ability
of visible light. Clearly, the synthesized Ti,O@TiO, composite
exhibited a much better photocatalytic performance; the
sample obtained at 610 °C for 6 h displayed the best photo-
catalytic activity among all the samples (Fig. S3t). Thus, an
appropriate Ti,O/TiO, ratio is evidently required for the degra-
dation of MB. This great enhancement is attributed to the

This journal is © The Royal Society of Chemistry 2017

synergy of exciton separation of core-shell structure and visible
light harvesting of Ti,O cores.

A mechanism of the UV light and visible light response of
composite is postulated in Fig. 4d. The band diagram calcula-
tion shows that Ti,O is metallic (Fig. 5). It should be noted that
the relative location of the conductive band (CB) is also defined
by the DFT method. Under UV light, rutile TiO, undergoes
excitation. Due to the relatively low CB location of Ti,O,
a Schottky junction is established on the core-shell interface
and the excited electrons would be collected by the Ti,O core.
Thus, the promoted separation of the electron-hole pairs and
the resulting relatively low PL intensity were obtained (Fig. 4b).
Irradiated by visible light, the rutile TiO, is transparent to light
with wavelengths >420 nm, with only the TiO, core being

5.0 5.0
< / ™ 025 i
s RS
o] %EJ N> SEI
2.5 /\ \ /
T X I A L H  ALMKH Ti
Wave vector s0l O

Density of states

Fig. 5 Band diagram and density of state (DOS) of Ti,O.
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Fig. 6 XPS spectra of Ti 2p. (a) 550-6; (b) 610-6; (c) 640-6.

excited. However, the excited electrons would stay in the core.
The holes captured by the rutile phase react with the MB
molecules. Due to the limited diffusion length of the holes, the

a 529.73
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b 520,67
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Intensity(a.u.)
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Binding Energy(ev)

Fig. 7 XPS spectra of O 1s. (a) 550-6; (b) 610-6; (c) 640-6.
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excessively oxidized sample (640-6) with thicker rutile phase
show a low degradation ratio. The 610-6 sample demonstrated
the most optimized property (Fig. 4c).

It is possible that the visible light absorption can be induced
by the defect states of rutile phase. Surface chemical state
analysis was performed using XPS. As shown in Fig. 6, after
eliminating the background noise, Ti 2p peaks show high
symmetry and a narrow full width at half maximum (<2 eV),
which demonstrates the full oxidation state of Ti. The positions
of Ti 2p3,, and Ti 2p,,, are almost identical. It should be noted
that the acceptable error margin for XPS should be within
0.2 eV.** As shown in Fig. 6, the different treatments did not
generate a reduced state of Ti. This proved that a stable fabri-
cation environment was established. The chemical state of O
was measured for some samples by XPS (Fig. 7). As shown in
Fig. 7a, the O 1s spectrum is deconvoluted into three peaks at
531.42,530.26 and 529.73 eV. The peaks at 531.42 and 529.73 eV
is ascribed to surficial -OH and Ti (+4)-O lattice bonding,
respectively. The peak at 530.26 eV was the native defect for
oxides.** The influence of treatment temperature on the native
oxygen defect was negligible concerning the position (within 0.2
eV) and intensity. However, it is observed that both the degra-
dation performance and the visible light absorbance changed
with the treatment temperature. Logically, we are unable
ascribe the enhancement in visible light absorption and MB
degradation to the formation of defect states.

4. Conclusions

A unique Ti,O@TiO, composite was fabricated through the
dehydrogenation-oxidation reaction of TiH,. The content of the
Ti,O produced depends on the thermal treatment condition. A
pronounced enhancement in the absorption spectra centered at
420 nm demonstrates a SPR-like response of the composite. The
formation of a heterostructure and a broad range of visible light
harvesting promote the carrier separation. Under visible light
irradiation for 2 h, the degradation ratio of the MB aqueous
solution was about 90% for the optimized composites. By
comparison, pure rutile showed poor degradation activity of
less than 10% over 2 h, which corresponds to its negligible
harvesting ability of visible light. Although further investigation
should be carried out on the novel Ti,O photocatalysis mate-
rials, this study demonstrates a simple and economical method
to develop a highly active photocatalyst under visible light
irradiation.
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