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As a promising photocatalyst, the large bandgap (3.2 eV) of anatase TiO, seriously limits its light
absorption to UV portion of solar spectrum, making it less applicable in industrial fields. A popular
approach for enhancing visible light activity by narrowing the bandgap is doping, however, the dopant-
induced defect states in the TiO, lattice may act as recombination centers for the photogenerated charge
carriers. Here we report a facile soft-chemical route to engineer the surface properties of TiO, crystals
using ethanol as the sole organic solvent. The individual TiO, nanocrystals synthesized in the first step,

possessing high affinity with ethanol molecules, tend to assemble together by interfacial Ti-Ti bonding

during the followed ethanol evaporation induced self-assembly process. Formation of Ti-Ti bonds at the

interface simultaneously brings about the decrease of surface oxygen atom in TiO, structural unit, which

dramatically alters the electronic structure and extends the light absorption to ~550 nm. Such dopant-
/additive- free TiO, assembly exhibits considerable photocatalytic activity under visible light due to its
narrower bandgap than individual nanocrystals. Further, electron paramagnetic resonance measurement is

used to confirm the capability of generating reactive ‘OH radicals on the surface of assembled TiO, under

visible-light irradiation.

Introduction

Semiconductor photocatalysts have attracted considerable
interests in environmental purification, water splitting, and
photoelectric conversion. The prime photocatalyst, TiO,,
remarkably is safe, abundant, inexpensive and stable.'? However,
the large bandgap (3.2 eV) of anatase TiO, seriously limits its use
only to the UV region (about 3~5 % of solar spectrum), making it
less applicable in industrial fields. To utilize a larger fraction of
solar energy, many approaches have been conducted for
narrowing the bandgap of TiO, so that the light absorption can be
extended to visible region. The popular methods include doping
with metal or nonmetal impurity and surface sensitization.’
Although the attempts at enhancing visible light activity by
doping have been proven successful, the impurities or dopant-
induced defect states in the TiO, lattice may act as recombination
centers for the photogenerated charge carriers. When the
electrons and holes meet, they annihilate with the release of heat;
sometimes the increased recombination negatively affects the
photocatalytic activity.® For TiO, surface modification, the dye
sensitizer additives will also become pollutants to environment
and their photostability needs to be improved.” Therefore, a
dopant-/additive- free method would be ideal for narrowing the
bandgap of pure TiO, phase to match the visible light energy.

The high-pressure cubic TiO, phase has been reported that
exhibits visible light absorption.*’ However, it is not stable at
atmospheric pressure and not suitable for photocatalysis
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applications. Afterwards, Ariga et al reported the first example of
visible light responsible photo-oxidation on TiO,(001) surface.'
It was revealed that the surface phases of pure TiO, with reduced
bandgap might exist and be stable under ambient conditions.'®""
Most recently, engineering the surface properties of TiO, was
explored as a novel approach to offer hope that its efficiency can
be increased within visible region.'> Using repeated ion
sputtering and vacuum annealing to ~650 °C, Batzill’s group
obtained rutile TiO,(011) single crystals, cleaned the surface by
argon ion irradiation, and annealed in a low pressure of oxygen.
After treatment, the surface atoms had re-arranged themselves,
showing a reduced bandgap of ~2.1 eV." Mao’s group
introduced disorder in the surface layers of nanophase TiO, and
produced black powders through hydrogenation. The highly
defective amorphous layer caused about 2.18 eV up-shift of the
valence band edge."* After that, the practice on altering the
surface properties by hydrogenation has been applied to TiO, and
other semiconductors for a wide range of applications."”*' Ye’s
group reduced the bandgap of anatase TiO, nanocrystals (NCs) to
2.8 eV by assembling individual NCs during evaporation of
ethanol.”> The key of preparing such individual NCs is to
experience a microwave assisted solvothermal process in
ethanol/benzyl alcohol mixture, so that they can possess high
affinity with ethanol molecules to form Ti—Ti bonds at interfaces.
As these recent works point out, surface engineering might be a
valuable new approach to yielding pure TiO, phase with reduced
bandgap. Although the above methods for narrowing the bandgap
are relatively complicated, they give us some hints in designing a
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facile strategy to alter the surface property of TiO, crystals for the
same goal.

Using ethanol as the sole organic solvent, TiO, nanocrystals
are synthesized and assembled together via a designed soft-
chemical route, consisting of acid peptization and evaporation
induced self-assembly (EISA) process. Such dopant-/additive-
free TiO, assembly show a bright yellow colour with the onset of
optical absorption extending to ~ 550 nm. In the photocatalytic
reaction, the yellow assembled TiO, generates reactive oxygen
species such as 'OH radicals and exhibits considerable
photocatalytic activity on the decomposition of methylene blue
under visible light irradiation.

Experimental Section
Materials Preparation

Step I: Synthesis of TiO, Hydrosol. TiO, nanoparticles in
hydrosol were synthesized via a soft-chemical process based on
the well-established method in our previous works.”? In a
typical synthesis, 3.00 mL titanium tetra-n-butoxide was mixed
with 25.00 mL absolute ethanol, and then the solution was added
into 30.00 mL double-distilled water drop by drop under vigorous
stirring. After complete addition, the suspension was kept on
stirring at 70 °C for about 50 min to ensure the complete
hydrolysis and the concentration of solution. Subsequently, 70.00
mL 0.055 M HNO; was added and the mixture was continuously
stirred at 70 °C for 4 h in airproof condition. Then the product
was diluted with water to 100 mL for further use.

Step II: Synthesis of Assembled TiO; Flakes. A certain amount
of TiO, hydrosol (20~30 mL) was highly concentrated by rotary
evaporation to about 2 mL. Then, the sample was re-dispersed in
absolute ethanol and concentrated by rotary evaporation again.
After three cycles, most of water in the hydrosol was replaced by
absolute ethanol. The followed assembly of individual TiO,
nanoparticles was occurred during evaporation induced self-
assembly (EISA) process. The concentrated TiO,/ethanol colloid
was diluted with absolute ethanol to 30 mL and stirred at 60 °C
for 24 h in airproof condition. After that, the mixture was washed
with absolute ethanol in an ultrasonic bath and purified by
centrifugation for two times. Then the TiO, nanocrystals were
diluted with absolute ethanol to 20 mL and transferred into a 50
mL beaker. Finally it was placed in a drying box at 70 °C for 72 h
and at 100 °C for 3 h. In this way, the assembled TiO, flakes
were obtained, which were labeled as A1, A2, A3 (Table 1). The
crushed powder of A2 was labeled as A4 for comparison. The
experimental parameters of sample A5 were similar to sample A2
except the drying time.

Characterization

Fourier-transform infrared (FT-IR) spectrum was recorded on a
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Nicolet Avatar 360 FT-IR Spectrometric Analyzer in the range of
400-4000 cm—1 with KBr pellet. Powder X-ray diffraction
(XRD) patterns were obtained on an XRD-6000 X-ray
diffractometer (Shimadazu Corporation, Japan) using graphite
monochromatic copper radiation (Cu Ka) at 40 kV, 30 mA. The
samples were scanned over the diffraction angle range (26) of 5—
80°, which covers the main characteristic diffraction peaks of
anatase TiO,. UV-visible diffuse reflectance spectrum (UV-vis
DRS) was measured on a TU 1901 UV-vis spectrophotometer
(Puxi, Inc. Beijing) equipped with an integrating sphere
attachment over a range of 250-550 nm. Transmission electron
microscopy (TEM) and high resolution transmission electron
microscopy (HRTEM) image of TiO, hydrosol were taken on a
JEOL JEM 2010FEF (UHR) microscope operating at an
accelerating voltage of 200 kV. Scanning electron microscope
(SEM) measurements were carried out on a Hitachi S-4300
(Japan) microscope equipped with energy-dispersive X-ray
spectroscopy (EDS). X-ray photoelectron spectroscopy (XPS)
measurements were performed using a PHI5S700 ESCA system
(Physical Electronics) with an Mg Ka X-ray source. The binding
energy shifts were corrected using the C 1s level at 284.6 eV as
an internal standard, to compensate for the surface-charging
effect during data analysis.

Photocatalytic Test

The photocatalytic activities of assembled TiO, flakes (A1-A3,
A5), crushed powder (A4) and commercial TiO, materials (P25)
were measured by degrading methylene blue (MB) under visible-
light irradiation. In the test, a 50 mL beaker was filled with 10.00
mL aqueous solution of MB dye (40 pL of 0.2 wt%). The
concentration of photocatalyst was 0.50 g/L and the starting pH
value was adjusted to about 2.5. The mixture was kept under
constant air-equilibrated conditions before and during the
irradiation. Before irradiation, the suspensions were stirred for 40
min in the dark to establish adsorption—desorption equilibrium. A
300 W halogen lamp (Institute of Electric Light Source, Beijing)
was used as visible-light source. A cutoff filter was settled to
completely remove any radiation below 420 nm and to ensure
illumination by visible-light. At given time intervals, the
suspension was sampled and centrifuged for analysis by
recording the dye absorption spectra using a TU 1900 UV-vis
spectrophotometer (Puxi Inc., Beijing, China) equipped with 1
cm quartz cells. The changes in maximum absorption (664 nm)
versus irradiation time (C/C, ~ f) were obtained, which could
reflect the decrease in dye concentration.

Detection of ‘OH Radicals in Photocatalytic System

A Brucker A200S spectrometer (Germany) was used to record
the electron paramagnetic resonance (EPR) signals of ‘OH

Table 1 Experimental conditions as well as element compositions of as-prepared samples.

Sample Ethanol treatment Drying time at 100 °C At%" Atomic ratio of Ti:O
volume of TiO; sol  volume of ethanol (6] Ti
Al 20 ml 30 ml 3h 5211 % 47.89 % 1:1.09
A2 25 ml 30 ml 3h 35.65% 64.35% 1:0.54
A3 30 ml 30 ml 3h 49.53 % 50.47 % 1:0.98
A4* 25 ml 30 ml 3h 69.52 % 30.48 % 1:2.28
A5 25ml 30 ml 2h 54.53 % 4547 % 1:1.20

“ A4 is the crushed powder of A2. ” The values of At% are measured by energy-dispersive spectroscopy (EDS).
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Fig. 1 (a) Photograph of TiO, NCs being re-dispersed in absolute ethanol;
(b) XRD patterns of individual TiO, NCs directly dried from hydrosol
and crushed powder from the assembled TiO, (sample A4); (c)

s Photograph of assembled TiO, flakes of sample A2; (d) Photograph of
crushed TiO, powder from assembled flakes (sample A4).
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Fig. 2 FTIR spectra of P25 and individual TiO, NCs from a direct
peptization process. The hydrosol sample was treated with sedimentation,

10 centrifugation, and vacuum drying at 40 °C for 8 h and was milled into
tiny powders for measurements.

radicals spin-trapped by 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) after visible-light illumination of the suspensions of
assembled TiO, flakes at ambient temperature. The parameters
15 for the EPR measurements were centre field, 3511.940 G;
microwave frequency, 9.860 GHz; and power, 2.259 mW.

Results and discussion
Structural Characterization

TiO, NCs that were synthesized from soft-chemical system could
20 be easily dispersed in water to form stable hydrosol. Then the
hydrosol was highly concentrated by rotary evaporation and re-
dispersed in absolute ethanol. After three cycles, most of water
was replaced by ethanol. As shown in Fig. la, the resulted
mixture still appeared to be stable colloid and no sedimentation
2s occurred, indicating the high affinity between TiO, NCs and
ethanol molecules. According to XRD analysis (Fig. 1b), both

RSC Advances

individual NCs and crushed powder of assembled TiO, are in

anatase phase (JCPDS No. 12-1272). Although the assembling

process endows TiO, NCs different appearance (Fig. 1c and d), it
30 does not alter the crystal phase.

The FTIR spectrum was used to study the surface functional
groups of powders from as-synthesized hydrosol sample (Fig. 2).
The strong and broad peak at 400-1000 cm™ is characteristic of
the Ti-O lattice vibration in TiO, crystals. The 1385 cm’

35 absorption corresponds to the C-O stretching in residual terminal
titanium alkoxide (-OC4Hy), while the band at 2922 cm™ is due to
C-H stretching vibration from alkyl groups bound to the surface
of TiO, particles during the hydrolysis process. It has been
revealed that there are two types of OH groups (t and b) occurring

40 on the surface of TiO, NCs in low-temperature-prepared hydrosol,
where the designations “t” and “b” refer to terminal hydroxyl
(bound to one Ti*' cation) and bridging hydroxyl (bound to two
Ti*" cations), respectively.’® The O-H stretching of OH (b)
usually appears at ~3667 cm™, which is interfered with that of

ss adsorbed water.”’ The peak at 1610 cm™ is the typical bending
mode of adsorbed water molecule.” From the wide absorption
band at 3000-3700 cm’, it is hard to tell the difference in surface
OH (b) between the two samples. But the significant and
convincing information is that the O-H stretching of OH (t) is

so observed only in the as-synthesized sample, which displays
distinct band at 3727 cm™.?’ The results implied that abundant
hydroxyl on the surface of TiO, NCs in hydrosol system might be
the reason of relatively high affinity with water or ethanol as
dispersion medium, resulting in the formation of stable colloid.

ss Such affinity between TiO, NCs and ethanol molecules will
facilitate the individual NCs to assemble together by interfacial

a
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Fig. 3 (a) UV-vis absorption spectra; (b) corresponding plots of (a/v)"? as
a function of photon energy.
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Ti-Ti electronic bonding during evaporation induced self-
assembly (EISA) process. The newly formed TiO, NC assemblies
show bright yellow colour after being treated with ethanol (Fig.
1c), which is different from white individual NCs. When crushing
the yellow assemblies into powders, the colour changed to white
again (Fig. 1d). As shown in UV-vis absorption spectra, the
absorption edge of the assembled TiO, NCs is red shifted to 550
nm in comparison to individual ones (Fig. 3a). After converting
to photon energy spectra (Fig. 3b), the difference in bandgap can
be clearly observed. The bandgap of newly formed NC
assemblies is about 2.7 ¢V (459 nm), while that of crushed and
individual NCs is 3.2 eV (388 nm) and 3.3 eV (376 nm),
respectively. The changes in bandgap values suggest that the
interfacial bonding in yellow assemblies is the reason of bandgap
narrowing and can be destroyed by crushing.

TEM observations in Fig. 4a show the high dispersion as well
as high uniformity of individual anatase NCs with a small size of
5~8 nm, appearing a strong attractive force between them. The
insert in HRTEM image showed the lattice spacing of 0.352 nm,
which were the identifications of the crystallographic spacing of
anatase TiO, (Fig. 4b). Fig. 4c-4f shows the SEM images of
assembled samples A1-A4. The experimental conditions as well

as the element compositions of these samples are given in Table 1.

After treating with ethanol during EISA process, these individual
TiO, NCs assembled together by interfacial Ti-Ti electronic
bonding to form larger flakes. The size and uniformity of such
flake-shaped assemblies can be controlled by varying the
concentration of TiO, NCs in ethanol medium. At lower
concentration, the individual NCs could not fully aggregate and
assemble together, resulting in the existence of many scattered
fragments (Fig. 4c). When increasing the concentration, the
assemblies become more uniform with an average size of 20~50
um (Fig. 4d), which is much smaller and thinner than the crystals
prepared by microwave assisted solvothermal process in
ethanol/benzyl alcohol (about several hundred micrometers).”
The further increase of concentration will increase the packing
degree of assemblies so that larger and thicker bulks generated

SEM images of assembled TiO, NCs in sample Al (c), A2 (d), A3 (e), and
the crushed powder A4 (f). TEM (g) and HRTEM (h) images of the crushed powder A4. The inserts in (b), (d), and (h) are the high-magnified TEM
images and SEM image, respectively.

from the system (Fig. 4e). As shown in Fig. 4f, the flake-shaped

assemblies are destroyed after being crushed into powders. Fig.

4g and 4h display the obvious aggregations of TiO, NCs with no
ss change of lattice structure after crushing.

The corresponding EDS spectra and the element compositions
of Fig. 4c-4f were given in Fig. 5. The surfaces of assembled
TiO, flakes (A1-A3) accommodate stoichiometrically excessive
amounts of titanium, while the atomic ratio of Ti to O in the

so crushed powder (A4) is almost stoichiometric (1:2.28). XPS
analysis of Ti2p indicates that the assembly shows wider peaks
with positive shift in comparison to crushed powder, as shown in
Fig. 6a and Table S1 (Supporting Information). Gaussian fitting
resolved both Ti2p;,, and Ti2ps,, peaks as doublets (Fig. 6b). One

ss peak is the Ti*" in crystal lattice of NCs and the other is Ti*" from
interfacial bonding. Gaussian fitted O1s XPS peaks show that the
*Olsy signal of the crushed powder is much stronger than that of
assembly (Fig. 6¢c and d), implying the amount of adsorbed
oxygen species increased after the destruction of interfacial

o bonding. The isolated TiO, NCs are surrounded by many
nonbonding Ti 3d electrons.*® These nonbonding Ti 3d state

a b i
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Fig. 5 EDS spectra of assembled TiO, NCs in sample Al (a), A2 (b), A3
(c), and the crushed powder A4 (d).
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XPS spectra of Ti, (b) Gaussian fitting of Ti2p, and Ti2ps, peaks in
s assembly, (c) high-resolution XPS spectrum and Gaussian fitting of Ols
in assembly, (d) high-resolution XPS spectrum and Gaussian fitting of

Ols in crushed powder.

forms the conduction band minimum (CBM) of TiO,.*"** During
EISA process, these excessive Ti will combine their wave
10 functions and form a bond between the two adjacent NCs to
generate large assemblies. As explained by Ye’s group, oxygen
vacancies are likely to form at the interface because their
formation energy (4.18 eV) is much lower than that at the surface
(4.62 eV). Ti-Ti bonds formed at the interface are a major
15 characteristic of such defect levels, which located near the
CBM.2 Therefore, surface contacts of TiO, NCs should promote
the formation of oxygen vacancy and Ti—Ti bonds at interfaces,
resulting in the narrowed bandgap and visible light absorption.

Unassembled

surface connected by
Ti-O bonds
Assembled

surface connected by Ti-Ti bonds

o o o

100°C 3h

100°C 1-2h

Ti0, NCs in ethanol

Drying

20 Scheme S1 Scheme representing the stages of assembled TiO, formation
during EISA process.

E€OH evaporation
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Formation Mechanism of Assembled TiO,

EISA process was first introduced by Brinker’s group to prepare
mesoporous silica films.**** Then it was extended to the
production of transition metal oxide and carbon materials with
porous, multidimensional, or nanocomposite structure.>** The
evolution of TiO, NCs during the evaporation process is
explained in Scheme 1, according to the EISA mechanism
proposed by Sanchez’s group.*!

At stage I, the ethanol outside of TiO, NCs was evaporated
and the inner ethanol between them left when evaporating at 70
°C for 72 h. Because of solvent shrinking, the highly dispersed
NCs began to connect each other. At stage II, the inner ethanol
was gradually evaporated when heated to 100 °C, which brought
about the close surface contact of individual NCs. When
sampling at drying time of 2 h (AS5), the assembling proceeded
inadequately so that many discrete particles were observed in
large block (Fig. S1). These particles were surrounded by the
residual ethanol molecules, which hindered the sufficient surface
connection among them. After complete departure of ethanol
vapor (drying for >3 h), the NCs assembled together with the
formation of interfacial Ti-Ti bonding and oxygen vacancy.
Meanwhile, the assembly split from the large block to produce
uniform flakes.

Photocatalytic Test

The effect of surface engineering of TiO, NCs by EISA process
on the photocatalytic activity under visible light irradiation is
evaluated using methylene blue (MB) as model molecule.
Although some organic dyes could be degraded by TiO, based on
visible-light driven dye-sensitized mechanism,**** it was reported
that such dye-sensitized process for photodegradation of MB dye
over common TiO, was unconspicuous under visible-light.** As
expected, the negligible degradation of MB over commercial P25
and crushed powder is observed since their wide bandgap values
do not permit them to be excited by visible light irradiation.
However, the assembled samples all exhibit the capability of
decomposing MB under visible irradiation (Fig. 7 and Fig. S2).
A2 shows superior photodegradation rate to Al, A3, and AS,
which may be attributed to the uniform and small size of
assemblies. The photocatalytic stability is a problem for the
assembled TiO,, which is also stressed by Ye’s group.”* The
yellow flakes will gradually turn white (several days) in aqueous
solution or slowly turn white (several weeks) in air at room
temperature. In the second cycle degradation of MB dye, the
catalyst turns white with photoactivity decreasing to only 38% of
the initial value (Fig. S3). After re-treating at 100 °C for 3 h, the
colour turns yellow again and the photocatalytic activity of the
recovered yellow assembly is about 64% of the first cycle. The
colour change possibly comes from the external oxygen being
incorporated into the assemblies and then destroying the
interfacial Ti-Ti bonding in the assembly structure. Thus, the
stability of the yellow TiO, flakes may be improved if preventing
their exposure to oxygen-containing environment.

It is well-known that the photodegradation of organic
molecules over pure TiO, is attributed to the reactive oxygen
species (ROS) induced chain reaction under UV-light irradiation.
EPR/DMPO measurement is carried out to detect the reactive
‘OH radicals to confirm the capability of generating ROS on the

This journal is © The Royal Society of Chemistry [year]
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Fig. 7 Comparison of photocatalytic activities of the samples under
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crushed powder A4 suspension; (c) 30 s, (d) 60 s, and (e) 90 s visible-
light illumination of assembled TiO, A2 suspension.

10 surface of assembled TiO, NCs under visible-light similar to
common photocatalytic process. As shown in Fig. 8, no obvious
signal is detected in the darkness as well as in the visible-light

For TiO,

assemblies, the spectra are composed of quartet lines with a peak

irradiation

15 height ratio of 1:2:2:1 and the parameters are hyperfine coupling

system containing crushed powder.

70

constants ay = ay = 1.49 mT after excitation by visible light.
These parameters in the spectra are characteristic of the ‘OH spin
adduct of DMPO.* The intensity of DMPO-"OH signal increases

in the first 60 s of irradiation and decays subsequently. The EPR
results suggest that the bandgap of TiO, assemblies is narrowed

2

S

75

and visible light can excite them to produce ROS to participate in

the photocatalytic reaction.

Conclusions

80

In summary, this work presents a dopant-/additive- free method

2

G

for narrowing TiO, bandgap by surface engineering. Individual

85

anatase TiO, NCs are synthesized and assembled together via a
facile soft-chemical route using ethanol as the sole organic
solvent. The high affinity between TiO, NCs and ethanol
molecules is necessary for the formation of yellow flake-like
30 assembly. The uniform assembly with an average size of 20~50

90

um can be obtained by controlling the concentration of NCs in
ethanol medium as well as the drying time during EISA process.
In contrast to the crushed powder, the surfaces of assembled TiO,
flakes accommodate stoichiometrically excessive amounts of Ti
atoms. These excessive Ti atoms are inclined to combine their
wave functions and form interfacial Ti-Ti bonds between the two
adjacent NCs to generate larger assemblies. Replacing O atom by
Ti will change the surface structural unit and the electronic
structure, resulting in the light absorption of assembled TiO,
extending to ~550 nm. Consequently, significant decomposition
of MB dye is achieved in the photocatalytic system containing the
yellow flake-like assembly under visible-light irradiation. The
degradation mechanism involves the direct excitation of
photocatalyst itself and the followed ROS induced chain reaction,
similar to that of common TiO, irradiated by UV-light. We can
envision such interfacial assembling strategy as a facile approach
for altering the bandgap of semiconductor, which is valuable in
designing visible light responsive materials for wide application
in harvesting solar energy.
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