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KEYWORDS Abstract Ti*" self-doped rutile/anatase/TiO,(B) mixed-crystal tri-phase heterojunctions photocat-
TiOs: alysts are fabricated via hydrothermal approach and mechanochemical process, followed by in-situ
Visible-light-driven photo- solid-state chemical reduction approach. The as-prepared samples are characterized by X-ray
catalysis; diffraction, Raman, scanning electron microscopy, transmission electron microscopy, X-ray photo-
Tri-phase heterojunction; electron spectroscopy, and UV-vis diffuse reflectance spectroscopy. The photocatalysts are con-
Ti’ " self-doped; sisted by anatase/rutile TiO, nanoparticles and 1D TiO,(B) single-crystalline nanorods, which
Pollutants degradation form rutile/anatase/TiO,(B) tri-phase heterojunctions. The visible-light-driven photocatalytic

degradation rates of methyl orange and phenol are up to ~98 and 97%, which are 2.2 and 1.8 times
higher than that of commercial Degussa P25, 2.3 and 2.2 times higher than that of pure TiO,(B) as
well. The enhancement can be attributed to the synergistic effect of special nanostructure, tri-phase
heterojunctions, oxygen vacancy and Ti’* self-doping, which facilitates the absorption of visible
light and the spatial separation of photo-generated charge carriers. This work provides a new per-
spective for designing high-active visible-light-driven photocatalyst in future.
© 2018 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
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years, it is critical to search for a variety of ways to degrade
4 pollutants. Photocatalysts can be the answer to this calamity
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et al., 2016; Li et al., 2016). On exposure to sunlight, photocat-
alysts can absorb solar energy to produce electrons and holes,
the reduction reaction occurs near the conduction band, and
the oxidation reaction occurs at the valence band position.
The generation of "OH species, combined with ‘O®~, have
strong oxidation capacity and can totally mineralize the
organic pollutant to H,O and CO,, which can provide a new
way to solve the water pollution so that it can contribute to
long-term human well-being (Zhou et al., 2014; Hussain
et al., 2017). In recent years, quite a few kinds of semiconduc-
tor photocatalysts have been generally investigated, such as
TiO, (Liu et al., 2015), ZnO (Hewlett and McLachlan, 2016),
CdS (Liyanage and Nath, 2016), and WO3 (Kulal et al.,
2016). Among the various photocatalysts, TiO, nanomaterials
as promising semiconductor photocatalysts have attracted
massive research interests since 1972. It was found by
Fujishima and Honda that water could be split by irradiation
on TiO; electrode (Zhang et al., 2016). With the advantages of
low-cost, nontoxicity, high physical and chemical stability and
the superior photocatalytic activity (Xing et al., 2014), TiO,
has also been widely applied in pollutant degradation, dye-
sensitized solar cells (Pan et al., 2015), photoelectrochemical
electrodes (Li et al., 2015) and other photocatalytic applica-
tions (Xing et al, 2014; Eskandarloo et al, 2015;
Eskandarloo et al., 2018).

Generally, TiO, materials have four phases including ana-
tase (Eskandarloo et al., 2015), rutile (Su et al., 2015), brookite
(Li et al., 2015), and TiO, (B) (Zhang et al., 2015; Su et al.,
2016). However, these ploymorphs have wide band gap and
the fast recombination of photo-induced electrons and holes.
These shortages limit the application in visible light region
and photo-induced redox reaction. Hence, it is imperative to
seek effective methods to solve these problems. A variety of
methods have been brought up to overcome these disadvan-
tages such as non-metal and metal elements doping, hetero-
junction fabrication, and surface sensitization (Li et al.,
2013; Liu et al., 2016; Li and Zhao, 2013; Yao et al., 2017).
Among these methods, fabrication of TiO, phase-junctions is
an effective one to reduce the recombination of photo-
generated electron-hole pairs (Lin and Wang, 2016). Mean-
while, the synthesis of the mixed phase TiO, is simple. It has
been reported that anatase and rutile phase-junctions of
TiO, with the formation of built-in field can promote charge
separation effectively so that exhibit the higher photocatalytic
efficiency than that of pure anatase or rutile (Li et al., 2016). A
variety of mixed-phases such as anatase-rutile, anatase-
brookite, rutile-brookite and anatase-TiO,(B) dual phase
TiO, (Yan et al., 2015; Gao et al., 2017; Chimupala et al.,
2016; El-Sheikh et al., 2017) that exhibit notable photocat-
alytic and photoelectrochemical performances have also been
reported. All exhibited improved photocatalytic performance.
The morphology of TiO, crystal plays a critical role in influ-
encing the photocatalytic and photoelectrochemical perfor-
mance. Although TiO, nanoparticle has outstanding
performance in photocatalysis, the slow charge carrier transfer
and the high-cost for recycling limit its application. The prepa-
ration of 2D TiO, nanoparticle is comparably complex. With
good chemical stability, 1D nanomaterials in rod-, wire- or
fiber-shape can be used as ideal building blocks for assembling
various surface heterostructures (Ge et al., 2016). Especially
that nanorod can provide a vectorial electrons transfer path
for the rapid transfer of electrons (He et al., 2016; Yang

et al., 2015; Tian et al., 2014). In particular, 3D nanomaterials
can not only supply more accessible active sites in the process
of the reaction, but also facilitate the contact between catalysts
and reactants (Wang et al., 2016).

As for TiO,, owing to the intrinsic character of wide band
gap, only 5% solar energy can be utilized. Therefore, it’s nec-
essary to expend the absorption of visible light. Since Mao
et al. prepared a Ti** self-doped TiO, using the high pressure
hydrogenation method (Chen et al., 2011). The as-prepared
black TiO, effectively narrowed the band gap and inhibited
the fast recombination of electron and hole pairs that exhibited
outstanding photocatalytic performance under the visible light
illumination. From then on, much effort has been devoted to
synthesize Ti*" self-doped TiO, due to its optical absorption
shift from ultraviolet to visible light and/or near-infrared
region (Hu et al., 2016). Various methods have been used to
synthesize black or gray TiO,, including high pressure, high
Al vapor reduction plasma assisted hydrogenation, laser treat-
ment, hydrogenation, and chemical reduction (Mehta et al.,
2016; Zhang et al., 2015). Among these methods, high pressure
and hydrogenation are unsuitable for practical application. It
has been noticed that in situ reduction treatment by using
NaBH, is an effective route to synthesize Ti’" self-doped
TiO,, owing to the advantages of simple process and low-cost.

In this paper, Ti®" self-doped rutile/anatase/TiO(B)
mixed-crystal tri-phase heterojunction photocatalyst was suc-
cessfully synthesized by a mild hydrothermal, a facile
mechanochemistry method and followed by an in situ control-
lable solid-state reaction approach. The prepared photocata-
lysts with a narrow band gap and tri-phase heterojunctions,
extended the photo-response to visible-light region and
reduced the recombination of photo-generated electron and
hole pairs effectively. The activity of photocatalyst property
of the sample has been detected through the removal of methyl
orange dye and phenol under visible-light irradiation. Further-
more, the photoelectrochemical property and photocatalytic
mechanism were also investigated.

2. Experimental section

2.1. Materials

Tetrabutyl titanate (TBOT), sodium hydroxide (NaOH),
hydrogen nitrate (HNO3), hydrochloric acid (HCI), and phe-
nol were purchased from Tianjin Kermel Chemical Reagent
Co. Ltd, China. P25 power was purchased from Degussa Co.
Ltd, Germany. Sodium boron hydride (NaBH4, 98%) and
methyl orange (MO) were purchased from Aladdin Reagent
Company, China. Absolute ethanol (EtOH) was purchased
from Tianli Chemical Reagent Co. Ltd, China. All the chemi-
cals used in this study were analytical grade and employed
without further purification. Deionized water (DI) was used
over the whole experiment.

2.2. Synthesis of TiO,(B) nanorods

The synthesis process was divided into two steps. First, tita-
nium dioxide powder was synthesis via sol-gel method. Specif-
ically, 8 mL TBOT, as the titanium source, was dissolved in
anhydrous alcohol which was marked solution A. Meanwhile,
another aqueous mixture of 5 mL DI water, 4 mL HNO;, and
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6 mL anhydrous alcohol were combined under magnetic stir-
ring as solution B. While still stirring, solution B was slowly
added into solution A at room temperature to promote the
hydrolysis. After magnetic stirring for 4 h, the mixture was
dried at 60 °C for 24 h. In the second step, 2 g as-prepared tita-
nium dioxide power was added into 40 mL NaOH (5 mol L)
solution. After ultrasonically for 5 min, the mixture was trans-
ferred into a 100 mL Teflon-lined stainless steel autoclave and
heated 180 °C for 26 h. The obtained white powders were
washed with 0.1 M HCI and DI water 3 times, respectively,
dried at 60°C for 12h. Finally, TiO,(B) nanorods, was
obtained after annealed at 500°C for 2h wunder Ar
atmosphere.

2.3. Synthesis of T self-doped mixed-crystal tri-phases
heterojunctions

0.4 g of P25 power and 0.2 g TiO»(B) were mixed with 5 mL
anhydrous alcohol in an agate jar with several agate balls.
The mixtures were ball-milled using a ND7-0.4 planetary ball
mill at a speed of 200 rpm for 4 h. After evaporation of ethanol
for 12h at 60 °C, mixed-phases nanorods were obtained,
which was dented as PTB. Subsequently, 0.2 g PTB sample
was mixed with 0.1 g NaBH,, then transferred into porcelain
boats and placed in a tubular furnace to calcined at 400 °C
for 60 min under Ar atmosphere. Finally, the gray Ti’" self-
doped mixed-crystal tri-phases heterojunction, which was
dented as G-PTB were obtained after washed with deionized
water three times to remove unreacted NaBH, (Fig. 1).

2.4. Characterization

Powder X-ray diffraction (XRD) data for the samples were
recorded with a Bruker D8 Advance using a Cu Ka radiation
source (40 kV, 44 mA) to reveal the crystal phase compositions
of the samples. Raman measurements were recorded by using a
Jobin Yvon HR 800 micro-Raman spectrometer in the range
of 100-1000 cm ™' at 457.9 nm. The morphology was studied
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by a scanning electron microscope (SEM, Hitachi S-4800),
transmission electron microscope (TEM, JEOL JEM-2010).
X-ray photoelectron spectroscopy (XPS) was conducted on a
PHI-5700 ESCA instrument with Al Ka X-ray source. The
surface area was recorded by using the BET method with an
AUTO-SORB-1 (Quantachrome Instruments) nitrogen
adsorption apparatus. The UV-vis diffuse reflectance spectra
of the samples were performed on a TU-1901 spectrophotome-
ter, in which BaSO, was employed as the background. Scan-
ning Kelvin probe microscopy (SKPM) measurements were
determined using a SKP5050 system. A Au electrode was used
as a reference electrode, and the working electrode was pre-
pared by traditional spray coating method on transparent con-
ducting glass (FTO).

2.5. Photocatalytic activity measurement

The photocatalytic activities of the four samples were studied
by the degradation of phenol and methyl orange (MO) dye,
that carried out in an aqueous solution at room temperature
under using a 300 W Xenon lamp with a 420 nm cut-off filter
as visible light source. Detection of phenol and MO were used
UV-vis spectrophotometry. In a typical experiment, 40 mg of
photocatalyst powders was dispersed in 30 mL organic solu-
tion (phenol: 10mgL™" and MO: 10mgL™") which was
placed 20 cm from the light source. Before light irradiation,
the suspension was stirred for 30 min in the dark to reach
adsorption-desorption equilibrium. At given time intervals,
the reaction solution was immediately centrifuged and filtered.
The absorbance of the centrifuged liquid samples was investi-
gated using a Shimadzu Model UV 2550 spectrophotometer at
given wavelength to calculate the photocatalytic degradation
rate of organic contaminants.

2.6. Photoelectrochemical tests

Photoelectrochemical tests were record by an electrochemical
workstation (CHI760E, Shanghai), employed a standard
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self-doped rutile/anatase/TiO,(B) mixed-crystal tri-phase heterojunction photocatalyst.
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three-electrode cell with the different sample films as the work-
ing electrode, the counter electrode (Pt sheet) and the reference
electrode (Ag/AgCl). An aqueous solution of KOH (1 M)
water solution was used as the electrolyte, which was irradi-
ated by an AM 1.5 solar power system. The working electrode
was measurement on fluorine-doped tin oxide (FTO) glass that
was cleaned by sonication with deionized water, acetone, and
ethanol in turn with each process for 20 min and dried. The
suspension which contained 5 mg of sample and 1 mL of alco-
hol was spread onto cleaned FTO glasses, and then calcined at
200 °C for 2 h in Ar atmosphere to improve adhesion.

3. Results and discussion

3.1. Structure and morphology

Different crystal structures and crystalline phases have great
influence on the properties of the photocatalysts, which may
further affect their photocatalytic and photoelectrochemical
performance in practical application. The XRD measurement
is carried out to detect the crystal phase of P25, TiO,(B),
PTB, and G-PTB. As shown in Fig. 2a, it is noteworthy that
P25 has ten distinct characteristic peaks. The characteristic
peaks are observed at 25.3, 37.8, 48.1, 54.1, 55.1, 62.7, and
68.7° are attributed to the (101), (004), (200), (105), 21
1), (204), and (1 0 6) lattice planes of anatase TiO,, respec-
tively. The other three characteristic peaks at 27.5, 36.1, and
41.3°, are ascribed to (1 10), (10 1), and (1 1 1) lattice planes
of rutile TiO,, respectively (Duan et al., 2016). Moreover,
the XRD patterns marked with several red diffraction peaks
at 14.2, 24.9, 28.6, 33.4, 43.6, and 58.2° can be ascribed to
(001),(110),(002),(401), (003), and (0 2 2) lattice plane
of TiO,(B) phase (JCPDS74-1940), respectively. XRD patterns
of TiO,(B) nonorods samples calcined at 400, 500, 600, 700 °C
are shown in Fig. Sla, it shows that TiO,(B) is transformed
into anatase with the increase of calcination temperature.
When the calcination temperature is 500 °C, the crystallinity
of TiO,(B) is the highest. After adjustment for the baseline
(Fig. S1b), the molar ratio of TiO,(B) to anatase phase can
be estimated from the intensity ratio of the peak at 33.4 to that
at 37.8°. The molar ratio of anatase is 23%. The patterns of

PTB and G-PTB samples are very similar, from which typical
peaks represent for anatase TiO,, rutile TiO,, and TiO,(B)
phases can be observed. No other diffraction peaks can be
found from the patterns that indicate the successful synthesis
of mixed-phase photocatalyst without detectable structural
changes through ball milling process. It is noteworthy that in
comparison with PTB sample, the intensity of all the diffrac-
tion peaks in G-PTB sample is decreased. This slight change
can be assigned to the formation of Ti** and oxygen vacancies
(Tan et al., 2014), which may lead to disorder-elicited lattice
strains after the treatment by NaBH, reduction.

Supplementary data associated with this article can be
found, in the online version, at https://doi.org/10.1016/].
arabjc.2018.06.010.

Raman spectroscopy is conducted to analyze the structure
of the as-prepared photocatalysts. The Raman spectra of
P25, TiO,(B), PTB, and G-PTB are shown in Fig. 2b. The
Raman spectra of P25 shows five characteristic Raman peaks
at 142, 196, 394, 514, and 636 cm™!, which are ascribed to
Eq, E,, Big, Ajg + By, and E, Raman-active modes of anatase
TiO, (Wang et al., 2014), respectively. However, no peaks
ascribed to rutile TiO, at 446 and 610 cm™' can be found,
which can be attributed to the strong intensity of anatase
peaks. For TiO,(B) sample, several characteristic Raman
peaks at around 142, 194, 293, 362, 405, 468, and 633 cm™!
can be found (Tian et al., 2015). In terms of PTB and G-
PTB, both Raman-active modes of P25 and TiO,(B) can be
observed clearly. However, in comparison with PTB, the inten-
sity of G-PTB characteristic peaks not only decrease and
broaden, but also show a slight blue shift, which can be
observed distinctly in the inset of Fig. 2b. It can be related
to distortion of the crystallographic symmetry and reduction
of the crystal size (Zhang et al., 2017; Alexaki et al., 2009) after
treatment with NaBH,, which is consistent with XRD results.

In order to elucidate chemical valence state and surface
component, X-ray photoelectron spectroscopy (XPS) was per-
formed to detect chemical composition and bonding configura-
tion of G-PTB sample. The high-resolution XPS spectrum of
O Is in the G-PTB sample is shown in Fig. 3a, the binding
energy peaks appear at 529.54 eV with a shoulder peak at
531.89eV. It can be divided into three single-peaks corre-
sponding to the O lattice of TiO, (529.54 e¢V), —OH (531.89
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Fig. 3 O 1s (a) and Ti 2p (b) XPS spectra of G-PTB.

eV) bonds, and the O-atoms in the vicinity of oxygen vacancies
(530.35¢eV) (Fang et al., 2014). As shown in the Fig. 3b, the
peaks located at 464.4, 463.3, 458.6, and 457.6 eV are assigned
to Ti*" 2p1jp, T 2pyija, Ti*™ 2psj, and Ti’ ™ 2ps)s, respec-
tively (Li et al., 2015). It can be seen from Fig. S2 that the
XPS spectra of O 1s and Ti 2p of G-PTB after being treated
with NaBH, are wider than those of PTB. The existence of
Ti®" species is attributed to the reduction of Ti** from GPTB
sample by the treatment of NaBH,4. According to XPS spectra,
both Ti** and oxygen vacancies are formed in G-PTB sample,
which can effectively narrow the band gap and inhibit the
recombination of photoinduced electron-hole pairs.

The morphology and microstructure are explored by the typ-
ical scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM). The predominant length and width of
TiO»(B) nanorods are about 0.5-2.5 um and 50-350 nm with
smooth and clean crystalline surface, as observed in Fig. 4a.
As shown in Fig. 4b, P25 nanoparticles are dispersed and cov-
ered the surface of the TiO,(B) nanorods, which proves the
mixed-phase nanorods have been successful preparation
through a mechanochemical process by using balling mill. Fur-
thermore, from Fig. 4c, it is clearly displayed that Ti** doping
did not lead to the degradation of structure. The same conclu-
sion can be obtained from the insets of Fig. 4d and e. The top-
view high resolution transmission electron microscopy
(HRTEM) image of the designed square parts in the Fig. 4d
and e show that both PTB and G-PTB have three phases lattice
fringes, which reveal a well-defined crystal structure. The aver-
age d-spacing values of 0.62 and 0.36 nm are correspond to
the (00 1) and (1 1 0) planes of TiO,(B). The lattice spacing of
0.35, 0.234, and 0.325 nm are correspond to the (10 1), (00 4)
crystal plane of anatase TiO, and the (1 1 0) crystal plane of
rutile TiO,, respectively. Notably, some cross lattice fringes
which marked by red lines in Fig. 4d and purple lines in
Fig. 4e can be clearly observed, indicating that heterojunctions
are successfully formed between anatase TiO,, rutile TiO,,
and TiO,(B). The heterojunctions play an important role in
the enhancement of photocatalytic performance and the separa-
tion of photo-generated electron-hole pairs during the photocat-
alytic degradation of pollutants. The selected-area electron
diffraction (SAED) pattern of G-PTB is shown in Fig. 4f, which
displays a well-developed single-crystalline structure.

The nitrogen adsorption-desorption isotherms and Barrett-
Joyner-Halenda (BJH) pore-size distribution plots of P25,

TiO»(B), PTB, and G-PTB are detected to further study their
microstructures. As shown in Fig. 5a, the Brunauer-Emmett-
Teller (BET) specific surface areas of P25, TiO,(B), PTB,
and G-PTB are 57, 36, 43, and 47 m? gfl, respectively. Obvi-
ous, the specific surface area of PTB and G-PTB samples
increase slightly compared with that of TiO,(B), but decreases
relative to P25, which is in consistent with SEM results. The
pore-size distribution plots of P25, TiO,(B), PTB, and G-
PTB are calculated by BJH method which are shown in
Fig. 5b. From the BET specific surface areas and the pore-
size distribution plots of the G-PTB sample, the composites
are successfully formed.

3.2. Photocatalytic and photoelectrochemical properties

The photocatalytic performance is primarily determined by the
optical absorption property. As shown in Fig. 6, UV—vis dif-
fuse reflectance spectra are performed to investigate the optical
properties and the band gaps. All the samples show a signifi-
cant absorption band in the ultraviolet range due to the wide
band gap. In comparison with P25 and TiO,(B), PTB sample
exhibits the enhanced absorption in the UV light region, which
can be attributed to the synergistic effect between anatase,
rutile and TiO,(B). G-PTB sample exhibits the strong absorp-
tion towards visible light and even extends to the near-infrared
region, which can be attributed to the generation of Ti** and
oxygen vacancies (Kong et al., 2015). From the photographic
image of PTB and G-PTB (inset of Fig. 6a), the color of
PTB sample is white, but the G-PTB sample is gray. The indi-
rect band gap values of the samples can be calculated from
Fig. 6b. From the inset of Fig. 6b, the band gaps of P25, TiO(-
B), and PTB are 3.07, 3.09, and 3.04, respectively. Meanwhile,
it can be clearly observed that the band gap of G-PTB sample
is the narrowest (about 2.75 eV), which confirms that G-PTB
with narrower band gap is more active than that of the white
one in visible light region.

The photocatalytic performances were tested through the
experiments of the degradation of phenol and MO under visi-
ble light irradiation. Fig. S3a shows the photocatalytic degra-
dation of methyl orange of G-PTB complex with various
quality ratio of P25:TiO,(B). It can be seen that the degrada-
tion efficiency increased gradually when the ratio of P25:TiO,(-
B) increased from 0.5:1 to 2:1. However, when the ration of
P25:TiO,(B) increased from 2:1 to 4:1, the degradation effi-
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Fig.4 SEM images of TiO,(B) (a), PTB (b), and G-PTB (c). HRTEM images of PTB (d) and G-PTB (e). The insets of (d) and (¢) are the

corresponding TEM image. SAED pattern (f) of G-PTB.

ciency is decreased. This is probably because the increased of
P25 nanocrystals weakens the transfer of photoelectron trans-
fer. Therefore, the photocatalytic activity of G-PTB complex
with different quality of P25:TiO,(B) can be determined the
optimal compound condition is: the quality ratio of P25:TiOy(-
B)=2:1. So the next main characterization analysis is mainly
focused on the sample of G-PTB-2:1. Before the visible light
irradiation, in order to reach the adsorption equilibrium, the
adsorption in the dark for 30 min should be carried out. As
shown in Fig. 7a and c, the self-degradation can be neglected
after visible light irradiation for 180 min. During the process
of adsorption, the removal rates of MO and phenol by P25,
TiO,(B), PTB, and G-PTB is in consistent with the BET
results. Among four samples, G-PTB shows the highest degra-

dation efficiency of MO and phenol (~98 and 97%) in visible
light irradiation for 180 min. The outstanding visible light per-
formance of G-PTB photocatalyst can be attributed to the for-
mation of phase-junctions of anatase-rutile-TiO,(B) tri-phase
and the synergistic effects of Ti’" self-doping and oxygen
vacancies. Besides, the first-order reaction rate constants (k)
are calculated, as illustrated in Fig. 7b and 7d. The k values
for MO removal by P25, TiO,(B), PTB, and G-PTB are
0.0025, 0.0027, 0.0030, and 0.0219 min~!, and the k values
for phenol removal are 0.0030, 0.0024, 0.0036, and 0.0188
min~', respectively. It can be observed that the k values of
G-PTB for MO and phenol removal are 8.7 and 6.3 times
higher than those of P25. These results indicate that G-PTB
sample shows enhanced photocatalytic activity under visible
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light irradiation. The results of degradation experiment com-
bined with the results of UV-Vis diffuse reflection show that
after the reduction of NaBHy, the successful introduction of
Ti*" and Ov can greatly enhance the light absorption in the
visible light range and further enhance the photocatalytic
degradation efficiency.

The dominating active species generated during the process
of MO degradation are monitored by adding various scav-
engers, which covers TBA (OH scavenger), BQ (‘O3 scav-
enger), and AO (h" scavenger). As shown in Fig. S3b, the
degradation rates of MO are decreased by adding different
scavengers. Among these tests, the rate with "OH scavenger
is the lowest, suggesting the main active group is "OH. The flu-
orescence is tested to examine the generation of hydroxyl rad-
icals ("OH) under Xenon lamp irradiation for 1 h with a 420
nm cut-off filter. It is clearly observed in Fig. 8a that the curve
of G-PTB sample displays the highest fluorescence intensity at
around 425 nm, compared with other samples, implying the G-
PTB photocatalyst can generate maximum "OH radicals under
visible light irradiation, which coincides with the results of
phenol and MO degradation. By testing the degradation effi-

ciency and fluorescence intensity of all the samples in the visi-
ble range, it is found that the self-doping of Ti** can improve
the photocatalytic effect. Under the simulated AM1.5 illumi-
nation to further detect the performance of the as-prepared
samples. As displayed in Fig. 8b, the positive slopes of four
samples can be observed in the Mott-Schottky (M-S) analysis,
demonstrating that four samples are all n-type semiconduc-
tors. The smallest slop for G-PTB nanorods shown in M-S plot
indicates the highest carrier concentration among four sam-
ples, which can be attributed to the formation of three-phase
heterojunctions, Ti*" self-doping, and oxygen vacancies that
can promote the charge transfer and separation effectively
(Guerrero-Araque et al., 2017). The more photo-generated
charge carriers are used for the degradation of phenol and
MO, the higher photocatalytic and photoelectrochemical per-
formance. Retrieved from the Mott-Schottky plots, the flat
band energies (Efb) of P25, TiO,(B), PTB, and G-PTB were
—0.85, —1.00, —0.94, and —1.04 €V versus Ag/AgCl [Eag/agci
is ~0.198 eV vs. NHE (normal hydrogen electrode) at pH 6.5],
respectively. Because the Mott-Schottky test was performed at
room temperature, the room temperature compensation
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potential was approximately 25 meV versus NHE, and the
Fermi levels of the P25, TiO (B), PTB, and G-PTB were calcu-
lated as —0.67, —0.78, —0.72, and —0.82¢eV versus NHE,
respectively. Moreover, the electrochemical impedance spectra
(EIS) result as shown in Fig. 8c. The results reflect that the
diameter of the G-PTB is smaller than that of other three sam-
ples, which means that the G-PTB has the lowest charge trans-
fer resistance. As shown in Fig. S3, the resistance becomes
more significant under AM1.5 illumination than in the dark,
suggesting that the interface resistance decreases owing to
the accumulation of photo-electrons at the interface. In other
words, G-PTB exhibits the enhanced separation efficiency for
photo-generated charge carriers. Furthermore, Fig. 8d shows
the photocurrent density of three photocatalysts in I-T curves.
The photocurrent of the G-PTB is 65.5 pA cm 2, which is 1.57,
6.78, and 1.29 times higher than that of P25, TiO,(B), and PTB
under AM 1.5. The photo-excited electrons and holes can also
be separated more efficiently by G-PTB (Zhang et al., 2016).
These analyses are in consistent with the results of photocat-
alytic degradation towards MO and phenol.

The scanning Kelvin probe microscopy can be used to dis-
criminate the subtle molecular interactions, which shows flat
potential or Fermi level according to the work function
(Zhang et al., 2016). The flat band energies (Efb) of P25
(—0.85¢V), TiOy(B) (—1.00 eV) from the Mott-Schottky indi-
cate the easy escape of photogenerated electrons which in
TiO,(B) and then enhances the separation efficiency of photo-
generated charge carriers in the phases-junctions. After treat-

ment P25 and TiO,(B) with NaBH,4, the measured work
functions of black P25 and black TiO»(B) (Fig. 9) were 5.34
and 5.25 eV, respectively. The smaller work function of black
TiO»(B) indicates the approximate Fermi level is higher and
the conduction band position is more negative than that of
black P25. Namely, black TiO,(B) enhances the built-in elec-
tric field and surface band bending (Nanayakkara et al.,
2013), so electrons are more likely to overflow into the black
P25, and thus favors the separation of photo-generated elec-
trons and holes.

Based on the above analysis, the possible photocatalytic
mechanism of the TiO, tri-phase heterojunctions is proposed
as illustrated in Fig. 10. The Ti** and oxygen vacancies are
located under the conduction band (CB) of TiO, (Banerjee
et al., 2014), lowering the position of photoexcited electrons,
which can effectively narrow the band gap of three phases of
TiO, and improve the optical absorption properties. When
the G-PTB photocatalyst is exposed to the visible light, the
photo-generated electrons (¢™) can be excited from the valence
band (VB) to CB of three phases. Since the CB levels of rutile
and TiO,(B) are more negative than anatase, the e~ can be
transferred from the CB of rutile and TiO,(B) to the CB of
anatase, which promote the separation of photo-generated car-
riers. The photoexcited electron in the conduction band can
react with oxygen to form superoxide radicals ("Oz) or
hydroperoxide radicals ("OH) and these reactive oxygen species
can participate in the degradation of MO and phenol. Further-
more, the photo-generated holes (h™) transfer from the VB of
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anatase to the VB of rutile and TiO»(B) which can react with
water or hydroxide ions to produce "OH, which in turn oxi-
dizes the organic pollutants. In a word, for G-PTB photocata-
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Fig. 10  Schematic illustration of the visible-light-driven photo-
catalytic mechanism for Ti*" self-doped mixed-crystal tri-phase
heterojunction photocatalyst.

lyst, the photo-generated e -h ™ pairs can be spatial separated
and transferred efficiently owing to the formation of three
phases-junctions and the introduction of Ti*" and oxygen
vacancies broaden the range of light response of G-PTB pho-
tocatalyst. Their synergistic effect between them improves the
photocatalytic properties under visible light irradiation
significantly.
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4. Conclusions

In summary, a novel Ti*" self-doped mixed-crystal tri-phase
heterojunction photocatalyst was designed and synthesized
by a mild and effective method. The prepared photocatalyst
formed three phases heterojunctions. Significantly, the degra-
dation rates of MO and phenol were ~98 and ~97% under
visible-light. The photocurrent density was 65.5 pA cm™> for
G-PTB. The outstanding photocatalytic and photoelectro-
chemical performances were attributed to the synergistic effect
among the special rutile/anatase/TiO,(B) phases heterojunc-
tions, oxygen vacancy and Ti** self-doping, which narrowed
the band gap and facilitated the spatial separation of photo-
generated electron-hole pairs. Therefore, the rutile/anatase/
TiO,(B) mixed-phases nanorods photocatalyst can be an out-
standing candidate for solar energy utilization and waste water
treatment in environment.
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