#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Crystalline phase regulation of anatase—rutile TiO,

i") Check for updates‘
for the enhancement of photocatalytic activity

Cite this: RSC Adv., 2020, 10, 43592

Kuang Wang,*® Yan Zhuo,® Jiayi Chen,” Dawei Gao,” Yu Ren,” Chunxia Wang™
and Zhenming Qi @ *?

Biphasic TiO, with adjustable crystalline phases was prepared by the hydrothermal-calcination method
assisted by nitric acid (HNOs) and hydrogen peroxide (H,O,), using potassium titanate oxalate
(KoTiIO(C,04),) as the titanium source. The influences of H,O, volume on anatase and rutile contents
and photocatalytic activity of biphasic TiO, were investigated and the photocatalytic mechanism was
explored. X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy
(TEM), X-ray photoelectron spectroscopy (XPS), UV-vis diffuse reflectance spectroscopy (UV-vis DRS)
and specific surface area (BET) were employed to characterize crystal structure, physical morphology,
absorbable light, chemical composition, specific surface area and pore size distribution. The
photocatalytic degradation efficiency towards a methylene blue (MB) solution under xenon light was
tested, and the photocatalytic stability of the sample was investigated by photocatalytic cycle
experiments. The prepared biphasic TiO, was nanorod-shaped and had a large specific surface area. The
results showed the anatase TiO, content increased and the photocatalytic efficiency was enhanced as

R 45t N ber 2020 the H,O, volume solution increased. Among the catalysts, the biphasic TiO, prepared with 30 mL of
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Accepted 23rd Novernber 2020 H,O, had the best photocatalytic effect and could entirely degrade the MB solution after 30 minutes
under irradiation. After three repeated degradations, the photocatalytic degradation rate was still
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1. Introduction

With rapid agricultural and industrial growth, water pollution
has become a great challenge to human beings and any other
forms of life. How to eliminate pollutants from water and
restore ecological water has become our top priority. To address
this issue, semiconductor photocatalysis has been regarded as
an efficient approach for sewage water purification by utilizing
solar energy."” In recent years, many kinds of semiconductors,
such as TiO,,>® BiOBr,* Ag;P0,,” SnO,,* etc, have been well
explored in developing promising photocatalysts. Among them,
titanium dioxide (TiO,) has attracted considerable attentions
due to its outstanding photocatalytic activity, low cost, adorable
chemical and thermal stability, corrosion resistance, non-
toxicity and other favorable properties.” However, as the n-type
broad bandgap semiconductor, TiO, can only be excited by
ultraviolet light to produce electron-hole pairs. Single phase
TiO, also suffered from high rate recombination of photo-
generated carriers. All these literally hindered its performance
on practical applications.*
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heterophase junctions of TiO, for environmental remediation.

Semiconductors composite and heterophase interfaces are
effective strategies to improve photocatalytic activity of TiO,.
Recently, more interests are mainly focused on the composite of
semiconductors. For instance, TiO,/WOj;,"* TiO,/BiVO,,** TiO,/
CuO,” TiO,/CdS," and etc., are of great benefit for the trans-
mission and detachment of photogenerated charge carriers."
Zhu and his team presented a in situ synthesis technique in
preparing g-C3N,/P25, and results revealed that g-C;N,/P25 has
superior photodegradation performance than P25.'® BiOBr/TiO,
nanorod heterojunction composite was prepared by Xue and his
colleagues via electrochemical anodization method, and prod-
ucts exhibited remarkable reduction efficiency of Cr(vi)."”
According to Chi and his coworkers, porous TiO, nanotubes/
Ag;PO, heterojunction was synthesized by facile electrospinning
and chemical co-deposition route, and obtained sample featured
an exceptive enhancement by the photodegradation of methylene
blue.” TiO, heterophase interfaces have been proved to have
more superior photocatalytic activity than pure anatase or rutile
phase TiO, by many researchers. Lyu et al.* fabricated a TiO,
hollow heterophase junction by coating anatase TiO, hollow
spheres with porous amorphous TiO,, and the obtained TiO,
exhibited preferable adsorption capability, light harvesting
ability, and charge-separation efficiency. It was reported that TiO,
heterophase junction had controllable contact area between

This journal is © The Royal Society of Chemistry 2020
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rutile and anatase phase, which is favorable for the separation
and transition of photo-generated carriers at the heterojunction
region.” E et al.** reported that various contents of hydrochloric
acid could lead to different crystallizations of TiO,. Biphasic TiO,
with different contents of anatase and rutile have been success-
fully prepared in an acidic hydrothermal system by Li et al.*?
Tartaric acid (C;H¢Os) was employed as the phase content
regulator and TiCl; as the titanium source, and result demon-
strated that TiO, with 77% anatase and 23% rutile had the
optimized photocatalytic performance. However, K,TiO(C,0,), as
precursor and H,O, as phase content regulator to adjust the
anatase and rutile contents of biphasic TiO, has not been re-
ported. Hence, it is of profound significance to adjust the anatase
and rutile contents to further study the photocatalytic perfor-
mance of biphasic TiO,.

This work aims to promote the photodegradation of organic
pollutants by synthesizing a novel kind of spindle-like biphasic
TiO, nanorods via hydrothermal-calcination route. The anatase
and rutile contents in biphasic TiO, were adjusted by control-
ling different volumes of H,0,. The influence of H,0, volume
on the photocatalytic performance of biphasicTiO, was dis-
cussed and the mechanism of photocatalytic degradation was
explored.

2. Experimental

2.1. Materials

Potassium titanium oxalate (K,TiO(C,0,),) was purchased from
Shanghai Titan Technology Co., Ltd. (Shanghai, China).
Hydrogen peroxide (H,O,, 30%) and nitric acid (HNOj3, 65%)
were provided by Jiangsu Tongsheng Chemical Reagent Co.,
Ltd. (Wuxi, China). Absolute ethanol was obtained from Sino-
pharm Chemical Reagent Co., Ltd. (Shanghai, China). All the
reagents were of analytical grade and used without further
purification.

2.2. Sample preparation

In a typical synthetic procedure: K,TiO(C,0,), (5 mmol) was
completely dissolved in a certain volume of H,O, (30%) and
deionized water under magnetic stirring to obtain a mixture
solution of 50 mL. 65% HNOj; (1.7 mL) was added dropwise into
the aforementioned solution to obtain the precursor solution. The
solution was then sealed within a Telfon-lined autoclave (150 mL)
and maintained 150 °C for 12 h. After the vessel was cooled down
to room temperature naturally, the precipitate was centrifuged and
washed three times by deionized water and absolute ethanol, and
dried at 60 °C. Subsequently the dry powder was calcined at 500 °C
in muffle furnace for 4 h and pulverized to biphasic TiO, powder.
The volumes of 30% H,0, were 0 mL, 5 mL, 10 mL, 15 mL, 20 mL,
25 mL and 30 mL, and the samples were denoted as S-0, S-5, S-10,
S-15, S-20, S-25 and S-30, respectively.

2.3. Characterization

The X-ray diffractometer (XRD) (PANalytical, Dutch) was per-
formed to analyze the phase of the obtained sample. The
morphology of the sample was observed by Nova Nano SEM 450
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field emission scanning electron microscope (FEL, America) and
JEM-2100F field emission transmission electron microscope
(JEOL, Japan). Optical absorption spectrum was detected by TU-
1901 UV-vis DRS (Persee, China). The elemental composition
was further revealed by ESCALAB 250Xi X-ray photoelectron
spectrometer model (Thermo Fisher Scientific, America). A fully
automatic specific surface and pore analyzer model TriStar II
3020 (Micromeritics, America) was applied to evaluate the
specific surface area, total pore volume, and average pore
diameter of the sample.

2.4. Photocatalytic activity measurement

Methylene blue (MB) was employed as a simulated pollutant. A
time-dependent experiment was conducted to investigate the
photocatalytic activity in the degradation of MB by the as-
prepared sample. Typically, the sample (0.1 g) was scattered
into MB solution (100 mL, 20 mg L™"). Before light illumination,
the mixed suspension of MB and sample were stirred for 30 min
to reach the adsorption-desorption equilibrium. Therewith the
mixed solution was irradiated by a 300 W Xe lamp (LS-SXE300/
300UV). MB solution (3 mL) was sampled at 5 min interval and
centrifuged to remove the particles. The absorbance of MB
solution was recorded by the maximum absorption-band at A =
664 nm on a UV-vis spectrophotometer.

Repeat experiments were carried out to evaluate the photo-
catalytic stability of the sample. S-30 was selected as the target
object. After the first photocatalytic degradation, aqueous MB (2
mL, 1 ¢ L™ ') and deionized water were consecutively added in
the residual solution to obtain mixed solution (100 mL). The
above process was repeated two times to test the duration of the
photocatalytic performance. The photocatalytic activity of the
sample was determined by degradation rate, which was calcu-
lated by eqn (1):

n = COC;OC’X 100% — AOA;OAIX 100% (1)
where C, and C; are the concentration of MB before and after
irradiation, respectively. 4, and A, are the absorbance of MB
solution at the maximum absorption peak (Amax = 664 nm)
before and after irradiation, respectively.”®**

Langmuir-Hinshelwood pseudo-first-order kinetic model
was applied to investigate the kinetics of photocatalytic
performance in the photodegradation of MB, as demonstrated
in eqn (2):

In(Cy/C,)) = Kt (2)

where C, and C; are the concentration of MB before and after
irradiation, respectively. K is the pseudo first-order rate
constant and ¢ is the irradiation time. The linear slope of In(Cy/
C,)corresponding to ¢ is applied to represent the value of K.>°

3. Results and discussion
3.1. XRD analysis

Fig. 1 illustrates the XRD patterns of biphasic TiO, prepared
with different H,0, volumes. As shown in Fig. 1, XRD
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diffractogram of TiO, exhibited the main peaks at 25.28°,
36.98°, 37.93°, 48.34°, 53.99°, 54.93°, 62.69°, 68.84°, 70.09° and
75.03°, corresponding to (101), (103), (004), (200), (105), (211),
(204), (113), (220) and (215), which coincided with the tetrag-
onal anatase TiO, (JCPDS no. 21-1272). The main XRD peaks of
rutile TiO, at about 27.33°, 36.09°, 41.23°, 44.14°, 54.36°,
56.46°could be indexed to (110), (101), (111), (210), (211) and
(220), which were in accordance with the standard card (JCPDS
no. 21-1276). No other diffraction peaks were observed in the
XRD pattern, indicating no other impurities generated in the
preparation of TiO,. All the patterns suggested the existence of
anatase and rutile crystalline phases. The content of rutile
phase was calculated by eqn (3):

Ir

We = 0.8861 + Ix (3)

where Wy, is the mass fraction of rutile crystalline phase, I, and
Iz are the diffraction peak intensity of anatase phase 20 =
25.2°and rutile phase 20 = 27.4°.%¢

Fig. 2 depicts the influence of H,O, volume on the contents
of anatase and rutile in the biphasic TiO,. With increasing H,0,
volume, the contents of anatase TiO, and rutile TiO, enhanced
and declined, respectively. The as-prepared sample contained
more rutile TiO, than anatase TiO, without the presence of
H,0,, which could be ascribed to the remarkable differences in
the growing rate and surface energy. When H,0, was added,
anatase TiO, gradually came up with rutile TiO, in content and
outnumbered rutile ultimately. The explanation might be that:
hydrolysis occurred in K,TiO(C,0,), to generate hydrogen tita-
nate, which was likely transformed into rutile TiO, under the
acid condition.”” With the addition of H,0,, [C,0,]*  was
substituted by excess O*  in the acid medium from H,O, to
form peroxo-complexes.”® Afterwards, the oxygen was released
via a complex decomposition reaction, and amorphous TiO,
accumulated toward oxygen and anatase TiO, was formed as
a result. The TiOg octahedron was inclined to face sharing,
leading to more generation of anatase TiO,. More oxygen was
produced as the increasing addition of H,0,, which further
enhanced the anatase content. The entire reactions can be
formulated as follows:
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Fig.1 XRD patterns of TiO, prepared with different volumes of H,O5:
(a) S-0, (b) S-5, (c) S-10, (d) S-15, (e) S-20, (f) S-25 and (g) S-30.
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Fig. 2 Influence of H,O, volume on the contents of anatase and rutile
in biphasic TiO,.

KzTiO(C204)2 + 2H202 + H20 i T102 + K2C03
+ 3H2CO3 (4)

H,0, = 0, + H,O (5)

3.2. SEM observation

The morphology of as-synthesized samples was observed by
SEM. As illustrated in Fig. 3, the morphologies of biphasic TiO,
before and after calcination were spindle-like nanorods, which
were approximately 300 nm in length and 50 nm in width. It was
considered that the biphasic TiO, before calcination was prone
to agglomerate. And the biphasic TiO, after calcination
possessed more distinctive nanorod shape.

3.3. TEM observation

Fig. 4 reveals the TEM images of S-30. From Fig. 4(a), the
aggregates were assembly of spindle-like nanorods with length
of about 300 nm and width of about 50 nm, which was in
agreement with the SEM observation. Fig. 4(b) indicated that
the mesoporous structure was distributed in the biphasic TiO,
nanorod, suggesting that the prepared biphasic TiO, was
a mesocrystalline material. HRTEM image of biphasic TiO, is
displayed in Fig. 4(c). The lattice fringe spacings of d =
~0.32 nm and 0.23 nm were consistent with (110) crystal plane
of rutile TiO, and (004) crystal plane of anatase TiO,, separately.
The result of HRTEM was well in accordance with XRD pattern,
which further confirmed that the as-prepared TiO, had
a biphasic structure.

3.4. UV-vis DRS analysis

The UV-vis DRS of S-30 and P25 are illustrated in Fig. 5. It was
worth noting that the prepared biphasic TiO, and P25 basically
had no absorption property in the visible light region (>420 nm)
but outstanding absorption in the ultraviolet light region. The
absorption edges estimated for S-30 and P25 were at 404 nm
and 394 nm, which were corresponding to band gaps of 3.07 eV

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 SEM photos of S-30: (a) before calcination (x100 000), (b) before calcination (x200 000), (c) after calcination (x100 000) and (d) after

calcination (x200 000).

and 3.15 eV, respectively. It was noted that S-30 performanced
better photocatalytic activity compared to P25. One of the
possible reason was that narrow band gaps of nano-
photocatalyst lead to high utilization of visible light.

3.5. XPS analysis

Fig. 6 demonstrates the XPS spectrum of biphasic TiO, and the
peak fitting diagrams of each constituent element. As shown in

ML
—

Fig. 4 TEM and HRTRM images of S-30: (a), (b) TEM and (c) HRTEM.

This journal is © The Royal Society of Chemistry 2020

Fig. 6(a), the peak at 284.8 eV belonged to the characteristic
peak of C 1s, which could be ignored as that may be the oil-
contaminated carbon brought by the measuring instrument.
It was observed that the biphasic TiO, was composed of two
elements, titanium and oxygen. Fig. 6(b) displayed the Ti 2p
spectrum, the peaks at 464.5 eV and 458.7 €V in the illustration
were consistent with Ti 2p,, and Ti 2p;, respectively. The
interval between the two peaks was 5.7 eV, which featured

RSC Adv, 2020, 10, 43592-43598 | 43595
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Fig. 5 UV-vis DRS of (a) P25 and (b) S-30.

typical characteristics of Ti*".?* Fig. 6(c) exhibited two fitted
peaks of the O 1s spectrum at 530.4 eV and 532.2 eV, which were
the binding energies indexed to lattice oxygen and the hydroxyl
group (-OH).*
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3.6. BET analysis

In order to further prove that the prepared TiO, was a meso-
porous material, specific surface area, pore volume and average
diameter of S-30 were measured by adsorption-desorption
isotherm and pore size distribution curve illustrated in Fig. 7.
The isotherm exhibited type IV with a H3 type hysteresis loop,
indicating the mesoporous structure of S-30.**' S-30 possessed
high specific surface area of ~54.16 m> g ' with total pore
volume of ~0.2893 cm® g and average pore diameter of
~21.36 nm, which were consistent with the TEM observation
and the prepared sample was proved to be mesogenic. A large
specific surface area and small pore size provide many favorable
advantages including supplying more active sites, improving
light absorption and utilization, and increasing the contact area
with degraded contaminants. They are also conducive for the
nano-photocatalysis to the transport of photogenerated
carriers. Thereby S-30 exhibited an exceptional high photo-
catalytic activity.

3.7. Photocatalytic performance and stability

Fig. 8(a) presents photocatalytic degradation curves of TiO,
prepared with different H,O, volume. As can be observed, all
the prepared biphasic TiO, had excellent photodegradation
towards MB solution within 30 min, in that biphasic TiO, can

()

survey

Ti2p
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T T T T
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Binding energy/eV
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Fig. 6 XPS spectra of S-30: (a) survey, (b) Ti 2p peak fitting and (c) O 1s peak fitting.
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Fig. 7 N, adsorption—desorption isotherm and the pore size distri-
bution curve of S-30.

form heterogeneous interfaces, separate electron-hole pairs
and inhibit the recombination of carriers. The photocatalytic
activity of the samples ascended with the increase in anatase
content, because anatase has preferable photocatalytic perfor-
mance than rutile.?*** Thereinto, S-30 with the anatase content
of 90.33% had the highest photodegradation rate on MB solu-
tion. The pseudo-first-order kinetic curves of the photocatalytic
degradation of MB solution by biphasic TiO, are shown in
Fig. 8(b), the pseudo-first-order rate constant K enlarged with
increasing anatase content. S-30 exhibited superior photo-
catalytic activity (K = 0.19159 min ') than P25 (K =
0.13251 min ') in the decomposition of MB solution.

The repeated experiments of MB photodegradation were
conducted to evaluate S-30 stability. After three consecutive
reaction cycles, it was observed that S-30 exhibited no obvious
decrease in the photocatalytic activity, the photodegradation
rate was reduced by 5% in Fig. 9. The results demonstrated that
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S-30 had appreciable stability to photocatalyze the degradation
of organic contaminants.

3.8. Photocatalytic mechanism

According to all above results, the schematic of photocatalytic
mechanism of biphasic TiO, is illustrated in Fig. 10. The
bandgaps of anatase TiO, and rutile TiO, were 3.2 eV and
3.03 eV.** The electrons of the biphasic TiO, were stimulated
and transferred to the conduction band (CB) under light illu-
mination. Owing to the difference in the band potentials, the
photogenerated electrons transferred from the rutile CB to the
anatase CB. Simultaneously the photogenerated holes migrated
from the valence band (VB) of anatase to the rutile VB, resulting
in the formation of anatase and rutile heterogeneous inter-
faces.*® The biphasic TiO, composed of anatase and rutile
therefore had an excellent charge separation efficiency, which
improved the photocatalytic activity of the biphasic TiO,.
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Fig. 9 Cycling runs of S-30.
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Fig. 8 Photocatalytic degradation of MB solution by biphasic TiO, and P25: (a) photodegradation curves and (b) pseudo-first-order kinetic

curves.
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4. Conclusions

The biphasic TiO, was successfully synthesized in the presence
of HNO; and H,0, via hydrothermal-calcination route, with
K,TiO(C,0,), as titanium source. By changing the H,O, volume,
the ratio of anatase and rutile in the biphasic TiO, was adjusted.
The content of anatase TiO, and its photocatalytic activity
improved with the addition of H,O,. When the H,0, volume
reached 30 mL, the biphasic TiO, composed of 90.33% anatase
and 9.67% rutile was spindle-like nanorods and exhibited
excellent photocatalytic efficiency and stability. After three
times of repeated experiments, the photocatalytic degradation
rate of MB solution remained as high as 95%. The adjustment
of the anatase and rutile contents provides a neoteric strategy
for other semiconductor heterogeneous junction materials to
enhance the photocatalytic activity.
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