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ecorated three-phase-mixed
TiO2/phosphate modified active carbon
nanocomposites as easily-recycled efficient
photocatalysts for degrading high-concentration
2,4-DCP†

Sharafat Ali, Zhijun Li,* Wajid Ali, Ziqing Zhang, Mingzhuo Wei, Yang Qu
and Liqiang Jing *

It is of great significance to fabricate easily-recycled TiO2 photocatalysts with high activity. Herein,

dominant-anatase three-phase (anatase/rutile/brookite)-mixed nanosized TiO2 with high photocatalytic

activity for degrading a high-concentration of 2,4-DCP has been synthesized via a hydrothermal process

with HCl as a phase-directing agent, and interestingly the apparent photoactivity could be greatly

improved by decorating Au nanoparticles and then coupling phosphate-treated active carbon. The

amount-optimized nanocomposite displays �12-fold enhancement in degradation rate constant (k)

compared to anatase TiO2. Based on the steady-state surface photovoltage spectra, fluorescence

spectra related to the produced $OH amount, temperature-programmed desorption and O2

electrochemical reduction curves, it is confirmed that the exceptional photoactivity is mainly attributed

to the greatly-enhanced charge separation from the phase-mixed composition, and from the decorated

Au as electron acceptors and its promotion effects on O2 activation. Moreover, the use of phosphate-

modified AC as a support is also positive for efficient photocatalytic reactions by accepting electrons and

concentrating the pollutants, with recyclable features. This work provides a feasible strategy to fabricate

TiO2-based nano-photocatalysts for degrading high-concentration pollutants to remediate the

environment.
1. Introduction

2,4-Dichlorophenol (2,4-DCP) is extensively used as an inter-
mediate in the preparation of pesticides, preservatives, disin-
fectants, herbicides and germicides.1,2 The generation of waste
water during production and use of chlorophenolic
compounds, i.e. 2,4-DCP is ultimately released into the envi-
ronment as a serious pollutant.3,4 The dissolved 2,4-DCP is
promptly absorbed through skin into the body and it can be
fatal, since it may cause endocrine disruption, liver damage and
failure of several other organs. Thus, it is very indispensable to
remove the noxious 2,4-DCP from polluted water so as to protect
the safety regarding drinking water, which is closely associated
with our health.5,6 Among various techniques, the photo-
catalytic technique has long been considered as one of the most
erials Chemistry (Ministry of Education),
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21
innovative and scalable approaches owing to its modest cost
and environmental benignity, etc. compared with traditional
physical and biological treatment methods.7–9

Among the plentiful semiconductors investigated, TiO2

unquestionably is an appealing semiconductor photocatalyst
due to its desirable properties such as modest cost, strong
oxidizing power and environmentally benign.10–13 TiO2 mainly
exists in three distinct phases, anatase, rutile and brookite.14,15

Among these three phases, anatase phase is considered as the
most active phase and is therefore extensively used in the variety
of photocatalytic applications.16 Nevertheless, the efficiency of
TiO2 is still restricted by undesirable recombination of elec-
tron–hole pairs.17–19 Among the various modication strategies,
constructing of heterojunction is one of the most promising
strategy to enhance the photogenerated charges separation of
TiO2, like SrTiO3/TiO2,20 ZnO/TiO2,21 etc. Remarkably, homoge-
neous heterophase of TiO2, like rutile/anatase, the commercial
Degussa P25, is the most widely studied TiO2 with good pho-
toactivities attributable to high charge separation,15,22 whereas
fewer studies have been made on anatase/brookite and
brookite/rutile solids, especially for the three-phase-mixed
one.23 As of late, it has been demonstrated that brookite has
This journal is © The Royal Society of Chemistry 2019
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the most negative conduction band among the three TiO2

phases, which leads to more energetically favourable for
reduction reactions.24,25 Therefore, TiO2 with phase-mixed
junctions (anatase/brookite/rutile) has the potential to
become a better heterogeneous photocatalyst than pure single
phase. Besides that, in order to further improve the charge
separation and catalytic ability, it is an effective strategy to
couple with noble metals such as Au, Ag, etc.26–28 To this end, it
is much feasible to decorate noble metal Au to improve the
photoactivity of phase-mixed TiO2 with high activity.

Nonetheless, the high adsorption of pollutants and recy-
clability are the key issues to determine the photocatalytic
performance of the photocatalyst. As for those purpose, it is
a viable strategy to couple with some other substrates, such as
carbon nanotube, graphene and activated carbon (AC) etc.
Among those substrates, AC is considered as the most suit-
able substrate because of its low cost, high surface area,
porous structure, strong adsorption for pollutants and being
recycled in recent years.29–33 As reported in our previous
works, it serves not only as high adsorption agents but also as
collectors to accept electrons to effectively hinder photo-
generated charge recombination.20 Noticeably, the interfacial
contact between the constructed components is one of the
most important factors for activities and stability of the
photocatalyst. In our previous work, the phosphate with
multiple hydroxyl groups could be taken as a bridge to
connect different semiconductor nano-oxides with surface
hydroxyl groups by a chemical process, so as to improve the
stability of the composite. Meanwhile, the phosphate bridge
is benecial to promote the charge transfer between the
constructed components, along with the promoted adsorp-
tion of O2 during the photocatalytic degradation of organic
pollutions.33,34

Thus, the objective of this study is to prepare three-phase-
mixed TiO2 based nano-photocatalyst with high charge sepa-
ration for effectively degrading high-concentration 2,4-DCP
pollutant. It is clearly shown that the improved photocatalytic
activities are attributed to the greatly-enhanced charge separa-
tion from the phase-mixed TiO2, and from the decorated Au as
electron acceptors and promotion effects on O2 activation, and
to the phosphate-modied active carbon to increase adsorption
of pollutants, enhance charge separation as well as to improve
the interfacial contact between the constructed components.
Another feature of this work is the good recycling performance
of resulting hybrid photocatalyst in the wastewater treatment.
This work can provide a convenient method to modulate the
phase components of TiO2, and also provide effective strategies
to improve the photocatalytic activities of phase-mixed TiO2 for
environmental remediation.

2. Experimental part
2.1. Materials and methods

All the chemical reagents were obtained from commercial
sources as guaranteed-grade reagents and used without further
treatment. Deionized water was used throughout the
experiments.
This journal is © The Royal Society of Chemistry 2019
2.2. Synthesis of the samples

2.2.1. Synthesis of Au/phase-mixed TiO2 nanocomposites.
Synthesis of phase-mixed TiO2 nanoparticles: phase-mixed
TiO2 (MTO) was synthesized by mixing 5 mL Ti(OBu)4 and
5 mL anhydrous ethanol under vigorous stirring, and then
the solution was slowly dropwise added into a mixture con-
taining 20 mL ethanol, 5 mL deionized water and different
amounts of HCl (1, 2, 3 and 4 mL) solution to form a trans-
parent solution. Aerward, the resulting solution was
transferred to a Teon-lined stainless 100 mL capacity and
was heated at 160 �C for 6 h. Aer cooling to room temper-
ature naturally, the obtained precipitates were rinsed several
times with deionized water and absolute ethanol, dried in an
oven at 80 �C and nally calcined at 450 �C (5 �C min�1) for
2 h. These samples were represented by XMTO where “X”
represents volume of HCl added and MTO represents phase-
mixed TiO2. The same procedure was applied by adding
HNO3 instead of HCl to synthesize anatase TiO2, denoted as
ATO.

2.2.2. Synthesis of Au/MTO composites. Different mass
percent (0.5, 1.0, 2.0, and 3.0%) of Au NPs were loaded on the
surface of 3MTO by deposition–precipitation (DP) method
using HAuCl4$4H2O as a starting material. For each sample,
0.5 g of 3MTO were dispersed into 500 mL water containing the
necessity amount of HAuCl4$4H2O. The mixed solution was
adjusted to pH ¼ 7 by using 1 mM NaOH solution and kept at
80 �C in water bath under stirring for 3 h. Finally, the obtained
precipitate was rinsed with deionized water and absolute
ethanol in turn, and then dried at 80 �C and calcined at 300 �C
(5 �C min�1) for 0.5 h. The obtained samples were represented
by YAu/3MTO, where “Y” represents mass ratio percentage of Au
to MTO.

2.2.3. Synthesis of MTO/10AC nanocomposites. 1 g of the
as-prepared 3MTO sample was dispersed into a mixture
containing 20 mL absolute ethanol, 5 mL deionized water
and 1 mL of HNO3 (70%). Then 0.1 g AC was put in the
mixture under vigorous stirring for 1 h. The sample was
washed with deionized water and ethanol and dried in oven
at 80 �C and nally calcined at 350 �C (5 �Cmin�1) for 2 h. The
same procedure was applied to coupled AC to anatase TiO2

and Au/MTO composites.
2.2.4. Synthesis of (2Au/3MTO)/P-10AC. In a typical proce-

dure, 1 g of AC was mixed with 50 mL phosphate solution of
different concentrations (0.0001, 0.0002, 0.0003 and 0.0005 M)
under vigorous stirring for 1 h. The obtained products were
washed several times with deionized water and absolute
ethanol, dried in an oven at 80 �C and calcined at 350 �C
(5 �C min�1) for 2 h. The obtained powders were denoted by ZP-
AC. Subsequently, 1 g of 2Au/3MTO was mixed with 0.1 g of each
ZP-AC sample in a mixture containing 20 mL ethanol, 5 mL
water and 1 mL HNO3 (70%) under vigorous stirring for 1 h,
dried at 80 �C and nally calcined at 350 �C (5 �Cmin�1) for 2 h.
The obtained samples were represented by (2Au/3MTO)/ZP-AC.
For ZP-AC, “P” stands for phosphoric acid and “Z” for its
concentrations of used solution (0.0001, 0.0002, 0.0003 and
0.0005 M).
RSC Adv., 2019, 9, 38414–38421 | 38415
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2.3. Characterization of materials

Different techniques were used for the characterization of the
as-prepared nanocomposites. The crystal structures of the as-
prepared nanocomposites were conrmed with the help of
XRD (Bruker D8, Germany) by using Cu Ka radiation source (a¼
1.54056 Å), operated at an accelerating voltage of 30 kV and an
emission current of 20 mA was used. The UV-vis diffuse reec-
tance spectra (DRS) were recorded with a Model Shimadzu UV-
2550 spectrometer. Fourier transform infrared (FT-IR) spectra
were obtained at the range of 500–4000 cm�1 using KBr as
diluents in order to measure various bonds and impurities
present in the prepared nanocomposites. The morphology of
the as-prepared nanocomposites was investigated using a JEOL
JEM-2010 transmission electron microscope (TEM), with an
acceleration voltage of 200 kV. The BET specic surface area of
the as-prepared nanocomposites were carried out by N2

adsorption–desorption method at the temperature of liquid
nitrogen Micromeritics Tristar II 3020 system Atlanta, GA, USA,
aer being degassed at 150 �C for 10 h. The uorescence spectra
(FS) were measured with a spectrouoro-photometer (Perkin-
Elmer LS55) at excitation wavelength of 390 nm. The surface
photovoltage spectroscopy (SPS) measurement of the samples
was carried out with a home-built equipped with a lock-in
amplier (SR830) and synchronized with a light chopper
(SR540).
2.4. Evaluation of temperature-programmed desorption
(TPD)

The temperature-programmed desorption (TPD) of O2 were
made via using home built equipped. Every sample (50 mg) was
rst pre-treated to 300 �C (10 �C min�1) under helium (He) gas
(25–30 mL min�1) in order remove gas molecules and adsorbed
moisture. Aerward, pure He gas was passed through each
sample in order to remove weakly adsorbed O2. Finally, the TPD
curve was recorded up to 700 �C (10 �C min�1).
2.5. Electrochemical reduction measurement

The electrochemical reduction experiments were made in
a three-electrode cell with a platinum wire (99.9%) as the
counter electrode, a Ag/AgCl (satd KCl) electrode as the refer-
ence electrode, the prepared lm electrodes as the working
electrode, and the 0.5 M NaClO4 solution as the electrolyte.
Subsequently, high-purity gas (O2 or N2) was used to bubble
through the electrolyte before and during the experiments. The
electrochemical reduction experiments of O2 and N2 were
measured in dark. Applied potentials were controlled by
a commercial computer-controlled potentiostat (AUTOLABPG
STAT).
2.6. Evaluation of hydroxyl radical ($OH) amount

Hydroxyl radical measurement was carried out in quartz cell
containing 50mL of the as-prepared 0.001 M coumarin aqueous
solution and 0.025 g of each sample. The reactor was irradiated
under UV-vis light irradiation using a source of 300 W high-
pressure xenon lamp under magnetic stirring for 1 h. Aer
38416 | RSC Adv., 2019, 9, 38414–38421
1 h irradiation, a certain amount of each sample was taken in
a Pyrex glass cell for the uorescence measurement of 7-
hydroxycoumarin under excitation wavelength of 390 nm and
460 nm emission wavelengths through a spectrouorometer
(Perkin-Elmer LS55).
2.7. Evaluation of photocatalytic activities for 2,4-DCP
degradation

Photocatalytic activities of the as-prepared samples were
assessed by degrading 2,4-DCP at room temperature under UV-
vis light irradiation. In each experiment, 0.025 g photocatalyst
was added to 2,4-DCP solution (100 mg L�1, 100 mL) and stirred
in dark for 30 min to ensure adsorption–desorption equilib-
rium. Subsequently, the suspension was irradiated under UV-vis
light (300W Xe-lamp) irradiation. During the irradiation period,
samples were taken from the suspension at regular intervals of
time and analysed by Model Shimadzu UV-2550 Spectropho-
tometer (Kyoto, Japan).
3. Results and discussion
3.1. Synthesis of phase-mixed TiO2

The crystallinity and phase structures of the as-prepared
nanocomposites were elucidated through X-ray diffraction
(XRD) and the effect of varying amounts of HCl on the phase
structures was investigated. Fig. 1A shows XRD patterns of the
anatase TiO2 (ATO) and phase-mixed TiO2 (MTO). The observed
peak clearly showed phase-mixed of TiO2 that consists of
anatase, rutile and brookite nanocrystals. As increasing the
amount of HCl, relative percentage of anatase is decreasing,
while rutile and brookite percentage is increasing. The possible
formation mechanisms of TiO2 with various phases could be
well explained by referring to the works reported by Agnès
Pottier et al. The complex Ti(OH)2(Cl)2(OH2)2 would probably be
the precursor of the brookite and rutile phase, and a high
concentration of chloride ions in the thermolysis medium of
titanium is be necessary for the formation of brookite and also
to avoid recrystallisation of brookite into rutile during ageing in
suspension. Meanwhile the presence of chloride ions is also
necessary to stabilize the brookite in suspension.35 The content
of different phases and the BET analysis of XMTO nano-
composites are shown in Table S1.† The as-prepared 1MTO,
2MTO, 3MTO and 4MTO nanocomposites present large BET
specic surface areas of 77.7, 87.15, 124.2 and 98.0 m2 g�1,
respectively, which means 3MTO have most active sites for
photocatalytic reactions than others. The optical absorption
properties of the as-prepared ATO and XMTO nanocomposites
were characterized by UV-vis diffusion reectance spectra. It can
be seen from Fig. S1A,† that there are slightly changes in the
absorption edges of XMTO compared to ATO, due to the
formation of rutile. The morphological and structural features
of 3MTO were investigated by transmission electronmicroscopy
(TEM) and high-resolution TEM (HRTEM), as shown in Fig. 1B.
In the HRTEM image of 3MTO, the distance between each
lattice fringes were measured and identied as the different
phases of TiO2. The fringe widths of 0.332 nm, 0.238 nm and
This journal is © The Royal Society of Chemistry 2019
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0.29 nm can be used to conrm the dominance of (101), (110)
and (200) planes of anatase, rutile and brookite structure,
respectively.36,37 While the size of 3MTO is in the range of 8–
10 nm. It is well known that the photogenerated charge prop-
erties greatly affect the photocatalytic performance, and surface
photovoltage spectroscopy (SPS) is a promising technique used
to reveal the separation of excited electron–hole pairs of semi-
conductor materials. Generally speaking, strong SPS signal
shows high charge separation and vice versa.38 It can be seen
from Fig. 1C, that ATO shows a rather low SPS response
compared to MTO, which suggested that the phase mixing is
a good way to enhance the charge separation. Especially, the
3MTO presented the highest SPS response among phase-mixed
TiO2 samples. This is credited to the efficient separation of the
photogenerated electron–hole pairs due to appropriate
percentage of brookite in the nanocomposite.

In order to further verify the charge separation, it is meaningful
to test the $OH amount through the wide-used coumarin uores-
cent method as a highly sensitive technique. The FS spectra related
to the produced $OH amounts were employed in which the
coumarin could readily react with the formed $OH radicals and
produce luminescent 7-hydroxy-coumarin.20 In Fig. S1B,† the 3MTO
nanocomposite shows the highest uorescent response among all
the nanocomposites, corresponding to the most efficient charge
separation. This is good consistent with the SPS results.

The photocatalytic activities of ATO and MTO nano-
composites were assessed by degrading 2,4-DCP under UV-vis
light irradiation as shown in Fig. 1D. It can be clearly shown
that all MTO nanocomposites shows rather higher photo-
catalytic activity than ATO. As expected, all the MTO nano-
composites exhibits improved photocatalytic activities to
degrade high-concentration pollutant 2,4-DCP. It is sure that
the improved photocatalytic activities are mainly attributed to
Fig. 1 XRD patterns of ATO and XMTO (A), TEM and HRTEM images of
3MTO (B), DRS spectra (C) and photocatalytic activities of 2,4-DCP
degradation under UV-vis light irradiation (D) of ATO and XMTO. (X
stands for 1, 2, 3 and 4 mL of HCl, ATO for anatase TiO2 and MTO for
phase-mixed TiO2). It is the same elsewhere unless stated.

This journal is © The Royal Society of Chemistry 2019
the optimized BET specic surface area and proper phase
composition which efficiently enhances charge separation,
especially for the 3MTO nanocomposite achieving about 90%
2,4-DCP degradation rate in 4 h.

3.2. Modication of Au onto MTO

The XRD patterns of XMTO has not been disturbed aer Au
modication (Fig. S2A†), and there is no peak appeared corre-
sponding to Au for the YAu/3MTO nanocomposites, owing to
tiny amount of the decorated Au with high dispersion. To
further clarify the effect of decorated Au in the nanocomposites,
the TEM and HRTEM were carried out for the 2Au/3MTO
nanocomposite as shown in Fig. 2A. It is obvious that the
lattice fringes with d-spacing 0.24 nm corresponds to Au,39

which have closed contact to the surface of MTO (anatase d101 ¼
0.332 nm, rutile d101 ¼ 0.238 nm and brookite d101 ¼ 0.29 nm).
Apparently, the Au didn't change the particle size of 3MTO
nanocomposite. UV-vis DRS spectra (Fig. 2B) show that the
bandgap of 3MTO is barely changed aer decorating Au, while
a remarkable optical absorption appears in the visible-light
region probably due to the plasmonic effect of nanosized Au.
In order to explore the charge separation of YAu/3MTO nano-
composites, SPS spectra were evaluated as shown in Fig. 2C.
Normally, the SPS response is in direct proportion to the charge
separation. It is clearly seen, as the amount of decorated Au
increases, the intensity of SPS response becomes gradually
stronger, especially for the 2Au/3MTO nanocomposite. To
further explore and support the enhanced charge separation,
the uorescence method is applied to measure the $OH
amounts, as shown in Fig. S2B.† The 2Au/3MTO nanocomposite
produces the largest amount of $OH among all the modied
nanocomposites, indicating that Au is benecial for the charge
transfer, which is in good agreement with the SPS results.
Accordingly, the photocatalytic activities of Au modied 3MTO
for 2,4-DCP degradation were evaluated under UV-vis light
Fig. 2 TEM and HRTEM of 2Au/3MTO (A), DRS spectra (B), SPS
responses (C), and photocatalytic activity (D) of 3MTO and YAu/3MTO
for 2,4-DCP degradation. (Y stands for mass percentage of Au to
3MTO). It is the same elsewhere unless stated.

RSC Adv., 2019, 9, 38414–38421 | 38417
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irradiation, as shown in Fig. 2D. The complete degradation of
2,4-DCP is achieved for 2Au/3MTO in 3 h. The improved activity
is attributed to the decorated Au, which enhances charge
separation as well as serves as a co-catalyst to provide active
sites for inducing reduction reactions.

Unexpectedly, the YAu/3MTO has a negligible activity under
visible-light irradiation for high-concentration pollutant, indi-
cating that SPR absorption of supported Au particles didn't
contribute to the degradation for high-concentration pollutants
(Fig. S2C†). While the 2Au/3MTO nanocomposite shows a poor
activity under visible-light irradiation for the low-concentration
2,4-DCP, suggesting that Au mainly serve as co-catalyst for 2,4-
DCP degradation (Fig. S2D†).
3.3. Coupling of phosphate treated AC with 2Au/3MTO

The crystallinity and phase purity of 2Au/3MTO have not been
disturbed aer coupling AC and different amounts of H3PO3-AC
(P-AC), and the results of XRD patterns are shown in Fig. 3A. It is
clear that the spherical particles of 2Au/3MTO with 15–30 nm
diameter were tightly adhered to the modied 3P-AC support by
means of the SEM images in Fig. S3A and B.† To further investigate
the interfacial bonding of phosphate groups and AC, the FTIR
spectra were performed, as shown in Fig. S4A.†Noteworthily, there
are two peaks observed in the P-AC samples, one is about 1020–
1080 cm�1 assigned to the characterized of phosphate groups,
resulting from the P–O mode,40 and another is at about 1620–
1800 cm�1 assigned to the hydroxyl groups.41 Thus, it is conrmed
that phosphate groups have successfully been modied on the AC
surface. The UV-vis DRS of the fabricated nanocomposites were
measured and shown in Fig. S4B.† The optical absorbance of 2Au/
3MTO remains unchanged aer coupling with AC and different
amounts of P-AC. The charge separation of the as-prepared (2Au/
3MTO)/10AC and (2Au/3MTO)/ZP-10AC nanocomposites are ana-
lysed by SPS spectra. As shown in Fig. 3B, a proper amount of AC
Fig. 3 XRD patterns (A), SPS response (B), photocatalytic activity (C) of
(2Au/3MTO)/10AC and (2Au/3MTO)/ZP-10AC and stability test of
(2Au/3MTO)/3P-10AC for 2,4-DCP degradation under UV-vis light
irradiation (D). P means H3PO4 and Z in (2Au/3MTO)/ZP-10AC shows
the molarities (0.0001, 0.0002, 0.0003 and 0.0005 M) of H3PO4

solution.
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and ZP-AC coupling to 2Au/3MTO is favourable for charge sepa-
ration, and the (2Au/3MTO)/3P-10AC nanocomposite exhibits
strongest SPS response among all the modied nanocomposites.
This is further supported by the produced $OH amount as shown
in Fig. S4C.†

To investigate the photocatalytic activities of 2Au/3MTO aer
coupling with AC and ZP-AC for degrading high-concentration 2,4-
DCP pollutant as shown in Fig. 3C. The photocatalytic activities of
the as-prepared nanocomposites are greatly improved aer
coupling with AC and ZP-AC, and the (2Au/3MTO)/3P-10AC
nanocomposite showed highest degradation efficiency, achieving
complete degradation within 2 h. The stability is another vital
index to evaluate an effective photocatalyst. Under the same
experimental conditions to degrading high-concentration
pollutant 2,4-DCP, (2Au/3MTO)/3P-10AC could sustain the photo-
activity for 4 runs without obvious decline in photoactivity
(Fig. 3D). Based on the above results, the (2Au/3MTO)/3P-10AC has
excellent photocatalytic stability which make them auspicious
photocatalyst for degrading high-concentration pollutant. The
degradation rate constants (k) of ATO, 3MTO, (2Au/3MTO)/10AC
and (2Au/3MTO)/3P-10AC nanocomposites are shown in Fig. S5,†
which shows that (2Au/3MTO)/3P-10AC reaction is 12-time faster
compared to ATO.

In order to well understand the roles of AC in the photo-
catalysts, the adsorption rate for 2,4-DCP over ATO, 3MTO, 2Au/
3MTO and (2Au/3MTO)/10AC under dark were performed as
shown in Fig. S6.† The increased dark adsorption rate of (2Au/
3MTO)/10AC is mainly attributed to the 3MTO with optimized
specic surface area and that of introduced AC, compared to the
ATO. The XRD patterns and DRS spectra remain unchanged
aer modifying AC as shown in Fig. S7A and B† respectively. It is
cleared that the SPS response is greatly enhanced aer coupling
AC, especially for the (2Au/3MTO)/10AC nanocomposite which
displayed the strongest SPS based on Fig. S7C,† indicating
highest charge separation. This highest charge separation is
further supported by the highest amounts of $OH produced on
the resulting nanocomposites (Fig. S7D†), suggesting that AC
acts as an electrons collector in order to help in transportation
to the active sites. It is well consistent to the above SPS results.
As expected, the photocatalytic activity of the nanocomposites is
greatly improved aer coupling AC, especially for (2Au/3MTO)/
10AC as shown in Fig. S7E.† As demonstrated in Fig. S7F,† the
(2Au/3MTO)/10AC nanocomposite exhibited superior perfor-
mance over four consecutive test cycles under identical experi-
mental conditions. These results suggest that the AC certainly
plays important roles in the pollutant adsorption, photo-
generated charge separation, and recycled ability of
nanocomposites.

4. Discussion

In order to discern the photocatalytic mechanism of ATO,
3MTO, 2Au/3MTO, (2Au/3MTO)/10AC and (2Au/3MTO)/3P-10AC
nanocomposites, the radical trapping experiments were con-
ducted to elucidate the roles of reactive species that are gener-
ated during degradation of 2,4-DCP. The scavengers used in this
study were isopropyl alcohol (IPA), benzoquinone (BQ), and
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Schematic of photogenerated charge separation, along with
their photochemical reactions on (2Au/3MTO)/3P-10AC.
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EDTA-2Na against hydroxyl radicals ($OH), superoxide anion
radicals ($O2

�) and photogenerated holes (h+), respectively.42–44

The photocatalytic activity of ATO is almost no changed,
whenever added EDTA-2Na and IPA, nevertheless an obvious
inhibit is observed in the presence of BQ, suggesting that $O2

�

is the main active specie involve in the degradation of 2,4-DCP
on ATO (Fig. S8A†). In contrast, the photocatalytic activities of
3MTO, 2Au/3MTO, (2Au/3MTO)/10AC and (2Au/MTO)/3P-10AC
are mainly suppressed in the presence of IPA and a slightly
decrease is observed aer adding EDTA-2Na and BQ, suggesting
that $OH is dominant for the degradation of 2,4-DCP, as shown
in Fig. S8B–D,† and 4A, respectively. The order of inuence was
$OH > h+ > $O2

�. As we have discussed above that the enhanced
charge separation would be played a key role to improve activity
of MTO for degrading high-concentration pollutant 2,4-DCP. It
is well accepted that adsorbed O2 could capture photogenerated
electrons to form O2

�, resulting enhance charge separation.21

Thus, the adsorption of oxygen should be a prerequisite step for
photocatalytic reactions, and it is understandable that an
increase in the amount of adsorbed O2 would be favourable for
the promotion of photogenerated charge separation. Based on
the results of O2-TPD test, the nanocomposites have desorption
peak at 600 �C in O2-TPD curves (Fig. 4B), which represent for
chemical adsorption of O2. The (2Au/3MTO)/3P-10AC sample
exhibits strongest O2-TPD signals than (2Au/3MTO)/10AC and
3MTO/10AC samples. The strong O2-desorption peaks of (2Au/
3MTO)/3P-10AC nanocomposite implies that the surface
might induce a denite extent O2 adsorption which can cause
by the phosphate modication. The O2-TPD results recommend
that phosphate modication is preferred to efficiently degrade
high-concentration pollutant.

In order to further support the above results, we measured
the electrochemical O2 reduction of 3MTO/10AC, (2Au/3MTO)/
10AC and (2Au/3MTO)/3P-10AC nanocomposites in different
Fig. 4 Photocatalytic degradation of 2,4-DCP in the presence of IPA,
BQ and EDTA-2Na under UV-vis light irradiation over (2Au/3MTO)/3P-
10AC (A). O2-TPD curves (B), electrochemical reduction curves in N2-
bubbled (C), and in O2-bubbled systems (D) of 3MTO/10AC, (2Au/
3MTO)/10AC and (2Au/3MTO)/3P-10AC.

This journal is © The Royal Society of Chemistry 2019
gas saturated environments, as shown in Fig. 4C (in N2 bubbled)
and Fig. 4D (in O2 bubbled). It is agreeable that the detected
currents in the range of �1.8 to �1.0 V against Ag/AgCl are
credited O2 reduction. It is noteworthy, that all the nano-
composites can activate oxygen, especially the (2Au/3MTO)/3P-
10AC nanocomposite has the most obvious effect. It is bene-
cial for capturing photogenerated electrons and promoting
charge separation so as to improve photocatalytic.

Based on the above results, a possible mechanism schematic
for the photocatalytic 2,4-DCP degradation over (2Au/3MTO)/
3P-10AC nanocomposites are shown in Fig. 5. Aer a proper
amount of Au decorated onto MTO, the photogenerated elec-
trons can thermodynamically transfer to the Au, and to be
captured by the adsorbed O2 to produce $O2

�, meanwhile
producing more holes related active species participate in
degradation reaction, consequently enhances the rate of pho-
tocatalytic degradation reactions, while the phosphate modied
AC also hinder electron–hole recombination and facilitate the
charge transfer to the sites where catalytic reaction occurs,
leading to increase photocatalytic degradation of 2,4-DCP.
5. Conclusion

In this work, the three-phase-mixed TiO2 with high photo-
catalytic activity has been successfully synthesized by a hydro-
thermal process using HCl as the phase-directing agent, and
decorating Au nanoparticles and then coupling with the
phosphate-treated active carbon further improve the photo-
catalytic activities for the 2,4-DCP degradation signicantly. It is
conrmed that it is attributed to the optimized specic surface
area and the markedly promoted charge separation from the
three-phase-mixed composites, to the decorated Au as electron
acceptors as well as its promotion effects on O2 activation, and
to the phosphate-modied AC as the support which could
accept electrons, increase O2 adsorption and concentrate the
pollutants, meanwhile to improve recyclability of the photo-
catalyst. In addition, it has been demonstrated that $OH species
RSC Adv., 2019, 9, 38414–38421 | 38419
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could dominate the photocatalytic degradation of 2,4-DCP on
resulting phase-mixed TiO2-based nano-photocatalysts due to
the optimal charge separation. Naturally accepted, the
comprehensive strategy of modulating the photogenerated
electrons for the enhanced charge separation and then for the
efficient photocatalysis to degrade organic pollutants on phase-
mixed TiO2-based nano-photocatalysts is extremely viable and
effective. This work would provide feasible routes to synthesize
phase-mixed TiO2-based nano-photocatalysts for environ-
mental remediation.
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2 I. A. Witońska, M. J. Walock, M. Binczarski, M. Lesiak,
A. V. Stanishevsky and S. Karski, Pd-Fe/SiO2 and Pd-Fe/
Al2O3 catalysts for selective hydrodechlorination of 2,4-
dichlorophenol into phenol, J. Mol. Catal. A: Chem., 2014,
393, 248–256.

3 A. Zada, Y. Qu, S. Ali, N. Sun, H. Lu, R. Yan, X. Zhang and
L. Jing, Improved visible-light activities for degrading
pollutants on TiO2/g-C3N4 nanocomposites by decorating SPR
Au nanoparticles and 2,4-dichlorophenol decomposition path,
J. Hazard. Mater., 2018, 342, 715–723.

4 G. Jiang, K. Wang, J. Li, W. Fu, Z. Zhang, G. Johnson, X. Lv,
Y. Zhang, S. Zhang and F. Dong, Electrocatalytic
hydrodechlorination of 2,4-dichlorophenol over palladium
nanoparticles and its pH-mediated tug-of-war with
hydrogen evolution, Chem. Eng. J., 2018, 348, 26–34.

5 N. Sun, Y. Qu, S. Chen, R. Yan, M. Humayun, Y. Liu, L. Bai,
L. Jing and H. Fu, Efficient photodecomposition of 2,4-
dichlorophenol on recyclable phase-mixed hierarchically
structured Bi2O3 coupled with phosphate-bridged nano-
SnO2, Environ. Sci.: Nano, 2017, 4, 1147–1154.

6 B. Cojocaru, V. Andrei, M. Tudorache, F. Lin, C. Cadigan,
R. Richards and V. I. Parvulescu, Enhanced photo-
degradation of bisphenol pollutants onto gold-modied
photocatalysts, Catal. Today, 2017, 284, 153–159.

7 Y. Feng, L. Yang, J. Liu and B. E. Logan, Electrochemical
technologies for wastewater treatment and resource
reclamation, Environ. Sci.: Water Res. Technol., 2016, 2,
800–831.
38420 | RSC Adv., 2019, 9, 38414–38421
8 H. Bai, J. Juay, Z. Liu, X. Song, S. S. Lee and D. D. Sun,
Hierarchical SrTiO3/TiO2 nanobers heterostructures with
high efficiency in photocatalytic H2 generation, Appl.
Catal., B, 2012, 125, 367–374.

9 M. G. Peleyeju and O. A. Arotiba, Recent trend in visible-light
photoelectrocatalytic systems for degradation of organic
contaminants in water/wastewater, Environ. Sci.: Water Res.
Technol., 2018, 4, 1389–1411.

10 P. Calza, P. Avetta, G. Rubulotta, M. Sangermano and
E. Laurenti, TiO2-soybean peroxidase composite materials as
a new photocatalytic system, Chem. Eng. J., 2014, 239, 87–92.

11 C. Lin, Y. Song, L. Cao and S. Chen, Effective photocatalysis
of functional nanocomposites based on carbon and TiO2

nanoparticles, Nanoscale, 2013, 5, 4986–4992.
12 J. Ng, S. Xu, X. Zhang, H. Y. Yang and D. D. Sun, Hybridized

nanowires and cubes: a novel architecture of
a heterojunctioned TiO2/SrTiO3 thin lm for efficient water
splitting, Adv. Funct. Mater., 2010, 20, 4287–4294.

13 S. Gora, A. Sokolowski, M. Hatat-Fraile, R. Liang, Y. N. Zhou
and S. Andrews, Solar photocatalysis with modied TiO2

photocatalysts: effects on NOM and disinfection byproduct
formation potential, Environ. Sci.: Water Res. Technol.,
2018, 4, 1361–1376.

14 Z. Zhao, X. Zhang, G. Zhang, Z. Liu, D. Qu, X. Miao, P. Feng
and Z. Sun, Effect of defects on photocatalytic activity of
rutile TiO2 nanorods, Nano Res., 2015, 8, 4061–4071.

15 B. K. Mutuma, G. N. Shao, W. D. Kim and H. T. Kim, Sol–gel
synthesis of mesoporous anatase-brookite and anatase-
brookite-rutile TiO2 nanoparticles and their photocatalytic
properties, J. Colloid Interface Sci., 2015, 442, 1–7.

16 B. Zhao, L. Lin and D. He, Phase and morphological
transitions of titania/titanate nanostructures from an acid
to an alkali hydrothermal environment, J. Mater. Chem. A,
2013, 1, 1659–1668.

17 S. M. El-Sheikh, T. M. Khedr, G. Zhang, V. Vogiazi, A. A. Ismail,
K. O'Shea and D. D. Dionysiou, Tailored synthesis of anatase–
brookite heterojunction photocatalysts for degradation of
cylindrospermopsin under UV-vis light, Chem. Eng. J., 2017,
310, 428–436.

18 S. Park, S. Kim, H. J. Kim, C. W. Lee, H. J. Song, S. W. Seo,
H. K. Park, D. W. Kim and K. S. Hong, Hierarchical assembly
of TiO2-SrTiO3 heterostructures on conductive SnO2 backbone
nanobelts for enhanced photoelectrochemical and
photocatalytic performance, J. Hazard. Mater., 2014, 275, 10–18.

19 W. Zhang, G. Li, H. Liu, J. Chen, S. Ma and T. An, Micro/nano-
bubble assisted synthesis of Au/TiO2@CNTs composite
photocatalyst for photocatalytic degradation of gaseous
styrene and its enhanced catalytic mechanism, Environ. Sci.:
Nano, 2019, 6, 948–958.

20 S. Ali, Z. Li, S. Chen, A. Zada, I. Khan, I. Khan, W. Ali,
S. Shaheen, Y. Qu and L. Jing, Synthesis of activated carbon-
supported TiO2-based nano-photocatalysts with well recycling
for efficiently degrading high-concentration pollutants, Catal.
Today, 2019, 335, 557–564.

21 R. K. Sonker, B. Yadav, V. Gupta and M. Tomar, Fabrication
and characterization of ZnO-TiO2-PANI (ZTP) micro/
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra08286g


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
N

ov
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 1

2/
9/

20
25

 3
:2

7:
18

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
nanoballs for the detection of ammable and toxic gases, J.
Hazard. Mater., 2019, 370, 126–137.

22 M. Sun, Y. Kong, Y. Fang, S. Sood, Y. Yao, J. Shi and A. Umar,
Hydrothermal formation of N/Ti3+ codoped multiphasic
(brookite-anatase-rutile) TiO2 heterojunctions with
enhanced visible light driven photocatalytic performance,
Dalton Trans., 2017, 46, 15727–15735.
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