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ARTICLE INFO ABSTRACT

Keywords: Visible-light-driven photocatalysis as a promising technology has recently attracted great attention in environ-
MWCNTs mental remediation. In this work, novel Z-scheme heterojunction photocatalysts AgzPO,@MWCNTs@Cr:SrTiO3
Photocatalysis with excellent visible-light-driven photocatalytic performance and photostability were successfully synthesized
Catalyst

and characterized. The photocatalytic activity for malachite green (MG) degradation was measured, and pho-
todegradation mechanisms were investigated using GC-MS, ESR, and radical trapping experiments. On con-
sideration of the practical applications, the effects of coexisting ions and pH were also evaluated. Results showed
that significant changes of crystal size and micro-morphology for Ag;PO4 were observed before and after the
addition of MWCNTs, which transformed from a polyhedron with a diameter of about 30 pm into a spherical-like
crystal with a diameter of 0.28-0.69 pm. This phenomenon was reported for the first time. The optimal catalyst
with a dosage of 100 mg/g (the mass ratio of pollutant to photocatalyst) could reach 100% MG removal in 6 and
10 min under natural solar radiation and visible light irradiation, respectively. Results from the radical trapping
experiments and ESR analysis confirmed that there existed the Z-scheme transfer mechanisms, and -0, and h™
played an important role during the photocatalytic degradation. Several small molecular organic acids such as
acetic acid, glyoxylic acid, fumaric acid and benzoic acid were detected by GC-MS in the photodegradation
products of MG, which further indicates that photocatalytic degradation pathway involved N-demethylation,
benzene removal and open-ring reactions. The performance of the photocatalyst would be inhibited under strong
acid condition or at the coexistence of certain concentration of Cr®* and Cl~. The novel addition of MWCNTSs in
the preparation and the changes of crystal structure and properties for the photocatalysts have the potential to
promote the application of the photocatalysts for environmental remediation.

Visible light
Z-scheme mechanism

absorb the ultraviolet light energy that accounts for merely 4% of the
sunlight energy, thus greatly impeding the use of the solar energy [7,8].
Therefore, investigations on developing efficient visible-light-driven
photocatalysts have become a focus [9]. More recently, silver phos-

1. Introduction

Over the past decades, the increasingly severe energy crisis and
environmental pollution have raised widespread concern, and the uti-

lization of solar energy in environmental remediation has been paid
close attention [1-3]. Semiconductor-based photocatalysis technique is
such a promising and environmentally friendly technology [4,5]. De-
spite of its potential advantages, there are still challenges in this field
such as maximizing the use of the solar energy, especially the visible-
light energy [6]. TiO,, the most frequently used photocatalyst, can only

phate (AgsPO,4) stands out among numerous photocatalysts due to its
excellent photocatalytic performance under visible-light irradiation,
which can achieve quantum efficiencies of more than 90%
(A > 420 nm). Moreover, its high photooxidative capabilities for using
dissolved oxygen in water and outstanding ability for degrading organic
pollutants have been reported [10]. Unfortunately, the photocorrosion,
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crystal size, and morphology of the photocatalyst hampered its photo-
catalytic activity and consequent practical applications. For example,
Yang et al. found that AgsPO,4 polyhedra with an average diameter of
more than 15 pm showed much less photocatalytic activity than sphere-
like polyhedral morphology with an average diameter of 450 nm [11].

To overcome these problems, a lot of investigations have been
performed, which mainly focus on improving synthesis procedures in
controlling morphology and size and adding other materials to prepare
silver phosphate-based heterostructured composite photocatalysts
[10,12]. For instance, adding graphene to synthesize Ag;PO4-GR com-
posites by hydrothermal approach has been reported as an effective
way in control the morphology and size of AgsPO,4 [12]. The formation
of heterojunction is considered effective to inhibit the recombination of
photogenerated electron-hole and to enhance photocatalytic activity.
Several such heterostructured catalysts, including AgzPO,4/TiO, [13],
AgX/AgsPO4(X = CLBr,I) [14], AgsPO./BiVO, [15], AgsPO,/gra-
pheme [16] and AgsPO,4/Ag/WOs3_ [17] have been reported. Compared
with above mentioned semiconductors, SrTiO; is a stable semi-
conductor with the great potential in water splitting, and its minimum
conduction band and maximum valence band are both negative com-
pared to those of AgzPO,4 [18]. Thus, AgzPO4/Cr-SrTiO3 heterojunction
photocatalyst, Cr-doped SrTiO3 with narrower band gap coupling with
AgsPO, could exhibit higher photodegradation efficiency for isopropyl
alcohol [19]. Nevertheless, the photocatalytic activity of this binary
system still needs improving. Furthermore, a more efficient Z-scheme
heterojunction system has not been proposed and confirmed in this
binary system, and low photocatalytic efficiency due to the size and
morphology of Ag;PO, crystals could not be overcome neither.

Z-scheme system is inspired by photosynthesis of green plants which
could turn water and CO, into carbohydrates under visible light irra-
diation by two photoexcited process (photosystems I and II) [20,21]. Z-
scheme heterojunction therefore means combining two different pho-
tocatalysts using an appropriate shuttle redox mediator to form two
photochemical systems and an electron-transfer system, which could
exhibit better performance in separating photogenerated electrons from
holes and increasing their activity [22,23]. A Z-scheme photocatalytic
system BiVO,/Au@CdS showed better photocatalytic performance
through the Z-scheme photocatalytic system than BiVO4/Au and
BiVO,/CdS [24]. In this study, AgsPO,4 and Cr-doped SrTiO; are ex-
pected to be the photochemical system I (PS I) and PS II, respectively,
and the small amount of Ag produced during the photocatalytic irra-
diation process as the electron-transfer system. This three-component
system has the potential to construct the Z-scheme photocatalytic
system. On this basis, considering the combination with other materials
to further overcome the problems of photocorrosion, crystal size and
morphology of AgsPO,.

Multi-walled carbon nanotubes (MWCNTSs) with unique electrical,
optical and chemical properties show the potential to overcome these
problems. MWCNTs was considered as one of the most promising
carbon-based nanomaterial because of its outstanding properties, in-
cluding i) high aspect ratio; ii) excellent electrical conductivity
(> 10°S/m); iii) high Young's modulus (=1 TPa); and iv) extra-
ordinary tensile strength (=60 GPa) [25-27]. Thus, MWCNTs could be
an ideal additive to modify the properties of composites [28]. Most
recently, a few research teams have combined MWCNTs with AgzPO, to
improve photocatalytic performance [29]. The photocatalyst of
Ag;P04-WO3/MWCNTs were successfully prepared with high-perfor-
mance for the simultaneous degradations of Cr(VI) and orange II [30].
The AgBr-AgsPO,/MWCNTs composite fabricated via a chemical pre-
cipitation method shows excellent photocatalytic activity for the
treatment of dye wastewater [31]. These successful cases demonstrated
that MWCNTSs could be the electron acceptor to increase the electron
migration rate, improve the separation of carrier, and consequently
enhance photocatalytic activity of the photocatalysts.

Unfortunately, data and reports on the investigations of sharp
changes in size and morphology of AgzPO, crystals caused by MWCNTSs
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have not been available. Additionally, the new photocatalyst which
combines the advantages of Z-scheme heterojunction Ag;PO4/Ag/
Cr:SrTiO3 and MWCNTs should have the potential of excellent visible-
light-driven photocatalytic performance and photostability have not
been reported. Therefore, AgsPO,@MWCNTs@Cr:SrTiO3 was prepared
and characterized in the present work, and its performance for MG
degradation was evaluated. The mechanism about the notable change
in the size and morphology of AgsPO, crystals caused by the in-
troduction of MWCNTs were discussed in detail. The photodegradation
mechanisms were investigated using GC-MS, ESR, and radical trapping
experiments.

2. Experimental
2.1. Material

Strontium acetate (Sr(Ac),) was purchased from Shanghai Mackin
Biochemical Co. Ltd. Titanium isopropylate ([(CH3)>,CHO]4Ti) was
purchased from Shanghai Aladdin Biochemical Technology Co., Ltd.
Multi-walled carbon nanotubes (MWCNTs) with nominal outer dia-
meters of 10-20nm were purchased from Nanjing Xianfeng Nano
Materials Technology Co., Ltd. Disodium hydrogen phosphate dodeca-
hydrate (Na,HPO412H,0), silver nitrate (AgNOs3), malachite green
(MG) and other reagents were purchased from Sinopharm Chemical
Reagent Co., Ltd (Shanghai, China). All the reagents and materialswere
of analytical grade, and de-ionized water (18.25MQ.cm) was used in
the whole experiment.

2.2. Preparation of silver phosphate (AgsPO4)

In a typical preparation procedure, Na,HPO4-12H,0 aqueous solu-
tion (25 mL, 3 mmol) was added dropwise to the AgNO3; aqueous so-
lution (25 mL, 9 mmol) with magnetically stirring in dark for 6 h. The
golden precipitates were collected, washed by de-ionized water for
several times, and finally dried in vacuum (55 °C) overnight.

2.3. Preparation of AgsPO,@MWCNTs

Firstly, 1.0 g of MWCNTs was placed in a flask containing 350 mL of
HNO; by magnetically stirring and refluxing at 120 °C for 8 h. MWCNTs
was separated by filtration, washed by de-ionized water until pH of 7,
and finally dried at 60 °C overnight. Secondly, a certain amount of
MWCNTs was dispersed into de-ionized water via sonication for 3h.
Thirdly, 25mL, 9 mmol AgNO3; aqueous solution was added to the
above MWCNTs aqueous suspension and then stirred violently in dark
for 12h. And then Na,HPO,412H,0 aqueous solution (25 mL, 3 mmol)
was added dropwise to the mixture with keeping stirring for 6h in a
dark condition. Finally, the obtained precipitate was washed with de-
ionized water for several times, and dried in vacuum (55 °C) overnight.

2.4. Preparation of Cr:SrTiO3

The synthetic method of Cr:SrTiO3; was referred to previous reports
[19,32]. Briefly, stoichiometric titanium isopropylate
([(CH3),CHO]4Ti), Strontium acetate (Sr(Ac),), and Cr(NOs3)39H,O
were mixed thoroughly in dehydrated ethylene glycol with a molar
ratio of 1:0.95:0.05. The mixed solution was heated at 150 °C to eva-
porate the solvent completely, and the obtained grinding powders were
added into NaOH aqueous solution (5 mol/L), and then the mixture was
poured into the Teflon-lined stainless steel autoclave. This autoclave
was heated up to 180 °C and kept for 36 h. Finally, the obtained samples
were processed by filtration, rinsed with ethanol and de-ionized water
for several times, respectively, and dried in vacuum (55 °C) overnight.



Y. Lin et al. Applied Catalysis B: Environmental 227 (2018) 557-570

Fig. 1. SEM images of AgzPO, (a) and Ag;PO,@MWCNTs
composite (b,c); energy dispersive spectra (EDS) pattern of
AgzPO4@MWCNTs@Cr:SrTiO3 composite (d). HRTEM images
analysis of Agz;PO4@MWCNTs@Cr:SrTiOscomposite (inset:
FFT pattern) (e).
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2.5. Preparation of AgzPO4,@MWCNTs@(7.5 wt%)Cr:SrTiO3 (PVP) was added into the aqueous solution with magnetically stirring
for 30 min. Then 0.0225g Cr:SrTiO; was dispersed into de-ionized

0.30 g AgzPO,@MWCNTSs were dispersed into de-ionized water and water and the solution was sonicated for 30 min. The Cr:SrTiO3 aqueous
sonicated for 30 min, and then a certain amount polyvinyl pyrrolidone solution was added dropwise into above solution with violent stirring.
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After the mixture was stirred violently in dark for 4 h, the precipitate
was collected and washed with de-ionized water and dried in vacuum
(55 °C) overnight.

2.6. Characterization

The powder X-ray diffraction (XRD) patterns of as-prepared samples
were carried out with Bruker AXS D8 advance diffractometer operating
with Cu-Ka radiation (A = 0.15406nm) to investigate the crystal
structure of the samples under 40 kV,250 mA. The FTIR spectroscopy
was measured with BRUKER fourier transform infrared spectrometer
(VERTEX70) using the standard KBr disk method. The morphologies of
samples were determined by scanning electron microscopy (SEM)
(Quanta-200, FEI) and higher solution transmission electron micro-
scope (HRTEM) (TecnaiG2 F20, FEI). Chemical compositions of samples
were analyzed using X-ray photoelectron spectroscopy (XPS, ESCALAB
250Xi, Thermo Fisher) and energy-dispersive X-ray spectroscopy (EDS).
The photoluminescence (PL) spectra were studied through F-7000
fluorescence spectrometer. Ultraviolet visible diffuse reflectance
spectra (UV-vis DRS) were recorded within the 300-800 nm wavelength
range using UV-vis-NIR spectrophotometer (U-4100, Hitachi). Mott-
Schottky plots were measured in 0.5 mol/L Na,;SO,4 aqueous solution on
a CHI 660C electrochemical analyzer (CHI Inc., USA), using a typical
three-electrode system that consisted of a platinum wire counter elec-
trode, a working electrode, and a saturated calomel reference electrode
saturated calomel electrode (SCE). The as-prepared photocatalysts thin
film on fluorine-doped tin oxide (FTO) was used as the working elec-
trode. The electron spin resonance (ESR) signals of radicals spin-
trapped by spin-trapped reagent 5, 5-dimethyl-i-pyrroline N-oxide
(DMPO) were examined on a JES FA200 electron paramagnetic re-
sonance spectrometer under visible light irradiation (A > 420 nm).

2.7. Photocatalytic experiments

2.7.1. Degradation under artificial visible light irradiation

The photocatalytic activity of the obtained samples was evaluated
by malachite green (MG) decomposition under visible light irradiation.
A 300 W Xe lamp was employed as the light source with a 420 nm cut
filter. In each experiment, 50 mg photocatalysts was dispersed in an
aqueous solution of MG (200 mL, 25 mg/L). The mixed solution was
stirred in dark for 30 min to reach the adsorption-desorption equili-
brium before exposure to light. During the reaction, 3 mL of suspension
was taken out at a given interval time, and then filtrated through a
0.22 um Millipore filter to remove the residual particles. The corre-
sponding concentration of MG was monitored by a Shimadzu UV-vis
spectrophotometer with the absorbance at the characteristic band of
617 nm. The degraded MG solution samples were determined by gas
chromatography-mass spectrometry (GC-MS, Shimadzu). A Shimadzu
QP-2010 GC-MS system was used for the analysis, which was equipped
with a (30 m X 0.25 mm X 0.25 um) DB-5 ms column (Shimadzu) and
used helium as carrier gas (1.0 mL/min).

2.7.2. Degradation under natural outdoor light

The procedure of MG degradation was also carried out under nat-
ural outdoor light irradiation, and the other conditions were the same
as aforementioned.

3. Results and discussion
3.1. Characterization of the as-prepared samples

The morphology and microstructure of as-prepared samples were
characterized by scanning electron microscopy (SEM). As presented in
Fig. 1la, obviously, AgsPO, polyhedra with an average diameter of
about 30 um was observed, to which some small irregular sphere-like
polyhedral particles were adhered, and they were Ag;PO, particles with
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an average diameter of about 700 nm. Interestingly, after MWCNTs has
been introduced into this system, large AgzPO, particles with the dia-
meter of 30 um no longer appeared (Fig. 1b). Instead, they all turn into
smaller particles with the diameter of about 0.28-0.69 um, growing
along the surface of MWCNTs (Fig. 1c). This might be attributed to
electrostatic properties between the positive charged Ag* and the ne-
gative charged MWCNTs, which played an important role in the
forming process of Ag;PO, seed particles and the growth pattern of
AgsPO, crystal particles [11]. In order to further determine the for-
mation of the complex structure of Ag;PO,@MWCNTs@Cr:SrTiO3, a
high-resolution transmission electron microscopy (HRTEM) image was
provided, and the relative results were shown in Fig. 1le. It could be
seen that the Cr:SrTiO; was attached to the AgzPO,4 well. And the in-
terplanar spacing of 0.301 nm was clearly observed, which corre-
sponded to the (200) crystal ographic planes of AgsPO, (JCPDS no. 06-
0505). Furthermore, the lattice fringe of 0.275nm belonged to the
(110) plane of SrTiO3, was in good agreement with the JCPDS card No.
35-0734, which provided evidence for the successful introduction of
Cr:SrTiO; and  the  composite  structure of  Ag;PO,@
MWCNTs@Cr:SrTiO3. Moreover, the EDS pattern also demonstrated
that as-prepared composite was consisted of elemental Ag, P, O, C, Cr,
Sr and Ti (Fig. 1d). The SEM pictures of the MWCNTs were also pro-
vided in Fig. S1. Notably, the SEM observations indicated that MWCNTs
has significant influence on the morphology and size control of
Ags;POyparticles, and the presence of MWCNTSs was favorable for the
formation of smaller AgsPO, particles, which was beneficial for the
photocatalytic performance.

The crystal structure properties of the prepared samples were
evaluated by the X-ray diffraction (XRD) patterns, as shown in Fig. 2. It
can be clearly seen that the diffraction peaks of Cr:SrTiO3 could be in
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Fig. 2. XRD pattern of as-prepared samples.
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Fig. 3. (a) UV-vis diffuse reflectance spectra of different samples; (b) the band gap energy
of different samples; (c) Mott-Schottky plots of Cr:SrTiOs.

good accordance with the perovskite structure with cubic symmetry of
SrTiO3, which matched well with the standard XRD patterns (JCPDS no.
35-0734) [33]. Fig. 2a showed that positions of diffraction peaks of the
AgsP0O,4 and Ag;PO4,@MWCNTs samples were almost the same, both of
which could be indexed to the body-centered cubic structure of AgzPO,4
(JCPDS no. 06-0505). With the decrease of Cr:SrTiOs; content in
AgsPO4,@MWCNTs@Cr:SrTiO; composite, the intensity of Cr:SrTiOs
peaks were decreased. The peaks belonged to Cr:SrTiO3; in Ag;PO4@
MWCNTs@7.5%Cr:SrTiO5 could not been clearly observed due to the
fairly low amount of Cr:SrTiOs;. Under the state of amplification
(Fig. 3a, inset), a characteristic peak at 20 value of 32.32° could be
attributed to the (110) crystal plane of SrTiOs. Besides, evident changes
in the intensity ratios for various peaks of Ag;PO, were observed
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following the introduction of MWCNTs (Fig. 3b). The (110) and (200)
peaks were 0.99 and 0.64 for the AgzPO, and AgsPO4@MWCNTSs, re-
spectively, which decreased by 35%. According to the findings in pre-
vious studies [10], the intensity ratio for the (110) and (200) peaks for
the AgsPO, rhombic dodecahedrons was remarkably higher than
AgsPO, cubes, which implied that the introduction of MWCNTSs might
have changed the crystal structure of Ag;PO,4. The results of XRD were
well in agreement with the findings of the SEM and further validated
the influence of MWCNTSs, and implied the well connection among the
AgsPOy, Cr:SrTiO; and MWCNTs was built.

UV-vis diffuse reflectance spectrum (DRS) was measured to evaluate
the optical properties of as-prepared samples, and the results were
shown in Fig. 3a. The DRS absorption spectra revealed that AgzPO,4 and
AgsPO,@MWCNTs both exhibited excellent absorption at the wave-
length of less than 500 nm. While compared with the Ag;PO,, there was
an obviously enhanced absorbance for Ag;PO4@MWCNTs, which im-
plied that the MWCNTSs was successfully incorporated into AgsPO,4 and
contributed to promoting the optical absorption capacity. Moreover, it
was observed that the colors changed from golden yellow to olive,
corresponding to AgsPO, and AgsPO,@MWCNTs, respectively. Spe-
cially, AgsPO4,@MWCNTs@Cr:SrTiO3 showed the most intense ab-
sorption in the region from 300 to 800 nm, indicating the distinctly
enhanced adsorption following the introduction of Cr:SrTiOs. The good
results might be attributed to the forming of ternary heterojunction
composites that owned reasonable structure configuration and suitable
band matching. The bandgap edge (Eg) of a semiconductor can evaluate
the production and transformation of electron-hole pairs, and the Eg
values of as-prepared samples were calculated by the Kubelka-Munk
equation [34]:

(ahv)" = A(hv-Eg) 1)

Where a, h, v, A and Eg are absorption coefficient, Planck constant,
light frequency, proportionality constant, and optical band gap energy,
respectively. And n value is determined by the type of optical transition
of semiconductors (n = 2 for direct transition and n = 1/2 for indirect
transition) [35]. Both AgsPO4 and Cr:SrTiOs; belong to the indirect
transition semiconductors. According to the results in Fig. 3b, Eg values
of the samples were estimated to be 2.26 eV and 2.48 eV, corresponding
to AgsPO, and Cr:SrTiO; composite, respectively. Moreover, Mott-
Schottky plot was used to characterize the flat band potential, and the
values were determined using the Mott-Schottky equation [36]:

12 (g, - KT
Csc  eggN e

(2)

Where C,. is the capacitance of the space charge region, ¢ is the di-
electric constant of the semiconductor, ¢y is the permittivity of free
space, N is the donor density, k is Boltzmann’s constant, T is the tem-
perature, q is the electronic charge, E and Eg, is the applied potential
and flatband potential, respectively. So the Eg, value can be determined
from the extrapolation to 1/C>=0. As shown in Fig. 3c, E value was
estimated to be —0.8V. As the value of KT/e = 0.0257, so the flat
potential was calculated to be —0.83V versus the saturated calomel
electrode (SCE), which was equivalent to —0.59 V versus the normal
hydrogen electrode (NHE). The conduction band potential (Ecg) of n-
type semiconductors is about 0.2 eV higher than the flat potentials
(Ecg= Ep-0.2) [37]. So the Ecp value and corresponding valence band
potential (Eyg) of Cr:SrTiO; were calculated to be —0.79eV and
1.69 eV. The AgsPO, thin film on fluorine-doped tin oxide (FTO) was
also used as the working electrode, and the electrochemical flat po-
tential measurements were carried out. However, the yellow working
electrode was converted into other black material during the test, which
may ascribe to the instability of the AgsPO,4. Therefore, this method is
not suitable for the determination of Ag;PO, conduction band poten-
tial. Instead, the Ecp and Eyp of AgzPO,4 were obtained by theoretical
calculation, and the equations were as following [38]:
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Fig. 4. (a) XPS survey spectra; high resolution XPS spectrum of (b) Ag 3d, (c) Cr 2p and (d) Ti 2p.

3
4

Ecg = X — Ec — 1/2Eg
Evg = Ecp + Eg

Where, X is the electronegativity of the semiconductor calculated by
geometric mean of the Pearson absolute electronegativity, so the value
of X for AgsPO, is 5.96 eV. Ec¢ is the energy of free electrons on the
hydrogen scale (about 4.50 eV vs NHE). Therefore, the Ecg potentials of
AgsPO,4 were +0.33eV, and corresponding Eyp potentials could cal-
culate to be +2.59 eV. The calculated values were in good agreement
with the previous report [39,40].

The surface chemical composition and electronic state of AgsPO,@
MWCNTs@Cr:SrTiO; composite were determined by the X-ray
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photoelectron spectroscopy (XPS). It was obviously seen that all ele-
ments of Ag, P, O, C and Sr except Cr and Ti could be found in the XPS
survey spectrum (Fig. 4a). In order to further prove the existence of Cr
and Ti and investigate their chemical states, high-resolution XPS
spectra of Cr 2p and Ti 2p (Fig. 4c and d) were provided. And the ty-
pical peaks were located at 572.7 eV and 458.5 eV, which could ascribe
to binding energies of Cr 2p and Ti 2p, respectively. As shown in
Fig. 4b, the Ag 3ds,» and 3ds3,» peaks were observed at 367.9 eV and
373.8 eV, respectively, which indicated the existence of Ag*. And no
other XPS peak corresponding to silver (580.2 eV) was observed. Two
main peaks (Fig. 4e) appearing at the binding energies of 131.82 eV and
133.42 eV belonged to Sr 3ds,» and Sr 3ds,,, respectively. As shown in
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Fig. 5. Photoluminescence (PL) spectra of the prepared samples.

Fig. 4f, the O 1s peaks could be divided into two different peaks at
531.27 eV and 529.72 eV, respectively. These were in agreement with
02~ anion from the AgzPO, and the hydroxyl group [41]. The results of
XPS were consistent with that of EDS. And the FTIR spectra of different
samples were provided in Fig. 2S. Based on the results of SEM, HRTEM,
XRD, DRS, EDS, FTIR and XPS measurements, the close combination
among  AgsPOy, MWCNTs and  Cr:SrTiOs Ag;PO4@
MWCNTs@Cr:SrTiO3 system had been fully validated.

In order to study the separation and recombination and investigate
the rate of photoproduced electron-hole pairs in semiconductors, a
photoluminescence (PL) spectroscopy study was performed. The PL
spectrum intensity is dependent on the number of electron-hole re-
combination. Hence the high PL spectrum intensity means high pho-
toproduced electron-hole pairs recombination rate and poor photo-
catalytic activity [42]. Fig. 5 presented the PL spectra of samples at an
excitation wavelength of 320 nm. Obviously, AgzPO, showed the
highest PL peak intensity, which revealed the easy recombination of
photoproduced electron-hole pairs. However, after the MWCNTs cou-
pled, the formed AgzPO4@MWCNTs presented a much lower PL peak
intensity than AgsPO,. These results indicated that the recombination
of the photoproduced electrons and holes was inhibited effectively,
which might result from that the MWCNTs can act as the capture trap of
the photoproduced carriers, increasing the photoproduced charge dif-
fusion rate and charge mobility effectively. Additionally, the lowest
charge recombination efficiency of AgsPO4@MWCNTs@Cr:SrTiO3 was
observed, implying that an effective heterojunction was fabricated
successfully, which can further depress the recombination of photo-
generated electron-hole pairs and prolong carrier lifetime.

in

3.2. Photocatalytic performance under artificial visible light and sunlight
irradiation

Malachite green (MG), one kind of biocide, food additive and col-
oring agent, was chosen as an organic pollutant to evaluate the pho-
tocatalytic activities of the as-prepared photocatalysts. In each experi-
ment, 50 mg photocatalyst was dispersed in an aqueous solution of MG
(25 mg/L, 200 mL), then the mixed solution was stirred in dark for
30 min to reach the adsorption-desorption equilibrium. And finally,
300 W Xe lamp (A > 420nm) was employed as the artificial light
source to carry out the photodegradation experiment. As shown in
Fig. 6a, all the MWCNTs@Ag3;PO,4 hybrids exhibited higher photo-
catalytic activities than pure Ag;PO,. Especially, under the visible light
irradiation for 12min, 100% of MG had been degraded by the
MWCNTs@AgsPO, composite with the loading ratios of MWCNTs for
0.5%, 0.75% and 1.0%. By comparison, 0.75%MWCNT@Ag3PO4 ex-
hibited the highest photocatalytic activity. However, after 30 min of
exposure to visible light, the AgsPO, only gave the degradation of 99%,
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Fig. 6. Photodegradation curves of MG in the presence of as-prepared samples with dif-
ferent loading ratios of (a) MWCNTs and (b) Cr:SrTiOs; (c) photodegradation curves of
MG under the natural sunlight irradiation with different samples.

which suggested that the combination of AgsPO4 with MWCNTs is an
effective way to improve the photocatalytic activity. Comparing with
AgsPOy, Cr:SrTiO3; and AgiPO,@MWCNTs composite, the ternary
7.5%-Cr:SrTiOs@MWCNTs@Ag;PO,4 composite exhibited the highest
photocatalytic activity and 100% of MG was removed at a faster rate
under irradiation for 10 min (Fig. 6b). Moreover, to further prove that
MG had been completely photodegraded, absorption spectra of MG
solutions in the presence of 7.5%-Cr:SrTiO;@MWCNTs@Ag3PO4 with
different irradiation time was provided (Fig. S3). The result showed
that the typical peak of MG at 617 nm and the absorbance decreased to
zero during the photodegradation. The better photocatalytic properties
and faster reaction rate of the ternary composite should be attributed to
the coexisting effects among Ags;PO4, MWCNTs and Cr:SrTiO3, which
could elevate the photoproduced electron-hole pairs separation by the
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formation of strong interfacial interaction via heterojunction among
different components. Furthermore, considering the practical applica-
tion value of the photocatalysts, the degradation performance of MG
solution under natural sunlight irradiation was also investigated (Lo-
cation: Hunan University, N28°10’54” E112°56’18”; Date: May 27,
2017; Weather: Clear day). And the solar intensity measured by light
meter was presented in Table S1. Surprisingly, as shown in Fig. 6c, all
the prepared photocatalysts exhibited better photocatalytic activity
under sunlight irradiation, suggesting that as-prepared composite cat-
alyst, as an innovative full-spectrum photocatalyst, could effectively
utilize natural sunlight in environmental remediation process. Espe-
cially, with the dosage of 100 mg/g (the mass ratio of pollutant to
photocatalyst), the synthesized ternary composite achieved the highest
photocatalytic performance, merely taking about 6 min to degrade MG
completely. In view of the excellent performance of Ag;PO,@
MWCNTs@Cr:StTiO3 composite, it could be regarded as a promising,
green and effective photocatalyst and applied to environmental treat-
ment.

3.3. Effects of coexisting inorganic salts and the pH value

In practical wastewater systems, pH values and coexisting inorganic
salts might be the major factors deteriorating dye wastewater disposal.
Herein, a series of experiments under different pH values and inorganic
salts were conducted. The effects of different inorganic salts were
shown in Fig. 7a, and all kinds of ion concentrations were provided in
Table S2. Obviously, no apparent differences appeared in the de-
gradation curves of the solutions containing K;SO4 and NaNOs, which
indicated that K*, SO4>~, Na* and NO;~ do not affect the degrading
performance of Ag;PO4@MWCNTs@Cr:SrTiO3 composite. However,

in dark 1 under irradiation

—e— None

0.8 |

0

0.6 |

Malachite green C/C

02

0.0 |

(b) !

—e— pH=2.98
—A— pH=5.04

Malachite green C/C
o o o -
£ [=)} e} [=}
T T T T

o
[\
T

o
o
T

Time (min)

Fig. 7. Photodegradation curves of MG solution containing different inorganic salts (a)
and at different pH condition (b).
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the negative effect was found in the presence of K5Cr,0,, and the de-
crease in the photodegradation of MG might be ascribed to the com-
petitive adsorption between Cr,O,° and MG on the surface of the
catalyst that caused the reduction of active site [43]. Interestingly,
when KCl was added into MG solution, high removal rate of MG was
obtained immediately after ultrasonic dispersion (about 2min), but
remained approximately constant when it under irradiation. According
to previous reports, flux of cations in dyes determines the decoloration
rate. And Liu et al. also found that under similar conditions, the de-
gradation ratio for MG in the presence of KCl is 100.0%, while it was
only 29.0% and 61% in the presence of NaCl and KNOs, respectively
[44]. Hence the rapidly removal of MG in a short time may result from
the change in properties of MG caused by interaction among K*, Cl~
and MG. As for the subsequent inhibition, the phenomenon might be
attributed to the following two reasons. First, AgsPO4 may be converted
to AgCl partially during photodegradation [43]. Second, chloride an-
ions are the scavenger of the hydroxyl radicals, which would also led to
the decline of sample performance [44]. The effect of pH values on the
MG degradation was presented in Fig. 7b, when the pH values were
within the range of 5-9, high degradation efficiency of MG were all
obtained, which indicated that the Agz;PO,@MWCNTs@Cr:SrTiO3
composite could be applied to relatively wide range of pH. As for the
highest removal efficiency at the pH values of 11.01, the fading of MG
under strong alkali condition was presumably responsible [45]. More-
over, the initial pH of the aqueous solution might have a great effect on
the adsorption behavior of pollutants and the generation of ROSs during
the process of photocatalytic reaction [45,46]. When the pH value was
too low, it may cause the changing of Zeta potentials of photocatalysts,
decreasing the forming of hydroxyl radicals. Hence, an unsatisfactory
photocatalytic activity at the pH values of 2.98 may result from the
presence of H* ions competing with MG molecules for adsorption sites
of photocatalyst and the reduction of hydroxyl radicals. In summary,
the proper concentrations of K*, $0,2~, Na* and NO; ™, and appro-
priate pH range of solution do not affect the catalysis activities of
Ags;PO,@MWCNTs@Cr:SrTiO3 composite. However, the performance
of photocatalyst and the photodegradation process would be suppressed
under the influence of extreme pH values (such as pH = 3, 11) or the
coexistence of certain concentration Cr®* and Cl~. The results sug-
gested that, except for extreme conditions, as-prepared samples could
serve as an efficient photocatalyst in practical application.

3.4. Photostability and recyclability

The repeatability and stability of the photocatalysts are significant
factors in their practical application. So the photocatalytic repeatability
of the as-prepared samples was studied by recycling experiment, and
the results were shown in Fig. 8a. It could be clearly seen that the
photocatalytic activity of the AgsPO,@MWCNTs@Cr:SrTiO3 composite
had no apparent deactivation even after five successive recycles for the
decomposition of MG under visible light irradiation. Moreover, it could
be observed that the photocatalytic activity ofAgsPO,@MWCNTSs cat-
alyst was also barely declined, while the degradation efficiency for pure
AgsPO, had a significant loss, which indicated that the introduction of
MWCNTs could improve the photostability of AgzPO,4. The remarkable
decrease for the photocatalytic performance of AgzPO,4 might be due to
the partial reduction of AgsPO,4 into Ag® by photoproduced electrons.
However, the presence of conductive MWCNTS can serve as an effective
acceptor of the photoproduced electrons, hence, the photogenerated CB
electrons of AgzPO,4 can be transferred to MWCNTSs in the Ag;PO,@
MWCNTs or the AgsPO,@MWCNTs@Cr:SrTiO3 composite. In this way,
it can suppress the charge recombination and reduce the decomposition
rates of Ag™ to metallic Ag effectively in the photocatalytic process, and
finally improve the photocatalytic activity and repeatability of the
photocatalysts. To further demonstrated the stability of the AgsPO,@
MWCNTs@Cr:SrTiO3 composite, the XRD of the fresh and used pho-
tocatalyst have been provided for comparison (Fig. 8b). The results
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as-prepared samples; (b) XRD patterns of the fresh and used Ag;PO,@
MWCNTs@Cr:SrTiO3 composite.

revealed that no significant changes happened in the crystal structure
and the weak characteristic peak at 20 value of 38.04° could be at-
tributed to the (111) crystal plane of metallic Ag. According to previous
reports, the existence of minor amount of Ag will not reduce the pho-
tocatalytic efficiency, but instead it may play an important role in
forming Z-scheme heterojunction with superior photoactivity en-
hancement [17,47-49]. The results of this study also have proved this
point, and the mechanism would be explained in detail in the me-
chanism section.

3.5. Possible photocatalytic mechanism of AgsPO,@MWCNTs@Cr:SrTiO3

In order to investigate possible photocatalytic mechanism of
AgsPO,@MWCNTs@Cr:SrTiO5; composite, radical trapping experiment
of different active species had been carried out to explore the pre-
dominant active species generated in the reaction system. The benzo-
quinone (BQ), ethylenediamine tetra acetic acid disodium salt (EDTA-
2Na), isopropanol (IPA) and AgNO; were employed as the scavengers of
superoxide radical (-O,7), hole (h*), hydroxyl radical (-OH) and
photogenerated electron (e~ ), respectively. The dosages of all sacrifi-
cial agents were provided in Table S3. As depicted in Fig. 9, the addi-
tion of IPA had little effect on photodegradation performance of MG,
indicating that few -OH was involved in the photocatalytic processes.
However, the presence of BQ, AgNO3; and EDTA-2Na brought about
marked deactivation of the Agz;PO4@MWCNTs@Cr:SrTiO3 photo-
catalyst and the photodegradation performance was sharply decreased.
The results suggested that -O,~ and h™ played an important role in the
degradation of MG. To further identify the radical generation in this
photocatalytic system under visible irradiation (A > 420 nm), the ESR
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Fig. 9. Photodegradation curves of MG over Ag;PO;@MWCNTs@Cr:SrTiO3 composite
with different active species scavengers under visible light irradiation.

spin-trap with DMPO technique was performed on illuminated AgszPOy,,
Cr:SrTiO3 and AgsPO,@MWCNTs@Cr:SrTiO3 respectively. And the
experiments were carried out under dark condition and visible light
irradiation for 12 min, respectively. As shown in Fig. 10a, there was no
DMPO--0, " signal when illuminating Ags;PO,4, which suggested that
the single Ag3;PO,4 cannot produce -O, . Several weak signal peaks
could be observed in Cr:SrTiO3-DMPO system when exposed to visible
light, implying that the single Cr:SrTiO; had the ability to produce -
O,". And the appearance of the weak signal might be ascribed to the
fast recombination rate of photogenerated electron-hole pairs in single
Cr:SrTiO3. However, distinct characteristic peaks of -O,~ signals could
be clearly detected in AgsPO4@MWCNTs@Cr:SrTiO; composite. Be-
sides, the signal of -OH was also detected in DMPO system and the
results were provided in Fig. 10b. Similarly, - OH signals were obviously
observed in the Ag3PO,@MWCNTs@Cr:SrTiO3 composite. While there
was several weak signals in the single Ags;PO, system and almost no
signal with single Cr:SrTiO3;, which also suggested that the single
Cr:SrTiO3 cannot produce - OH. Moreover, the ESR test was also carried
out on illuminated Ag;PO,@MWCNTs@Cr:SrTiO3 composite under
dark condition and visible light irradiation for 5min and 12 min. As
shown in Fig. 10c, some obvious characteristic peaks of DMPO--05~
were observed in methanol dispersion under visible light irradiation
and gradually increasing signal intensity can be seen apparently. While
there was no signal found in dark condition. Similarly, gradually in-
creasing intensity of DMPO--OH signals were also detected successfully
in aqueous dispersion (Fig. 10d). The ESR results suggested that -O,~
and -OH radicals could be produced successfully on the surface of
visible light-irradiated AgzPO,@MWCNTs@Cr:SrTiO3 composite,
which were consistent with the results of radical trapping experiments.
And this provided further evidences to prove that -O,~ and -OH ra-
dicals were produced by AgzPO,@MWCNTs@Cr:SrTiO3 composite ra-
ther than the single Cr:SrTiO3; or AgsPO,.

On the basis of the above experimental data and theoretical ana-
lysis, a reasonable photocatalytic mechanism promoting degradation of
MG by AgsPO,@MWCNTs@Cr:SrTiO3 composite was proposed, as re-
presented in Fig. 11. According to the calculation results above, the
optical band gap of AgzPO4 and Cr:SrTiO; are 2.26eV and 2.48 eV,
respectively. The CB and VB edge potentials of Ag;PO, are at +0.33 eV
and +2.59eV, and the corresponding CB and VB edge potentials of
Cr:SrTiO3 are at —0.79eV and +1.69 eV, respectively. Hence, under
visible light irradiation, the electrons at the valence band (VB) of
AgsPO, and Cr:SrTiO3 both could easily be excited to the conduction
band (CB), inducing the formation of holes in the VB. According to the
previous reports, the separation of photogenerated electron-hole pairs
could be interpreted by general heterostructured mechanism [19]. As
shown in Fig. 11a, photogenerated electrons in the CB of Cr:SrTiO3
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would transfer to that of AgzPO4 and photoinduced holes from VB of
AgsP0O, could transfer to the VB of Cr:SrTiO3, causing the electrons and
holes accumulated on the CB of AgzPO,4 and the VB of Cr:SrTiO3, re-
spectively. As a result, the separation and transfer process of photo-
generated electron-hole pair were significantly promoted, and the re-
combination process was also inhibited distinctly, and finally presented
as the higher photocatalytic activity. However, by this way, the pho-
togenarated electrons in the CB of AgsPO, (+0.33 eV vs. NHE, pH = 7)
cannot reduceO, into O~ (—0.33eV vs. NHE, PH = 7) and the
photogenarated holes on the VB of Cr:SrTiO; (+1.69eV vs NHE,
pH = 7) also cannot react with H,O to form -OH (+2.40V vs. NHE,
pH = 7). Therefore, the general heterostructured mechanism cannot
explain the separation and transfer of photoproduced electron-hole
pairs of AgsPO,@MWCNTs@Cr:SrTiO3 composite, but instead should
be explained by Z-scheme transfer mechanism. The result in Fig. 8b had
proved that there was a small amount of Ag® species formed during the
irradiation processes. In this work, the metallic silver separated out
from the surface of Ag;PO, served as photogenerated electrons and
holes trappers, and could facilitate a Z-scheme transfer mechanism
[18]. As presented in Fig. 11b, because of higher Schottky barriers at
the metal-semiconductor interfaces, the CB potentials of Ags;PO, are
more negative than that of metallic Ag. And the VB potentials of
Cr:SrTiO3 are more positive than that of metallic Ag [50,51]. Thus the
photogenerated electrons in the CB of AgsPO,4 and the photoinduced
holes from the VB of Cr:SrTiO3; both could transform to metallic Ag,
respectively, which resulted in more efficient separation and transfer of
photogenerated electron-hole pairs. Especially, the CB potentials of
Cr:SrTiO3 (-0.79eV) is more negative than the O,/-O,  potential
(—0.33eV) and the position of VB of AgzPO,4 (+2.59 €V) is more po-
sitive than that of -OH/OH™ potential (+2.40eV). As a consequence,
the O, molecules adsorbed on the catalyst surface could be reduced into
-0, and the holes on the VB of Ag3;PO, also could react with H,O to
form -OH. Meanwhile, the photogenerated holes had a great affinity to
capture electrons from adsorbed dye molecules, which also can oxidize
MG directly. In summary, the experimental results can be well ex-
plained by Z-scheme transfer mechanism. The Z-scheme heterojunction
can promote the separation of photogenerated electron-hole pairs ef-
fectively, further prolong the lifetime of charge carriers, obtain more
active radicals, and finally achieve superior photocatalytic perfor-
mance. As a conclusion, according to the analysis mentioned above,
reactions process listed as the following may be involved:

AgsPO,@MWCNTs@Cr:SrTiO3 + hu—e~ + h* (5)
e +05.— 0, (6)
h* + H,0 — -:OH @)
h* + MG — degraded products 8)
2:0,” + 2H" = 0, + Hy0, (C)]
-0, +e” +2H" > Hy0,-0,” + e~ + 2H" - H,0, (10)
H,0, + e— ~-OH + OH~ (1)
+O, " /H505/+0OH + MG — degraded products 12)

3.6. Effects of MWCNTs on AgsPOy crystal structure and performance

Based on experimental data and characterization results, after the
MWCNTs were introduced in, notable changes of the crystal size and
micro-morphology of AgsPO, were observed, enhanced photocatalytic
activity and better photostability were also investigated (Scheme 1).
The change of microstructure might be attributed to the following
process. The positive charged Ag™ could easily be adsorbed by
MWCNTs through electrostatic attraction with vigorous stirring for
12 h, as oxygen-containing functional groups and negatively charge on
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Fig. 11. Schematic illustration of the separation and transfer of photo-
produced electron-hole pairs by general heterostructured mechanism (a)
and Z-scheme transfer mechanism (b).
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MWCNTs have previously been reported to in favor of the sorption of
metal ions [52-54]. After the addition of Na,HPO412H,0, AgsPO, seed
particles were subsequently generated and grew along the surface of
MWCNT, which may in turn affect the growth of AgsPO, particles. One
dimensional carbon nanotubes can be regarded as seamless hollow
tubes consisting of rolled graphene sheets [55], which have the po-
tential to influence the growth process of AgzPO, crystals and the final
morphology formation. Moreover, the MWCNTs exhibited a significant
enhancement on the photocatalytic activity for several reasons. First,
high electrical conductivity along their length of MWCNTs facilitates it
being an effective acceptor of the photogenerated electrons and pro-
motes the transfer of electrons. The rapid transportation and mobility of
electrons on MWCNTs efficiently keeps electrons away from the pho-
togenerated holes, allowing more of them to react with O, molecules
and H*, hence the enhanced degradation of pollutants. Meanwhile,
sufficient time was also provided for the contact of photogenerated
holes and contaminants. Benefiting from the above existing effective
inhibition of charge recombination, the photocatalytic activity was
accordingly elevated. Second, high aspect ratio and high surface area of
the MWCNT contribute to providing more active adsorption sites and
photocatalytic reaction sites, which favor the augmentation of photo-
catalytic performance. Third, the smaller size of the silver phosphate
particles is easier to exhibit higher photocatalytic activity, which may
result from the quantum size effect, surface effect, and macro quantum
tunneling effect [56]. Finally, MWCNTs with abundant functional
groups can readily associate with organic pollutant molecule and ad-
sorb them through -, electrostatic or hydrogen-bonding interactions
[48,57,58]. Consequently, the pollutant molecule can be rapidly en-
riched on the photocatalyst surface, thus shortening the reaction time.
In general, the microstructure change of AgzPO, crystals was mainly
due to the unique structure and physicochemical properties of
MWCNTs. In addition, MWCNTs can effectively promote photocatalytic
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activity and photostability of AgsPO,4 under the efforts of all the above
mentioned aspects.

3.7. Photocatalytic degradation products and pathway of malachite green

In order to further investigate the photodegradation products, the
MG solution following 12 min reaction was detected by GC-MS. The
main chemical constituents of the degraded MG were exhibited in Table
S3. The major chemical components identified were some small mole-
cular organic acids, which including acetic acid, glyoxylic acid, fumaric
acid, 2-oxosuccinic acid, (E)-4-oxobut-2-enoic acid, succinic acid, ben-
zoic acid and malic acid. According to the results above, a possible
ptotocatalytic degradation pathway of MG were speculated and pre-
sented in Scheme 2. In the course of photodegradation, the MG mole-
cules and intermediates will be attacked by active radicals, giving rise
to a lot of complex reactions, which may involve N-demethylation re-
actions, benzene removal reaction and open-ring reaction, etc.

4. Conclusions

A novel type of Z-scheme heterojunction photocatalyst Ag;PO,@
MWCNTs@Cr:SrTiO3; was synthesized successfully and reported for the
first time. The addition of MWCNTs to the composite catalyst changed
the size and micro-morphology of AgsPO, from a polyhedron crystal
with a diameter of about 30 um to a spherical-like one with a diameter
of 0.28-0.69 um. The composite of AgzPO,@MWCNTs@Cr:SrTiO3 ex-
hibited excellent photocatalytic activity for MG degradation in aqueous
solutions under both sunlight and visible light irradiation. The active
species trapping experiment and ESR analysis confirmed that -:O,~ and
h* were generated in the reaction process, and there existed the Z-
scheme transfer mechanisms. Several small molecular organic acids
such as acetic acid, glyoxylic acid, fumaric acid and benzoic acid were
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detected by GC-MS in the photodegradation products of MG, which
further indicates that photocatalytic degradation pathway involved N-
demethylation, benzene removal and open-ring reactions. This work
provides a novel highly efficient Z-scheme heterojunction photocatalyst
that can effectively utilize natural sunlight and visible light, and the
discovery of change of crystal structure and properties due to adding
MWCNTs offers a new strategy for preparing low-cost and efficient
visible light active photocatalysts.
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