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A novel heterojunction photocatalyst p-LaFeO3/n-Ag;P0O, has been
prepared via a facile in-situ precipitation method. It exhibits
higher activity than individual AgzPO, and LaFeO; in degradation
of phenol. The excellent activity is mainly attributed to its more
effective separation of electron-hole pairs.

In recent years, the problem of environmental deterioration,
especially water contamination is becoming increasingly
serious, semiconductor-based photocatalysis as a promising
avenue has gained wide attention in the contemporary
research because of its high efficiency, environmental
friendliness and good cost-effect.” At present, the modification
of a single semiconductor photocatalyst is focus on doping,
which includes metal ion doping,2 nonmetal ion doping,3 metal
and nonmetal ion co—doping.4 For the method of doping
modification, the photocatalytic activity is improved by
increasing the oxygen defect on the photocatalyst surface.
However, it has little effect on the effective separation of the
photogenerated electron-hole pairs.5 The construction of
heterojunction photocatalysts not only can effectively control
the energy band structure, greatly reduce the recombination
of photogenerated electrons and holes, but also can improve
the stability and photocatalytic performance of the single
photocatalyst.

Ag3zP0O, as a new type of visible-light-driven photocatalyst
has caused researchers' widespread concern on water splitting
and photodegradation of organic contaminant.®’” As is known
to all, AgsPO, is a kind of n-type semiconductor,8 which can
absorb the solar light with wavelength less than 520 nm. But
the stability of the silver phosphate is poor. It has a certain
solubility (0.02g/L) in aqueous solution, which makes it prone
to photo-corrosion in the photocatalytic process (4Ags;P0O, +
6H,0 +12h* + 12" —» 12Ag0 + 4H3PO, + 302).9 Therefore, the
construction of heterojunction composites based on Ag;PO, to
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improve its stability has caused researchers' attention. The
modification of AgzPO, by constructing n-n heterojunction has
been reported, such as Ag3PO4/TiOZ,10 Ag3P04/BiVO4,11
Ag3PO4/Ce0212 and etc. But so far the modification of p-n
heterojunction based on Ags;PO, is scarcely reported. The p-n-
type heterostructure exists the built-in electrical potential in
the space charge region from n-type side to the p-type side,
which can direct the electrons and holes to quickly migrate at
the opposite direction, and this is helpful for more effective
separation and longer lifetime of electron-hole pairs.13

To date, n-type perovskite semiconductor photocatalysts
have been widely studied, such as SrTiO3,14 NaNb03,15
NaTaO316 and etc. However, the band gaps of these n-type
perovskite semiconductors are relatively wide, which limits
their ability to capture the visible light. LaFeO3 as a kind of p-
type semiconductor is a potential photocatalyst, which can be
driven by visible light because of the narrow band gap.17
Currently, the research on LaFeO; is mainly focus on the
preparation methods,”® and metal and nonmetal doping
modification to improve the photocatalytic activity.19 But the
downside of these approaches is the low separation efficiency
of photo-generated electrons and holes. Constructing a kind of
p-n-type heterojunction composite maybe can improve this
disadvantage. To the best of our knowledge, the coupled
photocatalyst p-LaFeO3/n-Ags;PO, for degradation of phenol
has not been reported. Herein, in this work, a new composite
photocatalyst p-LaFeOs3/n-AgsP0O, is designed via an in-situ
precipitation method in the silver-ammonia solution to
eliminate phenol under visible light irradiation.

The phase composition of the samples is examined by XRD
as shown in Fig.1. All the detectable peaks in Fig. 1 (a) can be
accurately indexed to the orthorhombic phase of LaFeO;
(JCPDS card, no. 37-1493). The characteristic peaks of AgsPO,
(Fig. 1f) are in good accordance with the cubic phase of Ag;PO,
(JCPDS card, no. 06-0505). And the Ag3;PO,/LaFeO; hybrids
with different mass fraction of AgsPO, exhibit a coexistence of
Ag3:P0O, and LaFeO; phases as shown in Fig.1 (b), (c), (d) and (e).
Peaks related to other materials are not detected, indicating
that Ag;PO, does not react with the LaFeOs. Furthermore, for
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Fig. 1 XRD patterns of (a) LaFeOs;, (b) LaFeO3/Ag;P04-20%, (c)

LaFeO3/Ag;P04-40%,(d)LaFeO3/Ag;P04-60%,(e)LaFeO3/Ag;PO,-

80% (f) AgsPO, (LaFeO3/AgsP0O4-X, X represents the mass

fraction of AgzPO, in the composite system.)

all the composites, the intensities of the diffraction peaks of
AgsP0O, increase with its increasing mass fraction, whereas
those of LaFeO; decrease simultaneously.

The detailed characterization of the morphologies and
heterojunction features of the photocatalysts is based on SEM
and TEM. Fig. 2 (a) shows the SEM image of bare AgsPO,. It is
clear that pure AgsPO, exhibits polyhedron morphology with
an average edge length of about 2-4 um and average diameter
of about 450 nm. Fig. 2 (b) gives an overview of the SEM image
of bare LaFeO; which exhibits irregular particles with a
diameter of 60-160 nm. It can be seen that the particles are
much smaller than those of pure Ag3PO,. Furthermore, the
morphology of the composite LaFeO3/Ags;P0,4-60% is shown in
Fig.2c and Fig.2d. It is clear that LaFeOj; particles are formed on
the surface of Ag3PO, and the two phases are obviously
intimately intermixed. The HRTEM images of LaFeO3/Ag;PO,-
60% composite are displayed in Fig.2e and Fig.2f. Obviously,
two different kinds of lattice fringes can be observed. One of
the fringe intervals is 0.24 nm, which matches the interplanar
spacing of (201) plane for LaFeOs. The other one is 0.26 nm,
which assigns to the (210) crystallographic plane of Ag3PO4.20
Based on the above results, it can be deduced that the
heterojunction structure is formed between the two phases.

The XPS spectra of LaFeO3, AgzPO, and LaFeO3/Ag;P0,-60%
composite are further applied to investigate the chemical
composition and surface state (Fig.S1, ESIT). The results
(provided in the ESIT) further demonstrate the coexistence of
LaFeO3; and Ag3P0O,4. And it can be observed that both hydroxyl
oxygen and absorbed oxygen content of the heterojunction
composite are higher than the individual LaFeO3; and Ag3PO,.
According to the reported literature,* hydroxyl oxygen and
adsorbed oxygen can produce a mass of hydroxyl radicals and

hydrogen peroxide, which have the strong oxidization property.

Moreover, compared with the pure AgzPO,, the binding energy
of phosphorus in LaFeO3/Ag;P0,-60% composite undergoes a
chemical shift, indicating the strong interaction between
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LaFeO3; and Ag3PO, which implies the existence of electron
transfer and chemical bonds between the two components.22

Fig. 3 (a) shows the UV-vis diffuse reflectance spectra of the
LaFeO3/Ags;P0O, composites together with those of bare LaFeO;
and Ags;PO,. It can be seen that the absorption edge of bare
LaFeOj3 at about 570 nm, and bare Ag;PO, has an absorption
edge at about 530 nm. For LaFeO3/Ag3;PO, heterostructures, it
is obvious that the ability of visible light absorption is
enhanced and the LaFeO3/Ags;P0,4-60% composite exhibits the
strongest absorption intensity. Fig.S2 (ESIT) shows the plot of
(Ahv)2 vs. hv, the band gaps of Ag;PO, and LaFeO; are
respectively estimated to be 2.35 eV and 2.09 eV. The band
gap energy of LaFeO3/Ag;P0,4-60% is calculated to be 2.13 eV,
which is obviously narrower than that of pure AgsP0O,. Thus it
can be concluded that the heterojunction composite is more
easily excited by visible light and the utilization ratio of visible
light is enhanced.

In order to explore the recombination of photo-generated
carriers, the photocurrent test was carried out. Fig. 3 (b) shows
the photocurrent-voltage curves for LaFeO;, Ag;PO, and
LaFeO3/Ags;P0,4-60% composite under several on/off visible-
light irradiation cycles. In comparison with pure LaFeO; and
Ags;P0,, LaFeO3;/Ag;P0,-60% composite shows an obviously
larger photocurrent under visible light irradiation (A > 420 nm).
The intensity of the photocurrent is an important parameter to
evaluate the photocatalytic performance of catalyst. Higher
photocurrent means lower recombination of electron-hole
pairs and more visible light absorption.23 Especially that
photocatalytic reaction involves a series of redox reactions, in
some degree, higher photocurrent also reveals an improved
redox property of the catalyst.24

Fig.2 SEM images of (a) AgsP0O, (b) LaFeOs3; and (c, d)
LaFeO3/Ags:P0O, composites (mass ratio= 4:6). And TEM images
of (e, f) LaFeO3/Ag;P0O, (mass ratio = 4:6)

This journal is © The Royal Society of Chemistry 20xx
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Fig.3 (a) UV-vis diffuse reflectance spectra of LaFeO3, AgsPO,
and LaFeOs/Ag;P0O, (b) Photocurrents of LaFeO;, AgsPO,, and
LaFeO3/Ag3;P04-60% under the irradiation of visible light.

The photocatalytic activity was investigated by phenol
degradation under the visible light irradiation as shown in Fig.4
(a). It obviously can be seen that the photocatalytic
performance of LaFeOj; is enhanced by the incorporation of an
appropriate amount of AgsPO,. Among all of the samples,
LaFeO3/Ag;P0,-60% composite exhibits the best activity,
whose degradation rates is 3.50 times of single Ag;PO, and
5.81 times of single LaFeOs, respectively. In order to study the
effect of the intermediate products on the absorbance of
phenol, the UV absorbance spectra of phenol are given as
shown in Fig.4 (b). The maximum absorption peak of phenol
can be seen at 270 nm and it does not shift. What’s more, the
maximum absorbance value gradually decreases from 0 min to
120 min, which indicates that the concentration of phenol
decreases with irradiation time. The kinetic study was also
carried out as shown in Fig. S3 (ESIT). LaFeOs/Ag;P0,-60%
composite shows the maximal degradation rate constant
(0.02036 min'l), which is 15.19 times of bare LaFeO; and 8.02
times of pure Ag3PO,;. Thus, it can be deduced that
constructing the p-n heterojunction LaFeO3;/Ags;P0O, can greatly
improve the photocatalytic performance of the individual
catalyst. The higher chemical oxygen demand (COD) removal
rate indicates the higher organic matter mineralization rate
during the photocatalytic degradation progress. Fig.S4 ( ESIT)
reveals the results of the COD removal rate, it can be seen that
the composite LaFeO3/Ags;P0,4-60% exhibits the highest COD
removal rate, which is much higher than the single LaFeO3 and
Ag3;P0O,. The stability of LaFeO;/Ags;P0,-60% composite and
fresh AgsPO, was investigated as shown in Fig.S5 ( ESIT). As can
be seen in the ESI file, the composite LaFeO3/Ag;P0,-60%
exhibits much more higher stability than the individual Ag;PO,.

The position of conduction band (CB) and valence band (VB)
of a semiconductor is one of the important factors that affect
the photocatalytic activity. Although it is difficult to determine
the potentials by experiment, the potentials of the conduction
band and valence band edges can be obtained according to the
Mulliken electronegativity theory as shown in Eq.S1 and Eq.S2
(ESIT). The calculated rough conduction band and valence
band edge potentials can be obtained as follows: LaFeOs:
Ecs=0.025 eV, Eyg=2.115 eV; Ag;P0O,: Ecg=0.285 eV, Eys=2.635
eV. It is obvious that the CB and VB edge potential positions of
LaFeO; are both more negative than that of Ag3;P0O,. LaFeOs; in
the heterojunction structure would absorb photons to
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generate electron-hole pairs under visible light irradiation.
Subsequently, owing to the existence of the built-in electrical
potential in the space charge region with the direction from n-
type Ag;PO,; to the p-type LaFeO;, the photo-generated
electrons on the CB bottom of LaFeO3 would easily transfer to
the CB of Ag3;PO, via the well connected interface, and
meanwhile holes on the VB of Ag3;PO, will diffuse into the VB
of LaFeOs. In this way, the effective separation of the electron-
hole pairs is accomplished, which can be seen in fig. 5. In order
to confirm the above discussion, the photoluminescence
spectra were further recorded as shown in Fig.S3 (ESIT). To
further investigate the separation and transfer process of
photo-induced charges, SPV measurement was carried out and
the results were shown in the ESI file.

In order to explore whether the specific surface area could
make a difference in the photocatalytic performance, N,
adsorption-desorption measurement was carried out. The
results (Fig.56, ESIT) indicate that there are only small
differences among the surface area values of LaFeO3;/Ags;PO,
composites. It can be speculated that the different
photocatalytic activities of the samples could not be
determined by the BET surface areas.

In the photocatalytic process, active species mainly involve
hole (h*), hydroxyl radical (©OH) and superoxide radical (0,").
So what kind of active species is the key in the photo-
degradation reaction? The free radical capture experiments
were conducted by adding different active specie scavengers
using phenol photodegradation as the model reaction. The
experimental details are shown in ESI file. The result as shown
in Fig.S6 (ESIT) gives evidence that the degradation of phenol is
dominated by the oxidation reaction of hydroxyl radical and
the direct hole oxidation.

The generation of active species is closely relevant to the
potential energy of the conduction band and valence band of
semiconductors. The CB edge potential of AgzPO, is 0.285 eV
(vs. NHE), which is more positive than the standard redox
potential g (0,/0,7) (-0.33 eV vs. NHE),25 indicating that the
electrons at CB of Ag;PO, cannot reduce O, to O, . This is
consistent with the result of the free radical capture text,
which is also proved that superoxide radicals are not the
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Fig.4 (a) Photocatalytic activities of LaFeOs;, AgsPO,,
LaFeO3/Ag;P0O, composites, and without catalyst (blank
experiment) under visible light irradiation; (b) The UV

absorbance of the phenol with time (from 0 min to 120 min).
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Fig.5 Schematic diagram of electron-hole pairs’ separation
process and the photocatalytic process .

reactive species. However, the CB edge potential of Ag;P0O, is
more negative than the standard redox potential g (0,/H,0,)
(0.685 eV vs. NHE),25 suggesting that oxygen adsorbed on the
surface of the composite semiconductor can react with two
electrons to form H,0, as shown in Eqg.(4), and subsequently
H,0, can combine with one electron to further form OH as
described in Eq. (5). And that OH shows strong oxidation
characteristic to participate in the photocatalytic reaction as
shown in Eq. (7). Furthermore, the VB edge potential of LaFeO;
(2.115 eV vs. NHE) is more positive than the standard redox
potential of g° (OH/OH’) (1.99 eV vs. NHE),21 suggesting that
the accumulated holes on the VB of LaFeO; can oxidize OH to
form OH as shown in Eq. (6) and the results of the XPS show
that a large amount of hydroxyl oxygen exist on the surface of
the composite, which provides a reliable basis for the
inference. Part of the holes may be directly involved in the
oxidation of organic compounds according to the above free
radicals capture experiment. In a word, hydroxyl free radicals
play the primary role in the photocatalytic degradation of
phenol. Based on the above discussion, the progress of phenol
degradation is as follows:

LaFeO “sth’

Agpo, TV Z:ﬁgiﬁﬁ;:ﬁf Fa.(1)
LaFeOs(e'cg) + AgsPOs ——> AgsPO4lecs) Eq.(2)
AgsPO4(h'yg) + LaFeO; ——> LaFeOs(h'yg) Eq.(3)
AgsPO4(2e' ) + O, + 2H' —3  H,0, Eq.(4)
AgsPO4 () + Hy0, ——5 OH + OH Eq.(5)
LaFeOs(h'yg) + OH’ ——> <OH Eq.(6)
«OH, LaFeOs(h*ys) + phenol ——» €O, + H,0 Eq.(7)

In summary, a novel p-n heterojunction photocatalyst
LaFeO3/Ags;P0O, was successfully synthesized via an in-situ
precipitation method. Compared with the individual Ags;PO,
and LaFeOs3, the composite photocatalysts exhibit much higher
photocatalytic performance and stability for phenol
degradation under visible light irradiation. The superior

4| . Name., 2012, 00, 1-3

photocatalytic activity of the heterojunction photocatalyst is
mainly attributed to the existence of the built-in electric field,
which can promote the separation of photogenerated electron
and hole pairs effectively.

This work is supported by the National Natural Science
Foundation of China (No0.21166015).
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