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In this work, defective BiPO, with surface phase junction (BPJ) was synthesised using a facile ball-milling method. The phase composition
of BPJ was found to include monazite monoclinic BiPO, and monoclinic BiPO,. Surface defects on BPJ could be controlled by changing
ball-milling conditions. The optimal sample exhibited significantly enhanced photocatalytic performance compared with BiPO, and BPJ
under ultraviolet light irradiation. The enhancement of photocatalytic performance was due to the synergistic effect of the surface phase
junction and surface defects, which significantly improved the separation and transfer efficiency of photogenerated charges.

1. Introduction: BiPOy, is the widely studied photocatalyst, owing
to its low cost, low toxicity, stability and good photoelectric per-
formance. BiPO, nanocrystals have shown better photocatalytic
activity for the degradation of methylene blue (MB) than P25
titania [1]. However, the wide bandgap of BiPO, (~4.6¢eV)
narrows the light response range (4 <300 nm) and limits the trans-
mission efficiency of photoinduced charge carriers [2]. It is there-
fore necessary to find an effective method of improving the
photocatalytic performance and expanding the photoresponse
range. BiPO, has three main crystal phases including hexagonal
BiPO,4 (hBP), monazite monoclinic BiPO, (nBP) and monoclinic
BiPO4 (mBP), of which nBP shows the best photocatalytic activity
[3]. It has been reported that the surface phase junction between
different phases can enhance the separation and transfer efficiency
of photogenerated charges [4]. However, the lower energy util-
isation and photoinduced charge transfer efficiency of pure phase
BiPO, limit the potential of surface phase junction.

Previous studies have shown that surface defects have
unique advantages in terms of improving optical performance and
charge transfer efficiency [2, 5, 6]. In general, defects can be
divided into two categories, including surface defects and bulk
defects [7]. Both types of the defect can capture photogenerated
charges, however surface defects can quickly release photo-
generated charge. This temporary capture process can promote
the separation of photogenerated electrons and holes [8].
Moreover, the surface defects can serve as adsorption sites for
H,0 and O, and these adsorbates can instantaneously react with
photogenerated charges to produce ‘OH and -O5, thus enhancing
photocatalytic activity [2]. Surface defects have been studied in
many photocatalysts such as TiO, [9, 10], BiPO, [11, 12], ZnO
[13, 14] and Bi;WOg [15] synthesised via vacuum deoxidation,
controllable hydrogen reduction and high-temperature calcination
under reducing atmosphere. Although these synthetic approaches
have certain advantages, their harsh and dangerous reaction con-
ditions hinder their potential application. In contrast, ball milling
has been shown to be a facile way to introduce surface defects
[9, 11, 13]. The lack of reports on the synergistic effect of the
surface phase junction and surface defects of BiPO,4 has motivated
this study.

In this work, BiPO, with surface phase junction (BPJ) with
mixed phases of nBP and mBP was prepared using a facile high-
temperature calcination method. Defective BPJ (DBPJ) was then
achieved via ball milling with controlled milling rate and time.
The effects of the surface phase junction and surface defects on
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the crystallisation, morphology, and optical, photoelectric and
photocatalytic performance of the obtained samples were inves-
tigated. The mechanism for the synergistic effect of the surface
phase junction and surface defects on enhancing photocatalytic per-
formance was also discussed in depth.

2. Fabrication: In a typical BiPO, and BPJ preparation procedure,
4.85 g (10 mmol) of Bi (NO;);-5H,0 was added to 900 ml of 10%
aqueous glycerol solution. The mixture was sonicated to ensure
complete dissolution of Bi (NO;);-5H,0 and the resulting white
suspension was stirred for 1 h. The white precipitate was then
separated from the suspension by centrifugation, and washed
several times using deionised water and ethanol. The precipitate
was dried at 120°C for 12 h to give BiPO, as a white powder.
BPJ was prepared by calcining BiPO, in air at 500°C for 6 h in
a muffle furnace.

To prepare DBPJ, 1.0 g of BPJ and 2.0 ml of ethanol were added
to an agate jar equipped with different sizes of agate balls. The
mixture was then ball milled at 300 rpm for different time periods
on a QM-QX12 omnidirectional planetary ball mill. The agate jar
was dried under atmospheric conditions to remove ethanol and
the obtained samples were identified as DBPJ. Different reference
samples ball milled for 1 h at different specific rates were also
prepared using the same method.

3. Results and discussion: The crystallisation and phase com-
position of the samples were investigated by X-ray diffraction
(XRD). As shown in Fig. 1, all of the characteristic diffraction
peaks of pure BiPO, were consistent with hBP (JCPDS Card No.
015-0766) and no impurity peaks were observed [16]. After BPJ
was synthesised by calcining BiPO,4 at 500°C, the main crystalline
phases were converted to nBP (JCPDS Card No. 089-0287) [5]. At
the same time, a few faint diffraction peaks attributed to mBP
(JCPDS Card No. 077-2208) appeared, indicating that a mixture
of nBP and mBP was formed [4, 17]. It is clear that the main
phase structure of BPJ was unchanged by increased ball-milling
rate. However, it is evident that the characteristic diffraction
peaks of mBP decreased with increasing milling rate. When the
ball-milling rate reached 400 rpm, the characteristic diffraction
peaks of mBP were no longer detected. This observation could be
due to high-speed ball milling destroying the surface structure of
BPJ, which includes the structure of the surface phase junction.
This could be a key factor in photocatalytic activity.
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Transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM) were used to characterise the morphology and
microstructure of the obtained samples. As shown in Fig. 2a,
pure BiPO, presented uniform and cuboid shaped particles, and
the lattice fringes could be clearly observed. The spacing between
adjacent lattice fringes was 0.221 nm which is consistent with the
(202) d-spacing of hBP (JCPDS Card No. 015-0766). From
Fig. 2b, it can be seen that the morphology of BPJ was unchanged
compared with BiPO, and the lattice fringes were still clearly
visible after calcination at 500°C. However, it is clear that two dif-
ferent lattice fringes appeared on the crystal. The two different
lattice spacings were 0.213 and 0.285 nm, which were indexed to
the (—313) d-spacing of nBP (JCPDS Card No. 089-0287) and
the (120) d-spacing of mBP (JCPDS Card No. 077-2208), respect-
ively. It was therefore concluded that the surface phase junction
between nBP and mBP was generated. As shown in Fig. 2¢, the
TEM images of DBPJ indicated that the uniform cuboid shapes
were destroyed by ball-milling, and smaller irregular shaped parti-
cles were formed. In addition, two different lattice fringe spacings
(0.260 and 0.320 nm) were observed, which are attributed to the
(—202) d-spacing of nBP (JCPDS Card No. 089-0287) and the
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(101) d-spacing of mBP (JCPDS Card No. 077-2208). In addition,
lattice defects and plane defects were simultaneously observed in
the (—202) plane of nBP and the (101) plane of mBP. These obser-
vations were attributed primarily to the formation of defects in the
course of ball milling [13].

Ultraviolet—visible (UV-Vis) diffuse reflectance absorption
(DRS) was used to investigate the optical properties of BiPOy,,
BPJ and DBPJ, and the obtained spectra are shown in Fig. 3a. It
is clear that only pure BiPO,4 responds to UV light and its absorp-
tion edge is located at ~300 nm. After formation of the surface
phase junction, the absorption edge of BPJ was red shift by
~50 nm, which extended it to ~350 nm. Moreover, the absorption
intensity of BPJ between 275 and 350 nm was also significantly
strengthened. Compared with unprocessed BPJ, ball milling
caused a further red shift of the absorption edge and enhancement
of absorption intensity, in both the UV and visible wavelength
ranges. This indicates that the synergistic effect of the surface
phase junction and surface defects can effectively expand the
absorption edge and enhance the absorption performance of
BiPO,. The inset images of Fig. 3a show that the colour of the
samples changed from pure white BiPO, and BPJ to light brown
for DPBJ, which is related to the formation of defects [2, 12].
The bandgaps of the obtained samples were estimated from
UV-Vis DRS plots using the following equation [18]:

A(hv — Eg)"? = ahv. (1)

where 4, a, h, v and Eg represent a constant, the absorption coeffi-
cient, the Planck constant, the light frequency and the bandgap
energy, respectively. Generally, n depends on the type of optical
transition of semiconductor. For BiPO,, the n value is 4 because
it shows the characteristics of indirect transitions [16]. The plots
of (ahv)® versus (hv) are shown in Fig. 3b, the bandgap energies
of BiPO,4 and PBJ were estimated to be 4.5 and 4.32 eV, respective-
ly. It was therefore concluded that the surface phase junction could
induce a lower BiPO,4 bandgap energy and result in better photo-
catalytic activity.

XPS was used to investigate the surface elemental composition
of DBPJ and the spectra are shown in Fig. 4. The survey scan
(Fig. 4a) clearly demonstrates that DBPJ is mainly composed of
C, O, P and Bi. Fig. 4b shows that the P 2p XPS spectrum presented
a wide peak at 131.8 eV, indicating the presence of P in P°* oxida-
tion state in PO;~ [19, 20]. The O 1s spectrum (Fig. 4c) showed a
single broad peak at 530.6 eV, which is related to the lattice oxygen
in PO;™ [18]. The high-resolution XPS spectrum of Bi4f (Fig. 4d)
showed two pairs of peaks, which were attributed to Bi 4fs,, and
Bi 4f;,, respectively. The binding energies at 165.2 and 159.6 eV
suggested the existence of Bi*" [20]. The lower binding energies
at 164.0 and 158.7 eV are attributed to low charge Bi ions which
may be associated with the generation of oxygen defects [21].
The charge reduction caused by the generation of oxygen defects
also occurs in BiOCI, which is related to the presence of Bi*™
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Fig. 3 Optical properties of different samples
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[22-24]. These observations may indicate the presence of oxygen
defects in the obtained samples.

In order to more directly prove the existence of defects, electron
paramagnetic resonance (EPR) spectroscopy was carried out at
110 K. As can be seen in Fig. 5, a distinct and prominent peak at
g value 2.00103 was observed in the DBPJ spectra, which had sig-
nificantly greater intensity than those in the spectra of BiPO, and
BPJ. It has been reported that g values in the range 2.001-2.004
are indicative of surface oxygen defects [2, 11, 12]. The EPR
results combined with the HRTEM and XPS findings support the
conclusion that the ball-milling process caused the formation of
defects in BPJ.

The photocatalytic performance of the obtained samples was
investigated using MB degradation under UV light irradiation.
As shown in Fig. 6a, the photocatalytic degradation of MB by
pure BiPO4 was 37% in 30 min. For BPJ, MB degradation was
68% because of the formation of the surface phase junction. After
ball milling at 300 rpm, the photocatalytic efficiency of samples
increased with increasing ball-milling time, but decreased
when the time exceeded 1 h. Fig. 65 shows that the photocatalytic
degradation of MB increased with increasing ball-milling rate until
the ball-milling rate reached 200 rpm. The BPJ ball milled at
200 rpm for 1 h clearly exhibited enhanced photocatalytic perform-
ance. The reason for improvement in photocatalytic performance
is attributed to: (i) the formation of surface phase junction
between nBP and mBP, which could promote the separation and
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Fig. 5 EPR spectra of BiPO,, BPJ and DBPJ at 110 K
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Fig. 6 Concentration evolution of MB degradation under UV light
irradiation

a By BiPO,, BPJ and samples ball milled at 300 rpm for different time

b By BiPOy, BPJ and samples ball milled at different rate for 1 h

transfer efficiency of photogenerated charge carriers; (ii) the forma-
tion of defects on nBP and mBP, which could improve the optical
performance of samples and the transfer efficiency of photogener-
ated charge carriers. It is therefore concluded that the synergistic
effect of the surface phase junction and surface defects can
enhance photocatalytic performance under UV light irradiation.

A trapping experiment was carried out to identify what kind of
active species plays the major role in the photocatalytic degradation
of MB. Tertiary butyl alcohol (tert-butanol), p-benzoquinone and
ethylenediamine tetraacetic acid disodium salt (EDTA-Na,) were
chosen as the scavengers of hydroxyl radicals (OH), superoxide
radicals (O3) and holes (h"), respectively [13]. As shown in
Fig. 7, when these three scavengers were added, the degradation ef-
ficiency declined in varying degrees. This indicated that -OH, -O3
and h" were involved in the photocatalytic degradation reaction.
It was noticed that the most significant decline in degradation
occurred when tert-butanol was added. This indicates that -OH radi-
cals played a major role in the photocatalytic degradation of MB.
The addition of EDTA-Na, also caused a clear decline in the
photocatalytic degradation, which revealed that h* also played an
important role in the photocatalytic degradation reactions. When
p-benzoquinone was added, the degradation rate showed only a
small change, which suggests that O had a negligible effect on
the degradation reaction.

It is well understood that photocatalytic activity is closely related
to the transfer efficiency of photogenerated charge carriers, which
can be visualised by photocurrent. As shown in Fig. 8, the photo-
current responses were uniform and reversible at lamp-on and
lamp-off for all samples. The photocurrent density of pure BiPO,
was the weakest, and by comparison, that of BPJ was enhanced,
which revealed that the surface phase junction could enhance
the transfer efficiency of photogenerated charge carriers. The
photocurrent density was further improved with increasing ball-
milling rate. This suggests that the synergistic effect between
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Fig. 7 Effect of scavengers on the photocatalytic degradation of MB
over DBPJ
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the surface phase junction and defects can significantly enhance the
transfer efficiency of photogenerated charge carriers. When the ball-
milling rate exceeded 200 rpm, the photocurrent density decreased,
which was due to the destruction of the surface phase junction struc-
ture and the formation of bulk defects caused by high ball-milling
rate [11].

Photoluminescence (PL) spectra are an important indication of
the separation efficiency of photogenerated charges. High PL inten-
sity indicates a high recombination rate of photogenerated charges
[25]. The PL spectra of BiPO4, BPJ and DBPJ are shown in Fig. 9.
It was found that the characteristic emission peaks appear at ~414
and 464 nm for all samples. The PL intensity of BPJ was lower than
that of BiPOy,, suggesting that the surface phase junction improved
the separation efficiency of the photogenerated charges. DBPJ
exhibited the lowest PL intensity, which indicates that the syner-
gistic effect of the surface phase junction and surface defects
could significantly enhance the separation efficiency of photo-
generated charges.

Based on the above results and the band position of BiPO, with
mixed phases that has been reported [4], a proposed photocatalytic
mechanism for DBPJ under UV light irradiation is shown in
Fig. 10. In comparison with DBPJ, the wide bandgap of hBP
limited the light absorption and utilisation efficiency. In addition,
the low separation and transfer efficiency of the photoinduced
charges also hindered the photocatalytic process of hBP. After
the formation of surface phase junction between nBP and mBP,
the narrower bandgap was introduced at the same time. The conduc-
tion band (CB) energy of nBP was the lowest, which caused transfer
of photogenerated electrons towards the CB of mBP. The valence
band (VB) energy of mBP was higher than that of nBP, therefore
the photogenerated holes of mBP transferred to VB of nBP. This
transfer process significantly improved the separation efficiency
of photogenerated charge. At the same time, the surface defects in-
cluding oxygen defects on nBP and mBP formed defects states in
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Fig. 9 PL spectra of BiPO,, BPJ and DBPJ
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Fig. 10 Proposed photocatalytic mechanism for DBPJ under UV light
irradiation

the bandgap, which further promoted the transfer of electrons
towards CB. The electrons and holes reacted with O, and H,O to
form -O; and -OH, respectively. Meanwhile, the surface defects
could serve as active sites to improve the photocatalytic reaction.
Therefore, the synergistic effect between the surface phase junction
and surface defects can significantly improve separation and trans-
fer efficiency of photogenerated charges thus enhancing photocata-
lytic performance.

4. Conclusion: In summary, DBPJ was synthesised via a
facile ball-milling method. The XRD patterns revealed that
the surface phase junction between nBP and mBP was formed
by high-temperature calcination. The results of HRTEM, XPS
and EPR characterisation indicated that surface defects including
oxygen defects were formed on both the nBP and mBP. The
DBPJ system showed enhanced photocatalytic performance
under UV light irradiation. The rate constant k£ for photocatalytic
degradation of MB by the optimal sample, under UV light
irradiation, was 3.7 and 1.6 times higher than those of BiPOy,
and BPJ, respectively. The enhanced photocatalytic performance
was attributed to the synergistic effect of the surface phase
junction and surface defects, which could significantly improve
separation and transfer efficiency of photogenerated charges.
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