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HIGHLIGHTS

The composites exhibited highly enhanced activity for RhB degradation.

The heterojunctions lead to the efficient separation of electron-hole pairs.
h* and "02~ were chiefly responsible for the process of RhB degradation.

This is a systematic study on photocatalytic property of 3-Bi,O3/BiOCl composites.

The BBC-1.5 heterojunction exhibits the best visible-light photocatalytic activity.
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A series of B-Bi,O3/BiOCI heterojunction photocatalysts were successfully synthesized by in-situ treatment of p-
Bi,O; with HCl. Compared to pure B-Bi»Os, the as-synthesized (-BiO3/BiOCl composites displayed un-
expectedly high visible-light photocatalytic activity for RhB degradation, which was even higher than that of P25
under UV light. Based on the results of transient photocurrent measurement and trapping experiments of active
species, the enhanced photocatalytic activity could be ascribed to the formation of heterostructure between f3-
Bi,O3; and BiOCl, leading to the efficient separation of electron-hole pairs. This research may establish foun-

dation for practical application of the new visible-light-active B-Bi,O3-based heterojunction photocatalysts.

1. Introduction

In the recent decades, photocatalysis has been drawn more and
more attention for offering a hopeful solution in environmental re-
mediation [1-3]. In order to make full use of affluent solar energy, the
exploitation of efficient and stable visible-light-response photocatalysts
still remains challenging and urgent demand [4]. Recently, Bismuth-
based compounds have drawn much attention in photocatalysis due to
its unique electronic structure [5-9]. Especially, Bi,Os is a potential
candidate as a visible-light-response photocatalyst due to narrow band
gap [10]. Bi;O3 exists in six polymorphic forms which are a, 3, v, §, €,
and o phases [11]. Among these, B-Bi,O3 has the best photocatalytic
performance under visible-light irradiation [12,13]. However, [3-Bi>O3
still needs to enhance photocatalytic efficiency for practical application
in environmental protection. Therefore, further efforts need be made to
obtain desired photocatalytic activity of 3-Bi»Os. Subject to the major
processes of semiconductor photocatalysis, efficient transport and se-
paration of photoinduced electron-hole (e~ —h™) pairs are crucial for

B-Bi»O3 to achieve high photocatalytic efficiency. To improve transport
and separation of photogenerated charges and then to promote the
photocatalytic activity of photocatalysts, constructing a semiconductor
heterostructure by coupling with other semiconductors has been proven
to be a simple and good strategy [14-16]. Actually, various (3-Bi,O3-
based heterojunctions such as [3-Bi»03/Bi»0>COs [17], B-Bi,O3/BiOI
[18], [.’)-BizOg,/TiOg-NTS [19], ﬁ)-Bi203/Bi2MOO6 [20], B-BigOg/Bi2W06
[21], B-Bi;03/ZrO, [22], and [3-Bi;03/Zn0O [23] have been developed
and displayed enhanced photocatalytic activity due to the efficient se-
paration of photoinduced e /h™ pairs. BiOCl has recently drawn an
increasing attention in photocatalysis due to its high photocorrosion
stability and unique layered-structure, which contributes to the trans-
port and separation of the photo-induced e” —h™ pairs [24-31].
Therefore, BiOCl can be used as optimal candidate semiconductor to
construct heterojunction photocatalysts. It is expected that the coupling
B-Bi,O3 with BiOCl will be conducive to enhance the photocatalytic
activity compared with B-Bi,Os. It has been reported that a handful of
BiOCl at the surface of 3-Bi,O3 promoted the photocatalytic activities of
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the catalysts [5]. However, it is lack of the systematic study on 3-Bi>O3/
BiOCl. Moreover, it is absent of the compared photocatalytic perfor-
mance of the 3-BiO3/BiOCl to other photocatalyst.

In this work, the visible active (3-Bi;O3/BiOCI heterojunction pho-
tocatalysts constructed by B-BiO3; nanorods and two-dimension BiOCl
nanosheets were successfully synthesized by in-situ treatment of f3-
Bi»O3; with HCL. The photodegradation activity of the as-prepared -
Bi»03/BiOCl heterojunction photocatalyst was evaluated by de-
gradating RhB and its reusability was investigated under visible light
irradiation. Interestingly, the [-Bi,O3/BiOCl heterojunction photo-
catalyst exhibited more excellent visible-light photodegradation ac-
tivity than that of pure B-Bi,O3 and BiOCl, and its photocatalytic ac-
tivity under visible light is even higher than that of P25 under UV light
irradiation. Additionally, the [-Bi,03/BiOCl heterojunction photo-
catalyst was highly stable during photodegradation reaction. A possible
visible-light photodegradation mechanism of RhB over [3-Bi,O3/BiOCl
heterojunction photocatalyst was further proposed.

2. Experimental section
2.1. Synthesis of B-Bi»,03/BiOCl

2.1.1. Preparation of 3-Bi;O3

B-Bi,O3 was prepared by a method of precipitation and thermal
treatment based on Han’s work with minor modifications [18]. Firstly,
12 mmol of Bi(NO3)35H,0 was dissolved in 30 ml HNO3 (1 mol/L)
solution. Subsequently, 120 ml of Na;CO3; (0.6 mol/L) solution was
dropwise added into the above solution under full agitation. The ob-
tained suspension was further stirred for 30 min, and then aged at 60 °C
for 12h. Finally, the precipitates were collected and separated by
centrifugation, washed with deionized water, and followed by drying at
60 °C for 12 h to obtain the white Bi,0,CO3 precursor, which was cal-
cined at 350 °C for 1h to obtain the deep yellow 3-Bi;Os.

2.1.2. Preparation of 3-Bi;03/BiOCl

The B-Bi;O3/BiOCl heterojunctions were synthesized by an in-situ
treatment of as-prepared 3-Bi,O; with HCI. Detailedly, 0.466 g of as-
prepared B-Bi»O3 was dispersed in 40 ml of an absolute ethanol and
deionized water mixtures by ultrasonic treating. Then a certain amount
of 1 mol/L HClI solution was dropwise added with vigorously stirring for
3h at room temperature. And after that, the precipitates were washed
with deionized water, followed by drying in vacuum at 60 °C for 12 h.
By changing the amount of HCI added in the above synthesis process, a
series of (3-Bi,03/BiOCl samples were prepared, and the obtained [3-
Bi,03/BiOCl samples are denoted as BBC-X, where X means the amount
of 1 mol/L HCI solution. The content of BiOCl in BBC-0.5, BBC-1, BBC-
1.5 and BBC-1.8 can be calculated as ~ 40 mol%, 66.7 mol%, 85.7 mol
% and 94.7 mol%, respectively. In addition, pure BiOCl was also pre-
pared with addition of excessive HCl (4 ml) by the same manner.

2.2. Material characterization

The phase compositions of the samples were determined by X-ray
power diffractometer (XRD, SHIMADZU XRD-6100) with Cu Ka radia-
tion. The morphologies and microstructures of the samples were char-
acterized by a field emission scanning electron microscope (FESEM,
Nova Nano SEM 230) and a transmission electron microscopy (TEM,
TECNAI G2 F20). The surface chemical states and composition of the
samples were determined by X-ray photoelectron spectrometer (XPS,
ESCALAB 250Xi). The optical properties of the samples were analyzed
using a UV-vis spectrophotometer (UV-vis DRS, SHIMADZU UV-2700)
with a diffuse reflectance accessory. The photo-electrochemical tests
were performed via an electrochemical workstation (CHI 660D, China)
in 0.05M Na,SO, electrolyte solution in a three-electrode cell.

83

Chemical Physics Letters 709 (2018) 82-87

BiOCI(No.06-0249)

—~ 3 §

g 2 8z N -

= S |28 « SowBqEs g = s

S £e = Sg=g% ez §

3| " BBC-1.8
E | I S N J~ \/'\_/A\;—/'A\_'_/‘ [EPAAN AN\ - |
= BBC-1.5
[7)) o o~ e~ N~ i
s ) BBC-1
o | N
£ | , ~ BBC-0.5

10

40
2Theta/deg

Fig. 1. XRD patterns of the as- prepared samples.

2.3. Photocatalytic measurement

The photodegradations of RhB solution were performed in a 100 ml
pyrex glass vessel with a jacket at ~25°C controlled by recirculating
cooling water system. A 300 W Xe-arc lamp with a cutoff filter
(400nm < A < 780nm) was used as the visible-light source. In a
typical process, 25mg of photocatalyst was suspended in 50 ml of
10mg L~! RhB aqueous solution, which was stirred for 30 min to es-
tablish equilibrium adsorption in a dark room before irradiation. 3 ml of
RhB solutions were sampled at certain time intervals during irradiation
and centrifuged to remove the powders. The resulting filtrates were
analyzed by UV-vis spectrophotometer (UV-2700), and its concentra-
tion was determined from the peak absorbance of RhB solutions at its
absorption maximum.

3. Results and discussion
3.1. Crystal structures and phase compositions

The as-prepared pure (-Bi,O3, BiOCl and B-Bi,03/BiOCl were
characterized by XRD. As shown in Fig. 1, -Bi;O3 sample exhibits the
characteristic (110), (210), (201), (211). (002), (220).
(212). (222), (400). (411), (203). (411). (402). (004)
and (4 40) planes that can be indexed to the tetragonal phase of [3-
BiyO3 (JCPDS card no. 27-0050) [18]. After the treatment of certain
amount of HC, the diffraction peaks corresponding to BiOCl were also
observed. From sample BBC-0.5 to BBC-1.8, the intensity of the main
diffraction peak corresponding to B-Bi,O; gradually decrease, while
that of the peak corresponding to BiOCI become stronger and stronger.
With treatment of excessive HCl, the crystalline 3-Bi,Os is thoroughly
converted to the pure BiOCl, which exhibits the characteristic (00 1),
(002), (101, (110), (102), (111), (003). (112), (200).
(113), (202). (211), (104)., (212), (114) and (220) reflec-
tions that can be assigned to the tetragonal form of BiOCl (JCPDS card
no. 06-0249) [32].

The surface composition and chemical states of 3-Bi;O3, BiOCIl and
BBC-1.5 composites were analyzed by XPS. As seen from Fig. 2a, the
survey spectrum of BBC-1.5 shows the presence of chlorine except
bismuth and oxygen compared with -Bi»Os. Fig. 2b contrasts the Bi 4f
spectra of 3-Bi»O3, BiOCl and BBC-1.5. In the Bi 4f spectrum of the [3-
Bi»03, two strong peaks at 158.5 and 163.8 eV are assigned to Bi 4fs,,
and Bi 4f,,,, respectively, which correspond to Bi** [18,33]. The
binding energies of Bi 4fs,, and Bi 4f;,, peaks in the pure BiOCI are
located at 159.5 and 164.8 eV, respectively, suggesting that Bi** ex-
isted in the pure BiOCl [34]. In the Bi 4f spectrum of the BBC-1.5, the
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Fig. 2. XPS survey spectra (a) and Bi 4f spectra (b) of 3-Bi,O3, BiOCl and BBC-1.5; O 1s spectra (c) of B-Bi,O3 and BBC-1.5; Cl 2p spectra (d) of BiOCl and BBC-1.5.

corresponding Bi 4fs,, and Bi 4f,,, peaks shift to 159.4 and 164.7 eV,
respectively, and the value of peak separation is still the same as that of
pure [-Bi,O3 and BiOCl. In the XPS spectra of Ols of the B-
Bi,O3(Fig. 2¢), the main peak at 529.5 eV is assigned to lattice oxygen
(Bi-0), and the other peaks can be ascribed to surface hydroxyl groups
and adsorbed H,O [35,36]. After B-Bi,O3 was in-situ treated with HCI,
the binding energy of the corresponding Bi 4f and O1s (Fig. 2b and c)
obviously shift to higher values, indicating the strong interaction be-
tween [(3-Bi,O3 and BiOCl in the BBC-1.5 [37]. Fig. 2d shows the Cl 2p
core-level spectrum of the pure BiOCl and BBC-1.5. The two peaks at
198.1 eV (or 198.2eV) and 199.7 eV (or 199.8 eV) can be ascribed to
the Cl 2p3,, and 2p,,, [38], respectively. After the formation of (-
Bi»03/BiOCl heterojunctions, the binding energies of Cl 2p3,» and 2p; »
slightly shift to lower values, which also indicated the strong interac-
tion between (-Bi,O3 and BiOCl in the BBC-1.5 [18].

3.2. Morphology and optical properties

The morphologies of pure 3-Bi,O3, BiOCI and (3-Bi»03/BiOCl were
characterized by SEM. Fig. S1 shows the typical SEM images of these
products. As seen from f-Bi;Os, it is made up of aggregated short na-
norods with the length of about 200 nm (Fig. S1a). After the treatment
of HCl, some nanosheets, which can be ascribed to BiOCl according to
XRD and XPS results, can be observed to grow in situ on the surface of
B-Bi,O3 (Fig. S1b). The in-situ growth should build close connection
between [-Bi,O; and BiOCl, which contributes to the transport of
photogenerated charges [38]. As shown in Fig. S1b-e, when the dosage
of HCl increases, the amount of B-Bi,O3 nanorods and BiOCI nanosheets
gradually decreases and increases, respectively. With the addition of
excessive HCl, the irregular pure BiOCl nanosheets with a smooth
surface are formed (Fig. S1f). The detailed structural information of f3-
Bi,03/BiOCl was characterized by TEM. Fig. 3 exhibits the low-
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Fig. 3. Low-magnification TEM images (a) and HRTEM images (b) of BBC-1.5.
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magnification TEM and high resolution TEM (HRTEM) images of the
representational BBC-1.5 sample. As shown in Fig. 3a, the BBC-1.5
composites are composed of a small number of 3-Bi,O; nanorods and
many BiOCl nanosheets. Besides, the HRTEM image (Fig. 3b) of BBC-
1.5 composites clearly displays the lattice spacing of 0.32 nm, 0.34 nm,
0.37 nm and 0.73 nm corresponded to the (201) and (21 0) planes of
tetragonal B-Bi»Os; and (002) and (001) planes of tetragonal BiOClL
[16,18,39,40], respectively. Especially, some cross lattice fringes
marked by white circles are found, which indicated the successful for-
mation of heterojunctions between 3-Bi,O3 and BiOCI [41].

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.cplett.2018.08.045.

Fig. 4a displays the UV-vis DRS of pure 3-Bi,O3, BiOCl and 3-Bi>O3/
BiOCI heterojunction photocatalysts. The 3-Bi,O3 shows strong visible-
light absorption and its absorption edge is about 540 nm, while pure
BiOCl only displays UV-light absorption with an absorption edge of
about 360 nm. Thus, the band gap energy of pure B-Bi,Os; and BiOCl
can be calculated to be 2.29 and 3.44 eV, respectively. After the (3-Bi,O3
is couple with BiOCl to form heterojunctions, the absorption edge of the
heterojunctions is gradually blue-shifted’ with the increasing of BiOCI
due to the large band gap of BiOCl.

3.3. Photocatalytic properties

The photocatalytic activity of BiOCl, -Bi,O3 and (-Bi»O3/BiOCl
composites was investigated by the degradation of cationic dye RhB
under visible light irradiation. As shown in Fig. 4b, the RhB can be
hardly degraded without any photocatalyst (blank). After 30 min of

! For interpretation of color in Fig. 4, the reader is referred to the web version
of this article.

Irradiation time(min)

irradiation, the pure BiOCl and (3-Bi,O3 only removed about 9.8% and
13.4% of RhB, respectively. However, the photodegradation activity
was obviously enhanced with -Bi;O3/BiOCl heterojunction formed.
The BiOCI content has crucial effect on the photocatalytic activity of B-
Bi,03/BiOClI photocatalyst, and the BBC-1.5 has displayed the highest
photodegradation activity among six catalysts. Nearly complete de-
gradation (99.4%) of RhB over BBC-1.5 can be achieved within 20 min
of illumination. To further illustrate the enhancement, the pseudo-first-
order model, which is generally used to research the kinetics in pho-
todegradation reactions, was utilized to quantify the degradation rates.
As shown in Fig. 4c, the value of apparent rate constant (k) for pure -
Bi,03, BBC-0.5, BBC-1, BBC-1.5, BBC-1.8 and pure BiOCl is 0.00483,
0.03529, 0.15702, 0.26292, 0.05253 and 0.00345 min ~?, respectively.
This result showed that all -Bi,O3/BiOCl composites exhibited far
higher photodegradation activity than that of pure -Bi,O3 and BiOCl,
and the photodegradation activity of BBC-1.5 was about 54.4 and 76.2
times higher than that of pure 3-Bi,O; and BiOCl, respectively. It is
worth noting that the maximum absorbance of RhB showed blue shift to
shorter wavelength during the degradation process due to the N-dee-
thylation of RhB (Fig. S2) [42,43]. These above photodegradation re-
sults confirmed that 3-Bi,O3 coupled with BiOCl could greatly enhance
the photocatalytic activity.

To further display the high photodegradation activity of BBC-1.5,
the photocatalytic activity of the commercial TiO, (P25) was studied
under UV light (254 nm) and used as a comparison. As shown in Fig. 4d.
After 30 min of UV (254 nm) irradiation, the photodegradation rate of
RhB over P25 was about 97.2%. The results showed the photo-
degradation activity of BBC-1.5 under visible light was even higher
than that of P25 under UV light.

To evaluate the stability of the 3-Bi;O3/BiOCl heterojunction pho-
tocatalyst, the repeated experiments for degrading RhB solution were
performed. As shown in Fig. S3a, the photodegradation activity of the
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Fig. 5. (a) Transient photocurrent responses of 3-Bi»O3, BiOCl and BBC-1.5; (b) Effect of scavengers on the photodegradation of RhB over BBC-1.5 catalyst.

BBC-1.5 catalyst is only slight deactivation after five cycles. Moreover,
Fig. S3b shows that the structure of BBC-1.5 composite also has no
detectable change before and after consecutive reuse for five cycles,
which indicate its high chemical stability.

3.4. Photodegradation mechanism

It is generally recognized that the activity of a photocatalyst is
chiefly related to the separation and migration ability of photoinduced
e~ /h™ pairs [44]. The transient photocurrent measurement is an ef-
fective technique to study the transfer properties of photoinduced
charge. Universally, the higher the photocurrent density is, the more
efficient separation efficiency of photo-induced charge carriers is, and
then the more efficient the photocatalytic activity is. Fig. 5a shows the
photocurrent density of the as-prepared samples. The BBC-1.5 hetero-
junction exhibited a higher photocurrent response compared to pure 3-
Bi,O3 and BiOCl, indicating the more efficient separation efficiency
over it due to the heterojunction formation between -Bi,O3 and BiOCl,
which had been actually confirmed by their photocatalytic activity.

In order to confirm the generation of active species during the
photodegradation process of RhB over BBC-1.5, the trapping tests of
active species were performed. Triethanolamine (TEOA), isopropyl al-
cohol (IPA) and benzoquinone (BQ) were used as the scavenger of h*,
"OH and 'O, ", respectively. As shown in Fig. 5b, the addition of sca-
venger IPA can hardly decrease the photodegradation activity of RhB,
indicating the absence of "OH radicals during photodegradation pro-
cess. However, the addition of scavenger TEOA almost completely in-
hibited the photodegradation activity of RhB, and the addition of sca-
venger BQ also clearly decreased the photodegradation activity of RhB,
which showed that h* and "O,~ were the main active species during
the photodegradation process of RhB over BBC-1.5 under visible light
irradiation. Moreover, h* played a more important role than "O,~
radicals.

Based upon the above discussed results and indirect dye photo-
sensitization, a possible mechanism for the visible-light photo-
degradation of RhB over (-Bi»O3/BiOCl heterojunction photocatalyst
was proposed and illustrated in Fig. 6. The conduction band (CB) and
valence band (VB) potentials of 3-Bi,O3 are about 0.30 and 2.59 eV,
respectively, and that of BiOCl are at about —1.10 and 2.40eV, re-
spectively [18,40]. With a narrow band gap (2.29 eV), 3-Bi»O3 can be
excited by the visible photons to produce e~ and h™. Because the CB
potential of the [B-Bi,O; is more positive than that of O,/ 05~
(—0.33eV) [45,46], the e~ on the CB of (3-Bi,O3 cannot react with
dissolved O, to generate ‘O, . Depend on the more positive potential of
VB of B-Bi;O5 to that of BiOCI, the h* on the VB of B-Bi,O5 can transfer
to the VB of BiOCI through the heterojunction formed at their inter-
faces, resulting in the efficient separation of e~ —h* pairs. Moreover,
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RhB molecules absorbed on the surface of photocatalysts are sensitized
by visible light to produce e, and the e~ transfer to the CB of BiOCl
crystallites due to the more negative potential of RhB lowest un-
occupied molecular orbital (LUMO) level [27]. The e” that migrated to
the CB of BiOClI can react with dissolved O, to generate ‘O, due to
more negative CB potential than that of O,/ O, . Finally, these pho-
toinduced h* and generated 'O, radicals can oxidize adsorbed RhB
molecules, which induce RhB dye decomposition. Thus, it is considered
for the B-Bi;O3/BiOCl that BiOCl works as a prime photocatalyst, and -
Bi»03 plays the role of a sensitizer absorbing visible light.

4. Conclusion

B-Bi,03/BiOCl heterojunction photocatalysts were successfully
prepared by a precipitation method, followed by an in-situ treatment
with HCl. Compared with pure 3-Bi,O3 and BiOCl, the as-prepared f-
Bi»,03/BiOCl heterojunction photocatalysts had displayed highly en-
hanced visible-light photocatalytic activity in decomposing RhB due to
the formation of heterostructure between pB-Bi,O3 and BiOCl, resulting
in the efficient separation of e~ —h™ pairs. The photodegradation ac-
tivity of 3-Bi,O3/BiOCl under visible light was even higher than that of
P25 under UV light. The reusable experiments showed that the B-Bi»O3/
BiOCl heterojunction photocatalyst was stable. The results of trapping
tests showed that photogenerated holes (h*) and superoxide radicals
("0, ™) were the main active species during the degradation process. In
the B-Bi,03/BiOCl composites, BiOCl acts as a prime photocatalyst and
B-Bi»O3 plays the role of a photosensitizer absorbing visible light.
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