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The solid solution BiOCI Br,_, with different Br/Cl ratios was prepared by a simple
low-temperature wet chemical method. The crystal structure, morphology and optical
properties were characterized using X-ray diffraction, scanning electron microscopy with
energy dispersive spectroscopy and diffuse reflectance spectra in the UV-—visible region.
RhB was chosen as the target pollutant; its degradation under light with a wavelength of
> 400 nm was carried out to assess the photocatalytic efficiency of pre-prepared photo-
catalysts. The results showed that the microstructure and photocatalytic activity of the
BiOBr,Cl,_, solid solution can be controlled by changing the Br/Cl ratio, the most optimal
value of the Br/Cl ratio was 0.8:0.2. The reaction rate constant was 0.06446, which is
1.1 times higher than for pure BiOBr. This enhanced effect can be explained by the unique
crystal structure and well-positioned macropores, which can reduce the band gap and
facilitate the migration of RhB molecules. Our results can help to improve the photocata-
lytic performance of BiOX (X = Cl, Br and |).
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JochigxeHHd MIKPOCTPYKTYpPH Ta HOJINIIEHUX (POTOKATANITHYHUX NOKA3HUKIB TBep-
aoro pozuuny BiOCLBr,_,. Wei He, Gang Liao
Teepauit posumn BIOCI,Br,_, 3 pisauum croissizmomennsam Br/Cl omepsxano mpocrum
MEeTOAOM HHu3bKOTeMIeparypHol BoJioroi ximii. Kpucramiumy cTpykTypy, mMopdosorito i om-
TUYHI BJIACTUBOCTI OXapaKTepM30BaHO 3a JOIOMOIOI0 PEHTreHiBChKOI audpakiiii, ckanyouoil
eJIeKTPOHHOI MiKpPOCKOIIil 3 eHepro-IuCIepPCiiiHOI CIEKTPOCKOIIi€ i crmekTpiB mudysHOro
BimburTa B Y®—-Buaumiii obgacti. B skocrti mignoBoro sabpyauioBaua obGpano RhB, itoro
POBKJagaHHA MiZ cBiTIIOM 3 HOBKUHOIO XBuJi > 400 HM mpoBeAeHO IJA OIIHKU (POTOKATAII-
TUYHOI e(peKTHBHOCTI 3a3gaJsierifb NPpUTroToBaHUX (PoToKarTasisaTopiB. PesynabraTu moxkasanu,
o MiKPOCTPYKTYpy i (poTokaramitTmury akTuBHicTE TBepmoro posumny BiOBr,Cl,_, moxza
peryaioBaTtu, 3MiHoOun crissBizHomenss Br/Cl, maiibinsm onTuManbpHE 3HAYEHHS BiJHOIIEH-
Ha Br/Cl cranosuno 0,8:0,2. Korcranra mBuakocTi peaxnii cramosmaa 0,06446, mo B 1,1
pasu Buie, Hizk y umctoro BiOBr. Ileit mocuimenuii eexkT MOKHA MMOSCHUTHA YHIKAJIBLHOIO
KPUCTAJIIYHOIO CTPYKTYPOIO i MPaBUJILHO PO3TANIOBAHUMU MAaKpPOIOpaMu, AKi MOMKYTH 3MeEH-
IIUTH MUPUHY 3abopoHeHoi 30HW i cmpusaTu Mmirparii mosexya RhB. Hami pesyasratu
MOKYTh CHPUATH IMOJiNIIeHH0 QoroxaraniTnunux xapaxrepuctuk BiOX (X = Cl, Bri I).

Teeppsiit pacrsop BiOCI Br,_, ¢ pasmuunsim coornomenuem Br/Cl mpurorosieH mpocThIM
METOZOM HM3KOTEeMIIEPATYPHOM MOKPOM xmMuH. KpucraanmuecKas CTPYKTypa, Mopdosorms
¥ ONITUYECKHE CBOMCTBA OXAapPaKTePH30BAHBI C IIOMOIBLI0 METOJa PEHTIeHOBCKOM nudpaxriuu,
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CKAHUPYIOILIEeH 3JeKTPOHHON MUKPOCKOINU C SHEPro-IUCIePCHOHHON CIEeKTPOCKOIUed u
cIIeKTPoB aud)PysHoro orpaskenus B YD®—Bugumoil objactu. B KadecTBe NpuMecHu BbIGpaH
RhB, ero pasioskeHue moJ CBeTOM ¢ JJIUHOM BojaHBI > 400 HM IIpoBefeHO AJd OIEHKU
QoTOoKaTAIUTUUYECKON 3(P(PEKTUBHOCTH IIPEeJBAPUTEJLHO IIPUIOTOBJIEHHEIX (POTOKATAIMU3ATO-
poB. PesyibTaThl IOKA3ajl, YTO MUKPOCTPYKTYPY U (POTOKATAJIUTUUYECKYIO0 AKTUBHOCTDL TBEP-
noro pacrsopa BiOBr,Cl,_, mo:xuO perymuposars, usmenas coornomenue Br/Cl, mamGomee
onTuMaabHOe 3HaueHue orHomeHnusa Br/Cl cocrasasno 0,8:0,2. KoHcTaHTa CKOPOCTH PeaKIUH
cocraBiasana 0,06446, uro B 1,1 pasa Bobimre, dyem gusa uwmcrtoro BiOBr. 9ror ycumennsbrit
2(PPEKT MOMKHO O0BICHUTL YHUKAJIBLHON KPUCTANINYECKON CTPYKTYPOI M IPaBUJILHO PACIIO-
JIOKEHHBIMUA MaKpOIIOpaMM, KOTOpLIe MOTYT YMEHBIINTL IIAPUHY 3alpelleHHOH 30HBLI U
croco6eTBOBATE MUrpanuu Mojekya RhB. Hamiu peayabTaTsl MOTYT CIIOCOGCTBOBATH yJIyUIlle-
HuoO (QoroxkaranuTudecKkux xapakrepuctuk BiOX (X = Cl, Br u I).

1. Introduction

In the 21st century, people are faced
with a serious energy crisis and the problem
of environmental pollution. Photocatalysis
is of interest all over the world, because
under the action of a photocatalyst, solar
energy can be converted and stored in the
form of chemical energy or used to elimi-
nate environmental pollution [3, 4]. TiO, is
the most widely used photocatalyst, but it
can only be excited by UV light [1, 2]. Re-
cently, scientists have been trying to dis-
cover new photocatalysts that respond to
visible light, among which BiOX (X = Cl, Br,
) has great prospects due to its high photo-
catalytic activity, low cost and simple
manufacturing process. BiOX (X = CI, Br, |)
is a highly anisotropic semiconductor with a
layered structure, and the X atom is bonded
in [Bi,O3] + interlayers by the wvan der
Waals force, which is weak, and thus the
structure is loose and easily amenable to
processing, dissociate in the direction of the
(001) plane.

Despite of the unique structure, practical
photocatalytic performance of pristine
BiOX(X = CI, Br, 1) is also limited by some
common drawbacks, such as a narrow light
absorption range and a high tendency to the
hole-electron recombination [4]. Moreover,
BiOCl does not react well to visible light
and BiOl is not stable in the photocatalytic
process. Up to date, many methods have
been applied to improve the photocatalytic
property of BiOX; the methods can be classi-
fied into three categories, namely, element
doping, morphology regulation and hetero-
junction construction. In terms of photo-
catalytic activity and stability in wvisible
light, the complex properties of BiOBr are
the best among BiOX. Previous research has
proved that BiOX is a semiconductor with
an indirect band gap, that is, the conduec-
tion band of BIOX is mainly in Bi(6p) orbit
and the valence band is a hybrid of O(2p)
and X(np) (n =3, 4 and 5) orbitals [3]. In
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theory, doping of various X element can
form different band structure, thus adjust-
ing the position of the BiOX valence band.

In this paper, a facile low-temperature
wet chemical method was used to prepare
BiOCI,Br,_, solid solution with different
Br/Cl ratios. X-ray diffraction (XRD), scan-
ning electron microscopy with energy dis-
persion spectroscopy (SEM-EDS), diffuse re-
flectance spectra (DRS) in the UV — visible
range were applied to characterize the mi-
crostructure of as-prepared photocatalysts;
degradation of RhB under visible-light irra-
diation was used to evaluate the photocata-
lytic performance.

2. Experimental

2.1 Materials

All the chemical reagents were purchased
from Shanghai Taitan Technology Co., Ltd.
They were analytical reagents and without
further purification.

2.2 Sample preparation

A certain amount of Bi(NO3)3;-5H,0 was
added into 25 ml ethylene glycol (EG), and
the solution was put in a 45°C water bath
and then ultrasonically treated for 1 h until
the Bi(NO3)3-5H,O was totally solved form-
ing solution A. A corresponding amount of
KX X = ClI, Br were dissolved in 20 ml deion-
ized water and stirred for 30 min to form
solution B. Afterwards, the solution B was
added into solution A with continuous stir-
ring at the rate of 1-2 drop/s, then the
mixture was stirred for another 2 h. Then,
the precipitate was centrifugated and
washed by ethanol (1 time) and deionized
water (2 times). Finally, the product was
dried in an oven at 80°C for 12 h to obtain
the BiOCI,Br;_, solid solution. The propor-
tions of the mixtures of prepared samples
are shown in Table 1.

2.3 Characterization

X-ray diffraction was measured on an X-
ray diffraction detector (Rigaku
D/max2550, Japan) with a Cu—Ko source
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Table 1. Mixture proportions of prepared samples

Bi(NO,)4-5H,0, ethylene glycol, KBr, mol KCI, mol Deionized
mol ml water, ml
BiOBr 0.1 25 0.1 - 20
BiOCl, gBry , 0.1 25 0.02 0.08 20
BiOCl, 5Brg 5 0.1 25 0.05 0.05 20
BiOCly ,Brg & 0.1 25 0.08 0.02 20
operating at 40 kV and 100 mA. The pat- o I 1 , BiOCI PDF#82-0485
terns between the diffraction angles (26) g 8,532 ——
from 10 deg to 80 deg were continuously ==
recorded with a step of 0.02 deg. Micro- . _
morphology was observed by scanning elec- 5 BiOBtyClus
tron microscope (Hitachi TM4000 Plus, © ) [ —
Japan) and the element distribution on a - SN VA A S v 0
micro-area was detected using an energy | ——
dispersion spectroscope (IXRF, America). . SRS S Y PR g
The samples were observed in the backscat- .
tered electron mode. Diffusion reflection — e -.B‘g'%;r
spectra in the UV—visible range were regis- i W T e

tered with powder sample from spectro-
photometer (Hitachi U-4100, Japan). The
spectra were collected at 200-800 nm refer-
enced to BaSO,.

2.4 Photocatalytic performance tests

Photocatalytic performance of the
BiOCI,Br,_, solid solution was evaluated by
degradation of RhB under visible light irra-
diation of a 500 W Xenon lamp with a
400 nm cutoff filters. 0.05 g specimen and
50 ml RhB aqueous solution (10 mg/L) were
added into a Petri dish with a diameter of
10 cm. Before switching on the light, the
Petri dish was placed in a dark place with
continuous stirring for 10 min, realizing
the adsorption equilibrium of RhB on the
tested sample. Then the photocatalytic reac-
tion was triggered after turning the Xenon
lamp on. During the whole process, 3 ml of
the RhB solution was sampled from the
Petri dish with an interval of 10 min. And
then all the sampled RhB solutions were
centrifugated in a high-speed centrifuge at
a speed of 10000 RCF for 5 min, and the
supernatant was used for measuring its ab-
sorbance at the wave of 554 nm by a UV-vis
spectrophotometer (Meipuda Uv1200,
China). The degradation rate of RhB can be
calculated by Eq. (1), and according the
first-order reaction model, the correspond-
ing kinetics constants can be acquired by a
linearly fitting —In(C,/C,) and ¢, and the
slope was the kinetics constant.
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Fig. 1. X-ray diffraction patterns of speci-
mens.

5=

Co—C; Ay— A4 . e))
Co = A() x 100 /o,

where C is the initial concentration of
RhB, C, is the concentration of RhB at time
t, Ag is the initial absorbance, A, is the
absorbance at time ¢, and ¢ is the reaction
time.

3. Results and discussion

3.1 Microstructure analysis

Figure 1 displays the X-ray diffraction
patterns of as-prepared samples. It can be
clearly seen that the diffraction peaks of
BiOBr sample matched well with those of a
standard BiOBr pattern PDF#78-0348, dem-
onstrating that the crystallization degree of
fabricated BiOBr was relatively high and the
reflections of crystal planes (101), (102),
and (110) were observed. The same pattern
was obtained for BiOCI in comparison with a
standard BiOCI pattern PDF#82-0485. How-
ever, when Br and C| were co-mixed, the
X-ray diffraction patterns of the BiOCI,Br;_,
were different, depending on the Br/Cl ratio.
Positions of most diffraction peaks were
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Fig. 2. SEM images of (a) BiOBr, (b) BiOCI, (c) BiOCly gBry 5, (d) BiOCly 4Bry s, () BiOC ,Br, g and

(f) BiOCl, ,Brj g, x7000 magnification.

Fig. 8. Mapping of BiOCl; ,Br; g elements.

consistent with those of BiOBr, but some
characteristic reflections changed, for in-
stance, the (102) reflection disappeared in
BiOBrg ,Cly g, while and its (110) reflection
was intensified; the reflection (102) was ob-
served for both BiOCly 5Bry g and
BiOCly sBrg 5. This can be explained by the
fact that some crystal planes were distorted
by co-doping of Br/Cl, due to their different
extra-nuclear electron orbits, which may af-
fect the band structure of BiOX, and this
effect was related to the Br/Cl ratio.

Fig. 2 depicts the micro-morphology of
as-prepared samples. As shown in Fig. 2a,
BiOBr mainly consists of flower-like micro-
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spheres with a diameter of 1 um that are
self-assembled with nanosheets. From the
magnified picture, this structure was found
to be absolutely loose, favoring for the light
transmitting and mass transfer. The images
of rest samples are similar to those of
BiOBr, and little difference can be found at
such magnification (x3000). However, it
should be noted that highly-aligned macro-
pores (about 600 nm) were found in
BiOBrq gClg » as shown in Fig. 2f, which may
affect its photodegradation performance.
Fig. 8 presents the element mapping of
BiOClg 5,Brg g sample; four elements, namely,
Bi, O, Cl, and Br were detected. The distri-
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Fig.4. (a) UV-visible diffuse reflection spectra for all samples and (b) plots of (Ah)1/2 vs. h.
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Fig. 5. (a) Variation of RhB concentration vs. time, (b) linear fitting curves of —ln(Ct/CO) vs t.

bution of Cl and Br was almost duplicated
with Bi, confirming the layered structure of
BiOX. Cl and Br are distributed homo-
genously, which can guarantee the uniform-
ity of the BIOCly,Brgg; moreover, the
atomic content of Br was 3 times higher
than that of CI, which corresponds to the
calculated Br/Cl ratio.

Fig. 4 exhibits the optical property of
BiOCI,Br,_, samples. As shown in Fig. 4a,
intensive absorption appeared at the range
of 800-380 nm indicates that BiOCl can
only be activated by UV-A. With increasing
Br content, the absorption edge gradually
shifts towards visible light, and the absorp-
tion edge of BIOBr can reach 460 nm. Ac-
cording to Tauc Plot, the band gap can be
obtained from Fig. 4b, and the result shows
that band gap decreases with increasing Br
content, and BiOBr has the smallest band
gap reaching 2.56 eV, which is consistent
with the light absorption range.

3.2 Photocatalytic performance

Functional materials, 28, 3, 2021

Fig. 5 illustrates the efficiency of photo-
catalytic removal of RhB. As shown in Fig.
5a, before illumination, the concentration of
the RhB solution decreased slightly due to
physical adsorption of RhB in powder sam-
ples. After illumination, the RhB concentra-
tion immediately decreased, but the rate of
decline varied depending on the Br/Cl ratio.
BiOCIl showed the slowest degradation rate
of all samples, 12 % RhB degraded in just
60 minutes, suggesting that BiOCI| has poor
photocatalytic degradability in the visible
region. The result is in accordance with the
band gap of BiOCI, 3.24 eV, which can only
be excited by light with the wavelength <
380 nm. The rest samples held the similar
tendency, namely, RhB was continuously de-
graded under the illumination of visible
light. However, the degradation rates were
rather different; namely, BiOCly,Bryg had
the highest degradation rate and almost all
RhB was removed within only 30 min. The
photocatalytic degradation ability of
BiOClg gBrg » was equal to that of BiOBr, and
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RhB could be completely removed with the
two samples within 60 min. In the case of
BiOCly sBrg s, the degradation rate was
lower than for BiOBr, with about 90 % RhB
removal in 60 min. According to the first-
order reaction model, the value —ln(Ct/CO)
linearly varies with the reaction time; and
the slope represents the reaction rate con-
stant k. The linear fitting curves are shown
in Fig. 5b, the linear relationship between
-In{C,/Cy) and t is obvious, indicating that
the first-order reaction model can properly
describe the photocatalytic reaction. The re-
action rate constant and corresponding
quality of fit are listed in Table 2. The
quality of fit for all samples exceeds 90 %,
which confirms the effectiveness of the
first-order reaction model in interpreting
the photocatalytic degradation of RhB. The
reaction rate constant for BiOC| was only
0.00233 min~!, which is much lower than
for the rest of the samples. The reaction
rate constant for BiOBry gCly , was the high-
est reaching 0.06446 min~1, which is about
1.1 times higher than that of pure BiOBr;
i.e. the photocatalytic efficiency of
BiOCly 5Brgg was 1.1 times higher. This is
due to the unique crystal structure and po-
rous morphology BiOClj ;Brg g solid solution,
as shown in XRD patterns and SEM images.
For other BiOBr,Cl,_, solid solutions with
various Br/Cl ratios, the rate constants were
lower that of BiOBry gClg,, suggesting that
Br/Cl ratio of 0.8:0.2 was the critical value
which resulted in the most optimal photo-
catalytic activity.

3.3 Possible mechanism

The photocatalytic degradation of RhB is
a multi-steps process which is complex and
can simply be divided into several steps. In
the first step, physical adsorption domi-
nates, and RhB molecules can freely move to
the surface of BiOBr,Cl,_, under the effect
of the Fick diffusion law. The RhB molecule
size is about 1.59x1.18x0.56 nm, which is
much smaller than the average pore diame-
ter of BiOBr,Cl,_, solid solution; therefore,
RhB molecules are easily captured by
BiOBr,Cl,_,until adsorption equilibrium is
established. The result is that the concen-
tration of RhB around the BiOBr,Cl;_, solid
solution always remains at a high level.
Once the BiOBr,Cl,_, is illuminated by vis-
ible light, electron-hole pairs would be gen-
erated on the surface of BiOBr,Cl,_,, which
would react with —OH and the dissolved O,
in the aqueous solution, thus generating
ROS such as hydroxide radicals and super-
oxide radicals in different chain reactions.
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Table 2. Reaction rate constants and corre-
sponding fitting goodness

K/min™! R?
BiOBr 0.05899 0.92451
BiOBry ,Cly g 0.04563 0.9487
BiOBr, sCly 5 0.03024 0.92984
BiOBry Cly , 0.06446 0.94411
BiOCI 0.00233 0.90989

RhB would be mineralized into inorganic
matters by these hydroxide radicals as
shown in Eq. (2):

CygH31CIN,O5 + —~OH — CO, + H,0.  (2)

When the captured RhB are consumed
out by hydroxide radicals, the state of ad-
sorption equilibrium is immediately dis-
rupted, and more RhB molecules are ad-
sorbed to the BiOBr,Cl,_, solid solution and
then more RhB is decomposed again.

4. Conclusions

To summarize, we proposed a facile
method to synthesize the BiOBr,Cl,_, solid
solution. A number of BiOBr,Cl,_, solid so-
lutions were prepared by changing the ratio
of Br and Cl|. In addition, the microstruc-
ture and photocatalytic activity of the
BiOBr,Cl,_, solid solution can be regulated
by changing Br/Cl ratio. The critical value
of Br/Cl ratio was 0.8:0.2, which can pro-
vide the most optimal photocatalytic effi-
ciency. Photocatalytic degradation of RhB
indicated that BiOCly,Bryg displayed the
highest photocatalytic activity, 1.1 times
superior to that of pure BiOBr. This en-
hanced photocatalytic activity is due to the
unique crystal structure and regularly-ar-
ranged macropores. The band gap was re-
duced noticeably by introducing Br. Our re-
search may provide a simple but feasible
method to modify BiOX(X = Cl, Br and 1),
realizing high photocatalytic efficiency.
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