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ABSTRACT

A novel Bi;MoOg/reduced graphene oxide/BiOBr (Bi,MoOs/RGO/BiOBr)
composite was successfully synthesized via a facile solvothermal synthesis and
precipitation method. The Bi,Mo0oOs/RGO/BiOBr composite was characterized
by X-ray diffraction, X-ray photoelectron spectroscopy, scanning electron
microscopy, transmission electron microscopy, UV-vis diffuse reflectance
spectroscopy (UV-vis DRS) and photoelectrochemical measurements. The
photocatalytic properties were explored for removal of methylene blue (MB)
and norfloxacin (NFX) under visible-light irradiation. The Bi,MoOs/RGO/
BiOBr composite exhibits the highest degradation rate compared with Bi;MoOs,
BiOBr and Bi,Mo0QOg/BiOBr composite, and that removal ratios of MB and NFX
were 96.93% and 78.12%, respectively. A Z-scheme catalytic mechanism suit-
able for the system was proposed based on the results of UV—vis DRS, free
radical trapping experiments and M-S carve analysis, in which RGO as an
electronic medium can accelerate electron transfer. It is noteworthy that the
close contact interface structure promotes the separation of electrons and holes
and improves the photocatalytic performance.
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air and water, posing a great threat to ecological
balance and human physical as well as mental health

Introduction

The rapid development of science and technology has
caused serious pollution and destruction to the
environment. A large number of toxic and harmful
pollutants are accumulating and transforming in soil,
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https:/ /doi.org/10.1007 /s10853-019-03883-0

[1]. Therefore, the development of efficient environ-
mental protection treatment technology has become a
research hotspot in recent years. Semiconductor
photocatalysis has many advantages, such as large
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treatment range, high efficiency, energy saving,
cleanliness, non-toxicity, no secondary pollution as
well as simple process, and hence is regarded as an
environmentally friendly green technology [2].
However, it is still a problem to develop efficient
photocatalysts in practical applications due to the
low yield of quantum and light. Recently, researchers
have synthesized a large number of composite
semiconductor materials such as BiOBr/TiO, [3],
Bi,MoOg/TiO, [4] and g-C3N4/TiO, [5] based on
traditional photocatalyst TiO,.

BiOBr, a layered flower structure has a large sur-
face area and high permeability with a moderate
energy gap of 2.5 eV, is attracting widespread atten-
tions. What is more important is that BiOBr has a
high oxidation ability and can be effectively used for
pollutants photodegradation because its valence
band (about 3.19 eV) [6] is much higher than that of
traditional photocatalysts or oxidants. However,
there are still some shortcomings such as the high
recombination rate of photogenerated electrons and
holes, and the low quantum efficiency limits the
practical application in water treatment. It has been
reported that the combination of other semiconductor
and BiOBr [7-10] is the most effective way to improve
the catalytic activity. For example, the heterojunction
composed of BiOBr/CeO, [11], BiOBr/ZnO [12] and
BiOBr/Bi,O; [13] can effectively slow down the
electron-hole recombination and adjust the visible-
light response range, thus improving the photocat-
alytic activity of BiOBr.

It is reported that Bi,MoOg as an Aurivillius-type
oxide with perovskite layered structure is formed by
octahedral MoOg layers embedded in [Bi,O,1**" layers
[14]. The conduction band is composed of Mo 44 or-
bital, and valence band is composed of O 2p and Bi
6s orbital hybridization [15]. There is a found that the
maximum absorption wavelength of Bi,MoOg is
520 nm under visible light, showing excellent visible-
light catalytic performance in decomposing and
degrading organic pollutants in water. However, it
has been restricted in practical applications because
of its low absorption efficiency and quantum yield of
visible light [16]. Therefore, BiM0oO, will also be
combined with other semiconductors to improve the
utilization of solar energy and photocatalytic activity.

A Z-scheme photocatalyst [17-19] based on Bi,.
MoOs/RGO/BiOBr ternary composite was prepared
by hydrothermal method in the present study. The
structure and morphology of the as-prepared
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photocatalyst were characterized. The addition of
Bi;M0Os and RGO makes the photocatalyst have
higher separation efficiency of electron-hole pairs
than pure BiOBr. Afterward, the photocatalytic
properties of the composite were studied via degra-
dation of dyes and antibiotics (NFX) under visible
light. Thus, this work provides a new type of
Z-scheme photocatalyst which can effectively and
cleanly remove organic pollutants under visible light.

Experimental
Materials

Absolute ethyl alcohol(C,Hs;OH), graphite powder,
potassium permanganate(KMnQO,), sulfuric acid(H,-
504), phosphoric  acid(H;PO,4),  hydrochloric
acid(HCI), hydrogen peroxide(H,O,), ammonium
molybdate ((NH4)sMo07;0,4-4H,0), bismuth nitrate
pentahydrate (Bi(NO3)3-5H,0), ammonia (NH;-H,0),
sodium bromide (NaBr), isopropyl alcohol (IPA), p-
benzoquinone (BQ), ethylenediamine tetraacetic acid
disodium (EDTA-2Na) and methylene blue (MB)
were purchased from Kelong chemical reagent fac-
tory (Chengdu, China). All reagents were of analyti-
cal grade, and the experimental water was deionized
water.

Synthesis of Bi,M0Os and Bi,MoO¢RGO

In this paper, GO was prepared by the modified
Hummers method [20]. The Bi,MoOys/RGO was
prepared by a hydrothermal method. In a typical
process, 30 mg GO was dispersed into 30 ml deion-
ized water by wultrasonic, and then, 5 mmol
Bi(NO3);-5H,O was dissolved into GO dispersion
solution, stirred for 30 min. The 0.024 mol/L
(NHy)eMo0;0,24-4H,0 solution (30 ml) was slowly
dropped into the above solution under stirring.
Subsequently, the ammonia solution was dropped to
adjust the pH of the mixed solution to 6, the reaction
solution was transferred to the teflon-lined stainless
steel autoclave and reacted at 140 °C for 12 h [21].
The precipitates were centrifuged and collected after
the autoclave was cooled naturally, and washed three
times with absolute ethanol and deionized water.
Finally, the precipitates were dried in oven at 60 °C
for 12 h to obtain Bi;M0Os/RGO. For comparison,
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the pure Bi;MoOs was prepared under the same
conditions without adding GO.

Preparation of BiOBr, Bi,Mo0O4/BiOBr
and Bi;MoO4¢/RGO/BiOBr

The Bi;Mo0Os/RGO/BiOBr composite was prepared
by precipitation method [22]. In detail, the as-pre-
pared BiMoO4/RGO powder (89.78 mg) was dis-
persed in 30 ml deionized water to form a uniform
solution by ultrasound. Then, 0.4365 g Bi(INOj);.
5H,0 was added into the above dispersion, followed
by 0.0927 g NaBr and stirred at room temperature for
24 h. The precipitates were collected by centrifuga-
tion and washed with absolute ethanol and deionized
water for three times, and then dried in oven at 60 °C
for 12 h. The obtained product was 0.1Bi,MoOg/
RGO/BiOBr [23]. The different molar ratio of com-
posites were prepared and labeled 0.2Bi;MoOg/
RGO/BiOBr and 0.05Bi;M0Os/RGO/BiOBr by
changing the addition of Bi;MoOs/RGO, and the
pure BiOBr and Bi,MoO¢/BiOBr were prepared
without adding Bi:M0Os/RGO and replacing the
Bi;M0Og /RGO precursor with Bi;MoOg, respectively
(Scheme 1).

Characterization

The X-ray diffraction patterns of the photocatalysts
were analyzed by X-ray diffractometer (X'Pert PRO
MRD, Panako, Netherlands) with diffraction angle
20 = 5°-80°. The X-ray photoelectron spectroscopy
(XPS) analysis was carried out with a K-Alpha™ X-ray
photoelectron spectrometer (Thermo fisher Scien-
tific). The surface morphology of the samples was
observed by scanning electron microscopy (SEM,
ZEISS EV0 MA15, Germany) and transmission elec-
tron microscopy (TEM, Joel-2100F, Japan). The UV-
Vis diffuse reflectance spectroscopy in the range of
200-800 nm was recorded by UV-vis spectropho-
tometer (PerkinElmer Lambda 850, America). Photo-
luminescence spectra (PL) of the as-prepared
catalysts were investigated by fluorescence spec-
trometer (PerKinEImer LS55, America) with the
emission wavelength at 325 nm.

Photocatalytic performance evaluation

The 50 mg photocatalyst was dispersed into
50 ml MB solution (20 mg/L) and NEFX solution
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(10 mg/L) by ultrasonic, respectively. Subsequently,
the suspension was stirred in darkness for 30 min to
establish adsorption-desorption equilibrium [24]. A
high-pressure mercury lamp with a 420 nm cutoff
filter was used as the light source. The 3 ml suspen-
sion was centrifuged at 5 min intervals during irra-
diation, and the supernatant was determined using
Hitachi UV1800 UV-vis spectrophotometer. The
maximum absorption wavelengths of MB and NFX
are 664 and 278 nm, respectively. The photocatalytic
degradation rate # can be calculated by the following
formula (1):

Co—C
n= OCO £ % 100% (1)

where Cy and C; are the pollutant concentration of the
initial and after irradiation for ¢ time (min), respec-
tively. Meanwhile, the free radical capture experi-
ments were carried out in the same process as
photodegradation experiments. After reaching
adsorption—desorption equilibrium, the isopropanol
(IPA, 10 mmol/L), para-benzoquinone  (BQ,
10 mmol/L) and ethylenediamine tetraacetic acid
disodium (EDTA-2Na, 1 mmol/L) were added into
the reaction system, which acted as scavenger for
capturing hydroxyl radicals (-OH), superoxide radi-
cals (-O,7) and photogenerated holes (h™) [25],
respectively.

Photoelectrochemical measurements

The photoelectrochemical properties of the samples
were tested by CHI 660E electrochemical workstation
(CHI Co., China). A Pt electrode, standard calomel
electrode and FTO electrode are used as opposite
electrode, reference electrode and working electrode,
respectively. Firstly, 10 mg photocatalyst and 200 pl
5% naphthol solution were added to 600 pl absolute
ethanol, and sonicated for 30 min to form a uniform
solution. The dispersion was dropped on the con-
ductive surface of FTO glass electrode and ventilated
as well as dried overnight at room temperature. A
200-W high-pressure mercury lamp with a 420 nm
cutoff filter was used as the light source, and the
electrolyte solution was 0.5 mol/L Na,SO, aqueous
solution.
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Scheme 1 Preparation
mechanism diagram of
Bi,MoO4/RGO/BiOBr.

GO

Bi,M0O4</RGO/BiOBr

Results and discussion
Structural analysis

The crystal structure and phase composition of the
samples were determined by XRD. The XRD spectra
of BiOBr, Bi-Mo0QOg, Bio,M0Og/BiOBr and Bi,MoOg/
RGO/BiOBr are presented in Fig. 1. The main peaks
of the BiOBr diffraction pattern located at 10.82°,
21.91°, 25.22°, 31.84°, 32.17°, 33.21°, 39.5°, 44.84°,
50.63°, 56.25°, 57.24°, 69.61° and 76.63° are indexed to
the diffraction surfaces (001), (002), (011), (012), (004),
(003), (112), (014), (114), (212), (211) and (310) of the
tetragonal phase of BiOBr (JCPDS 09-0393) [26],
respectively. For pure Bi,MoO, the (020), (131), (060),
(260), (331) and (262) crystal planes corresponding to
the diffraction angles at 10.85°, 28.26°, 32.65°, 46.86°,
55.58° and 58.43°, respectively, which are in good
agreement with the standard orthorhombic phase
Bi,MoQOg card (JCPDS 76-2388) [27]. All the diffrac-
tion peaks of Bi,MoOg/BiOBr and Bi,MoOs/RGO/
BiOBr heterojunctions with different Bi,MoO, molar
ratios are the same as those of pure BiOBr basically,
and the diffraction peaks of Bi,Mo0Og can be observed
at (131) crystal plane. Moreover, the diffraction peak
of Bi;MoQOs increases obviously with the increase of
Bi;M0oOs content and there are no other impurity
diffraction peaks. However, it is difficult to observe
RGO characteristic peaks, which may be due to the
low content of RGO and the high dispersion in the
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Figure 1 The XRD spectra of BiOBr, Bi,MoQOs, BiMoOg/
BiOBr and Bi;MoO¢/RGO/BiOBr composite with different molar
ratios of Bi,MoOQO.

composite, indicating that GO is partially reduced to
RGO [28].

The chemical composition and valence states of the
elements on the composite surface were analyzed by
XPS spectra. As presented in the full spectrum of XPS
(Fig. 2a), it can be seen that the composite surface is
mainly composed of Bi, Br, O, Mo and C elements.
The high-resolution XPS spectra (HRXPS) of Bi 4f, Br
3d, O 1s, Mo 3d and C 1s were shown in Fig. 2bf.
From the Bi 4f image (Fig. 2b), the peaks of Bi 4fs,»
and Bi 4f;,, appeared at 165.01 and 159.70 eV,
respectively, which indicated that Bi’* existed mainly
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in the composite [29]. Then, the peaks centered on
69.22 and 67.69 eV are Br 3d3,, and Br 3ds,, [30, 31],
respectively. As shown in Fig. 2d, the O 1s spectra
can be fitted to three peaks at 533.29, 531.86 and
530.07 eV, which are assigned to O-C=0, C-O and
O, anion, respectively. It can be seen from Fig. 2e
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characteristic peaks of Mo 3d;;; and Mo 3ds,,,
respectively, indicating that Mo element exists
mainly in the form of Mo®* in the Bi,M0oOys/RGO/
BiOBr composite [32, 33]. Moreover, the spectra of C
1s in Bi;M0Os/RGO/BiOBr composite are shown in
Fig. 2f, and the spectra can be fitted into three peaks

that the location at 235.85 and 232.68 eV are at 288.40, 286.33 and 284.56 eV, which are
(@) (b) Bi 4f
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Figure 2 a XPS survey spectra of Bi;M0oOs/RGO/BiOBr composite, b Bi 4f, ¢ Br 3d, d O 1s, e Mo 3d, f C 1s.
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corresponding to hydroxyl carbon (C-O), carbonyl
carbon (C=0) and carboxyl carbon (O-C=0) [34],
respectively. Generally speaking, the XPS spectro-
scopic analysis proves that Bi;MoOg/RGO/BiOBr
composite catalyst has been successfully prepared in
this experiment.

Micromorphology characterization

Scanning electron microscopy (SEM) is an important
means to characterize the micro-surface morphology
of the samples, and the surface morphology of the
prepared photocatalysts is analyzed as shown in
Fig. 3. Pure Bi;MoQs is basically a sphere (Fig. 3a).
As presented in Fig. 3b, it is easy to observe that
BiOBr has the characteristics of three-dimensional
layered microspheres with an average diameter of
0.625 nm, which is composed of a large number of
petal-shaped two-dimensional nanosheets with gaps
in the middle. Figure 3c displays that BiOBr layered
microspheres are distributed on the surface of Bi,.
MoOg spheres, leading to the formation of a
heterostructure. For the Bi,MoO4/RGO/BiOBr

J Mater Sci (2019) 54:14157-14170

composite (Fig. 3d), it can be clearly seen that BiOBr
is evenly embedded around Bi,MoQOs, and BiOBr still
maintains a good morphology of microspheres. It can
also be seen that RGO distributes between Bi,MoQOgq
and BiOBr, forming a Bi;MoOs/RGO/BiOBr struc-
ture with close contact interface, which can effec-
tively accelerate the separation and migration of
photocarriers on BiOBr surface during photocatalytic
process.

TEM was also carried out in this study to further
study the surface micromorphology of the samples.
The results also confirm the conclusion of SEM that
there is a close and large contact area between Bi,.
MoOg, RGO and BiOBr. Moreover, Fig. 4b also shows
the HRTEM image of Bi;MoOs/RGO/BiOBr, from
which we can clearly observe the close interfacial
cross-linking structure among Bi,MoOs, RGO and
BiOBr. The lattice fringe spacing of 0.31 nm and
0.425 nm are (012) and (110) planes of Bi,MoO,
respectively, and the lattice fringe spacing of
0.272 nm corresponds to (110) planes of BiOBr [32].
These different crystal planes also indicate that the

Figure 3 SEM image of Bi;MoOg (a), BiOBr (b), Bi;M00¢/BiOBr (¢) and Bi;MoOg/RGO/BiOBr (d).
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Figure 4 TEM (a) and HRTEM (b) image Bi;MoO¢/RGO/BiOBr composite.

heterojunction between Bi;MoOg and BiOBr is
formed directly, thus, the combination mode is con-
ducive to the separation and transfer of photogenic
carriers, and further improves the photocatalytic
activity.

Figure 5 shows the N, adsorption-desorption iso-
therms of BiOBr and Bi,MoOg/RGO/BiOBr.
According to IUPAC classification, the samples have
type IV isotherms with tiny hysteresis loops, which
confirm the existence of mesoporous structure.
Besides, Table 1 displays the BET surface areas of
samples. It can be concluded that the BET surface
area of Bi,M0oOs/RGO/BiOBr (23.82 m?/ g) is higher
than BiOBr (16.75 m*/g), which has a larger specific
surface area as well as can provide a large number of
surface active sites and is conducive to enhancing the
photocatalytic activity of Bi,MoOs/RGO/BiOBr
composite.

60

—=— BiOBr
—e— Bi,M0O,

Volume Adsorhed(cms/g STP)

0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure(P/P,)

Figure 5 N, adsorption—desorption isotherms of BiOBr and
Bi;MoO4s/RGO/BiOBr.

Table 1 Textural properties of the samples

Sample BET surface area (m*/g)
BiOBr 16.75
Bi,M0O4/RGO/BiOBr 23.82

Optical absorption properties

UV-vis diffuse reflectance absorption is an important
mean to characterize the energy level structure and
visible-light absorption properties of semiconductor
materials. The optical properties of BiOBr, Bi,MoQs,
Bi,Mo0Og/BiOBr and Bi,MoOg/RGO/BiOBr com-
posite were studied by UV-vis DRS. Figure 5 shows
the UV-vis DRS of Bi,Mo0Og, BiOBr, Bi,MoOg/BiOBr
and Bi;MoOs/RGO/BiOBr. The absorption band
boundaries of Bi,MoOg and BiOBr are about 550 nm
and 480 nm, respectively, while the as-prepared
0.1Bi;MoOs/RGO/BiOBr exhibits light absorption
almost in the whole visible spectrum, indicating that
the formation of heterojunction greatly broadens the
visible-light response range. In addition, the energy
gap (Eg) of semiconductor material can be approxi-
mately calculated by using the following formula (2):

aho = A(ho — Eg)"* 2)

where o, h, v, E; and A are absorption coefficient,
Planck constant, optical frequency, bandgap and
constant, respectively [35]. The value of n is 4 as
BiOBr and Bi;MoOs are both indirect bandgap
semiconductors. Thus, the E; values of BiOBr and
Bi;MoO, are calculated according to the plot of
(ahv)'/? versus energy (hv) as shown in Fig. 6b. The
Eg values of BiOBr and Bi;MoOg are 2.78 and 2.64 eV,
respectively.
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Visible-light absorption and photocatalytic
activities

Methylene blue (MB) was chosen as the target pol-
lutant in this study to evaluate the photocatalytic
performance of Bi,MoOs/RGO/BiOBr heterojunc-
tion. Figure 7 shows the adsorption and photocat-
alytic degradation plots of MB by different catalysts.
It can be seen that pure Bi;MoO, and BiOBr have
certain adsorption properties for MB, and the
adsorption efficiency in dark is 11% and 32%,
respectively. Besides, the adsorption rates of different
Bi,MoOg amounts (molar ratios are 0.05, 0.1, and 0.2)
were 41.26%, 51.32% and 47.90%, respectively. The
removal rates of MB by Bi,MoOg, BiOBr and Bi,.
MoQOg/BiOBr after 30 min irradiation were 38.56%,
60.25% and 93.10%, respectively. For the Bi;MoOg/
RGO/BiOBr composite, the removal rates were

(a)
—— BiOBr
os L —— Bi,MoO,
— Bi,Mo0 /BiOBr
- —— 0.05Bi,M00 /RGO/BiOBr
=
& —— 0.1Bi,M0O /RGO/BiOBr
g —— 0.2Bi,M0O /RGO/BiOBr
S
s 04
T
=3
@»
=
<
0.0 -
L 1 1 Il L 1 N 1 I I 1
200 300 400 500 600 700 800
Wavelength(nm)
(b) 4
3+
3 2f
z
=]
1+
0 -

hv(eV)

Figure 6 UV—vis DRS spectra of BiOBr, Bi,M0Og, Bi,M0oOg¢/
BiOBr and Bi;,MoOg/RGO/BiOBr composite (a) and Kubelka—
Munk plots of BiOBr and Bi,MoOg (b).
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significantly improved under visible light, and the
96.93% of MB was degraded within 20 min. How-
ever, the dispersion of Bi;MoOg on BiOBr surface will
be affected when the amount of Bi,MoQg is too high,
which makes Bi,MoOg become the composite center
of electrons and holes, resulting in the reduction in
the separation efficiency of photogenerated electron—
hole pairs as well as the photocatalytic degradation.
In addition, the photocatalytic comparative experi-
ments of mechanical mixtures were carried out. The
as-prepared Bi;MoO4/RGO/BiOBr composite has a
higher degradation efficiency for MB compared with
the mechanical mixture, which may be attributed to
the formation of heterojunctions, thus contributing to
the separation of photogenic carriers. The UV-vis
absorption spectra (Fig. 7b) show the change in MB
concentration with the increase in irradiation time
during photocatalysis over 0.1Bi,MoOs/RGO/BiOBr
composite. Moreover, the first-order kinetic equation
expressed as — In(C,/Cp)= kt was used to study the
photodegradation rate of catalytic samples, where C;
and Cy are MB concentrations at t time and initial
time, respectively, and k represents reaction rate
constant (min~'). The first-order kinetic plots as
shown in Fig. 7c, the photodegradation rate of Bi,.
MoO,/BiOBr composite to MB (0.08348 min~') is
higher than that of BiOBr (0.018 min~') and Bi,M0oOq
(0.01265 min "), especially the Bi,MoO,/RGO/BiOBr
composite exhibits the highest photodegradation
efficiency. The k over Bi;MoOs/RGO/BiOBr is 7.23,
10.29 and 1.56 times higher than that of BiOBr, Bi,.
MoOg and BiMoOg/BiOBr, respectively. Addition-
ally, the mechanical mixed with the reaction rate
constant of 0.01898 min ™" is similar to that of BiOBr,
indicating that the interaction between the Bi,MoO¢/
RGO/BiOBr composite leads to the enhancement of
photocatalytic performance.

The photocatalytic activities of Bi,MoOs, BiOBr,
Bi,Mo0QOg/BiOBr and Bi,MoOgz/RGO/BiOBr were
further studied by decomposing NFX solution under
visible-light exposure, as shown in Fig. 7d. The
degradation rate by Bi;MoOs/RGO/BiOBr is 78.12%
after irradiation for 30 min, while that for BiOBr,
Bi;MoOg and BioM0Og/BiOBr composite are 21.5%,
19.98% and 61.03%, respectively. This is in good
agreement with the results of MB removal that
0.1Bi;M0O¢/RGO/BiOBr shows the best photocat-
alytic activity compared with other samples.
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Figure 7 Photocatalytic degradation efficiencies of MB over
different photocatalysts (a), Changes of UV—vis spectra of MB
aqueous solution in the presence of 0.1Bi,M0Os/RGO/BiOBr (b),

Photocatalytic reaction mechanism

The efficiency of migration and separation of photo-
generated electron-holes in composite photocatalysts
play an important part in the photocatalytic reactions
[23]. Firstly, the recombination of photogenerated
electron-hole pairs was tested by photoluminescence
spectroscopy. The peak intensity corresponds to the
recombination degree of electron-hole pairs in the PL
spectroscopy. Generally, the higher peak intensity
indicates the higher recombination rate of electron—
hole pairs [36]. Figure 8a is the PL spectroscopy of
photocatalysts with an excitation wavelength of
325 nm. Pure BiOBr exhibits the highest fluorescence
intensity, indicating that photogenerated electron-
hole pairs produced by photoexcitation are easier to
recombine. The fluorescence intensity of Bi,MoOg/
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photodegradation of MB (c¢) and photodegradation curves of
NFX under visible-light irradiation (d).

BiOBr decreases slightly after the adjunction of Bis.
MoOg, which indicates that the heterojunction inter-
face can effectively separate photogenerated
electron-hole pairs. There is no doubt that Bi,MoOg/
RGO/BiOBr exhibits the weakest photofluorescence
intensity, indicating that the photogenerated elec-
tron-hole pairs have the lowest recombination
degree. The result shows that the introduction of
RGO provides a faster carrier transfer path, which
makes it difficult to recombine the photogenerated
electron-hole pairs, thus facilitating the separation of
electron-hole pairs in Bi;MoOs/RGO/BiOBr com-
posite [37]. Therefore, Bi,M0oOs/RGO/BiOBr com-
posite can produce more active groups which can
oxidize and degrade more organic pollutant,
exhibiting a stronger photocatalytic activity.
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Figure 8 Photoluminescence spectra (a), photocurrent response
spectra (b) and EIS Nyquist plots (¢) of Bi;MoO4, BiOBr,
Bi,Mo00O¢/BiOBr and Bi,MoO/RGO/BiOBr composite.

The transient photocurrent experiments of pure
BiOBr, Bi:MoOs, Bi,MoO/BiOBr and Bi,MoOs/
RGO/BiOBr composite photocatalysts were also
carried out in order to study the separation efficiency
of photogenerated electron-holes under visible-light
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exposure. The sample electrodes both have a fast
photocurrent response whenever the switch is turned
on or off. Figure 8b shows that Bi,MoOg/RGO/
BiOBr composite photocatalyst exhibits stronger
photocurrent response than pure BiOBr and Bi,.
MoQOs. Because the photocurrent is the current
formed in the process of transferring photogenerated
electrons from valence band to conduction band
under visible light, the higher photocurrent intensity
suggests the faster transmission speed of photogen-
erated electrons, that is, the higher separation effi-
ciency between photogenerated electrons and holes.
This means that the three-phase heterojunction
structure in Bi,MoOs/RGO/BiOBr composite is more
conducive to the separation and transfer of photo-
generated carriers.

Moreover, the electrochemical impedance spec-
troscopy (EIS) of the as-prepared photocatalysts was
carried out to discuss the electron transfer process.
The electrochemical impedance radius reflects the
charge transfer resistance occurring at the interface
between the working electrode and the electrolyte
solution. Generally, the smaller electrochemical
impedance radius suggesting the smaller the charge
transfer resistance [38]. As shown in Fig. 8c, the arc
radius of Bi;MoOs/RGO/BiOBr composite photo-
catalyst is smallest, which means that the resistance
of charge transfer at the interface of the composite
photocatalyst is smallest and the transfer rate is
fastest, thus further realizing the effective separation
of photogenerated electron holes. The EIS results are
consistent with the results of photocurrent analysis
that an efficient electron transport system has been
constructed on the interface between Bi,MoOs/RGO
and BiOBr, accelerating the transmission efficiency of
photogenerated electron-hole separation of Bi,.
MoOe/RGO/BiOBr composite photocatalyst as well
as improving its photocatalytic activity.

A series of free radical trapping experiments were
carried out to detect the primary active species in
photocatalytic reaction, so as to further explore the
photocatalytic mechanism of Bi,MoQOs/RGO/BiOBr
composite photocatalyst. Figure 9a shows that the
photocatalytic activity of Bi;MoOs/RGO/BiOBr is
greatly inhibited after adding 1 mmol BQ and EDTA-
2Na separately to the reaction system, while the cat-
alytic performance is slightly affected after adding
10 mmol IPA. The photodegradation rate decreased
from 96.93% to 54.79%, 57.91% and 91.02%, respec-
tively, after adding BQ, EDTA-2Na and IPA. It can be



J Mater Sci (2019) 54:14157-14170

(a) 1o

08 -

0.6 -

C/C

24
o

| —=—IPA(eOH)
2 —e—BQ(+0,)

[ —4—EDTA-2Na(h")
0.0 | —v— No scavengers

. /L1 \ 1 \ 1
-30 0 10 20

Times(min)
(b) ;
R —— BiOBr
DMPO--0, Bi,M00 /RGO/BiOBr
6 min
)
g
e .
'g 3 min
8 e
=
o
Dark
R N e S S e oo
1 " 1 " 1 A 1
3400 3440 3480 3520 3560 3600
Mgnetic field(G)

Figure 9 Degradation plot of MB by adding IPA, BQ and EDTA-
2Na to Bi,MoO/RGO/BiOBr composite catalyst (a), ESR spectra
of DMPO-0O, " in methanol dispersions recorded with BiOBr and

concluded that holes (h™) and superoxide anions
(¢O5-) play a major role and ¢OH plays a negligible
part in the photocatalytic degradation by Bi;MoOg/
RGO/BiOBr composite. Additionally, the electron
spin resonance (ESR) measurements of BiOBr and
BixM0Os/RGO/BiOBr photocatalysts are taken
under visible-light irradiation to further study its
degradation mechanism. As shown in Fig. 9b, no
signals of DMPO-eO,” for BiOBr and Bi;MoOg/
RGO/BiOBr composite are detected in dark. After
3 min visible-light irradiation, the four characteristic
peaks of DMPO-eO, are observed and the peak
intensities gradually increase with the increase in
time. It is obvious that the signal intensity of DMPO-
¢, for BinMo0Os/RGO/BiOBr composite is much
stronger than that for BiOBr, which indicates that
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more o0,  radicals can be generated in Bi,MoOg/
RGO/BiOBr composite due to Z-scheme electron
transfer mechanism.

It is well known that the relative position of VB and
CB of photocatalysts will affect the redox ability of
photogenerated electrons and holes in semiconduc-
tors, and then affect their photocatalytic activity. The
flat-band potentials (Ug,) of BiOBr and Bi,MoOg were
analyzed by Mott-Schottky [39] plots in this paper,
and the relative positions of VB and CB are calcu-
lated. As shown in Fig. 9b, the negative slope of M-
S plot for BiOBr indicates that it is a p-type semi-
conductor. The Ug, of BiOBr is 2.84 V (vs. SCE) which
is estimated using the horizontal axis intercept of the
M-S plots, so the VB value of BiOBr is 2.84 V (SCE,
VB ~ Ug) [40]. Then, the value of VB is 3.08 V
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relative to the normal hydrogen electrode (NHE,
NHE = SCE + 0.24 V) [41]. As shown in Fig. 9¢c, the
positive slope of the M-S plot of Bi;MoQOg indicating
that it is an n-type semiconductor. The Uy, value of
Bi,MoQOg is — 0.52 V (vs. SCE), and then, the CB
value of Bi,MoOg is — 0.72V (CB ~ Ug — 0.2 V)
[42]; thus the value of CB is — 0.48 V relative to the
normal hydrogen electrode (NHE, NHE = SCE +
0.24 V). Furthermore, the E; of BiOBr and Bi;MoO,
are 2.78 eV and 2.64 eV, respectively, according to
the results of UV—vis DRS, and thus the CB potential
of BiOBr is 0.30 eV versus NHE and the VB potential
of BiMoOg is 2.16 eV versus NHE, respectively,
which can be calculated by Eg= Eyp — Ecs.

This study proposes a Z-scheme charge transfer
mechanism suitable for the Bi,MoO4/RGO/BiOBr
system as shown in Fig. 10 based on the experimental
results of free radical capturing and the structural
analysis of semiconductor CB and VB potentials.
Actually, the electrons in the valence band (VB) of
BiOBr are excited and transferred to the conduction
band (CB) under visible-light irradiation. The elec-
trons in the CB of BiOBr can rapidly migrate to the
VB of Bi,MoOg through RGO and recombine with the
holes because of the good conductivity of RGO. Then,
the electrons and holes are gathered in the CB of
BinMoOg and the VB of BiOBr, respectively, and thus,
the recombination of electrons and holes is effectively
inhabited. These electrons can react with O, adhering
to the catalyst surface to produce O,  to degrade

Figure 10 Proposed
Z-scheme charge transfer of
Bi;M0oO¢/RGO/BiOBr system.

Potential (V vs NHE)

3.08eV Degradation
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organic pollutants since the CB potential of Bi,MoOg
(—0.48 eV) is less negative than that of O,/eO,"
(— 0.33 eV) [43]. Besides, the photogenic holes gath-
ered in VB of BiOBr are more oxidative and can
selectively decompose pollutants directly. Therefore,
the heterostructure of BiOBr and Bi,MoO, taking
RGO as electronic modifier accelerates the photoin-
duced electron transfer between BiOBr and Bi,MoQO,
and then, the electron-hole pairs are effectively sep-
arated, thus improving the performance of Bi,MoOg/
RGO/BiOBr photocatalyst. The photocatalytic pro-
cess can be described as follows:
Absorption of photons:

Bi,MoOjs + BiOBr + v — Bi;MoOg(e™ + i)
+ BiOBr(e™ +h")

Photogenerated electrons transfer through RGO
sheets:

Bi;MoOg(e™ + k") + BiOBr(e™ +h*)
— Bi;MoOg(e~) + BiOBr(h")

Reduction of oxygen:

O, + BixMoOg(e™) — BixMoOg + -O;

Degradation of pollutants:

-O; +pollutants — degradation products(CO, +H,0)
BiOBr(h")+ pollutants — BiOBr
+degradation products(CO, +H,0)

-0,
e Pollutants
Degradation

E(0,/*0,)=-0.33eV

E(OH/-OH)=2.40eV

h+ h+ h+
OH/H,0

Pollutants . OH-
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Conclusions

In summary, the novel Bi,M0oOs/RGO/BiOBr com-
posite was successfully synthesized via a facile
solvothermal synthesis and precipitation method in
this study. The structural, micromorphology and
optional property of the as-prepared samples were
analyzed by XRD, XPS, SEM, TEM and UV-vis DRS.
The photocatalytic activity of the photocatalyst under
visible-light irradiation was investigated taking MB
and NFX as degradation target. The Z-scheme mech-
anism of photocatalytic degradation for Bi;MoOg/
RGO/BiOBr composite was deduced by UV-Vis DRS
spectra, M-S curves and free radical capture experi-
ments. This study provides a promising platform for

efficient catalytic applications in photocatalytic
degradation of pollutants and environmental
remediation.
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