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Lead bismuth oxybromide (PbBiO,Br) is a powerful perovskite-like semiconductor that can be used with
visible light. PbBiO,Br is a perovskite-like photocatalyst that has recently received scholarly attention. Un-
til now, scholars have not published studies regarding PbBiO,Br/PbO/g-C3N4-mediated crystal violet (CV)
dye and 2-Hydroxybenzoic Acid (HBA) photodegradation under irradiation with visible light. The current
paper reports the first composite isolation of PbBiO,Br/PbO/g-C3N4; characterization was realized through
XRD, TEM, FE-SEM-EDS, HR-XPS, FI-IR, PL, BET, and UV-DRS. Photocatalytic efficiency observation proved
that using PbBiO,Br/PbO/g-C3N4 produced the highest observed reaction rate, namely 0.1981 h~!. This
derivation exceeded the derivations for the PbBiO,Br, PbO, g-C3N4 photocatalysts, and PbBiO,Br/PbO by
1.23, 34.2, 4.3, and 1.2 times, respectively. Four scavengers demonstrated quenching effects. The 0,°~ rad-
ical was critical to HBA degradation, whereas the ®*OH radical and 0, species played minor roles in the
observed CV dye degradation. The present paper proposes and explains possible photocatalytic degrada-
tion mechanisms. This study’s methods of PbBiO,Br/PbO/g-CsN, synthesis and photocatalytic degradation
of CV can be useful for future treatment of wastewater.

© 2018 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

1. Introduction

In the 21st century, numerous societies worldwide have faced
increasing challenges related to water. Each population seeks re-
liable access to safe water and convenient disposal of wastewater
that does not threaten the environment or harm water resources.
All countries are facing increasingly daunting problems of environ-
mental pollution and energy demands; photocatalysis is not only
sufficient for solar energy conversion but also for pollutant degra-
dation [1]; therefore photocatalysis can address the challenges of
water supply. A low-cost, environmentally friendly photocatalyst is
critical for practical photocatalysis [2].

Scholars have broadly explored the structures of compounds
that are based on bismuth, are layered, and are part of the Au-
rivillius family—which includes BiOX (X=Cl, Br, I) [3-6], BigTi3013
[7], and BiVO,4 [8]—for use as highly efficient photocatalysts; this
is because such compounds exhibit distinct layered structures and
high catalytic efficiency. The levels of Bi 6s and O 2p are con-
sidered to cause a hybridized valence band (VB) that is prepon-
derantly dispersed; this property advances photoformed-hole mo-
bility and oxidation reactions, consequently inducing photoformed
electron-hole pair separation and subsequent photocatalytic
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activity improvement [9]. The structures of numerous inorganic
compounds have been determined to contain relevant components,
with different functions supervised by individual units. [Bi,0,]?t
slabs that exhibit an «-PbO-type structure, in addition to having
simple halide layers, constitute effective spacers in certain func-
tional materials that are layered [10]. Studies on the mechanisms
associated with the diverse photocatalytic activities of layered lead
bismuth oxyhalide (PbBiO,X)-type materials (X=Cl, Br, I) have
mainly discussed electronic topics [11-18]. However, any clarifica-
tion of the photocatalytic properties of the materials should also
consider crystal-chemical contentions. These metal oxides’ crystal
structures, optical properties, and redox properties might collec-
tively explain their divergent catalytic activities. A common prop-
erty among all the discussed solid compounds is related to their
crystallization in layered structures. The compounds have halide-
layer-separated covalent bi-metal oxygen layers [PbBiO,]|" stacked
along the [001] direction. One can assume that the crystal sur-
face is composed of layers of bimetallic oxygen; one expects that
the (001) surfaces would be made up of atoms from two types
of metals. Statistics have proven that lead and bismuth reside
in the metal positions at a 1:1 ratio [19]. The band gap val-
ues of PbBiO,I [20,21], PbBiO,Br [11,22-24], and PbBiO,Cl [12] are
2.39, 247, and 2.53eV, respectively. These values indicate that
the gaps determined for all the aforementioned semiconductors
exist in the visible-light region; hence, they can be applied in
photocatalysis.

1876-1070/© 2018 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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Studies have reported that heterojunctions associated with
PbBiO,X—which include PbBiO,Br/BiOBr [11], PbBiO,Br/g-
C3N4 [25], PbBiO,Br/UiO-66-NH, [26], AgBr/Ag/PbBiO,Br [27],
PbBiO,Br/NbSe, [28], PbBiO,Cl/BiOCl [13], PbBiO,I/PbO [29],
and MoS,/PbBiO,I [30]—exhibit improved photocatalytic activ-
ity. Therefore, an ion exchange reaction that partly transforms
PbBiO,Br into NbSe, through a direction that is thermodynam-
ically favored is feasible; such a partial transformation would
enable the component ions to connect in exchange processes with
incoming species [31], consequently producing a PbBiO,Br/NbSe,
heterojunction.

We observed, after a survey of the pertinent literature, that
PbBiO,Br/PbO/g-C3N,4 -containing nanocomposite semiconductors
have yet to be reported. The current study presents the first
known synthesis of PbBiO,Br/PbO/g-C3N,4 nanocomposites through
a template-free hydrothermal method. Crystal violet (CV) degrada-
tion was demonstrated in aqueous solution under visible light ir-
radiation; the corresponding photocatalytic efficiencies of several
prepared PbBiO,Br/PbO/g-C3N4 composites were explored.

2. Experimental details
2.1. Materials

Merck supplied isopropanol (IPA), CH3;COONH,4 (reagent grade),
NaOH, HNOs, and methanol (high-performance liquid chromatog-
raphy (HPLC) grade). Other vendors supplied Bi(NO3)3¢5H,0
(Katayama), KBr (Katayama), Pb(NOs),eH,0 (Osaka), CV dye
(TCI), 2-hydroxybenzoic acid (HBA; salicylic acid), sodium azide
(SA, Sigma-Aldrich), ammonium oxalate (AO, Osaka), and p-
benzoquinone (BQ, Alfa Aesar), all of which were used as obtained.

2.2. Analytical instruments and methods

A microscope (JEOL-2010; 200-kV acceleration voltage) was
employed in this study for executing field-emission transmission
electron microscopy (FE-TEM), selected-area electron diffraction,
high-resolution transmission electron microscopy (HR-TEM), and
energy-dispersive spectroscopy (EDS). Furthermore, a JEOL JSM-
7401F device (15-kV acceleration voltage) was employed in this
study for field-emission scanning electron microscopy (FE-SEM)-
EDS. A MAC Science MXP18 apparatus was operated at 40 kV with
Cu-Ko radiation. X-ray diffraction (XRD) was executed at 80 mA.
Additionally, 15-kV Al-Ko radiation was utilized. The samples’
Brunauer-Emmett-Teller (BET) specific surface areas (Sggr) were
measured with a Micrometrics Gemini automated system; the ad-
sorbate was nitrogen gas that was at the temperature of liquid ni-
trogen. High-resolution X-ray photoelectron spectroscopy (HR-XPS)
and ultraviolet photoelectron spectroscopy were conducted with
an ULVAC-PHI XPS (PHI Quantera SXM).

Separation and identification processes were completed us-
ing a liquid chromatography/mass spectrometry (LC/MS) appara-
tus (Waters ZQ) comprising an auto-sampler, binary pump, mi-
cromass detector, and photodiode-array-detector. The residual dye
amount for each reaction cycle was quantified with HPLC-MS.
After chromatographic conditions had been readjusted to ensure
the compatibility of the mobile phase, organic intermediates were
analyzed with HPLC-MS (Solvent A: aqueous ammonium acetate
buffer (25 mM, pH 6.9); Solvent B: methanol). HPLC was conducted
with an Atlantis™ dC18 column (250 mm x 4.6 mm, i.d.; 5pum, dp,
1.0 mL/min mobile flow rate). The linear gradient was: t=0, A=95,
B=5; t=20, A=50, B=50; t=35-40, A=10, B=90; t=45, A=95,
B=5. The column’s product was added to the mass spectrometer’s
electrospray ionization source [32].

2.3. Synthesis of PbBiO,Br/PbO and g-C3N,

In a 50-mL flask, Pb(NO3),*H,0 (1, 3, and 5mmol) and
Bi(NO3)3¢5H,0 (3 mmol) were combined; then 15mL of 1M HNO;3
was added. Next, 5M NaOH was added in drops under continu-
ous stirring to adjust the pH within 1-7. After a white precipi-
tate had formed, 1mL of 1M KBr was also dropped in. The so-
lution was stirred vigorously for 30 min, after which 24 mL was
transferred to an autoclave (30 mL) that was lined with Teflon; the
autoclave was heated to 100-150 °C for 12h, and then allowed to
cool to room temperature. A solid precipitate was gathered in a fil-
ter; the derived precipitate was washed with deionized water and
ethanol to purge any ionic species; the precipitate was dried at
60 °C overnight. Composites of PbBiO,Br/PbO were realized using
the relevant Bi(NO3)3¢5H,0/Pb(NO3),eH,0 molar ratio (3:1, 3:3,
or 5:3), pH value, temperature, and reaction time (12h); for the
as-prepared samples labeled as shown in Table 1, the formulated
designations ranged from B3P1B1-1-100 to B3P5B1-4-150.

2.4. Synthesis of g-C3Ny

We synthesized g-C3N, powder under atmospheric conditions.
We directly calcinated melamine in a muffle furnace. Various pro-
cedures can produce this powder. In our process, we placed 5g
of melamine in a semiclosed alumina crucible with a cover. We
heated the crucible to 520 °C for 4 h (heating rate: 10 °C/min). After
the derived product had cooled to room temperature, we obtained
g-C3N4 powder.

2.5. Synthesis of PbBiO,Br/Pb0O/g-C3N,

This process entailed first mixing PbBiO,Br/PbO (500-x mg)
and g-C3N4 (x mg) in a 50-mL flask and then introducing ethy-
lene glycerol (10 mL). For the as-prepared samples, the formulated
designations ranged from B3P1B1-1-100-1wt% to B3P5B1-4-150-
50wt% (labeled as shown in Table 1). We stirred the material vigor-
ously for 30 min; 30 mL was transferred to a Teflon-lined autoclave
(30mL). The autoclave was heated to 100-150 °C for 12 h, and then
allowed to cool to room temperature. The derived solid precipitate
was filtered and then washed with deionized water and ethanol to
remove any ionic species. Then, the precipitate was dried at 60 °C
overnight.

2.6. Photocatalytic experiments

An aqueous solution of CV dye was stirred, transferred to a 100-
mL flask, and irradiated. After the aqueous CV suspension (100 mL,
10 ppm) had been mixed with 10mg of catalyst powder, the mix-
ture was put in a Pyrex flask. The pH of the mixture was regulated
by adding solutions containing NaOH or HNOs3. We conducted pro-
cedures in darkness for accurate measurement of the adsorption-
desorption equilibrium. An orbital shaker (100 rpm) continually ag-
itated the mixture; its temperature was held constant. The mixture
was stirred with a magnetic stirring device for 30 min in darkness;
this ensured equilibrium of adsorption and desorption between the
CV mixture and the catalyst surface. Irradiation was supplied by Xe
arc lamps (10 W) positioned 30 cm from the sample; a 400-nm cut-
off filter was present; the light shone at 2.7 W/m?2. We collected a
5-mL aliquot and centrifuged the catalyst from it. We used HPLC-
PDA-MS to quantify the residual dye for each reaction cycle.

2.7. Quenching experiments
We applied four quenchers to measure the effects of active

species on the photocatalytic reaction. These quenchers scavenged
some active species. Four active species, namely *OH, O,°~, h™,
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Table 1

Codes of as-prepared samples under different hydrothermal conditions.

317

Molar ratio (Bi: Pb)=3:1

Temp (°C)/pH g-C3Ng wt (%)

1

5

10

25

50

150-7 B3P1B1-7-150-1wt%
150-4 B3P1B1-4-150-1wt%

Molar ratio (Bi: Pb)=3:3

B3P1B1-7-150-5wt%
B3P1B1-4-150-5wt%

B3P1B1-7-150-10wt%
B3P1B1-4-150-10wt%

B3P1B1-7-150-25wt%
B3P1B1-4-150-25wt%

B3P1B1-7-150-50wt%
B3P1B1-4-150-50wt%

Temp (°C)/pH g-C3N, wt (%)

1

5

10

25

50

150-4 B3P3B1-4-150-1wt%
100-1 B3P3B1-1-100-1wt%

Molar ratio (Pb: Bi)=3:5

B3P3B1-4-150-5wt%
B3P3B1-1-100-5wt%

B3P3B1-4-150-10wt%
B3P3B1-1-100-10wt%

B3P3B1-4-150-25wt%
B3P3B1-1-100-25wt%

B3P3B1-4-150-50wt%
B3P3B1-1-100-50wt%

Temp (°C)/pH 8-C3Ng wt (%)

1 5 10 25 50
150-4 B3P5B1-4-150-1wt% B3P5B1-4-150-5wt% B3P5B1-4-150-10wt% B3P5B1-4-150-25wt% B3P5B1-4-150-50wt%
100-1 B3P5B1-1-100-1wt% B3P5B1-1-100-5wt% B3P5B1-1-100-10wt% B3P5B1-1-100-25wt% B3P5B1-1-100-50wt%
Table 2

Crystalline phase changes of as-prepared samples under different bismuth oxyiodide weight of g-C3Nj. (‘ PbBiO,Br
@sioBr OPbO Pb,03 ug-C3N4 [ | Bi304Br).

Molar ratio (Bi : Pb) = 3:1

Temp (°C)/ g-C3Ny4 weight (%)

pH 1 5 10 25 50

150-7 400 40D 40D 40O 40O

150-4 4o L L Il L X Jul.| e¥Vn eVn
Molar ratio (Bi : Pb) = 3:3

Temp (°C)/ 2-C3Ny4 weight (%)

pH 1 5 10 25 50

150-4 ¢e0V0 4e0V0 ¢e1Vn L Iuhg.| 4oV

100-1 omD on on en on
Molar ratio(Bi : Pb)=3:5

Temp (°C)/ g-C3Ny weight (%)

pH 1 5 10 25 50

150-4 ¢eVO ¢eoVO 4oV 4oV 4oV

100-1 emn en en en en

and 10,, were scavenged by IPA (1.0mM) [33]; BQ (1.0 mM) [34];
AO (1.0mM) [35]; and SA (1.0mM) [36] respectively.

3. Results and discussion

3.1. Characterization of as-prepared samples

3.1.1. XRD

Fig. S1 of the supplementary data depicts the XRD patterns
of the as-prepared samples; the patterns clearly indicate the
existence of the composites PbBiO,Br/PbO, PbBiO,Br/PbO/BiOBr,
Bi;04Br/BiOBr, PbBiO,Br/PbO/Pb,05/BiOBr, PbBiO,Br/PbO/Pb,05,
PbBiO,Br/Bi, 03, and PbBiO,Br/Pb,05/Bi;03. Table S1 summarizes

the results of the XRD measurements. All the as-prepared samples
contain PbBiO,Br (JCPDS 38-1008), BiOBr (JCPDS 78-0348), Bi304Br
(JCPDS 84-0793), PbO (JCPDS 085-1287), Bi,O3 (JCPDS 71-0465),
and Pb,03 (JCPDS 036-0725). In these experiments, pH played
a key role, and temperature and molar ratio played minor roles
in controlling the composition and anisotropic growth of crystals.
From the results of Table S1, the controlled morphology and crys-
tal phase of PbBiO,Br/PbO could be completed by simply changing
some reaction parameters, including temperature and pH value.
Fig. 1 and Fig. S2 illustrate the as-prepared samples’ XRD pat-
terns, clearly demonstrating the following composites’ existence:
PbBlOzBF/PbO/g-C3N4, PbBlOzBr/PbO/BlOBF/g-C3N4, szOg/BlOBl‘/g-
C3Ny, PbBlOzBF/Pb203/BlOBr/g—C3N4, Bi3O4Br/BiOBr/g—C3N4, and
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4PbBiO,Br_PbOog-C;N,
JCPDS PbBiO,Br

I PR | il
| L h JCPDS PbO

1

o JCPDS gCN,
R .
- B3P1B1-7-150-50wt%)
‘; o ‘c" . 03
3 - —B3P1B1-7-150-25Wt%,
S L3 h 2 ‘c‘. ¢ ¢ :
=y CEERE. ~B3PIB1-7-150-10wi%Y
: L l\\/ o] 0[;0‘ N *
g g #1 o eey o B3PIBLT-150-5wt%
- BEYIEEEY B3PIB1-7-150-1wt%
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+*%_ o ¢ —B3PIB1-7-150

g-C3N4
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Fig. 1. XRD patterns of the as-prepared samples obtained by using different con-
tent of g-C3N4, at reaction temperature 150 °C and reaction times 12 h. (Molar ratio
Bi(NO3 )3/Pb(NO3 ), =3/1).

BiOBr/g-C3Ny4. The results revealed that the as-prepared samples
had the following phases: PbBiO,Br (JCPDS 38-1008), BiOBr (JCPDS
78-0348), Bi304Br (JCPDS 84-0793), PbO (JCPDS 085-1287), Pb,03
(JCPDS 036-0725), and g-C3N4 (JCPDS 87-1526). Scholars have rec-
ognized that a hydrothermal reaction’s molar ratio and pH value
considerably influence the products’ compositions and morpholo-
gies. Scholars who have completed controlled experiments aimed
at probing the influence of molar ratio and pH on such a reac-
tion have reported pH and molar ratio to be integral in controlling
crystal composition and anisotropic growth, but temperature is not
essential [32,37]. PbBiO,Br/PbO/g-C3N4 was derived at a pH of 7, a
molar ratio (Bi/Pb) of 3/1, and a reaction temperature of 150 °C.
Table 1 provides a summary of the acquired XRD results in this
study.

3.12. TEM

Fig. 2 illustrates the variously sized layers of PbBiO,Br/PbO/g-
C3N4 (B3P1Br-150-7-12-1wt%); this is in agreement with the TEM
observations. As demonstrated by the HR-TEM image that is de-
picted in Fig. 2(c), three sets of lattice images revealed D-spacing
values of 0.641, 0.212, and 0.320nm; these were attributed to
the (002), (102), and (110) planes of PbBiO,Br, PbO, and g-C3Ny,
respectively; this observation agreed with the XRD results. In
Fig. 2(d), Bi, Pb, Br, O, C, and N were also determined to be
the constituents of the derived sample, as indicated by the EDS
spectrum. The results suggest that the PbBiO,Br/PbO/g-C3N,4 phase
construction promoted photoinduced carrier segregation, and en-
gendered high levels of photocatalytic activity.

3.1.3. Morphological structure and composition

Fig. 3 and Fig. S4 depict the PbBiO,Br/PbO/g-C3N, FE-SEM im-
ages; the images derived are depicted at a high level of mag-
nification. The PbBiO,Br, PbO, and g-C3N, samples’ morphologies
were noted to resemble an irregular plate, long rod, and irregu-
lar nanosheet. The SEM-EDS results demonstrated that the sam-
ples mostly consisted of Pb, Bi, O, Br, C, and N (Table 3 and
Table S2). The Pb Bi~! atomic ratios of the lead bismuth oxy-
bromides samples were within the range of 0-1.02, which cor-
responded to pure phase BiOBr, PbBiO,Br/BiOBr, PbBiO,Br, and
PbBiO,Br/PbO, compared to the stoichiometric ratio (Pb: Bi=0,

Table 3

EDS of the as-prepared PbBiO,Br/PbO materials obtained by using different con-
tent of g-C5Ny, at reaction temperature 150 °C and reaction times 12 h. (Molar ratio
Bi(NO3)3/Pb(NO3 ), = 3/1;3/3;3/5).

Sample code EDS of atomic ratio (%)

Pb Bi 0 Br C N
B3P1B1-7-150-12 5.48 20.64 64.87 9.02 - -
1 wt% 0.60 2.82 15.77 0.44 52.92 2746
5 wt% 0.65 7.21 20.67 1.91 41.52 28.05
10 wt% 2.57 11.65 43.85 3.36 27.62 10.96
25 wt% 1.03 10.25 3213 3.28 35.05 18.26
50 wt% 0.74 2.32 12.92 0.66 44.49 38.87
B3P1B1-4-150-12 6.06 23.59 63.87 6.47 - -
1 wt% 0.69 3.22 20.87 112 28.55 45.55
5 wt% 0.44 2.94 9.19 0.79 48.00 38.65
10 wt% 0.32 2.01 12.05 0.78 48.19 36.65
25 wt% 0.00 1.93 11.38 1.06 39.72 45.92
50 wt% 0.36 2.55 8.81 0.61 29.87 57.80
B3P3B1-4-150-12 9.03 14.43 73.38 419 - -
1 wt% 0.50 3.53 23.85 0.85 28.61 42.67
5wt 0.49 0.89 9.29 0.18 43.86 45.28
10 wt% 0.61 1.34 12.06 0.52 42.38 43.09
25 wt% 0.21 0.62 6.17 0.18 41.87 50.96
50 wt% 3.04 8.17 3244 2.48 10.84 43.04
B3P3B1-1-100-12 - 28.29 66.05 5.67 N N
1 wt% - 8.87 2729 5.58 15.49 42.77
5 wt% - 16.29 51.19 233 11.27 18.91
10 wt% - 16.72 52.26 1.07 16.29 13.66
25 wt% - 16.71 36.36 6.03 13.16 2775
50 wt% - 5.2 12.86 1.56 3345 46.93
B3P5B1-4-150-12 9.36 19.18 63.99 7.46 - -
1 wt% 2.76 12.32 45.09 3.83 9.90 26.09
5 wt% 0.69 115 17.78 0.49 24.80 55.09
10 wt% 2.82 10.62 39.25 3.86 9.02 3443
25 wt% 241 11.93 36.31 319 14.10 32.05
50 wt% 1.34 2.50 13.59 0.70 29.79 52.07
B3P5B1-1-100-12 - 29.87 53.65 16.48 - -
1 wt% - 3.05 13.93 1.27 37.46 44.30
5wt - 727 18.50 5.96 26.69 41.58
10 wt% - 5.58 29.79 2.01 20.68 41.94
25 wt% - 2.08 11.56 1.07 35.99 49.30
50 wt% - 0.79 4.74 0.39 55.93 38.15

0.5, 1 and 2), and could be selectively synthesized through a
hydrothermal method. The possible processes for the synthesis
of lead bismuth oxybromides were described as Eqs. (1)-(13).
The Pb N-! atomic ratios of the PbBiO,Br/PbO/g-C3N4 compos-
ites were within the range of 0-0.23, which corresponded to pure
phase g-C3N4, PbO/g-C3N4, PbBiO,Br/g-C3N4, PbBiO,Br/BiOBr/g-
C3Ny4, and PbBiO,Br/PbO/g-C3N4, compared to the stoichiomet-
ric ratio (Pb:N=0, 0.25, 0.25, and 0.5), and could be selec-
tively synthesized through a hydrothermal method. The possible
processes for the synthesis of PbBiO,Br/PbO/g-C3N4 composites
were described as Eqgs. (1)-(15). From above results, a series of
PbBiO,Br/Pb0O/g-C3N4 composites could be selectively synthesized
through a controlled hydrothermal method. The aforementioned
results reveal the controlled hydrothermal method to be effective
for realizing selective composite synthesis. Fig. S3 depicts the FE-
SEM images of the as-prepared samples; the images derived are
depicted at a high level of magnification. The samples’ morpholo-
gies were noted to resemble an irregular nanosheet, irregular plate,
particle, long rod, and cube. The SEM-EDS results demonstrated
that the samples mostly consisted of Pb, Bi, O, Br, C, and N (Table
S2). The aforementioned results reveal the controlled hydrothermal
method to be effective for realizing selective composite synthesis.

3.1.4. Fourier-transform infrared spectroscopy
Fig. 4 presents the PbBiO,Br/PbO/g-C3N4 composites’ Fourier-
transform infrared spectroscopy spectra (realized at various weight
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Fig. 2. (a) FE-TEM images, (b) SAD, (c) HR-TEM, and (d) EDS of PbBiO,Br/PbO/g-C5N4 (B3P1B1-150-7-12-1wt%) sample by the hydrothermal autoclave method.

percentages). These spectra reveal a strong absorption located
mainly at 400-900 cm~!; this was noted in this study to cor-
respond to Bi-O, Bi-O—Br, Bi-O-Bi, and Pb-O in PbBiO,Br/PbO
stretching vibrations [38]. Concerning pure g-C3Ny4, peaks were ob-
served at 1253, 1327, 1421, 1573, and 1640 cm~!, noted in this
study to correspond to the typical stretching modes that are as-
sociated with the CN heterocycles [39,40]. Additionally, the results
revealed the breathing mode typical to the triazine units to be
located at 812 cm~! [41]; this agreed with the XRD- and TEM-
derived results. Furthermore, v(C-0) stretching vibrations were
noted to be represented by a strong broad band that was located at
1381 cm~!. The (0OCO) out-of-plane vibration was indicated to be
represented by a moderately strong band that was located at ap-
proximately 820 cm~!. This was manifested by the PbCO5 infrared
spectra.

3.1.5. XPS

Fig. 5 presents the PbBiO,Br/PbO/g-C3N, composites’ Bi 4f, Br
3d, C 1s, N 1s, O 1s, and Pb 4f XPS spectra, with the transi-
tion peaks associated with the orbitals of Bi 4f, Br 3d, C 1s, N
1s, O 1s, and Pb 4f indicating Bi, Br, C, N, O, and Pb to be the
constituents of the derived catalysts. Fig. 5(b) reveals the spec-
tra derived for Bi 4f to have two peaks at 158.7- and 164.3-eV
binding energies ascribed to Bi 4f;;, and 4fs;,, which were also
determined to be attributable to Bi existing in a trivalent oxida-
tion state. The Bi3* phases within the PbBiO,Br/PbO/g-C3N4 com-
posites can explain these 4f;;, peaks. Chen et al. [42] also indi-
cated a comparable chemical binding observation for Bi 4f. The

peaks observed at 67.9- and 69.0-eV binding energies, as shown
in Fig. 5(c), were determined to correspond to Br 3ds, and 3ds,
and this was ascribed to Br existing in the monovalent oxida-
tion state for PbBiO,Br. Fig. 5(d) illustrates the composites’ HR C
1s spectra, demonstrating primarily two carbon species: sp? C-C
bonds (284.6eV), sp2-hybridized carbon that was determined to
exist in the aromatic ring containing N (N-C=N) (285.8eV) and
sp2-hybridized carbon that was determined to exist in the aro-
matic ring containing O (N-C=0) (288.6eV). A study demonstrated
0 (N-C=0) to be the primary species in polymeric g-C3N4 [43].
As illustrated in Fig. 5(e), the spectra of N1s could be deconvo-
luted into three peaks at 397.9, 398.6, and 399.9eV. The highest
peak that was centered at 398.6eV was determined to correspond
to sp2-hybridized N contained in triazine rings (C-N=C), and that
noted at 397.9eV was determined to correspond to the tertiary
N-(C); groups. Both units, in addition to sp2?-hybridized carbon
(N-C=N, 285.8 eV), were determined to constitute the units of hep-
tazine heterocyclic rings, thus forming the fundamental units of
the substructure of g-C3N4 polymers. Finally, the weak peak that
was observed at 399.9 eV was determined to correspond to the ef-
fects of charging or to positive charge localization in heterocycles
[44]. Furthermore, the asymmetric peak derived from the O 1s
spectra shown in Fig. 5(f) could be decomposed using a program
for XPS peak fitting, yielding three O 1s peaks at 529.5, 530.9,
and 532.0eV, which were determined to correspond to PbBiO,Br
and PbO lattice oxygen atoms and M-OH [32]. Fig. 5(g) indicates
the spectra derived for Pb 4f to be deconvoluted into peaks at
137.4- and 138.1-eV binding energies, ascribed to Pb 4f;,, which
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Fig. 3. SEM images of as-prepared samples obtained by using different content of g-C3N4. (Molar ratio Bi(NO3)3/Pb(NO3), =3/1, pH=7, reaction temp =150 °C, reaction

time =12 h).
450
CO; Pb-Op;
— 400
—B3P1B1-7-150-12 L .
C=N C-N triazix}
i — - 350
~—B3P1B1-7-150-12-1wt% \/‘ T\
-
S L . 300
—B3P1B1-7-150-12-5W1% {
‘g ° ’\ /" \\ »
s un =
£ ~—B3P1B1-7-150-12-10wt% \ | \\
£ ~i 200
H —B3P1B1-7-150-12-25wt% "\ NS o e N
= N
= - 150
B3P1B1-7-150-12-50wt%
—g-C3N4% \M\ /"\r\_,,_ﬂ N
0

4,000 3,600 3,200 2,800 2400 2000 1,600 1200 800 400
Wavenumber(cm™)

Fig. 4. FT-IR spectra of as-prepared samples with various levels of g-C3N4. (Molar
ratio Bi(NOj3)3/Pb(NO3), =3/1, pH =7, reaction temp = 150 °C, reaction time =12h).

could be attributed to Pb existing in a divalent oxidation state [45].
Chen et al. reported that PbBiO,Cl and PbO particle sizes might be
correlated with discernible variations in the Pb peak binding en-
ergy; furthermore, they reported that the peak’s relative integral
intensity depended on a particle fraction in some specific region
[13,29,46]; this indicated that greater successive ionic layer adsorp-
tion and reaction cycles produced large particles and small parti-
cles on the surfaces of titania nanotubes. We observed a pair of
Pb2* phases; we attributed the first to the 137.4eV 4f7), peak and
the second to the 138.1eV 4f;;, peak. The presented results were
concordant with the XRD and TEM results.

Chen et al. [13,42,47,48] have demonstrated formation processes
associated with a sequence of bismuth oxybromides and lead bis-
muth oxychlorides. Eqgs. (1)-(12) describe the PbBiO,Br/PbO
formation processes proposed by the current study. The com-
pounds that were realized under various hydrothermal conditions
were demonstrated to undergo a series of changes, described as
BiOBr — Bi405BI'2 —>Bi2403] B[']() i B13 O4BI' d Bi5O7B['—> (X-B1203,
PbBr, — Pb(OH)Br — PbBiO,Br, Pb(OH), + BiOBr — PbBiO,Br, and
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(ahv)(eV)1?

k R
1.5 B3P1B1-7-150-12 0.1602 0.9777
B3P1B1-7-150-12-1wt% 0.1981 0.9855
B3P1B1-7-150-12-5wt% 0.0713 0.9585
1 B3P1B1-7-150-12-10wt% 0.1486 0.9854
B3P1B1-7-150-12-25wt% 0.071 0.8692
B3P1B1-7-150-12-50wt% 0.0514 0.9243
0.5 B3P1B1-4-150-12 0.1052 0.964
I— B3P1B1-4-150-12-1wt% 015 0.9842
0 ,F-:— B3P1B1-4-150-12-5wt% 0.1097 0.9612
‘ ‘ ‘ ‘ B3P1B1-4-150-12-10wt% 0.0867 0.9745
15 17 19 21 23 25 27 29 3.1 33 35 37 B3P1B1-4-150-12-25wt% 0.1172 0.9332
Photon energy (eV) B3P1B1-4-150-12-50wt% 0.0784 0.8383
B3P3B1-4-150-12 0.1263 0.9807
Fig. 6. UV-vis absorption spectra of the as-prepared photocatalysts with var- B3P3B1-4-150-12-1wt% 0.1382 0.818
ious levels of g-C3N4. (Molar ratio Bi(NO3)3;/Pb(NOs3), =3/1, pH=7, reaction B3P3B1-4-150-12-5wt% 0.1002 0.9559
temp = 150 °C, reaction time =12 h). B3P3B1-4-150-12-10wWt% 0.0688 0.8164
B3P3B1-4-150-12-25wt% 0.0867 0.9069
B3P3B1-4-150-12-50wt% 0.0601 0.9509
Pb(OH)2—>PbQ — Pb,0s5. Cpptrollmg the hydrothermal reaction’s gigigi.i.}gg.ngt% g:}ggg 8:22?3
PH yielded various compositions: B3P3B1-1-100-12-5wt% 0.0714 0.9045
B3P3B1-1-100-12-10wt% 0.0773 0.8698
Bi3+ +30H" — Bi(OH)s) 1) B3P3B1-1-100-12-25wWt% 0.0883 09123
B3P3B1-1-100-12-50wt% 0.0524 0.8883
. . B3P5B1-4-150-12 0.152 0.9283
Bi(OH)3(5)+ Br~— BiOBr)+H,0 + OH~ (2) B3P5B1-4-150-12-1wt% 0.1974 0.8657
B3P5B1-4-150-12-5wt% 0.1484 0.9433
Bi%* 1 3Br— BiBr; () 3) B3P5B1-4-150-12-10wt% 0.1318 0.9832
B3P5B1-4-150-12-25wt% 0.0951 0.9613
B3P5B1-4-150-12-50Wt% 0.0994 0.9208
BiBr3 (5 + 20H™—BiOBr (5)+ 2Br~+ H,0 (4) B3P5B1-1-100-12 0.0392 0.9594
B3P5B1-1-100-12-1wt% 01178 0.8612
- _ . _ B3P5B1-1-100-12-5wt% 0.1083 0.9009
3BiOBrs) +20H™— Bi304Brs) +2Br~ + H,0 (5) B3P5B1-1-100-12-10wt% 0.1152 0.8793
B3P5B1-1-100-12-25wt% 0.0681 0.952
Pb2+ 4 2Br~— PbBr, (6) B3P5B1-1-100-12-50wWt% 0.0545 0.882

PbBr; (5) + 20H~ — Pb(OH), + 2Br- 7)
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Fig. 8. (a) (b) Temporal UV-vis adsorption spectra of CV and HBA and (c)(d) Photocatalytic degradation of CV as a function of irradiation time over different photocatalysts.
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3.1.6. Optical absorption properties

The diffuse-reflectance ultraviolet (UV) results derived for the
as-prepared samples revealed the samples’ absorption edges to be
approximately 430-570nm (Figs. 6, S5, and S6); these were en-
gendered by the 2.88-2.18-eV band gap; these results conformed
with reports in the literature [20,49,50]. Only a modest quantity
of visible light is absorbed by pure PbBiO,Br/PbO and g-C3N4. An
(achv)1/2 plot against energy (hv) determined the PbBiO,Br/PbO/g-
C3Ny Eg value (ie., 2.53eV).

3.1.7. Adsorption-desorption isotherm and BET

Fig. 7 illustrates the isotherm curves of N, adsorption-
desorption derived for PbBiO,Br/PbO/g-C3N4, PbBiO,Br/PbO, and g-
C3Ny4. The PbBiO,Br/PbO/g-C3N, isotherm was noted to approx-
imate Type IV isotherms along with a hysteresis loop observed
at a relatively high pressure of 0.6-1.0 [51]. Because such types
of self-organized porous architectures afford highly efficient path-
ways for the reactant and product molecule transport, they are
remarkably valuable in photocatalysis [52]. The PbBiO,Br/PbO/g-
C3Ny4, PbBiO,Br/PbO, and g-C3N, samples had Sggr values of
31.57, 0.30, and 18.44 m? g~!. The pore volume and diameter of
PbBiO,Br/PbO/g-C3N, were 0.285 cm3 g~! and 304.2 nm, respec-
tively.

3.2. Photocatalytic activity

Visible light irradiation produced CV and HBA photodegrada-
tion in the aqueous PbBiO,Br/PbO/g-C3N4 dispersions; that pho-
todegradation caused some variations in the UV-visible spectra, as
depicted in Fig. 8(a), (b). After 48 h of irradiation, approximately
99.9% of CV and approximately 99% of HBA suffered degradation.
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Fig. 9. (a) Cycling runs and (b) XRD patterns acquired before and after in
the photocatalytic degradation of CV in the presence of B3P1B1-7-150-1wt%
(PbBiO,Br/PbO/g-C5Ny).

At approximately 588 nm we observed a typical CV dye absorp-
tion band. Visible light irradiation altered the dye, diminished the
band rapidly, and produced slight hypsochromic shifts (550 nm);
no other absorption band was observed; no band appeared in the
UV range (A >200nm). It would seem that a sequence of N-de-
methylated intermediates had formed; it is possible that the CV
dye’s conjugated chromophore structure split. Still more irradiation
diminished the absorption band at 550 nm, but did not produce
any additional shift in wavelength; therefore, we consider that the
550-nm absorption band corresponded to the full N-de-methylated
product of the applied CV dye [37,42].

Figs. 8(c),(d), S7, and S8 plot derived degradation efficiency
as a function of reaction time. The as-prepared samples exhib-
ited noteworthy efficiency effects. Irradiation for 24h eliminated
as much as 99% of the CV dye and raised the photocatalytic
performance level of PbBiO,Br/PbO/g-C3N4 beyond the levels of
the other samples. In the context of the degradation reaction
kinetics, an apparent pseudo-first-order model [48,53], namely
In(C,/C)=kt, was calculated. As presented in Table 4, the data
demonstrated a first-order linear fit; the maximum degradation
rate k of PbBiO,Br/PbO/g-C3N, was 1.981 x 10-1 h~!, but the k
values of the other composites were lower. The order of rate con-
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Fig. 10. Photoluminescence (PL) spectra of the PbBiO,Br/PbO/g-C3N4 (B3P1B1-7-
150-1wt%), PbBiO,Br/PbO(B3P1B1-7-150-12) and g-C3Ny4.

stant presents PbBiO,Br/PbO/g-C3N4, k=0.1981 > PbBiO,Br/PbO,
k=0.1602 > PbBiO,Br, k=0.1235>PbO, k=0.017. The maximal
effectiveness was displayed by the PbBiO,Br/PbO/g-C3N4 photo-
catalyst. Catalyst was used, centrifuged, collected, and recycled for
additional use so that the durability the PbBiO,Br/PbO/g-C3Ny
composite could be evaluated. After four cycles, the CV was elim-
inated, but no deficit in photocatalytic activity was observed; Fig.
9(a) displays a 9.6% deficit in the fifth run. XRD was applied to
samples of used PbBiO,Br/PbO/g-C3N4 but the results given in Fig.
9(b) revealed no difference between the used sample and an
as-prepared  sample;  therefore  the  photostability  of
PbBiO,Br/PbO/g-C3N, composite was noteworthy.

The composites had augmented photocatalytic activity. One
might attribute the augmentation to heterojunction formation
or to synergistic elements, including a low-energy band struc-
ture, a layered structure, and a large BET surface area. Re-
garding the heterostructures, the PbBiO,Br/PbO/g-C3N4 compos-
ites had a small BET surface area, which would suggest rela-
tively low photocatalytic activity. One might expect that the pho-
tonic excitation of applied photocatalysts would generate electron-
hole pairs immediately. The rate of recombination of electron-
hole pairs drives the efficiency of photocatalytic processes. The
faster the rate of recombination is, the shorter the chemical re-
action time is. Photoluminescence (PL) spectra can provide rele-
vant information regarding photogenerated carrier segregation ca-
pacity in heterostructures; Fig. 10 illustrates PbBiO,Br/PbO/g-C3N4
PL spectra. The as-prepared samples exhibited a strong emission
peak at approximately 460 nm, caused by the band transitions’
direct electron-hole recombination. At the lowest intensity, the
innate emission peak of PbBiO,Br/PbO/g-C3N, was at approxi-
mately 460 nm; this was caused by noteworthy inhibition of pho-
togenerated charge carrier recombination. Efficient segregation of
charge extends charge carrier lifetime and promotes the transfer
efficiency of interfacial charge to the adsorbed substrates, and thus
promotes photocatalytic activity. The observed photocatalytic activ-
ity of PbBiO,Br/PbO/g-C3N4 heterojunctions reached the maximum
rate constant, namely 0.198 h~!, outperforming PbBiO,Br, PbO,
g-C3Ny4, and PbBiO,Br/PbO by 1.23, 34.2, 4.3, and 1.2 times, re-
spectively. It seems that PbBiO,Br/PbO/g-C3N4 heterojunctions are
integral to photocatalytic activity augmentation. The PL findings
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explain how the composites obstruct electron-hole recombination
and how the PbBiO,Br/PbO/g-C3N, composites excel at photocatal-
ysis.

3.3. CV photodegradation mechanism

Photocatalytic degradation processes in UV-vis/semiconductor
systems can produce diverse primary active species such as HO®,
h*, 0,~°, H®, and 10, [54]. In order to evaluate the effect of the
active species during the photocatalytic reaction, EPR measurement
is used for scavenging the relevant active species. From Fig. 11,
only are the characteristic peaks of DMPO-0,~* and DMPO-OH*
adducts observed under visible light irradiated PbBiO,Br/PbO/g-
C3Ny4 suspension. Fig. 11(b) shows that DMPO-OH® EPR signal is
observed and Fig. 11(a) shows that weak EPR signals (10,) are
observed when the reaction is performed in the dark, while the
signals with the intensity corresponding to the characteristic peak
of DMPO-0,~* adducts [5,55-57] are observed during the reaction
process under visible light irradiation, and the intensity gradually

increases with the prolonged reaction time. It suggests that 0,°,
*OH, and '0, being active species are formed in the presence of
PbBiO,Br/Pb0/g-C3N4 and oxygen under visible light irradiation.
In order to re-evaluate the effect of the active species during
the photocatalytic reaction, four quenchers are used for scavenging
the relevant active species. As shown in Fig. 11(c), the photocat-
alytic degradation of CV is obviously affected by the addition of SA,
AO, and BQ, and IPA quenching decreases evidently compared with
that of no-quenching, indicating that 0,°~, 105, and *OH are the
active species in the mechanism of photocatalytic degradation of
CV. Hence, the quenching effects of scavengers and EPR illustrate
that the reactives 0,°~play the major role and, *OH and '0, play
the minor role in the photocatalytic degradation of CV. The gen-
eration of O,~° could not only inhibit the recombination of pho-
toinduced charge carriers but also benefit the degradation of CV.
The 0,~° radical might be formatted by an e~ with O, and/or 10,
with e~species. The 10, might be formatted by an ht with 0,~*
species. The *OH radical might be formatted by an h* with H,0
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and/or OH-with h*species. Thus, 0,°~ could serve as the most
crucial active species in this study.

The fact that the PbBiO,Br/PbO/g-C3N4 photocatalyst was a
three-phase composite was evident from structural characteriza-
tions. Because the derived composite was more active than was the
component phase, one might postulate synergistic effects between
PbBiO,Br/PbO and g-C3N4. Scholars have reported synergistic ef-
fects when two semiconductors are in contact [58,59], and have
ascribed such phenomena to efficient transfer of charge across
the semiconductor interface; the photoexcited electron-hole seg-
regation and the photocatalytic activity in such experiments have
been notably high. An appropriate band potential promotes charge
transfer and is necessary for composite photocatalyst synergetic ef-
fects. The valance band edge potential (Eyg) of PbBiO,Br, PbO, and
g-C3Ny4 are 1.86, 2.20 and 1.58 eV, respectively. The band gap (Eg)
of PbBiO,Br, PbO, and g-C3N,4 are 2.42, 2.60 and 2.57 eV, respec-
tively. The Eyg of the PbBiO,Br, PbO, and g-C3N4 can be calcu-
lated by the formula Eg = Eyp - Ecp. Therefore, the conduction band
energy (Ecg) of PbBiO,Br, PbO, and g-C3N4 are —0.56, —0.40 and
—0.99 eV, respectively. The results obtained by our calculation are
in good agreement with the results reported by previous litera-
tures [11,25,29]. Fig. 12 illustrates heterostructural band alignment
derived for a type-II heterostructure [60] and the VB and CB of
PbBiO,Br, PbO, and g-C3Ny4. The CB and VB steps are aligned in the
same direction, and their positions for the g-C3N4 semiconductor
are higher than those for the PbBiO,Br and PbO semiconductors
(Fig. 12). As one might have expected from Li et al. [60] g-C3N4 had
a VB edge at approximately 1.58 eV. The VB edges for PbBiO,Br and
PbO were at 1.86 and 2.20eV. These results indicate suitable band
potentials for PbBiO,Br, PbO, and g-C3N,. Light can strike the sur-
face of a g-C3N4 sample and produce electrons, which can move
to PbBiO,Br and then to PbO; all of these movements would go
through interfaces; the holes in the surface of a PbO sample would
move to PbBiO,Br and then to g-C3N4. Thus, our charge transfer
obstructed electron-hole recombination in these three semicon-
ductors, and thus boosted photocatalytic efficiency.

Fig. 12 illustrates dye degradation, as known from experimen-
tal evidence. After an electron moves to the PbBiO,Br/PbO/g-C3N,4
conduction band, that electron triggers the creation of active oxy-
gen species, leading to the degradation of CV dye. Even though CV
dye photodegradation enacted by PbBiO,Br/PbO/g-C5N4-mediated
and photosensitized processes is crucial, but the boosting of pho-
tocatalytic activity must not be ignored. Photosensitized and pho-

tocatalytic processes occur simultaneously (Fig. 12). In photosensi-
tized and photocatalytic reactions, photogenerated and photosen-
sitized electrons react with oxygen on the surface of a photocat-
alyst, and produce O,°~ radicals; those 0,° radicals react with
H* ions; h* holes react with OH~ ions (or H,0) to produce *OH
radicals. After electrons produce O,°~ radicals, those O,°®~radicals
react with H* ions. 10, reacts with electrons, and h* holes re-
act with OH~ ions (or H,0) to generate ®*OH radicals. Visible light
causes these cycles to persist [61]; when numerous photooxidation
cycles have run their course, Eqgs. (13) and (14) elucidate the CV
dye degradation.

CV+0,;~*/* OH— degraded compounds (13)
CV*+*4+ 0, ~°*/* OH — degraded compounds (14)

A study of a semiconductor system galvanized by visible
light described hydroxylated compounds for photocatalytic CV dye
degradation [61]. Published reports [32,37,51] have proven that
N-centered radical production goes before N-de-alkylation; further-
more, carbon-centered radical production goes before dye chro-
mophore structure demolition when ultraviolet or visible light
degrades CV dye. Our present findings regarding PbBiO,Br/PbO/g-
C3N4 photocatalysis can be useful for various dye-decoloration ap-
plications.

4. Conclusions

For the first time, PbBiO,Br/PbO/g-C3N4 heterojunctions were
synthesized hydrothermally and without templates. The use of
PbBiO,Br/PbO/g-C3N, significantly improved removal efficiency.
We proved that PbBiO,Br/PbO/g-C3N4 photocatalytic activity en-
hancement corresponded to the formation of heterojunctions be-
tween PbBiO,Br, PbO, and g-C3Ny4. Those heterojunctions enhanced
PbBiO,Br/PbO/g-C3N,4 photocatalytic activity. This phenomenon ef-
fectively obstructed the recombination of photogenerated electrons
and holes. The observed photocatalytic degradation of CV dye was
largely caused by reactive 0,°~; four scavengers demonstrated
quenching effects. The methods explained in this paper are use-
ful for PbBiO,Br/PbO/g-C3N, synthesis and CV dye photocatalytic
degradation. These methods can be applied to rectify environmen-
tal pollution.
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