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ARTICLE INFO ABSTRACT

Keywords: An ecofriendly and cheap photocatalyst is crucial for realizing practical photocatalysis applications. Many in-
PbBiO,I organic materials have modular structures in which individual units are responsible for different functions.
g-CsN4 [Biz0,]%" slabs with an a-PbO-type structure and simple halide layers are effective spacers in some layered

Crystal violet
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functional materials. Previous reports have mainly discussed electronic reasons for the different photocatalytic
activities of layered PbBiO,X-type materials (X = Cl, Br, I). To the best of our knowledge, nanocomposite
semiconductors consisting of PbBiO,1/g-C3N, have not been reported in the literature. In this study, PbBiO,X/g-
C3N, composites were isolated and characterized by FE-SEM-EDS, XRD, HR-XPS, TEM, PL, BET, FT-IR, and
UV-vis-DRS. By degrading crystal violet (CV) and 2-hydroxybenzoic acid (HBA) in an aqueous solution under
visible-light irradiation, the photocatalytic activities of PbBiO»l/g-C3Ny4 are discussed further. In particular, the
catalytic performance illustrates the best reaction rate constants of 0.3259h~! using the PbBiO,l/g-C3N,
composite as the photocatalysts; these are 13.7 and 9.1 times higher than those of PbBiO,I and g-C3Ny, re-
spectively. The quenching effects of different scavenger results demonstrate that reactive O," ~ plays the major

role and "OH, h™, and 0, play the minor role in CV degradation.

1. Introduction

Wastewater containing toxic chemicals can have harmful effects on
living things and the environment. Therefore, the removal of such
chemicals is the most important issue in modern pollution prevention
technology. Countries are facing increasing environmental pollution
and energy shortages. Therefore, photocatalytic technologies are
playing an increasingly important role in pollutant removal and solar
energy conversion [1]. Developing low-cost and ecofriendly photo-
catalysts is crucial for realizing practical applications [2].

Researchers have extensively studied layered Bi-based structural
compounds that are part of the Aurivillius family, including BiOX
(X = Cl, Br, I) [3,4], BisTi30;1, [5], and BiVO, [6], for application as
strongly efficient photocatalysts. This is because these compounds show
a unique layered structure and high catalytic activity. The levels of Bi
6 and O 2p are believed to produce a predominantly dispersed hybrid
valence band (VB) that promotes photogenerated hole mobility and
oxidation reactions [7], thereby inducing photogenerated electron-hole
pair segregation and subsequently increasing photocatalytic efficiency.
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The structure of many inorganic materials is determined to be modular,
with different functions being monitored by individual units. [Biy0,1%*
plates exhibiting an a-PbO type structure, in addition to having a
simple halide layer, can form an effective spacer layer in some func-
tional materials [8]. A study on the mechanism of different photo-
catalytic activities of layered lead bismuth oxyhalide (PbBiO5X, X = Cl,
Br, D)-type materials mainly discussed the electronic causes [9-17].
However, interpretation of the photocatalytic properties of the com-
pounds should also take into account the arguments for crystal chem-
istry. The crystal structure and optical and redox properties of the
oxides may together explain their different catalytic activities. The
common property of all discussed solid materials is the crystallization
in the layered structures. The materials possess halide-layer-separated
covalent metal oxygen layers [PbBiO,] " stacked along [001]. The
crystal surface can be assumed to be comprising layers of metal oxygen;
in other words, the (001) surfaces are expected to be formed by the
metal atoms. Regarding bismuth compounds, it was statistically de-
termined that lead and bismuth occupy the metal position in a ratio of
1:1 [18]. The PbBiO,Cl [10,19], PbBiO,Br [9,20], and PbBiO,I [21]
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band gap values have been reported to be 2.53, 2.47, and 2.39 eV, re-
spectively. These values indicate that the gap determined for all of the
aforementioned semiconductors is present in the visible region; there-
fore, they can be used for photocatalysis.

Studies have reported that heterojunctions associated with PbBiO,X
(X = Cl, Br, I), including carbonized polymer dots (CPDs)/PbBiO,Br
[22], Ag/Ag>0/PbBiO,Br [23], PbBiO,Br/Cu,O [24], PbBiO,Br/UiO-
66-NH, [25], PbBiO,Br/NbSe, [26], PbBiO,Br/BiOBr [9], PbBiO,l/
PbO [27], PbBiO,Cl/g-CsN,4 [28], PbBiO,Br/g-CsN, [29]1, AgBr/Ag/
PbBiO,Br [30], PbBiO,I/Bis0,I/g-CsN, [31], PbBiO,Br/PbO/g-CsN,
[32], multi-walled carbon nanotube/PbBiO,Br [33], and MoS,/PbBiO,I
[34], show improved photocatalytic activity. In recent years, the het-
erojunction associated with PbBiO,X has attracted great interest owing
to its suitable band gap, stability, and relatively excellent photocatalytic
activity [9,11,25,27,29,30,34]. PbBiO,X composite has been found to
exhibit higher photocatalytic activity than PbBiO,X in the photo-
catalytic degradation of organic compounds.

A review of relevant articles in the literature revealed that PbBiO5l/
g-C3N,4 nanocomposite semiconductors have not been applied to pho-
tocatalysis. Therefore, this study sought to demonstrate the preparation
of PbBiO,1/g-C3N, composites using a template-free hydrothermal
method. In this study, the degradation of crystal violet (CV) and 2-
hydroxybenzoic acid (HBA) was achieved in aqueous solution under
visible light irradiation; the corresponding photocatalytic activity of the
PbBiO,1/g-C3N,4 product produced was also investigated.

2. Experimental details
2.1. Materials

Bi(NO3)35H,0 (98 %, Sigma-Aldrich), Pb(NO3)>H-O (99 %,
Katayama), crystal violet dye (CV; 99 %, Tokyo Kasei Kogyo Co.), 2-
hydroxybenzoic acid (HBA; salicylic acid, 99 %, Katayama), p-benzo-
quinone (BQ, 98 %, Alfa Aesar), sodium azide (SA, 99.5 %, Sigma-
Aldrich), isopropanol (IPA, 99.9 %, Merck), and ammonium oxalate
(AO, 99 %, Osaka) were purchased according to the source and used in
this study.

2.2. Analytical methods and instruments

Separation and identification procedures were performed using a
liquid chromatography/mass spectrometry (LC/MS) apparatus (Waters
ZQ), including an autosampler, binary pump, micromass detector, and
photodiode array detector. High-performance LC/MS (HPLC-MS) was
used to quantify the amount of residual dye in each reaction cycle [35].
In this study, field-emission transmission electron microscopy (FE-TEM)
was performed using a microscope (JEOL-2010; 200kV accelerating
voltage), and regional electron diffraction, high-resolution TEM (HR-
TEM), and energy-dispersive spectroscopy (EDS) were also performed.
In addition, in this study, FE scanning electron microscopy (FE-SEM)-
EDS was performed using a JEOL JSM-7401F (acceleration voltage:
15kV). The Micrometrics Gemini system was used to measure the
Brunauer-Emmett-Teller (BET) specific surface area (Spgr) of the
sample, where the adsorbate was nitrogen at the temperature of liquid
nitrogen. X-ray diffraction (XRD) was performed using a MAC Science

Table 1
Codes of as-prepared samples under different hydrothermal conditions.
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MXP18 apparatus with Cu-Ka radiation and operating at 40 kV and
80 mA. In addition, Al-Ka radiation at 15kV was applied. The ULVAC-
PHI system was applied to perform HR X-ray photoelectron spectro-
scopy (HR-XPS).

2.3. Synthesis

2.3.1. PbBiO,I

First, Bi(NO3)3'5H,0 (5 mmol) and Pb(NO3)>H>O (5 mmol) were
mixed in a 50 mL flask, and then, 15 mL of 1 M HNO; was added. Next,
5M NaOH was added dropwise, with continuous stirring to adjust the
pH to 13; then, the pH was adjusted to 5. Subsequently, 5mL of 1 M KI
(5 mmol) was also added dropwise to form a white precipitate. Next,
the solution was stirred vigorously for 30 min; 24 mL of the derivatized
solution was transferred into an autoclave (30 mL) containing Teflon,
and the autoclave was heated to 100-150 °C for 12 h and then cooled to
room temperature. The resulting solid precipitate was collected by fil-
tration. Next, the derivatized precipitate was washed with deionized
water and ethanol to remove any possible ionic species, and then the
precipitate was dried overnight at 60 °C. PbBiO,I (B5P515-13-200) can
be achieved using the relevant Pb(NO3),/Bi(NO3)3/KI molar ratio
(5:5:5), pH = 13, temperature (200 °C), and reaction time (12 h).

2.3.2. g—C3N4

The g-C3N,4 powder was synthesized by calcining melamine directly
in a muffle furnace under atmospheric conditions. The typical sequence
in the synthesis is as follows. The first step is to place 5 g of melamine
into a semi-closed alumina crucible that is also covered. The next step is
to heat the crucible to 520 °C for 4h (heating rate: 10 °C/min). After
cooling the obtained product to room temperature, we obtained the g-
C3N4 powder.

2.3.3. PbBiO,I/g-C3N4

This process first requires mixing PbBiO,I (500-x mg) and g-C3Ny4 (x
mg) in a 50-mL flask and then introducing ethylene glycol (10 mL). For
the prepared samples, the sample codes ranged from B5P5I5-x%C3N4-
13-100 (B5P515-x%-13-100) to B5P5I5-x%C3N4-13-150 (B5P5I5-x
%-13-100; Table 1). The subsequent steps required vigorous stirring of
the solution for 30 min; 30 mL of the solution was transferred to an
autoclave (30 mL) containing Teflon, after which the autoclave was
heated to 100-150 °C for 12h and then naturally cooled to room tem-
perature. A derivatized solid precipitate was obtained by filtration.
Next, the derivatized precipitate was washed with deionized water and
ethanol to remove any possible ionic species, and then, the precipitate
was dried overnight at 60 °C.

2.4. Photocatalytic reactions

The stirred aqueous solution was transferred to a 100-mL flask for
CV radiation experiments; a CV aqueous suspension (100 mL, 10 ppm)
and a defined amount of catalyst powder were transferred to a Pyrex
flask. The pH of the suspension was adjusted by adding NaOH or HNO3
solution. To study the adsorption-desorption equilibrium of compo-
sites, we conducted experiments in the dark. The determined initial
concentrations of the photocatalyst (10 mg) and CV aqueous solution

Molar ratio(Bi:Pb:I) = 5:5:5

pH value/ g-C3N, (weight%)
Temp (°C)
5 10 25 50 75
13-100 B5P5I5-5%-13-100 B5P5I5-10%-13-100 B5P515-25%-13-100 B5P5I5-50%-13-100 B5P5I5-75%-13-100
13-150 B5P515-5%-13-150 B5P515-10%-13-150 B5P515-25%-13-150 B5P515-50%-13-150 B5P515-75%-13-150
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(100 mL) were mixed in a 100 mL flask; the resulting mixture was in-
cubated at room temperature in an orbital shaker (100 rpm). Before
irradiation, we maintained the temperature of the suspension at ap-
proximately 25 °C. Magnetic stirring was carried out for 30 min in the
dark to achieve a balance of adsorption and desorption between the CV
applied to the catalyst surface and the catalyst surface. Irradiation was
performed using a Xe arc lamp (150 W) equipped with a 400-nm cut
filter; the light intensity was set to 30.9 W/m?, and the distance be-
tween the reaction vessel and the light source was set to 30 cm. A 5-mL
aliquot was collected over the set irradiation time interval and cen-
trifuged to remove the catalyst. HPLC-PDA-MS was used to quantify the
amount of residual dye in each reaction cycle.

2.5. Quenching experiments

To measure the effects of active substances occurring during pho-
tocatalytic reactions, various quenchers were introduced to remove
appropriate active substances. We examined "'OH, O, ~, h™, and '0,,
which are considered active species, by introducing the following: IPA
(1.0 mM), an "OH quencher [36]; BQ (1.0 mM), an O,  ~ quencher [37];
AO (1.0 mM), an h* quencher [38]; and SA (1.0 mM), an 10, quencher
[39], respectively.

3. Results and discussion
3.1. Characterization of as-prepared samples

3.1.1. XRD

The pH of the hydrothermal reaction has been recognized as greatly
affecting the composition and morphology of the product. Researchers
have completed controlled experiments aimed at exploring the effects
of pH on this reaction and reported that pH, in contrast to temperature
and molar ratio, is indispensable in controlling crystal composition and
anisotropic growth [35,40]. t-PbBiO,I was derived at a pH of 13, with
molar ratios (Bi:Pb:I) of 5:5:5 and reaction temperatures of 100 and
150 °C [31].

Figs. 1 and S1 show the XRD patterns of the prepared composites.
Table 2 summarizes the XRD results obtained in this study. The pattern
in Fig. 1 clearly indicates the presence of the following composites: t-
PbBiO,1/g-C3N4. The prepared sample contained t-PbBiO,I (JCPDS 038-
1007) and g-C3N4 (JCPDS 087-1526) phases. Table 2 summarizes the

@ PbBiO:I ¥ g-C3N,
‘ —PbBiO,I JCPDS 038-1007

‘ L bl L

®
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Fig. 1. XRD patterns of as-prepared samples under the conditions of pH of 13,
reaction temperature of 100 °C, and reaction time of 12h. (Molar ratio Pb
(NO3),/Bi(NO3)3 = 5/5 mmol/mmol, KI =5 mmol).
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Table 2

Crystalline phase changes of as-prepared samples under different bismuth
oxyiodide weight of g-C3N4. (@ PbBiO,I A g-C3Ny).

®A

XRD results of other samples.

3.1.2. Morphological structure and composition

Two published articles have reported that the shape of PbBiO,I may
be square, irregular plates, or irregular long rods [14,27]. It is noted
that the morphology of g-C3N, is similar to that of irregular nano-sheets
[41]. Fig. 2 shows a high-magnification PbBiO,I, g-C3N4 and PbBiO,l/
g-C3N, FE-SEM image. It is noted that the morphology of the PbBiO,l/
g-C3N4 composite sample is similar to that of the irregular plates, long
rods, and irregular nano-sheets. The EDS results in Table 3 show that
the derivative samples mainly consist of Pb, Bi, O, I, C, and N. The
precursors were PbBiO,I and g-C3Ny; their calculated atomic ratios (%)
were Pb: Bi: O: I = 1.00: 1.08: 4.07: 1.02 and C: N = 1.00: 1.27. These
values were ascribed to PbBiO,I and g-C3N,4 phases. The stoichiometric
ratios were Pb: Bi: I = 1: 1: 1 and C: N = 1: 1.33. These results indicate
that the controlled hydrothermal method is effective for achieving se-
lective composite synthesis.

3.1.3. TEM

Fig. 3 shows B5P515-25%C3N4-13-100-12 (t-PbBiO,1/g-C3N,) con-
sisting of long rods, irregular plates, and irregular nano-sheets, which
exhibit different sizes. The EDS spectrum indicates that Pb, Bi, I, O, C,
and N were also determined to be components of the derived sample. As
shown in the HR-TEM image in Fig. 3(d), this study yielded two sets of
lattice images that revealed d-spacing values of 0.218 and 0.177 nm,
respectively, owing to the (114) and (116) planes of t-PbBiO,]; in this
study, this observation is in good agreement with the XRD results. The
results show that the phase structure of t-PbBiO,1/g-C3N, in the deri-
vatized complex is beneficial to photoinduced carrier segregation and
produces high levels of photocatalytic activity.

3.1.4. XPS

Fig. 4 shows the Pb 4f, Bi 4f, O 1s,13d, C 1s, and N 1s XPS spectra of
the t-PbBiO,I /g-C3N4 composite. The transition peak is related to the
orbit of Bi 4f, Pb 4f, O 1s, 1 3d, C 1s, and N 1s that represent Bi, Pb, O, I,
C and N, the constituents of the derivatized catalyst. Fig. 4(b) shows the
spectrum of the Pb 4f deconvoluted as a peak at the binding energy of
137.2 eV owing to Pb 4f; », which may be due to the presence of Pb in
the divalent oxidation state [31]. Chen et al. determined that the par-
ticle size of PbBiO,Cl may be related to the significant change in the
binding energy of the Pb peak [11]. Fig. 4(c) reveals a spectrum ob-
tained by the binding energy of Bi 4f at 158.3 eV owing to the two peaks
of Bi 4f; 5, which are also determined to be Bi in the trivalent oxidation
state. The Bi®* phase in the t-PbBiO,1/g-CsN, composite can explain
these 4f; , peaks.

Chen et al. [42] also made comparable chemical binding observa-
tions for Bi 4f,,,. In addition, the asymmetric peaks derived from the O
1s spectrum shown in Fig. 4(d) can be convoluted using the XPS peak
fitting procedure, and the O 1s peaks are generated at 528.9 eV, which
are determined to be in the oxygen atom of the t-PbBiOl lattice [35].
The secondary peak (530.8 eV) can be assigned to the hydroxyl groups
on the surface. As shown in Fig. 4(e), it was determined that the peak
observed at the binding energy of 618.3eV corresponds to I 3ds,»
owing to the I present in the monovalent oxidation state of t-PbBiO,l.
Fig. 4(f) shows the C 1s spectrum of the composite; it mainly shows two
carbon atoms, sp2 C—C bond (284.3 eV) and sp2-hybrid carbon, that are
determined to be present in the N-containing aromatic ring (N—C=N,
287.8 eV). A study demonstrated the latter to be the primary species in
polymeric g-C3Ny4 [43]. As shown in Fig. 4(g), the spectrum of N 1s can
be deconvolved into three peaks: 398.3, 399.1, and 400.1 eV. It was
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Fig. 2. SEM images and EDS of PbBiO,I, g-C3N4, and B5P5I5-25%C3N4-13-100-12 (PbBiO,1/g-C3N,) yielded by the hydrothermal autoclave method.

determined that the highest peak centered at 398.3 eV corresponds to tertiary N—(C)3 groups. Except for sp>-hybridized carbon (N—C=N,
the sp-hybrid nitrogen contained in the triazine ring (C—N=C), and it 287.8 eV), both units were identified as units constituting the heptazine
should be noted that the peak recorded at 399.1 eV corresponds to the heterocycle, thereby forming the basic unit of the substructure of the g-
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Table 3
EDS of the as-prepared PbBiO,l materials obtained using different g-C3N4
contents at reaction temperatures of 100 and 150 °C and reaction time of 12 h.

Sample code Atomic ratio (%)

Pb Bi o) I C N

B5P515-13-200 1492 1660 5405 1443 - -

B5P515-5%-13-100 1.67 2.18 1334 179 47.6 33.42
BSP5I5-10wt%-100  1.04 1.21 11.65  1.31 47.92  36.88
B5P5I5-25wt%-100  2.23 2.22 10.77  2.03 42.09  40.67
B5P5I5-50wt%-100  1.68 1.97 1210 1.49 52.36  30.40
BSP5I5-75wt%-100  0.98 1.20 7.37 1.03 4595  43.47
B5P5I5-5wt%-150 5.92 6.53 13.09  6.35 41.74  26.36
B5P5I5-10wt%-150  2.64 2.92 15.08 279 46.85  29.71
B5P5I5-25wt%-150  5.78 6.24 20.66  5.63 38.49  23.20
B5P5I5-50wt%-150  3.31 3.52 16.19  1.90 49.48 2559
B5P5I5-75wt%-150  1.98 2.30 17.03 193 5831  18.44
g-CsNy 0 0 0 0 4405  55.95

C3Ny4 polymer. Finally, it was determined that the weak peak observed
at 400.1 eV corresponds to the charge effect or positive charge locali-
zation of the heterocycle [44]. The proposed results are consistent with
the XRD and TEM results.

Chen et al. [11,42,45] demonstrated the formation process asso-
ciated with a range of bismuth oxybromides and lead bismuth oxy-
chloride. Egs. (1-17) describe the formation of t-PbBiO,l proposed in
the current study. The compounds that were realized under various

.ap»’(reur)4

ull Scale 589 cts Cursor: 0.000

(@)
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hydrothermal conditions were demonstrated to undergo a series of
changes, as shown in Fig. 5. The pH values of the hydrothermal reac-
tions were controlled to obtain various compositions:

Bi®* + 31" — Bil, ¢
Bils + OH ™ — Bi(OH)I, + I~ (2)
Bi(OH)I, + 20H" — Bi(OH)3 + 2I~ 3)
Pb2* + 21— Pbl, 4
Pbl, + OH~ — Pb(OH)I %)
Pb(OH)I) + OH™ — Pb(OH), + I~ (6)
Pbl, + Bi(OH); + OH ™ — t-PbBiO,I + I~ + 2H,0 )
Pbl, + Bi(OH),I + 20H" — tPbBiO,I + 21~ + 2H,0 (8)
Pbl, + Bi(OH)I, + 30H ™ — t-PbBiO,I + 31~ + 2H,0 9
Pbl, + Bil; + 40H ™ — t-PbBiO,I + 41~ + 2H,0 (10)
Pb(OH)I + Bi(OH); — t-PbBiO,I + 2H,0 an
Pb(OH)I + Bi(OH),I + OH~ — tPbBiO,I + 1~ + 2H,0 a12)
Pb(OH)I + Bi(OH)I, + 20H ™ — t-PbBiO,I + 21  + 2H,0 13)
Pb(OH)I + Bil; + 30H ™ — t-PbBiO,I + 31~ + 2H,0 14

PbBiO,I
116) -

\

-

PbBiO,I
114

d=0.218 (nm) -
(114)

PbBiO,I
d=0.177 (nm)
(116)

=

[Element 'Weight% Atomic% g\
CK 0.48 708
0.11 1.43
0.22 2.42
8.65 12.07
42.66 36.45
47.88 40.56
20| Totals 100.00

Fig. 3. (a) FE-TEM images, (b) SAD, (c) mapping, (d) HR-image, and (e), (f) EDS of PbBiO,1/g-C3N4 (B5P515-25%C3N4-13-100-12) samples yielded by the hy-

drothermal autoclave method.
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Fig. 4. XPS spectra of as-prepared samples under different pH values at reaction temperature of 100 °C and reaction time of 12 h. (Molar ratio Pb(NO3)»/Bi(NO3)3 =
5/5 mmol/mmol, KI = 5mmol). (a) Total survey, (b) Pb 4f, (c) Bi 4f, (d) O 1s, (e) I 3d, (f) C 1s, and (g) N 1s.
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Pbl, - » Pb(OH)I— Pb(OH),

B3t
NO;- PbBIO, I
o;- Bil, — Bi(OH)I, — Bi(OH),I — Bi(OH),

PH=1 PH=13

Fig. 5. t-PbBiO,l formation processes proposed by controlling the hydrothermal
reaction’s pH value.

Pb(OH), + Bi(OH),I — t-PbBiO,I + 2H,0 15)
Pb(OH), + Bi(OH)I, + OH ™ — t-PbBiO,I + I" + 2H,O (16)
Pb(OH), + Bil; + 20H " — PbBiO,I + 21~ + 2H,0 a7

3.1.5. Fourier-transform infrared spectroscopy

Fig. S1 of Supporting information shows the Fourier-transform in-
frared spectrum of the t-PbBiO,1/g-CsN, composite (achieved at dif-
ferent weight percentages), showing strong absorption mainly at
400-900 cm ™1 it is noted that this corresponds to Pb—0, Bi-O, Bi-O-Bi,
and Bi-O-I in the stretching vibration of t-PbBiO5l [46]. Regarding pure
g-C3N,, peaks were observed at 1253, 1329, 1420, 1571, and
1646 cm ', which this study found were corresponding to the typical
stretching mode corresponding to the CN heterocycle [41]. In addition,
the results show that the typical breathing pattern of the triazine unit is
at 812 cm ™! [47], which is consistent with the XRD and TEM results.
Furthermore, v(C—O) stretching vibrations were noted to be re-
presented by a strong broad band that was located at 1388 cm ™. The
(O—C—O0) out-of-plane vibration was represented by a medium strong
band that was located at ~821cm™. As indicated by the infrared
spectrum of PbCO3xH,0 (or Bi(CO3)3xH-0), some of the derivatives in
this study have water molecules that are not coordinated. As expected,
the v(O—H) stretching vibration correlation band associated with the
uncoordinated H,0 was found to be present at ~3100 cm ™ *. However,
as indicated in Fig. 4(b), the spectra derived for Pb 4f,,, were not de-
convoluted in this study into two peaks at 137.2-eV binding energy that
was attributable to t-PbBiO,I but not to PbCOgs; it could be caused by Pb
existing in the divalent oxidation state, and PbCO3 only produces a
catalyst surface with very little content. The results presented are
consistent with the XPS results.

3.1.6. Optical absorption properties

For the prepared sample, the diffuse reflectance UV-vis spectrum
(DR-UV-vis) spectroscopy results show that the absorption edge of the
sample is approximately 470-590 nm (Fig. 6), which is the band gap of
2.25-2.54 eV and is consistent with the reported results [21,48,49].
Pure t-PbBiO,l and g-C3N,4 only absorb an appropriate amount of visible
light. An (ahv)'/? plot against energy (hv) was used to determine the t-
PbBiO,1/g-C3N4 Eg value (i.e., 2.25eV). The figure shows that the t-
PbBiO,1/g-C3N,4 composite with different g-C3N4 contents showed ef-
fective light absorption for wavelengths exceeding 551.1 nm, demon-
strating that the t-PbBiO,1/g-C3N,4 composites are effective visible-light-
driven photocatalysts. Moreover, the absorption intensity of the t-
PbBiO,1/g-C3N4 composites in the entire spectrum is obviously en-
hanced, and the absorption edge of the t-PbBiO,1/g-C3N, composites is
significantly red-shifted compared with that of the pure g-C3N4. The
pure g-C3N, particles are light-yellow powders. With the introduction
of t-PbBiO»l, the t-PbBiO»I/g-C3N4 composite gradually turns into a
yellow-brown powder, thereby exhibiting enhanced visible light ab-
sorption. Fig. 6 (inset) shows the conventional Tauc plot of crystalline t-
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Fig. 6. UV-vis absorption spectra of the as-prepared photocatalysts.

Table 4

Physical and chemical properties of as-prepared samples under different con-
ditions (Pb(NO3),/Bi(NO3), = 5/5 mmol/mmol, KI =5mmol, pH = 13, temp
=100°C, time = 12h.

Samples SgeT Pore volume Pore diameter ~ Band gap
(m*g")  (em®g™h) (nm) (eV)
B5P5I5 13.4705 0.165003 496.773 2.29
B5P5I5-25%C3N4-13-  17.1418 0.186470 348.210 2.25
100
g-C3Ny 18.4363 0.176410 318.347 2.68

PbBiO,], g-C3Ny4, and t-PbBiO,1/g-C3Ny; the bandgap (2.29 and 2.68 eV)
of t-PbBiO,l and g-C3N,4 (Table 4) could be easily obtained by extra-
polating to the x-axis. The introduction of g-C3N, enhances the ability
of t-PbBiO,I to respond to more visible light to generate more photo-
generated carriers and enhance their photocatalytic performance.

3.1.7. Nitrogen adsorption—desorption isotherm

Fig. 7 illustrates the nitrogen adsorption—desorption isotherms de-
rived from t-PbBiO,l/g-C3Ny, t-PbBiO,l, and g-C3N,4. Note that the t-
PbBiO,1/g-C3N, isotherm is close to the type IV isotherm, and a
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Fig. 7. (a) Nitrogen adsorption-desorption isotherms and (b) corresponding
pore size distribution curve (inset) for B5SP515-25%C3N4-13-100.

hysteresis loop is observed at a relatively high pressure of 0.6-1.0 [50].
Because such types of self-organized porous architectures afford highly
efficient pathways for reactant and product molecule transport, they
have been determined to be remarkably valuable in photocatalysis
[51]. From Table 4, the t-PbBiO,l, g-C3Ny4, and t-PbBiO,1/g-C3N4 sam-
ples had Sgpr values of 13.5, 18.4, and 17.1 m?/g, respectively. The
pore volume and diameter of t-PbBiO,I/g-C3N4 were 0.19 cm®/g and
348 nm, respectively.
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Table 5
Pseudo first-order rate constant for CV photocatalytic oxidation using diff ;erent
photocatalysts.

Photocatalyst k (hh) R?

B5P5I5 0.0358 0.9893
B5P5I5-5%C3N4-100 0.0269 0.7895
B5P515-10%C3N4-100 0.0759 0.9947
B5P515-25%C3N4-100 0.3259 0.9122
B5P515-50%C3N4-100 0.1716 0.9987
B5P5I5-75%C3N4-100 0.0609 0.9958
B5P515-5%C3N4-150 0.2367 0.9899
B5P515-10%C3N4-150 0.2515 0.9497
B5P5I5-25%C3N4-150 0.2702 0.9307
B5P515-50%C3N4-150 0.0619 0.9836
B5P515-75%C3N4-150 0.0301 0.9574
g-C3Ny 0.0238 0.9876

3.2. Photocatalytic activity

Fig. 8(a), (b) show the UV-vis spectra of the aqueous dispersion of t-
PbBiO,1/g-C3N, during the photodegradation of CV and HBA under
visible-light irradiation. The experimental results showed that ap-
proximately 99.5 % of the CV degraded after 12h of irradiation as
described above, and approximately 72 % of the HBA degraded after
72 h. Fig. 8(c), (d) shows the degradation efficiency as a function of the
reaction time. The removal efficiency can be improved significantly by
using the prepared sample. In the absence of a photocatalyst, the CV
does not degrade under visible-light illumination. After irradiation for
12 h, the photocatalytic performance of t-PbBiO,I/g-C3N, exceeded that
of other samples, and the removal efficiency of CV dye was as high as
99.5 %. To obtain a clearer understanding of the kinetics of CV dye

Fig. 8. Temporal UV-vis adsorption spectral
changes during the photocatalytic degradation of
(a) CV and (b) HBA over aqueous PbBiO,1/g-C3Ny4
under  visible-light irradiation. (c), (d)
Photocatalytic activity of as-prepared samples for
CV photocatalytic degradation under different
amounts of g-C3N4. (Molar ratio Pb(NOs),/Bi
(NO3); = 5/5mmol/mmol, KI =5mmol, reac-
tion temperature =100°C, pH = 13, reaction
time = 12h).
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degradation, this study performed an apparent pseudo first-order model
[52]; that is, In(Co/C) = kt. The data shown in Table 5 were subjected
to a first-order linear fit; therefore, the k value of t-PbBiO5l/g-C3N4
(B5P5I5-5-75% C3N4-100) was derived to 3.259 x 10" 'h™! (max-
imum degradation rate). Its derivation value greatly exceeds other
composite materials; compared with other composite materials, the t-
PbBiO,1/g-C3N4 (B5P515-5-75%C3N4-100) photocatalyst found in this
study has significantly higher efficiency. The t-PbBiO,I/g-C3Ny
(B5P5I5-5-75%C3N4-100) composite has excellent photocatalytic ac-
tivity, which may be attributed to its efficient use of visible light and
high separation efficiency of electron-hole pairs having a layered
structure. The B5P5I5-25%C3N4-100 (t-PbBiO,I/g-C3N4) composite
with a large Spgr exhibited the highest photocatalytic ability among all
the samples, suggesting that changes in the photocatalytic ability were
associated with the BET surface area, its efficient use of visible light,
and the highly effective separation of electron-hole pairs within its
samples. To evaluate the durability of the B5P515-25%C3N4-100 (t-
PbBiO,1/g-C3N,4) composite, this study recovered the previously used
catalyst. The catalyst was collected after each cycle by centrifugation.
After the removal of CV in the fourth cycle, no significant defects in
photocatalytic activity were observed, and the defect determined
during the fifth run was 3.6 % [Fig. 9(a)]. After probing the previously
used t-PbBiO,1/g-C3N,4 by XRD, the study determined that there was no
difference between the previously used sample and the prepared sample
(Fig. 9(b)); therefore, the obtained t-PbBiO,l/g-C3N, composite has
good stability under light irradiation.

To explore the recombination rate of photogenerated electron-hole
pairs, the current research used photoluminescence (PL) spectroscopy.
In addition, to investigate the segregation ability of photo-generated
carriers in heterostructures, this study used the t-PbBiO,l/g-C3N, PL
spectrum (Fig. 10). The results showed a strong g-C3N, emission peak at
~462 nm; it is caused by the direct electron-hole recombination of the
energy band transition. Nevertheless, the innate emission peak ob-
served for t-PbBiO,I was approximately 462 nm (lowest intensity). The
obtained results indicate the significant inhibition of photogenerated
carrier recombination. Effective charge isolation can result in an in-
crease in the charge carrier lifetime and in the efficiency of interface
charge transfer to the adsorbed substrate, resulting in enhanced pho-
tocatalytic activity. The observed photocatalytic activity of the t-
PbBiO,I/g-C3N, heterojunction reached 0.3259h~! (maximum rate
constant); it exceeded the estimated values of the t-PbBiO,I and g-C3N,4
photocatalysts by 9.1 and 13.7 times, respectively. Therefore, the re-
sults show that the t-PbBiO,1/g-C3N, heterojunction is indispensable in
the enhancement of photocatalytic activity. Therefore, the previous PL
results obtained in this study confirmed the importance of the compo-
site in suppressing electron-hole recombination and explained the en-
hanced photocatalytic performance of the t-PbBiO5I/g-C3N, composite.

3.3. CV photodegradation mechanism

To evaluate the effect of the active substance in the photocatalytic
reaction, various quenchers were introduced to remove suitable active
substances [53]. The introduction of BQ, IPA, AO, and SA quenchers
reduced the photocatalytic degradation of CV dyes compared to the
case in which no quencher was introduced [Fig. 11(a)], thus indicating
that O," ~ is the main active substance and that ‘OH, h™, and 0, act as
secondary active substances in the CV photocatalytic degradation me-
chanism.

As illustrated in Fig. 11(b) and (c), when the reaction was executed
in the dark, no EPR signals were observed. However, when the reaction
process was conducted under visible light, intensity signals corre-
sponding to the characteristic peak of DMPO-O, "~ " adducts (Fig. 11(b))
were noted; trials with lengthened reaction times resulted in gradual
increases in the intensity. However, when the reaction process was
conducted under visible light, DMPO-"OH adducts (Fig. 11(c)) were not
noted, and trials with lengthened reaction times resulted in gradual
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Fig. 9. (a) Cycling runs and (b) XRD patterns acquired before and after pho-

tocatalytic degradation of CV in the presence of B5P5I5-13-100-25wt%
(PbBiO,1/g-C3Ny).

reductions in the intensity. This suggests that the O,"~ and "OH active
species were formed in the presence of PbBiO,1/g-C3N4 composite and
oxygen under the irradiation provided by visible light.

The results obtained from the structural characterization performed
showed that the t-PbBiO,l/g-C3N4 photocatalyst was a two-phase
composite. The photocatalytic activity of the resulting composite
greatly exceeded the activity of the separately determined component
phase. Therefore, it is assumed that there may be a synergy between t-
PbBiO,I and g-C3N,. In fact, many researchers have shown that there
are synergistic effects in composites containing two contacted semi-
conductors [54,55], where the effects mentioned are due to the efficient
charge transfer achieved at the interface of the two semiconductors.
This phenomenon may increase the photo-hole segregation effect of
photoexcitation, thereby enhancing the photocatalytic activity. The
charge transfer process is affected by the energy potential. Therefore, a
suitable band potential constitutes a prerequisite associated with the
synergy of the composite photocatalyst. Fig. 12 shows the energy band
derivation derived from the type II heterostructure [56] and the VB XPS
spectra derived from t-PbBiO,I and g-C3N,. It is noted that the CB and
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Fig. 10. PL spectra of the as-prepared photocatalysts under different pH values
and reaction temperature. (Molar ratio Pb(NO3),/Bi(NO3)3 = 5/5 mmol/mmol,
KI =5 mmol, hydrothermal conditions: pH = 13, temperature =100 °C, reac-
tion time = 12h).

VB positions observed in the g-C3N, semiconductor are higher than
those determined in the t-PbBiO,l semiconductor, and the step direc-
tions of CB and VB are the same (Fig. 12). The VB edge of g-C3Ny is
approximately 1.58 eV, which is consistent with the position indicated
by Li et al. [56]. Regarding t-PbBiO»I, the derived VB edge is 1.83 eV.
Therefore, it is proved that the band potential derived from t-PbBiO,l
and g-C3N, is suitable. The photogenerated electrons present on the
surface of the g-C3N, sample can be conveniently transferred to t-
PbBiO,], both of which occur through the interface. Similarly, the holes
present on the surface of the t-PbBiO,l sample can migrate to g-C3Ny.
Therefore, the observed charge transfer effectively prevents electron—
hole recombination in the two semiconductors, thereby promoting an
increase in photocatalytic efficiency.

Fig. 12 shows the dye degradation mechanism based on the ex-
perimental results described in the previous paragraph. When the
electron reaches the conduction band of t-PbBiO,I/g-C3N,, it im-
mediately promotes the production of reactive oxygen species, leading
to the degradation of the CV dye. Obviously, in addition to the CV dye
photodegradation executed through the routes of t-PbBiO,l/g-C3Ny-
mediated and -photosensitized processes, another route explains the
photocatalytic activity augmentation. Both photosensitized and photo-
catalytic processes are performed simultaneously (Fig. 12). However,
under the conditions associated with photosensitized and photo-
catalytic reactions, photogenerated and photosensitized electrons react
with the oxygen present on the surface of the photocatalyst to produce
0, ~ free radicals; further, the O,  ~ radical reacts with H* and H,O to
form an "OH radical and H,0,, and the O, ~ radical reacts with h* to
form '0,. These cycles are maintained when visible light is irradiated
on the system [57]; once many photooxidation cycles are exhausted,
Egs. (18-21) can describe the degradation of the CV dye (or HBA)
caused by the oxidant produced.

CV (or HBA) + O, "— degraded compounds (18)
CV*’ (or HBA) + OH — degraded compounds 19
CV (or HBA) + h*™ — degraded compounds (20)
CV*(or HBA) + 0, — degraded compounds 21

Studies have shown that hydroxylated compounds can degrade
photocatalytic CV dyes in visible-light-galvanized semiconductor

10
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Fig. 11. (a) Photodegradation of CV dye (P5B3-10-100-15 wt%) in the presence
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Fig. 12. Schematic of the band gap structures of B5P5I5-25 wt%-13-100 (PbBiO,1/g-C3Ny).

systems [57]. Previous reports [35,40,50] have demonstrated that in
the photocatalytic degradation of CV dyes under UV or visible-light
irradiation, nitrogen-centered free radical generation precedes N-deal-
kylation and carbon-centered free radical formation precedes the de-
composition of the dye chromophore structure. The derivatization
mechanism of the proposed photocatalytic method of t-PbBiO5l/g-C3N4
loading can be used as a reference for applications related to dye de-
colorization.

4. Conclusions

In this study, a template-free hydrothermal method was im-
plemented to synthesize the t-PbBiO,1/g-C3N, heterojunction. The re-
moval efficiency was significantly improved by using t-PbBiO1/g-C3N,.
Catalytic performance observations indicated that the optimal reaction
rate constant of 0.3259 h ™! can be obtained by using t-PbBiO»1/g-C3Ny;
this is 9.1 and 13.7 times higher than those of the t-PbBiO,I and g-C3N,4
photocatalysts, respectively. It is noted that the enhanced photo-
catalytic activity of -PbBiO,I/g-C3N,4 corresponds to the formation of a
heterojunction between t-PbBiO,l and g-C3Ny; this is an effective phe-
nomenon for suppressing photogenerated electron-hole recombination.
Reactive O5" ™ plays a major role in the photocatalytic degradation of
CV dyes, as evidenced by the quenching effect associated with sca-
vengers. The method implemented in this study is of great significance
for the synthesis of t-PbBiO,1/g-C3N, and photocatalytic degradation of
CV dyes, and it can be used in future environmental pollution control
applications.
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