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ABSTRACT

A novel lead bismuth oxybromide/graphene oxide (PbBiO,Br/GO) composite photocatalyst were prepared
using a controlled and nontemplate hydrothermal technique with PbBiO,Br and GO as the starting mate-
rial. The heterojunction photocatalysts were characterized through XRD, FE-SEM-EDS, HR-TEM, XPS, DR-
UV-vis, BET, PL, EPR, and UPS. Under the optimal synthesis conditions, the photocatalytic activity of
PbBiO,Br/GO composites was much higher than that of PbBiO,Br. Under 25 °C, 1 atm, and 432-nm visible
light irradiation at, the optimized PbBiO,Br/GO increased the rate (at 1.913 pmol g~! h™) of photocat-
alytic conversion from carbon dioxide (CO,) to methane (CH,). This conversion rate was higher than that
of the original PbBiO,Br material (0.957 pmol g~! h™'). Therefore, PbBiO,Br/GO is superior for CH, pro-
duction and has great potential as CO, photoreduction catalysts. In addition, such catalytic performance
(when using 0.05 wt%-GO/PbBiO,Br composite as a photocatalyst) indicates that the optimal reaction rate
constants of crystal violet (CV) and 2-hydroxybenzoic acid (2-HBA) are 0.1278 and 0.0093 h!, respec-
tively, which are 1.82 and 1.24 times the reaction rate constant of PbBiO,Br as a photocatalyst, respec-
tively. Our findings are useful for PbBiO,Br/GO synthesis and in its future environmental applications,
particularly in solar fuel manufacture.
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1. Introduction

The increase in atmospheric carbon dioxide concentration is
considered a major factor in global warming. The use of sunlight
to irradiate carbon dioxide to produce hydrocarbon fuels is an
important strategy for reducing the concentration of atmospheric
carbon dioxide levels [1]. To reduce the toxic effects of chemicals,
the removal of harmful chemicals in environmental wastewater
has become one of the most important factors in contemporary
pollution control methods [2]. In the growing crisis of environmen-
tal pollution and energy shortages, photocatalysis can play an
important role in pollutant degradation and solar energy conver-
sion. The photocatalytic degradation of organic pollutants can be
applied to the photocatalytic reduction of carbon dioxide (CO,)
and nitrogen (N;) to form various organic substances and promote
the carbon and nitrogen cycles for sustainable development [3,4].
For practical applications of photocatalysis, photocatalysts must
be highly efficient, environmentally friendly, inexpensive, and easy
to recycle [5].

The elimination of toxic chemicals from wastewater has
become one of the most critical aspects of modern pollution con-
trol methods, because these chemicals have harmful effects on
biology and the environment. Every year around 10° tons and more
than 10,000 different synthetic dyes and pigments are produced
worldwide, and these dyes and pigments are widely used in the
dye and printing industry. It is estimated that about 10% of indus-
trial wastewater is lost. In particular, triphenylmethane (TPM) dyes
are widely used as coloring agents in the leather, cosmetics, paper
and food industries, for plastics, greases, waxes and varnishes [6].
Due to the potential applications of these dyes in photodynamic
processing, the photocytotoxicity of TPM caused by the production
of reactive oxygen species has been studied intensively. However,
the oxidation of TPM in living organisms catalyzed by thyroid per-
oxidase has attracted much attention, because the oxidation reac-
tion produces various N-dealkylated aromatic amines, which have
structures similar to carcinogenic aromatic amines [7]. Recent
reports indicate that TPM can act as a targeted sensitizer in the
photodegradation of specific cells or cellular components [7].

The ecological survival process of many plants involves 2-
salicylic acid or 2-hydroxybenzoic acid (2-HBA), a plant hormone
that is used worldwide in aspirin and various foods, cosmetics,
medicines and dermatological products, and may harm the envi-
ronment. 2-HBA concentrations have been detected in municipal
wastewater, rivers and wastewater at 50 ppm [8]. Wastewater
treatment often does not eliminate 2-HBA. Even before aspirin
was commercialized as an analgesic and anti-inflammatory pro-
duct, doctors used plants rich in mono-HBA and its metabolic pre-
cursors for preventing and treating various chronic diseases.
Pharmacologists have studied 2-HBA and recognized that aspirin
and other 2-HBA-derived products can be used to prevent and treat
a variety of metabolic disorders [9]. 2-HBA is a biologically active
ingredient of several traditional medicines [10]. Many plants con-
taining 2-HBA are adaptive. In other words, these plants seem to
have increased stress resistance [11].

Bi-based compounds [12] such as BiOX [13,14], BiOX/BiOY
[15,16], BiOX/BiOY/BiOZ (X, Y, Z = F, Cl, Br, 1) [17,18], BisTi301>
[19], and BiVO,4 [20] have been widely studied because their
unique layered structures and high photocatalytic activity. The
use of bismuth oxyhalides has also been highly emphasized, and
these may become the third-generation solar-cell materials [21].
The Bi 6s and O 2p orbital domains can form many dispersed
hybrid valence bands that facilitate the migration and oxidation
reaction of photogenerated holes, thus inducing an efficient sepa-
ration of photogenerated electron-hole pairs and improving the
photocatalytic efficiency [22]. In recent decades, BiOX (X = F, Cl,

Br, I) nanophotocatalysts have attracted considerable attention
because they are economical, efficient, nontoxic, and environmen-
tally friendly. Therefore, BiOX photocatalysts are suitable for
energy conversion and environmental management. BiOX nano-
materials have unique physicochemical properties, particularly
those pertaining to their layered structure as well as band struc-
ture and level. The nanostructure of BiOX can promote visible
light-driven photocatalytic activity [23].

Many inorganic materials have a modular structure in which
each unit is responsible for different functions. In particular, the
synthesis and properties of 2D BiOX and perovskite-like bismuth
oxyhalide (PbBiO,X) have attracted considerable scholarly atten-
tion [18,24,25]. Recently, a new layered material (PbBiO,X,
X = (I, Br, I) has attracted much attention as a photocatalysis and
has been applied to organic synthesis and environmental remedia-
tion under visible light irradiation. [Bi,0,]?** slabs with the a-PbO
type structure, a [PbBiO,]" layer, and simple halide layers are effec-
tive spacers in some layered functional materials [26]. It belongs to
these bismuth-based layered structure materials of the Aurivillius
family with the main group, multimetal oxyhalides V-VI-VII,
exhibiting covalent metal oxygen layers of [PbBiO,]* separated
by halide layers along the (0 0 1) direction [25,27].

Studies have focused on the electronic properties that cause
variations in the photocatalytic activities of layered PbBiO,X mate-
rials. (X = Cl, Br, I) [27-29]. However, crystallographic parameters
should also be considered to account for the photocatalytic proper-
ties of this class of compounds. Differences in the photocatalytic
activities of multimetal oxyhalides are attributable to their crystal
structure, optic, and redox properties [30]. The band gaps of
PbBiO,Cl [29], PbBiO,Br [28,31], and PbBiO,l [32] are 2.39, 2.47,
and 2.53 eV, respectively. The gaps of all of these semiconductors
seem to be in the visible range to catalyze the photocatalytic reac-
tion. Thus far, PbBiO,X composites, such as PbBiO,Cl/BiOCl [25],
PbBiO,Br/BiOBr [28], PbBiO,I/PbO [27], PbBiO,Br/PbO/g-C3N,
[33], PbBiO,I/Bis051/g-CsNy4 [24], AgsPO4/PbBiO,Br [31], and car-
bonized polymer dot (CPD)/PbBiO,Br [34], have been reported to
have enhanced photocatalytic efficiency. To promote sustainable
development, the principle of photocatalytic degradation of
organic pollutants can be used for the photocatalytic reduction of
CO, to form organic compounds and undego the carbon cycle
[34,35].

To the best of our knowledge, PbBiO,Br/GO-composite semi-
conductors have not been reported in the literature. This is the first
report of the preparation of PbBiO,Br/GO composites by a
template-free hydrothermal method. PbBiO,X photocatalysts can
reduce CO, with a 2.31-2.35-eV band gap, 1.58-1.97-eV valence
band, and -0.48 to —0.58-eV conduction band [28-30,32]. The
double-bond resonance structure of GO can conduct photogener-
ated electrons and suppress the electron-hole recombination of
photocatalysts. Therefore, the PbBi0,X/GO-composite material
can considerably enhance the photocatalytic efficiency by sup-
pressing electron-hole recombination. Under visible light irradia-
tion, the photocatalytic activity of PbBiO,Br/GO composites was
further discussed by degrading crystal violet (CV) and 2-
hydroxybenzoic acid (2-HBA) and reducing the CO, in aqueous
solution.

2. Experimental details
2.1. Materials

All reagent-grade chemicals were used without further purifica-
tion. Pb(NO3),-H,0 and ammonium oxalate were purchased from
Osaka Chemical. 2-HBA (i.e., salicylic acid) and Bi(NOs);-5H,0 were
purchased from Katayama. Other reagents and CV were purchased
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from TCI and p-benzoquinone from Alfa aesar. Sodium azide was
purchased from Sigma-Aldrich and isopropanol from Merck.
Reagent-grade HNOs;, NaOH, and CH3COONH, and HPLC-grade
methanol were obtained from Merck.

2.2. Instruments and analytical methods

The HPLC-MS system comprised a Waters 1525 binary pump, a
2998 photodiode array detector, and a 717 plus autosampler. A ZQ-
2000 micro-mass detector and an Atlantis dC18 column
(250 mm x 4.6 mm i.d., d, = 5 pm) were used for separation and
identification. The column effluent was introduced into the ESI
source of the mass spectrometer. Field-emission (FE) scanning
electron microscopy (SEM)-energy-dispersive X-ray spectroscopy
(EDS) measurements were performed on HITACHI SU-1510 and
JEOLJSM-7401F (acceleration voltage = 30 and 15 kV, respectively).
The FE transmission electron microscopy (TEM) images, selected
area electron diffraction patterns, high-resolution (HR) TEM
images, and EDS were obtained using JEOL-2010 (accelerating
voltage = 200 kV). X-ray diffraction (XRD) patterns were recorded
on a Rigaku SmartLab-3 equipped with Cu-Ka radiation, operating
at 60 kV and 60 mA. Al-Ka radiation was generated at 15 kV. HR X-
ray photoelectron spectroscopy (XPS) measurements were con-
ducted on PHI Quantera II. The Brunauer-Emmett-Teller (BET)
specific surface areas (Sger) of the samples were measured on an
automated system (Micrometrics Gemini VII) with N, gas as the
adsorbate at liquid nitrogen temperature. Ultraviolet photoelec-
tron spectroscopy (UPS) measurements were performed using
ULVAC-PHI XPS and PHI Quantera SXM.

2.3. PbBiO,Br/GO synthesis

The synthesis method of PbBiO,Br has been detailed in the lit-
erature [28,33]. The PbBiO,Br/GO composite was produced using
a controllable hydrothermal process. First, Solutions A and B were
prepared as follows:

Solution A: (1) add 5 mmol of Bi(NOs3)s-5H,0 was added to a
100-mL beaker and (2) mix it with 5 mL of deionized water under
continuous stirring.

Solution B: (1) add x g of GO was first to a 100-mL beaker and
(2) mixed it with 10 mL of deionized water under ultrasonic
oscillation.

Solution A was then added to Solution B, followed by the addi-
tion of 5 mmol of 1 M Pb(NOs3),-H,0 and stirring. Under continuous
stirring, 5 M NaOH was added dropwise to adjust the mixture to
pH = 13. Subsequently, when a white precipitate formed, 1 or
3 mL of 5 M KBr was added dropwise. The suspension was then
stirred vigorously for 30 min. Next, 24 mL of the colloidal solution
was transferred to a 30-mL Teflon-lined autoclave, which was
heated to 200 °C or 250 °C for 12 h, and then naturally cooled to
room temperature. These obtained solid crystals were collected
through filtration, washed with deionized water and ethanol to
remove any possible ionic substances in the solid crystals, and
finally, dried at 60 °C overnight. Depending on the obtained Pb
(NO3),-Ho0/KBr molar ratio of 5:5 (or 5:15), pH of 13, temperature
of 200 °C (or 250 °C), and hydrothermal reaction time of 12 h,

the prepared sample was labeled from P5BBr5-250-13
(or P5BBr15-200-13) to P5BBr5-250-13-0.1 g GO (or P5BI15-200-
13-0.1 g GO), as detailed in Table 1.

2.4. Photocatalytic reaction

2.4.1. Photocatalytic reduction of CO»

First, 0.5 g of the photocatalyst and 300 mL of a 1 N aqueous
NaOH solution were added to the quartz glass reactor. High-
purity Ar was then purged into the quartz reactor. Subsequently,
high-purity CO, was introduced into the reactor that contained
the alkaline solution. Eight xenon (Xe) lamps (8 W, Philips T5) were
used as a light source around the reactor to initiate a photocatalytic
reaction. The photocatalytic reaction temperature was maintained
at room temperature. During each reaction, after appropriate sam-
pling, the sample was injected into a gas chromatograph (Thermo-
Fisher, TRACE 1300) equipped with an FID detector and a capillary
column (HP-PLOT/Q) to analyze the gas product.

2.4.2. Photocatalytic degradation of CV (or 2-HBA)

Photocatalytic experiments were performed in a 100-mL Pyrex
flask containing 100 mL of 10 ppm aqueous CV (or 2-HBA) solution.
The 10-mg composite photocatalyst powder was added to this
flask. The pH of the suspension was adjusted by adding either
NaOH or HNOs solution. Dark experiments were performed to
examine the adsorption-desorption equilibrium. The solution
was continuously stirred for 30 min to reach the adsorption-des-
orption equilibrium and photocatalytic reaction was then per-
formed under visible light irradiation.

The photocatalyst (10 mg) was mixed with 100 mL of aqueous
CV solution of a known initial concentration in a 100-mL flask and
the mixture was shaken in an orbital shaker at 100 rpm at a con-
stant temperature. Before the irradiation, the suspension was mag-
netically stirred in dark for approximately 30 min to establish an
adsorption-desorption equilibrium between the CV and catalyst
surface. Irradiation was performed using 150-W Xe arc lamps;
the light intensity was fixed at 31.2 W/m?, and the reaction vessel
was placed 30 cm away from the light source. At given irradiation
time intervals, a 5-mL aliquot was collected and centrifuged to
remove the catalyst.

2.4.3. Evaluation of the effect of the active species

In the photocatalytic process, the reactive oxygen species, i.e.,
superoxide anion radical (03°), singlet oxygen ('0,), hydrogen per-
oxide (H,0,), hole (h*), and hydroxyl radical (‘OH), has been fully
investigated with regard to its detection method and production
mechanism [36]. Different quenchers have been introduced to
remove the relevant active substances to evaluate the role of the
active substances in the photocatalytic reaction process. The active
species, 'OH, O3, h*, and '0,, were studied by adding 1.0 mM iso-
propanol (IPA, a quencher of ‘OH) [37], 1.0 mM benzoquinone (BQ,
a quencher of O3) [38], 1.0 mM ammonium oxalate (AO, a
quencher of h*) [39], and 1.0 mM sodium azide (SA, a quencher
of 10, [40], respectively.

Table 1
Codes of as-prepared samples under different hydrothermal conditions. (Pb:Br = 5:5, [Bi**] = 5 mmol, pH = 13, temp = 250 °C, time = 12 h).
Temperature (°C) GO weight (g)
0.005 g 0.025 g 0.05g 01g

250 P5BBr5-250-13-0.005 g

P5BBr5-250-13-0.025 g

P5BBr5-250-13-0.05 g P5BBr5-250-13-0.1 g
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3. Results and discussion
3.1. Characterization of composite photocatalysts

3.1.1. XRD

The XRD pattern of the prepared photocatalyst clearly revealed
the presence of the composite PbBiO,Br/GO and PbBiO,Br diffrac-
tion patterns (Fig. 1). All prepared photocatalysts and composite
photocatalysts contained GO and the PbBiO,Br phase (JCPDS 038-
1008) [41]. Fig. 1(a, b) displays the XRD pattern of the prepared
photocatalyst that clearly indicated the presence of the PbBiO,Br,
Bi,0s, and PbBiO,Br/Bi,0O3; composite phases. At the hydrothermal
reaction conditions of a molar ratio of Pb(NO3),-H,0:Bi(NO3)3-5H;-
0:KBr = 5:5:5, pH = 13, reaction temperature = 250 °C, and reaction
time = 12 h, the XRD patterns indicated a pure crystalline phase of
PbBiO,Br. For other hydrothermal conditions, the XRD pattern
indicated the PbBiO,Br/Bi,O3 binary phase. At GO = 0 g, the XRD
pattern was the same as that recorded for the pure PbBiO,Br phase.
At GO = 0.005-0.1 g, the XRD pattern was identified as the PbBiO,-
Br/GO binary phase.

3.1.2. TEM

The TEM pattern (Fig. 2) indicated that PbBiO,Br/GO consists of
layers of different sizes, consistent with the SEM (Fig. 3) observa-
tions. In addition, the EDS spectrum indicated that the composite
photocatalyst contained elements of Pb, Bi, Br, O, and C. The
HR-TEM images (Fig. 2c) revealed a set of lattice images with a
d-spacing of 0.1457 nm corresponding to the (2 0 6) crystal plane
of PbBiO,Br, highly consistent with the XRD pattern (Fig. 1). These
results revealed that the PbBiO,Br/GO-composite phase was
produced in the sample. PbBiO,Br/GO thus produces high
photocatalytic activity and is beneficial to the separation of the
light-inducing carriers.

3.1.3. Morphological structure and composition

Fig. 3 displays the high-magnification FE-SEM images of four
photocatalyst samples are displayed. According to crystal mor-
phology observations, the PbBiO,Br and PbBiO,Br/GO samples
had thick polygonal, square, and irregular-shaped plates, respec-
tively. The SEM-EDS results indicated that the main elements in
these samples are Pb, Bi, Br, O, and C. The contents are detailed
in Table 2.

3.1.4. XPS

The Pb 4f, Bi 4f, Br 3d, O 1s, and C 1s XPS spectra of the PbBiO,-
Br/GO composite are displayed in Fig. 4. The transition peaks con-
taining the Bi 4f, Pb 4f, O 1s, Br 3d, and C 1s orbitals confirmed that
the catalyst comprised Bi, Pb, O, Br, and C, respectively. Fig. 4 also
displays the full width at half maximum and peak energy of the Pb
4f, Bi 4f, Br 3d, O 1s, and C 1s XPS spectra, fitted by the Gaussian
function. The XPS pattern, shown in Fig. 4(a), demonstrates that
the two peaks of the Pb 4f spectrum were deconvolved and that
the binding energies 138.1 and 142.9 eV were attributable to Pb
4f;, and 4fs,, respectively, which is possibly related to the Pb of
the divalent oxidation state [42]. Kovalev et al. reported that the
particle size of PbS can be correlated with an observable change
in the binding energy of the Pb XPS peak. The authors reported that
relative integral intensity of the peak depended on the fraction of
particles in the specific region [43], which indicated that a higher
successive ionic layer adsorption and reaction cycle caused the for-
mation of a portion of larger and smaller particles on titanium nan-
otube surfaces. The 4f;, peak demonstrated two binding energies
(137.2 and 138.2 eV) related to the formation of two Pb?* phases in
the composite. In Fig. 4(b), the Bi 4f spectrum is deconvoluted into
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Fig. 1. (a, b) XRD patterns of as-prepared samples under different hydrothermal
conditions. (molar ratio Pb/Br = 5/5, 5/15; reaction temperature = 200, 250 °C;
pH = 13; reaction time = 12 h). (c) XRD patterns of as-prepared samples under
different grams of GO, at reaction temperature 250 °C and reaction time 12 h.
(Molar ratio Pb:Br = 5:5).
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Fig. 3. SEM images of as-prepared samples by the hydrothermal autoclave method at different grams of GO. (Molar ratio Pb:Br = 5:5, temp = 250 °C, time = 12 h).

the two peaks of Bi 4f;;, and 4fs;,. The characteristic binding
energy values of 159.0 and 164.2 eV indicated a trivalent oxidation
state of bismuth. Liao et al. [44] also reported similar binding ener-
gies of Bi 4f;,. The asymmetric O 1s peak, shown in Fig. 4(c), can be
split using the XPS peak-fitting program, where the peak at
531.8 eV is assigned to the external —OH group or the water mole-

cule adsorbed on the surface and the other O 1s peak appearing at
529.8 eV corresponds to lattice oxygen atoms in PbBiO,Br/GO [45].
As shown in Fig. 4(d), the binding energies of 68.8 and 70.1 are
attributable to Br 3ds;, and 3ds,, respectively, which is attributa-
ble to the monovalent oxidation state of Br of PbBiO,Br. Fig. 4(e)
displays the HR Cl1s spectrum of the composite. Three carbon
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Table 2
EDS of as-prepared samples prepared under different reaction conditions. (Pb:Br = 5:5, [Bi>*] = 5 mmol, pH = 13, temp = 250 °C, time = 12 h).
Sample code EDS of atomic ratio (%)
Pb Bi (¢} Br C
P5BBr5-250-13-12 20.90 20.11 41.65 17.34 -
P5BBr5-250-13-12-0.005 g GO 10.10 10.98 33.16 10.10 35.66
P5BBr5-250-13-12-0.025 g GO 11.13 11.28 31.53 9.95 36.10
P5BBr5-250-13-12-0.05 g GO 10.93 12.57 27.98 10.38 38.13
() 4f,, Pb 4f (b) 4f;, Bi 4f
138.1 eV 159.0 eV
4f5)
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2 »
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Fig. 4. XPS spectra of as-prepared samples of P5BBr5-250-13-0.05 g GO, at reaction temperature 250 °C and reaction times 12 h. (Molar ratio Pb:Br = 5:5) (a) Pb 4f; (b) Bi 4f ;

(c) O 1s;(d) Br 3d; (e) C 1s.

species are mainly displayed on the C 1s spectrum at 284.9, 286.7,
and 288.6 eV: the sp? C=C bond, the sp? hybridized carbon in the
O-containing aromatic ring (C=0), and the sp? hybrid in the 0—C
that contains an aromatic ring (O—C=0), respectively [46,47].

3.1.5. Optical absorption properties

Pure phase PbBiO,Br absorbs only a small amount of visible
light. GO is a black substance that absorbs a large amount of visible
light. In a photocatalyst compound containing a small amount of
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GO, the baseline of its absorption spectrum will increase, but the
absorption edge of the sample is still obvious, so its band gap
can be calculated. According to Fig. 5, for the DR-UV of the pre-
pared sample, the absorption edge of the sample was 506.1-
563.6 nm and, consistent with the results of a previous study,
the band gap was 2.20-2.45 eV [44]. The Eg value of P5BI15-200-
13-0.05 g GO (PbBiO,Br/GO) was determined from the plot of
(athv)'? against energy (hv), and the calculated energy gap was
240 eV.

3.1.6. BET and the adsorption—-desorption isotherm

The nitrogen adsorption-desorption isotherm curve of PbBiO,-
Br/GO is illustrated in Fig. 6. In the high relative pressure ranging
between 0.9 and 1.0, the isotherm of PbBiO,Br/GO is close to type
Il without hysteresis loops [48]. Such self-organized porous struc-
tures can be highly useful in photocatalysis because they provide
an efficient transport route for reactants and product molecules
[49]. The Sggr of the P5BI15-200-13-0.05 gGO (PbBiO,Br/GO) sam-
ple was measured to be approximately 0.75 m? g~'. The pore vol-
ume and diameter of the composite sample were determined to be
0.0046 cm? g~! and 586.4 nm, respectively. The Sggr of the PbBiO,-
Br sample was approximately 1.59 m? g !, and the pore volume
and diameter of the composite sample were determined to be
0.02 cm® g~ ! and 534.1 nm, respectively. The corresponding pore
size distribution (PSD) of the PbBiO2Br/GO photocatalyst sample
is shown in Fig. 6(b). The PSD curve of the PbBiO2Br/GO sample
is bimodal, indicating medium mesopores (10-50 nm) and large
macropores (50-290 nm). Because the nanosheets do not contain
pores (Fig. 3), smaller mesopores may reflect the pores within
the nanosheets. Medium mesopores can be attributed to the pores
formed between the stacked nanoplates, while large macropores
can be attributed to the pores formed between the nanoplatelets.
Such self-organized porous structures can be very useful in photo-
catalysis because they provide efficient transport pathways for
reactant and product molecules. The nanosheet structure can also
provide an effective transmission path for reactants and provide
more active sites for photocatalytic reactions. This structure also
facilitates efficient light energy collection and separation of
electron-hole pairs, thereby enhancing photocatalytic activity. This
result is consistent with the FE-SEM result, which indicates that a
3D layered structure is formed by the self-assembled nanosheet or
nanoplate.

3.2. Photocatalytic activity

The degradation efficiency and rate constant as functions of
reaction time are illustrated in Fig. 7 and Table 3, respectively. In
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the presence of a composite photocatalyst, the removal efficiency
improved significantly. After 48 h of irradiation, P5BI15-200-13-
0.05gGO (PbBiO2Br/GO) had excellent photocatalytic performance
and a CV removal rate was 98.6%. To further understand the reac-
tion kinetics of CV degradation, the apparent pseudo-first-order
model [50], In(C,/C) = kt, was applied in the experiments. The k
value of P5BI15-200-13-0.05gGO (PbBiO,Br/GO) was obtained by
a first-order linear fitting of the data. The maximum degradation
rate was 1.278 x 107! h™!, which was higher than that of other
composite materials. In addition, the catalytic performance indi-
cated that the optimal reaction rate constant of CV was
0.1278 h~' when 0.05 wt%-GO/PbBiO,Br composite was used as
photocatalyst, 1.82 times that of PbBiO,Br when PbBiO,Br was
used as a photocatalyst.

The degradation efficiency and rate constant of 2-
hydroxybenzoic acid (2-HBA) as functions of reaction time are
illustrated in Fig. 8. The catalytic performance indicated that the
optimal reaction rate constant of 2-HBA was 0.0093 h~! when
0.05 wt%-GO/PbBiO,Br composite was used as a photocatalyst,
1.24 times the reaction rate constant of PbBiO,Br when PbBiO,Br
was used as a photocatalyst.

Under optimal synthesis conditions, the photocatalytic activity
of the PbBiO,Br/GO composites was much higher than that of
PbBiO,Br. Under 432-nm visible light irradiation, 25 °C tempera-
ture, and 1-atm pressure, the optimized PbBiO,Br/GO increased
the rate (at 2.386 umol g~! h™!) of photocatalytic conversion from
CO, to CHy. This increase was higher than that induced by the orig-
inal PbBiO,Br material (at 1.193 pmol g~! h™'). Therefore, PbBiO,-
Br/GO has obvious advantages in the production of CH4 and has
great potential for the production of CO, photoreduction catalysts.

The enhanced photocatalytic activity of the composite is attri-
butable to synergistic effects from layered structures, low energy
band structures, a high BET surface area, and the formation of
heterojunctions. To investigate the BET surface area in the
heterostructure, the BET surface area of the PbBiO,Br/GO sample
was measured. The lower BET surface area of the PbBiO,Br/GO
composites indicates that they have a lower photocatalytic activ-
ity. Generally, after irradiation in a photocatalytic process, the pho-
tocatalyst is excited to directly generate electron-hole pairs. In
addition, the photocatalytic efficiency is mainly determined by
the recombination rate or lifetime of photogenerated electron-
hole pairs. The faster the recombination, the slower the chemical
reaction.
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Therefore, the PL spectrum was used to investigate the recom-
bination rate of photogenerated electron-hole pairs. To study the
separation ability of photogenerated carriers in a heterostructure,

Table 3

Pseudo-first-order rate constant for CV photocatalytic oxidation under different
photocatalysts.

Photocatalyst k(h™1) R?
P5BBr5-250-13 0.0701 0.9984
P5BBr5-250-13-0.005 g 0.0595 0.9987
P5BBr5-250-13-0.025 g 0.1040 0.7831
P5BBr5-250-13-0.05 g 0.1278 0.8660
P5BBr5-250-13-0.1 g 0.0698 0.9625
12
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Fig. 8. (a)Photocatalytic degradation of 2-hydroxybenzoic acid (2-HBA) as a
function of irradiation time over photocatalysts, (b) Photocatalytic absorption
spectrum (Molar ratio Pb:Br = 5:5, pH = 13, reaction temperature = 250 °C, reaction
time 12 h).

PbBiO,Br/GO, PbBiO,Br, and GO samples were measured, and their
PL spectra are displayed in Fig. 9. The spectrum of the prepared
sample had a strong emission peak at approximately 490 nm,
which is derivable from direct electron-hole recombination with
transition. However, the characteristic emission peak near the low-
est intensity of 490 nm for PbBiO,Br/GO indicates that the effective
separation of charge can increase the lifetime of charge carriers
and increase the efficiency of interface charge transfer to the
adsorbed substrate, thereby improving photocatalytic activity.
The photocatalytic activity of the PbBiO,Br/GO heterojunctions
reached the maximum rate constants of 0.1278 h~!, 0.0093 h~',
and 1.913 pmol ¢! h™!, which were 1.82, 1.24, and 2.00 times
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Fig. 9. Photoluminescence (PL) spectra of the as-prepared photocatalysts.

higher than those of PbBiO,Br in CV degradation, 2-HBA degrada-
tion, and CO, photocatalytic reduction, respectively. Thus, the
PbBiO,Br/GO heterojunctions may also play a role in enhancing
photocatalytic activity. The PL results confirm the importance of
the composites in hindering electron-hole recombination, thus
explaining the reason for the increased photocatalytic performance
of the PbBiO,Br/GO composites.

We recycled PbBiO,Br/GO to prove that it is an effective and
durable photocatalyst. We performed centrifugation to ensure that
we could collect the photocatalyst after each cycle. As illustrated in
Fig. 10(a), no significant performance loss occurred in CV removal
efficiency in the fourth cycle. Even in the fifth cycle, photocatalyst
performance decreased only by 4.47%.

In et al. [51] reported that a novel G-TNT photocatalyst was
composed of electrodeposited graphene quantum dots (GQD) on
sensitized TiO, nanotube arrays (TNT). Under solar light irradia-
tion, it found optimal G-TNT samples promoting a CO, to CH4 pho-
tocatalytic conversion rate of 1.98 ppm cm™2 h™'. In and the
coworkers [52] synthesized TNT films sensitized with rGO-TiO,
nanoparticles (rGO-TNTNP). The conversion rate of rGO-TNTNP
photocatalytically generated CH, (5.67 ppm cm~2 h™!') was about
4.4 times higher than that of pure TNT sample (1.28 ppmcm 2h™1).
These studies found enhanced photoelectrochemical and photocat-
alytic performance, which led to our hypothesis that enhanced gra-
phene deposition technology could provide higher material
homogeneity and should have higher activity in the photocatalytic
conversion of CO, to CHa.

According to Fig. 10(b), CH, yield in the second cycle demon-
strated a significant performance loss. In the third cycle, the pro-
duction efficiency of CH, decreased to 1.037 umol g~! h™'. As for
the production of CH, in the fourth and fifth cycles, the efficiencies
were 0.965 and 0.927 umol g ' h™!, respectively, with no signifi-
cant performance loss. As illustrated in Fig. 10(c), the recycled
PbBiO,Br/GO was also measured by XRD; no significant difference
was found between the repeatedly used and as-synthesized com-
posite materials. Therefore, the photocatalytic stability of PbBiO,-
Br/GO is favorable.

3.3. Photocatalytic degradation mechanisms

During the photocatalytic degradation of UV-Vis/semiconduc-
tor systems, various major active substances, such as "OH, h*, 03",
‘H, and '0,, may be produced [53]. To evaluate the role of the active
substance in the photocatalytic reaction, different quenchers were
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after in the photocatalytic degradation of CV in the presence of P5BBr5-250-13-
0.05 g GO.

used to remove the relevant active substance. Combining GO with
other materials results in electrons that flow from one material to
another (i.e., from a high to low Fermi level); this results in Fermi
level alignment at the GO-material interface [54]. As Wang et al.
demonstrated [55], O3 and "OH radicals are the main active sub-
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stances for rhodamine B degradation with BiVO,/rGO. The ‘OH rad-
ical may be formed only in the e~ — 03" — H,0, — "OH pathway.
However, the ‘OH radical is formed through multistep O3" reduc-
tion. Studies have reported that O3* photocatalytic processes are
the main active species, rather than the "OH, e, or h* active spe-
cies. Bai et al. [56] demonstrated that the capture measurement
of active species that contain O3* and "OH radicals is critical for
using ZnWO,/graphene hybrids to catalyze methylene blue degra-
dation. Li et al. [57] used BiOmX,/BiOpYq (X, Y = Cl, Br, I) under vis-
ible light irradiation and demonstrated that oxidation dominates
the CV degradation process and that the main active species is
03" but the secondary active species is ‘*OH and h*. The results of
these studies indicate that the probability of ‘OH formation is
lower compared with that of O3 formation. However, ‘OH is pow-
erful and nonselective and it induces the partial or complete min-
eralization of several organic chemicals.

In Fig. 11(a), four strong characteristic peaks of the DMPO-"OH
adduct (quartet pattern, 1:2:2:1) of the PbBiO,Br/GO dispersion
on irradiation under visible light are absent. Fig. 11(b) illustrates
six characteristic peaks of a DMPO-03" adduct [58] that illuminates
the PbBiO,Br/GO dispersion under visible light. Fig. 11(a) and 11(b)
indicates that no EPR signal is observed when the reaction is car-
ried out in the dark and that the intensity corresponds to the signal
of the characteristic peak of the DMPO-0O3" adduct under visible
light irradiation. Moreover, during the process, Oy is formed as
an active material under visible light irradiation in the presence
of PbBiO,Br/GO and oxygen.

In this study, the effects of active substances in a photocatalytic
reaction were re-evaluated by introducing several quenchers and
thus the relevant active species were eliminated. As illustrated in
Fig. 11(c), the introduction of AO did not affect the photocatalytic
degradation of CV. However, the quenching of BQ, IPA, and SA
clearly reduced the degradation efficiency. In the photocatalytic
degradation of CV, 03" and !0, were the two main active sub-
stances. Therefore, the observed scavenger and EPR-induced
quenching effects indicated that 03 and 'O, play major roles in
the aforementioned degradation, whereas ‘OH and h* play minor
roles.

Fig. 12 illustrates the photocatalytic degradation and photocat-
alytic reduction based on the results of the foregoing experiments.
Fig. 12(a) suggests that after the electron reaches the PbBiO,Br
conduction band, it immediately generates active oxygen species,
causing the CV dye to decompose. The photosensitization and pho-
tocatalytic processes are also simultaneous. However, under the
conditions that are associated with photosensitization and photo-
catalytic reactions, photogenerated and photosensitized electrons
react with photocatalyst-surface-adsorbed oxygen to produce O3-
radicals. In addition, O3 radicals react with H" ions, and the h* hole
reacts with the OH™ ion (or H,0) to generate a hydroxyl radical.
These sequences result in the production of hydroxyl radicals
[59]. Under irradiation with visible light, the illumination system
causes the continuous occurrence of this cycle [60]. Unexpected
10, formation mechanism was predicted during the photoexcita-
tion of the PbBiO,Br/GO photocatalyst. It is also possible to pro-
duce '0, by transferring electrons between superoxide 03" and
cationic species (H" or h*) under the appropriate oxidizing power
[61]. A study [62] reported the mechanism of 0, formation during
the photoexcitation of ZnO, in which the photogenerated h* by the
photocatalyst acts as a cationic species that oxidizes 03".

Eqgs. (1)-(3) represent the decomposition process of CV or HBA,
which is caused by the photogenerated oxidant species; it is a recy-
cling step.

CV (HBA) + 0,7 — photodegraded products (1)

CV (HBA) + '0, — photodegraded products (2)
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Fig. 11. (a) EPR spectra in the methanol dispersion for DMPO-"OH; (b) EPR spectra
in aqueous solution dispersion for DMPO-05"; (c) trapping experiment of active
species during the photocatalytic reaction using PbBiO,Br/GO (Molar ratio Pb:
Br = 5:5, reaction temp = 250 °C, reaction time 12 h, 0.05 g GO).

CV (HBA) + OH- — photodegraded products 3)

This study has identified hydroxylated compounds produced by
the photocatalytic degradation of CV by visible light-driven semi-
conductor systems [45,57,59,60]. In previous studies, under the
process of the photocatalytic degradation of CV dye by ultraviolet
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Fig. 12. The band structure diagram and the possible charge separation processes of PbBiO,Br/GO for (a) photocatalytic degradation and (b) photocatalytic reduction.

light irradiation, nitrogen-centered free radical formation has been
observed before N-dealkylation, and carbon-centered free radicals
have been established before the dye chromophore structure are
destroyed [45,59,60]. In two different systems (under UV and vis-
ible light illumination), all identified intermediates were identical,
thus yielding the same results. The photocatalysis and photoactiva-
tion processes are simultaneous but O3 is generated by O, on the
surface of the catalyst with photogenerated and photosensitized
electrons, whereas "OH results from O3, with H* and h* in the
OH™ (or H,0) reactions. Notably, ‘OH may be produced only by
the e~ - 03° —» H,0, — "OH process, wherein "OH is produced by
multistep reduction of O3; the major oxidant is ‘OH, rather than
03". The proposed reaction pathway for the supported-PbBiO,Br/
GO photocatalytic process can be used as a guide for CV or HBA
decomposition.

Falaras et al. [63] reported the intermediates for the photocat-
alytic degradation of 2-HBA by titanium dioxide nanotubes (TNTs).
Variations on the degradation efficiency were observed between
them at alkaline and acidic pH values, whereas the TNTs showed
slightly increased photocatalytic performance probably due to
easier removal of the formed intermediates from the TNT highly
porous surface.

We observed that optimally, PbBiO,Br/GO promotes (at
1.913 pmol g~! h™') the rate of CO, to CH, photocatalytic conver-
sion at 25 °C under 1 atm, much higher than that of original
PbBiO,Br material (at 0.957 pmol g~! h™'), which indicate that
PbBiO,Br/GO has a decisive advantage in CH, production and great
potential in applications involving CO, conversion catalysis.
Removal and conversion efficiency is significantly enhanced in
the presence of PbBiO,Br/GO. A reaction mechanism of the CO,
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photocatalytic reduction for the PbBiO,Br/GO photocatalyst is pro-
posed in Fig. 12(b). Studies on the photochemical reduction of CO,
(which was adsorbed in water) have indicated that H,CO3 and dis-
solved CO, are likely to be active substances [64,65]. The equilib-
rium equations for carbon dioxide in an alkaline solution are

CO, + H,0 — H,CO; (4)
H,CO; + OH™ — H,CO3;~ + H,0 (5)

H,CO;~ + OH™ — (032~ + H,0 (6)

Because HCO3 and CO%~ have negligible improvements in cat-
alytic performance, the main carbonaceous substances involved
in alkali-enhanced reduction are considered H,COs and dissolved
CO,. That is, H,CO3 is more likely to be the main form of CO,
reduced during photocatalysis. Zhong et al. [66] reported the vari-
ation of inorganic carbon species in different electrolytes. The
authors observed that after bubbling with CO,, the ratio of HCO;
to total inorganic carbon species (H,COs, CO,, HCO3, and CO3%™)
in a low initial concentration of 0.1 M KHCO3 was lower than that
in 0.1 M KOH. However, if the KOH concentration increases, this
value decreased significantly. Thus, similar to our NaOH decorative
samples, a small amount of OH™ can dynamically maintain a stable
amount of H,COs3 in a thin layer of solution on the surface of pho-
tocatalyst. The photocatalytic process, with OH™ as hole scav-
engers, subsequently consumes the stabilized H,COs3 before it
changes to HCO3 or CO5™. The formation and consumption cycle
of H,CO5; can thus be conceived. In other words, the cycle of
H,COs3 in photocatalytic conversion and regeneration can be sus-
tained, and it must be maintained at a relatively low concentration
of OH™. If the concentration of OH™ is too high, the H,CO3 equilib-
rium may be destroyed, resulting in the conversion of H,CO5 to
HCO3 and CO%~. In addition, a larger concentration of alkali on
the surface of the photocatalyst also inhibits the transfer of pho-
toexcited charges from the photocatalyst surface to the reactive
species [66]. The initial enhancement of CH,; formation by
NaHCO5-PbBiO,Br/GO, as illustrated in Fig. 10(b), can be inferred
from NaHCOs3 being deliquefied on a thin layer of the photocatalyst
surface and HCO3 coexisting with H,CO3 (according to Eqgs. (4)-
(6)). When the sample is irradiated, H,CO5 participates in the reac-
tion. However, NaHCO5 exhibited an inferior ability to adsorb
water, resulting in lower concentrations on the surface of the pho-
tocatalyst. Notably, systems with NaHCO3 lack OH™ as a driving
force for enhancing CO, adsorption and hole receptors. Conse-
quently, the NaHCOs-photocatalysts exhibited no significant
enhancement relative to bare PbBiO,Br/GO.

Based on the aforementioned results, the enhanced activity of
photocatalytic reduction and degradation is attributable to the
effective separation of photogenerated carriers. Such separation
is driven by the photoinduced potential difference generated at
these heterojunction interfaces, transfer of photogenerated elec-
trons through the GO skeleton, and favorable well-aligned strad-
dling band structure of the PbBiO,Br/GO.

4. Conclusion

This study is the first to synthesize PbBiO,Br/GO heterojunc-
tions using template-free hydrothermal methods. In particular,
the catalytic performance indicates that when using 0.05 wt%-
GO/PbBiO,Br composite as the photocatalyst, the best reaction rate
constants for CV and 2-HBA were 0.1278 and 0.0093 h~!, which
were 1.82 and 1.24 times higher than the reaction rate constant
of PbBiO,Br when PbBiO,Br was used as a photocatalyst, respec-
tively. We observed that optimally, PbBiO,Br/GO promotes a CO,
to CH, photocatalytic conversion rate (at 1.913 pmol g~! h™') at

25 °C under 1 atm, much higher than that of the original PbBiO,Br
material (at 0.957 umol g~! h™!), which indicates the PbBiO,Br/GO
has an increased advantage in CH4 production and suggests its
great potential for applications involving CO, conversion catalysis.
The removal and conversion efficiency is significantly enhanced in
the presence of PbBiO,Br/GO. Such enhanced photocatalytic activ-
ity is attributable to the effective separation of photogenerated car-
riers. Such separation is driven by the photoinduced potential
difference generated at these heterojunction interfaces, transfer
of photogenerated electrons through the GO skeleton, and favor-
able well-aligned straddling band structure of the PbBiO,Br/GO.
The quenching effects of scavengers indicate that reactive O3
and '0, play the major roles in the photocatalytic degradation of
CV. The possible photodegradation mechanisms were proposed
and discussed in this study. In general, this study provides the syn-
thesis of PbBiO,Br/GO and the photocatalysis of CV, 2-HBA, and
CO; and evidence for its future applications in solar fuels and envi-
ronmental pollution and control.
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