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A B S T R A C T   

Focused on the separation of photoinduced carriers to improve the photocatalytic performance of semi-
conductors, polarized C/Bi/Bi2MoO6 were synthesized by electrical polarizing method in presence of organ-
ic–inorganic composite films. Significantly, this poling process leads to the better photoactivity for degrade 
bisphenol A (BPA) and ciprofloxacin (CIP), catalyzing the generation of superoxide radicals (•O2

–) and holes (h+) 
to removal pollutants either through the ferroelectric polarization effect. Meanwhile, the non-destructiveness 
during the entire polarization process helps maintain the crystal structure and morphology of the catalyst to 
achieve better photocatalytic performance. This present work not only provides a great route for preparation of 
various polarized ferroelectric semiconductors, but also indicates the potential of ferroelectric polarization for 
modification of semiconductors.   

1. Introduction 

Semiconductor-based photocatalytic reaction has emerged as a sig-
nificant technology owing to their potential in environmental remedi-
ation and energy utilization. Nevertheless, the phenomenon about rapid 
recombination of photogenerated carriers still appears in single semi-
conductor, which may restrict the further commercial development of 
photocatalysis. Various conventional strategies have been employed to 
promote the charge carrier separation in photocatalysts, like noble 
metals deposition [1]. These metals can facilitate the separation of 
electrons-holes pairs and extend the absorption region of light in semi-
conductors because of their surface plasmon resonance (SPR) effect 
[2,3]. Introducing a layer of amorphous carbon on the surface of semi-
conductor material is another common modification method, which 
could modify the band-gap structure to effectively promote the separa-
tion of photoexcited charge [4]. The challenge is the recombination of 
electrons (e-) -holes (h+) pairs caused by the random charge transfer in a 
single semiconductor significantly that hinder its catalytic performance 
[5]. Thence, overcoming the recombination of bulk charges is vital to 
improve the activity of photocatalyst for redox reactions. 

For the bulk charge separation, ferroelectric polarization effect is a 
promising strategy [6,7]. Recent studies demonstrate that the internal 

electric fields induced by polarization can effectively improve the sep-
aration of bulk charges in the ferroelectric semiconductor by providing a 
driving force for the transport of photogenerated charges [8–10]. 
Meanwhile, the electric field generated by separation of photoexcited 
charges can also lead to switching of polarization [11]. These effects 
triggered renewed the interest in the application of ferroelectric mate-
rials for photocatalysis. As a matter of fact, internal electric field in the 
ferroelectric catalyst is ascribed to non-centrosymmetric crystal struc-
ture, in which the polarization occurs due to different centers of sym-
metry for positive and negative charges [12]. Yu et al [13]. used KNbO3 
as a representative material to effectively tuning of its photocatalytic 
degradation of organic dyes and water splitting activity by manipulating 
the ferroelectric polarization. Moreover, the spontaneous polarization 
originating from the negative and positive charge centers in the unit cell 
can stimulate the macroscopic charges on the two opposite sides of 
ferroelectric materials to achieve the bulk charge separation [14,15]. 
The key point to accelerate the separation of bulk charge is building a 
polarized field along the orientation of photogenerated charges migrate. 
This internal electric field will drive e- and h+ to move in the opposite 
sites, thereby improving their bulk separation and transfer [16,17]. 

Recent works in ferroelectric polarization are focused on exploring 
bismuth-based layered semiconductor as a highly performance 
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photocatalyst [18,19]. The internal electric field built between the 
[Bi2O2]2+ and ionic group layered structure of Bi-based semiconductor 
has the potential to change the internal polarization for deeply enhance 
the photocatalytic performance of the material [20]. Chen et al. [21] 
precisely controlled the structure of Bi2MoO6 to promote its internal 
polarization to enhance the performance of photocatalytic degradation 
of sulfamethoxazole and phenol. Nonetheless, it remains a conundrum 
for the synthesis of highly poled ferroelectric semiconductor, especially 
the larger-scale photocatalyst powder. Encouragingly, there is a method 
to produce efficient polarized materials with assistance of organ-
ic–inorganic composite film at ambient conditions. Zhang et al. [22] and 
Huang et al. [23] prepared the polarized Bi2WO6 and BiFeO3 materials 
respectively via a facile electrical poling method with the assist of a 
soluble organic–inorganic composite film. 

Bi2MoO6 is a typical member of the ferroelectric compounds, 
equipping with visible light response properties and narrow band gap 
(~2.8 eV) [24]. These reports inspired us how to improve the photo-
induced charge separation in semiconductors. such as, connecting con-
ventional modification methods and ferroelectric polarization effects to 
facilitate the overall charge separation. To verify this hypothesis, we 
chose Bi2MoO6 as the candidate material for photocatalysis. Subse-
quently, polarized C/Bi/Bi2MoO6 were synthesized by a one-pot sol-
vothermal route and electrical polarizing strategy with the assistance of 
organic–inorganic composite film. Electrical poling post-treatment was 
adopted as a productive method to turn the catalyst into powder to 
promote the photocatalysis experiment. Finally, the photodegradation 
efficiency and charge separation mechanism of the photocatalysts were 
studied. 

2. Experimental 

2.1. Synthesis of C/Bi/Bi2MoO6 composites 

The detailed preparation procedures of C/Bi/Bi2MoO6 composites 
are shown in Scheme 1. Firstly, the precursor of EDTA-Bi was synthe-
sized by the mixed solution of Bi (NO3)3⋅5H2O and EDTA as reported 
previously [25]. In brief, Bi (NO3)3⋅5H2O (3.5 mmol) and 

Na2MoO4⋅2H2O (1.75 mmol) were dissolved in ethylene glycol solution 
(5 mL) respectively, and then 20 mL of absolute ethanol was added into 
the mixture of two solutions under continuous stirring. Subsequently, 
different masses of EDTA-Bi were dispersed in the above solution with 
successive stirring. At last, the suspension was transferred into an 
autoclave (45 mL) and sealed, heated to 160 ◦C and kept for 10 h. After 
the solvothermal reaction, the collected samples were washed and 
drying at 60 ◦C to gain C/Bi/Bi2MoO6 products. According to this 
method, the contents of Bi in C/Bi/Bi2MoO6 were adjusted by control-
ling the weight ratio of EDTA-Bi to Bi2MoO6. The ratio of EDTA-Bi added 
during the synthesis to C/Bi/Bi2MoO6, which were labeled as Bi2MoO6 
(0 wt%), CBMO-2.5 (2.5 wt%), CBMO-5 (5 wt%) and CBMO-10 (10 wt 
%), respectively. 

2.2. Synthesis of polarized powder of C/Bi/Bi2MoO6 

Similarly, the schematic diagram for electrical poling, separation of 
powder and photodegradation of pollutants are also displayed in 
Scheme 1. A direct current supply (Fig. S1a) with input voltage and 
frequency of 220 V and 50 Hz respectively was applied in the electrical 
polarization experiment, the output voltage is 30 V for reduce damage to 
the human body. The addition of organic polymers can maintain the 
high dispersibility of powder and assure the insulation properties during 
the polarization experiment. Since the solubility of organic polymers 
affects the separation of powder, polymethyl methacrylate (PMMA) was 
used as the main material of composite membranes due to its excellent 
insulation and solubility [26,27]. The polarized powder of C/Bi/ 
Bi2MoO6 were synthesized through an electrical polarizing method in 
the presence of PMMA. Finally, the membranes were put into aqueous 
acetone solution for separation and grinding of powder. 

Above all, PMMA was added into the ethyl acetate until the 
appearance of a clear solution. Secondly, named CBMO-5 powder was 
dispersed in the above solution under magnetically stirring. After that, 
the mixed solution was spin-coated and deposited on indium tin oxide 
(ITO) conductive glass, drying in vacuum to prepare the organ-
ic–inorganic composite films. Electrical polarizing was carried out on 
the membranes utilizing silicone oil coated electrode to contact with the 

Scheme 1. Schematic illustration of the sample preparation method and the photocatalytic degradation process.  
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direct current voltage source. After 1 h of polarizing, ITO glass was put 
into acetone solution to collect the powder, relabeled the final sample as 
PCBMO-5 for photodegradation experiments. Similarly, the PCBMO-2.5 
and PCBMO-10 samples were synthesized by adding CBMO-2.5 and 
CBMO-10 respectively instead of CBMO-5. 

2.3. Characterization 

The crystal composition of the as-synthesized catalysts was examined 
by X-ray diffraction (XRD, Bruker D8) with Cu Kα radiation (λ = 1.5406 
Å) at 40 kV and 40 mA. Hydrodynamic size was measured by a DLS 
equipment (Malvern Mastersizer 2000). Measurements were performed 
at room temperature, setting the refractive index at 1.70 for the particles 
and 1.33 for water as a dispersant. Fourier transform infrared (FT-IR, 
Nicolet 5700) spectra were recorded in transmittance mode by a KBr 
disk preparation apparatus. The morphologies of the materials were 
investigated via the scanning electron microscope (SEM, Gemini 300) 
attached to energy dispersive X-ray spectroscopy (EDX, oxford x-max 80 
T) with the operating voltage (20 kV) and transmission electron mi-
croscope (TEM, FEI G2 F20). The bonding statuses of samples were 
measured using X-ray photoelectron spectroscopy (XPS, PHI-5000) with 
Al-Kα radiation. UV–vis diffuse reflection spectroscopy (DRS) of were 
collected via the spectrophotometer (PE lambda 750S) to analyze the 
optical properties of the synthesized materials. The photoluminescence 

(PL) spectra were obtained by the photoluminescence spectrometer 
(Hitachi F-4700) excited at 280 nm. The surface topographies and 
ferroelectric properties of PCBMO-5 were analyzed by an atomic force 
microscope (AFM, Bruker Dimension) with the piezo-response force 
microscope (PFM) for the piezoelectric response test. For the PFM 
analysis, a swept direct current bias (0.2 Hz, ±10 V) was applied to 
supply a basic electric field for the as-prepared sample. 

2.4. Photocatalytic activity experiments 

BPA is a class of typical endocrine disruptors utilized in the manu-
facture of food, drink storage containers, and other hundreds of 
everyday items [28]. Moreover, CIP is a third-generation fluo-
roquinolone (FQ) antibiotic, which has been applied in medical treat-
ment because of its extensive antibacterial activity [29]. However, BPA 
and CIP are recalcitrant in nature and often difficult to biodegrade, and 
subsequently excreted into the aqueous environments resulting in water 
pollution. Thus, it is of great urgency and essential to removal these two 
pollutants from wastewater before discharging into the environment. 

The photocatalytic performance of different catalysts was studied by 
degrading colorless BPA and CIP, utilizing a 300 W Xenon lamp (AuLight 
Beijing, CEL HXF300) as the visible-light source (λ＞420 nm) and the 
light intensity was about 200 mW⋅cm− 2. Fig. S1b and S1c shows the 
emission spectrum and physical picture of the lamp, separately. In brief, 

Fig. 1. (a) XRD patterns and (b) FT-IR spectra of the as-prepared samples; (c) C 1 s and (d) Bi 4f of XPS spectra of CBMO-5 and PCBMO-5 samples.  
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the photocatalyst was scattered in 50 mL BPA or CIP solutions, stirred a 
certain time (30 min) to reach the equilibrium of adsorption and 
desorption. Then, 2 mL of suspension was taken during the irradiation 
period (every 30 min), and then passed through a filter obtain the su-
pernatant liquid for measuring the concentration of pollutants via a 
spectrophotometer (UV-3010). The photodegradation efficiency (η) was 
computed according to formula: 

η (%) = (1-C/C0) × 100% 
where C0 represents the initial concentration of pollutants, and C is 

the concentration at collecting reaction solutions time. 

2.5. Photoelectrochemical experiments 

The detailed schematic diagram and more information about pho-
toelectrochemical tests are provided in Fig. S2. 

3. Results and discussion 

3.1. Phase composition analysis 

The composition and crystallinity of pure Bi2MoO6, CBMO-5 and 
PCBMO-5 sample were determined by XRD experiments [30,31]. In 
Fig. 1a, all the samples exhibited the strong and sharp diffraction peaks 
with the typical character of orthorhombic Bi2MoO6 (JCPDS No. 
21–0102). A diffraction peak observed at 2θ = 31.46◦ for CBMO-5 
sample was ascribed to the (120) crystal plane of Bi (JCPDS No. 
51–0765), indicating the existence of metallic Bi in Bi2MoO6. No C peak 
was observed in CBMO-5, signifying the existence of amorphous carbon 
in the C/Bi/Bi2MoO6 composites instead of a crystal structure [32]. For 
sample of PCBMO-5 prepared via an electrical poling strategy, the 

diffraction peak of Bi (JCPDS No. 51–0765) could also be observed. 
According to previous studies, the characteristic peaks of pure PMMA at 
around 2θ = 13.83◦, 29.36◦ and 42.16◦ corresponds to the amorphous 
PMMA [33,34]. There is no peak of PMMA can be observed in PCBMO-5, 
demonstrating the high purity of the as-synthesized catalysts. Further-
more, the hydrodynamic size was investigated by DLS analysis, 
assuming the particles in suspension as spherical. As shown in Fig. S3, 
exhibited bimodal size distributions, which was related to particles 
having a notably different diffusion coefficient [35,36]. The volume 
distribution shows that the average particle size of Bi2MoO6, CBMO-5 
and PCBMO-5 is 10.5, 9.8 and 9.4 μm, respectively. 

FT-IR was applied to censor the chemical bonds of the as-prepared 
photocatalysts (Fig. 1b). The strong absorption band (400–900 cm− 1) 
was presented in all the samples, attributing to the Bi-O, Mo-O and Mo- 
O-Mo bonds. The peaks located at 450 cm− 1 and 565 cm− 1 are ascribed 
to Bi-O deformation vibration and stretching vibration, respectively 
[37]. A series of peaks at 728 cm− 1 and 845 cm− 1 could be respectively 
corresponded to MoO6 involving vibrations of the equatorial and apical 
oxygen atoms [38]. Besides, the peak appearing at 800 cm− 1 is attrib-
uted to the symmetric stretching mode of corner sharing MoO6 octa-
hedron involving vibrations of the apical oxygen atoms [39]. It should 
be noted that peaks at 1384 cm− 1 is associated with different vibration 
modes of O-C = O, while the peak appearing at 1632 cm− 1 due to the 
vibrations of C = C bond [40]. Previous researches pointed out that the 
characteristic vibration bands of PMMA appear at 1732 cm− 1 (C = O) 
and 1442 cm− 1 (C-O) [41,42], which cannot be observed in the PCBMO- 
5 sample. Therefore, the FT-IR results are consistent with XRD analysis. 

XPS was employed to further identity the elemental composition of 
CBMO-5 and PCBMO-5 samples. The survey of XPS spectra of CBMO-5 
and PCBMO-5 were investigated. Fig. S4 shows that the main 

Fig. 2. SEM images of Bi2MoO6 (a), CBMO-5 (b) and PCBMO-5 (c) samples.  
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components of two samples are C, Bi, Mo and O elements. From the high- 
resolution XPS of C 1 s spectra (Fig. 1c), the asymmetric peaks located at 
284.4 eV was divided into four peaks at 288.1, 285.8, 284.7 and 284.3 
eV, respectively. The peak appeared at 284.7 eV ascribed to C–C bond of 
CBMO-5 sample. Moreover, the peak at 285.8 eV is assigned to Mo-O-C 
and Bi-O-C bond, which confirmed the formation of carbon layer in 
Bi2MoO6. Meanwhile, the two peaks at 288.1 and 284.3 eV corre-
sponded to C = O and C = C bond, respectively [43]. Fig. 1d is the 
obtained spectra of Bi4f. Besides the two peaks around 164.2 and 158.8 
eV typically attributed to the Bi (III) in Bi2MoO6 structure, the two left 
peaks centered at around 164.9 and 159.6 eV arises from the Bi (III) of 
Bi-O-C bond in the carbon electron density [44,45], other tiny peaks 
appeared at 162.2 and 156.7 eV ascribed to Bi0 depositing on the surface 
of Bi2MoO6 [46]. Comparing the two samples of CBMO-5 and PCBMO-5, 
their binding energy positions are not significantly shifted, proving the 
coexistence of carbon layer and metallic Bi and the nondestructive 
properties of ferroelectric polarization. 

3.2. Chemical structure and morphological analysis 

The morphology of materials was directly characterized by SEM 
measurements. Fig. 2a displays that pure Bi2MoO6 consists of a large 
amount of nanosheets with several micron in size, and then, these 
nanosheets aggregated together to form flower-like microspheres 
(diameter of 3 μm). As shown in Fig. S5, after the addition of EDTA-Bi, 
not only microspheres morphology of Bi2MoO6 collapsed to a certain 
extent, but also their average diameters were 2 µm, attributed that the 
generation of metallic Bi consumes some of the Bi3+ precursors [47]. 
Some small irregular nanoparticles were observed on the surface of the 
microspheres in CBMO-5 (Fig. 2b), which may be metallic Bi or some 
remaining organic compounds. Fig. 2c reveals that there is no apparent 
difference in the structure of the unpolarized and polarized CBMO-5, 
and the diameter of the microspheres is about 2–3 μm. The corre-
sponding EDX spectroscopy and mapping images (Fig. S6, S7 and S8) 
for the unpolarized and polarized CBMO-5 sample confirms coexistence 
of four elements (C, Bi, Mo, O), and the uniform distribution of the 
images illustrate high dispersion of the as-prepared samples, which gives 

a strong evidence that C and Bi successfully introduced in Bi2MoO6. 
TEM and HRTEM tests were carried out to further elucidate the 

microstructures and composition of unpolarized and polarized CBMO-5 
sample. Fig. 3a confirms that the morphology of unpolarized CBMO-5 
sample exhibits flower-like microspheres self-assembled by nano-
sheets. In Fig. 3b, some irregular nanoparticles were found on the sur-
face of Bi2MoO6 nanosheets. Meanwhile, it seems to appear a certain 
rugosity in the nanostructured outer wall probably due to the existence 
of a carbon coating in the nanosheets [48]. Fig. 3c is the HRTEM image 
of CBMO-5 sample. The lattice spacing is 0.316 nm, corresponding to the 
(131) crystal plane of orthorhombic Bi2MoO6 phase. And the spacing of 
lattice is 0.283 nm, corresponding well to the (120) plane of Bi (JCPDS 
No. 51–0765), indicating metallic Bi depositing on the surface of 
Bi2MoO6. After polarization process, the well-resolved (131) and (120) 
plane can be seen in polarized sample, confirming the phase stabiliza-
tion during the electrical polarizing process (Fig. 3d, 3e and 3f). In 
addition, the elements of unpolarized and polarized C/Bi/Bi2MoO6 are 
uniformly distributed on the entire composite from the EDX spectros-
copy and mapping images of TEM (Fig. S9). The signal of metallic Bi 
may be displayed where Mo and O elements are absent, due to the 
smaller size of Bi particles and the larger proportion of Bi (III). 

3.3. Analysis of optical properties and band structures 

The optical properties of different photocatalysts were analyzed by 
DRS. Fig. 4a demonstrates that Bi2MoO6 displayed an absorption range 
(480 nm), consistent with the previous research, and reveals it is a 
visible light response catalyst [49]. Notably, the absorption edge of 
CBMO-5 sample has been broadened, suggesting that the introduction of 
carbon layers and metallic Bi will enhance the visible light absorption 
capacity of Bi2MoO6. As expected, the light absorption range of PCBMO- 
5 sample exhibits markedly no enhanced, indicating that the electrical 
polarization process has almost no influence on the optical properties of 
the materials. Based on the Kubelka-Munk function [50], the band-gap 
energy (Eg) of Bi2MoO6 was calculated to be 2.85 eV. Kubelka-Munk 
plots of the materials are shown in Fig. 4b, the value of EVB and ECB of 
Bi2MoO6 can be calculated according to the following equations: 

Fig. 3. TEM and HRTEM images of unpolarized CBMO-5 (a-c) and polarized CBMO-5 (d-f).  
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EVB = X - Ee + 0.5Eg                                                                      (1)  

ECB = EVB - Eg                                                                               (2) 

where X is electronegativity of the semiconductor and Ee is definite 
value (about 4.5 eV). The EVB and ECB of Bi2MoO6 were calculated to be 
2.43 eV and − 0.42 eV, separately. 

For another, Mott-Schottky plots can also investigate the energy 
band edges of the semiconductors (Fig. S10). The flat band potential of 
n-type Bi2MoO6 is − 0.55 V vs Ag/AgCl. Therefore, the CB potential of 
Bi2MoO6 can be defined as − 0.35 eV due to the CB edge of n-type 
semiconductor is 0.2 eV lower than flat potential. Similarly, the CB 
potential of CBMO-5 and PCBMO-5 were calculated to be − 0.31 and 
− 0.29 eV, respectively. The Femi level of metallic Bi can be defined as 
− 0.11 eV due to it is not a semiconductor, which is similar to that re-
ported in the previous literature [51]. Fig. S10e shows the XPS valence 
band spectra of CBMO-5 and PCBMO-5 sample to further study the band 
structure of samples. The VB potential of CBMO-5 and PCBMO-5 can be 
determined as 2.39 and 2.35 eV, suggesting that electric polarization 
process has little effect on the energy band structure of the photo-
catalyst, which is consistent with the results of DRS analysis. In Fig. 4c, 
the hybrid energy level caused by the carbon layer is determined to be 
2.37 eV due to the valence band potential difference between Bi2MoO6 
and CBMO-5. 

3.4. Photocatalytic degradation activity 

Fig. 5 and Fig. S11 reveals the influence of different concentrations 
of pollutants on the photocatalytic performance of samples. The 
pollutant needs more time to decompose when the concentration is high 
(20 mg⋅L-1). Similarly, it can be quickly removed when the concentra-
tion is low (5 mg⋅L-1), so that the pollutant with a concentration of 10 
mg⋅L-1 is suitable for the photodegradation experiment in this work. 
Among all the samples, PCBMO-5 exhibits the most significant degra-
dation efficiency, implied by the corresponding kinetic curves. The ef-
fect of different dosage of PCBMO-5 on catalytic activity was 
investigated, as shown in Fig. S12. With extending the irradiation time, 
the UV characteristic peak intensity of BPA (276 nm) and CIP (272 nm) 
gradually declined. The same result also appears on this experiment, in 
which the more the amount of catalyst leads to irregular degradation. 
Since too little weight of the catalyst (10 mg) shows poor degradation 
efficiency, the scale of 20 mg was applied to photocatalytic reaction. In 
Fig. 5a and 5c, BPA and CIP degradation efficiency of PCBMO-5 reached 
88% and 90%, respectively, which may be attributed to ferroelectric 
polarization effect to further promote charge separation. From Fig. 5b 
and 5d, BPA and CIP degradation process follows pseudo first-order 
kinetics, and k value of PCBMO-5 were separately estimated to be 
0.0164 and 0.0175 min− 1, which were significantly higher than other 
catalysts. 

Additionally, the stability of material directly determines whether it 

Fig. 4. (a) UV–vis diffuse reflectance spectra of different samples; Plots of Kubelka-Munk (b) of as-prepared samples; (c) Band structure of C/Bi/Bi2MoO6.  
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Fig. 5. Photodegradation efficiency of BPA (a) and CIP (c) with different samples; Corresponding k constant of BPA (b) and CIP (d) degradation process.  
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Fig. 6. Cycling experiments of photodegradation of CIP (a) and BPA (c) over PCBMO-5 sample; XRD patterns (b) and survey XPS spectra (d) of PCBMO-5 before and 
after photocatalytic tests (recovered after five cycles of photocatalysis). 
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can be applied in practice, and the cycling experiments of the PCBMO-5 
sample were carried out. The photocatalytic performance of the polar-
ized CBMO-5 exhibits no apparent loss activity after five consecutive 
runs for the photodegradation of CIP (Fig. 6a) and BPA (Fig. 6c), 
revealing that PCBMO-5 has high stability during the photocatalytic 
degradation process. It can be seen from the XRD patterns (Fig. 6b), XPS 
(Fig. 6d) and FT-IR spectra (Fig. S13) before and after the cycling ex-
periments that there is no apparent change in the composition of 
PCBMO-5 sample, demonstrating its excellent recyclability and stability. 
The results indicated that PCBMO-5 has the potential to be a stable, and 
recyclable catalyst. 

3.5. Possible degradation pathway of pollutants 

According to LC-MS analysis of the previous literatures [52,53], the 
intermediates generated during the photodegradation of BPA and CIP in 
this work were investigated. As depicted in Fig. 7a, the intensity of the 
characteristic peak of BPA (m/z = 227) gradually weakened with pro-
longed degradation time, and finally generate four main intermediates. 
Specifically, BPA was majorly cleavage at the quaternary carbon atom 
between the two benzene rings, and converted into two products. Sub-
sequently, the two main products were determined as p-hydrox-
yacetophenone (m/z = 135) and phenol (m/z = 97), separately. 
Afterwards, the intermediates products were further oxidized by the 
reactive species and transformed into p-benzoquinone (m/z = 107), 
while p-hydroxyacetophenone was more violently partially oxidized 
under the direct cleavage of aromatic rings, and converted into the in-
termediate of m/z 143. Finally, these intermediates reacted with the 
active species and mineralized into CO2 and H2O after enough irradia-
tion time. Moreover, the intermediates analysis of CIP decomposition 
was shown in Fig. 7b. including the seven identified products. In short, 
the first degradation step of CIP was the oxidation and cleavage of 
piperazine ring with the formation of product A. Three products (B, C 
and D) were generated due to the oxidation of two formyl groups of 
product A. After several terminal oxidations, the piperazine ring was 
completely decomposed. After that, product E was oxidized to some 
unstable and lower molecular weight compounds. In the presence of 

active species, these unstable intermediate products were eventually 
mineralized into F-, CO2 and H2O. 

3.6. Photocatalytic mechanism 

PL analysis has been widely employed to investigate the immigra-
tion, transfer, and recombination of photoexcited charge carriers for 
better understand the movement of electrons-holes pairs in the photo-
catalysts. The lower PL intensity indicates the lower recombination ef-
ficiency of photogenerated electron-hole pairs. As presented in Fig. 8a, it 
is clear that the PL emission intensity of the polarized CBMO-5 is much 
lower than that of pure Bi2MoO6 and the unpolarized CBMO-5, sug-
gesting that the introduction of C/Bi in Bi2MoO6 and carry on the 
ferroelectric polarization strategy can inhibit the recombination of the 
photogenerated carriers. Furthermore, EIS (Fig. 8b) and transient pho-
tocurrents (Fig. 8c) are also applied to evaluate the electrons-holes pairs 
migration efficiency of materials under visible-light irradiation. 
Compared with other samples, PCBMO-5 has the lowest EIS arc radius, 
suggesting a lower electron transfer resistance. In addition, PCBMO-5 
sample shows the highest photocurrents, ascribed to the higher sepa-
ration efficiency of photoexcited charges. PL, EIS and photocurrent 
response analysis confirmed that the C/Bi/Bi2MoO6 composite was 
modified by ferroelectric polarization, which could further promote the 
bulk charge separation to improve the photocatalytic activity of the 
catalyst. 

PFM analysis is rapidly developing in the research of ferroelectric 
semiconductors [54]. Herein, PFM was employed to investigate the 
ferroelectricity of polarized CBMO-5 sample. Fig. 9a shows AFM 
topography image of the polarized CBMO-5, revealing that the surface of 
the sample is smooth enough for PFM analysis. As schematically shown 
in Fig. 9b, the application of the direct current bias (10 V) can partially 
orient the polarizing region in either position, and a significant phase 
switch can be detected between the upper and lower ferroelectric do-
mains, thereby suggesting the ferroelectric properties of PCBMO-5 
sample [55]. Moreover, when polarization voltage around 10 V, the 
butterfly-like loops appearing due to the polarization conversion of 
PCBMO-5 sample (Fig. 9c). Meanwhile, the local hysteresis loops 

Fig. 7. Intermediates analysis and possible degradation pathways in the photocatalytic process of BPA (a) and CIP (b).  
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Fig. 8. PL spectra (a), EIS Nyquist plots (b) and transient photocurrent responses (c) of different samples.  
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Fig. 9. AFM image (a) and PFM image (b) of PCBMO-5 sample; PFM amplitude (c) and phase hysteresis loops (d) of PCBMO-5.  

Fig. 10. Trapping experiments of BPA (a) and CIP (b) with PCBMO-5.  
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presenting about 180̊ phase converting (Fig. 9d) were further investi-
gated with picking one site on the PCBMO-5, demonstrating the polar-
ization switch between the two antiparallel polarization states along 
with external field [56]. In general, PFM analysis confirmed the polar-
ized CBMO-5 sample possesses stable ferroelectric switching behavior 
with monodomain state at room temperature. The improved photo-
catalytic activity of PCBMO-5 is due to the ferroelectric polarization 
effect promotes further separation of charges, which is consistent with 
the results of PL, EIS and transient photocurrent analysis. 

The key to exploring the photocatalytic mechanism is to determine 
the main active substances in the reaction process. Therefore, the trap-
ping experiments of PCBMO-5 sample were carried out (Fig. 10). In the 
scavenging experiments, isopropanol (IPA), ammonium oxalate (AO) 
and ascorbic acid (AA) were employed to capture hydroxyl radicals 
(•OH), holes (h+) and superoxide radicals (•O2

–), respectively. As shown 
in Fig. 10a, the photodegradation efficiency of BPA were not signifi-
cantly declined after using IPA as a scavenger. In contrast, the degra-
dation efficiency of BPA was reduced by 63% and 45% respectively with 
the addition of AA and AO, implying •O2

– and h+ occupied the most 
crucial and minor position in the photocatalytic degradation process. 
Similarly, the trapping experiments of CIP degradation is displayed in 
Fig. 10b. It can be seen that •O2

– and h+ remain to be main and secondary 
reactive species during the photocatalytic process. The results of the 
experiments revealed that •O2

– and h+ are separately the most and the 
minor oxidative species in BPA and CIP degradation. 

Based on the above characterization analysis, the possible mecha-
nisms about photoinduced charges separation of unpolarized and 
polarized C/Bi/Bi2MoO6 photocatalyst are illustrated in Scheme 2. 
Under visible light irradiation, Bi2MoO6 has photoinduced e-/h+ pairs 
and photoexcited e- transferred to the Femi-level of metallic Bi, where it 
can combine with O2 and generate •O2

– owing to the ECB of Bi2MoO6 is 
more positive than E1 (O2/•O2

–=− 0.046 eV). Simultaneously, the pho-
togenerated h+ on the VB of Bi2MoO6 are migrated to the donor state of 
carbon layer, while it cannot produce •OH because of E2 (OH–/•OH =
2.4 eV) is negative than the EVB of Bi2MoO6. In virtue of the SPR effect of 
Bi and hybrid energy level of C, the surface charge separation efficiency 
of Bi2MoO6 has been improved. The electrons on the metal Bi and the 
holes accumulated on the carbon layer can effectively removal pollut-
ants due to their strong oxidizing properties. In the internal structure of 

C/Bi/Bi2MoO6 composites, the non-centrosymmetric arrangement of 
ionic groups prompts positive charge on one edge of the surface (C+

region) and negative charge on the other edge (C- region), forming a 
spontaneous polarization field from C+ to C- region. After electrical 
poling process, the polarization field was gradually evenly distributed, 
and e- and h+ are concentrated on the C+ and C- sides, respectively, 
which promotes the bulk charges separation of Bi2MoO6. Benefiting 
from the influence of ferroelectric polarization, the photocatalytic per-
formance of material can be further enhanced. 

4. Conclusion 

In summary, C/Bi/Bi2MoO6 composites were synthesized via a one- 
step solvothermal method with EDTA-Bi as the precursor. Subsequently, 
a non-destructive electric polarizing method was adopted to produce the 
polarized C/Bi/Bi2MoO6 catalyst with the existence of organ-
ic–inorganic composites membrane. The introduction of metallic Bi and 
carbon layer can modify the band structure of Bi2MoO6 and promote the 
separation of surface charges, while ferroelectric polarization process is 
beneficial to generate more active photo-excitons and accelerate the 
separation of bulk charges to further enhance the performance of pho-
tocatalyst. This work opens a new access to fabricate the ferroelectrics 
and utilize the spontaneous polarization of materials towards photo-
electric synergy for future catalysis research. 
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Dorado, J. Perales-Sánchez, S. García-Pinilla, F. Reynoso-García, J. M. Martínez- 
Audelo, M. A. Armenta-Manjarrez, Preparation of surfactant-free emulsions using 
amaranth starch modified by reactive extrusion, Colloids Surf., A 608 (2021) 
125550. https://doi.org/10.1016/j.colsurfa.2020.125550. 

[37] H.P. Li, J.Y. Liu, W.G. Hou, N. Du, R.J. Zhang, X.T. Tao, Synthesis and 
characterization of g-C3N4/Bi2MoO6 heterojunctions with enhanced visible light 
photocatalytic activity, Appl. Catal. B: Environ. 160–161 (2014) 89–97, https:// 
doi.org/10.1016/j.apcatb.2014.05.019. 

[38] D. Ma, J. Wu, M.C. Gao, Y.J. Xin, C. Chai, Enhanced debromination and 
degradation of 2,4-dibromophenol by an Z-scheme Bi2MoO6/CNTs/g-C3N4 visible 
light photocatalyst, Chem. Eng. J. 316 (2017) 461–470, https://doi.org/10.1016/j. 
cej.2017.01.124. 

[39] J. Di, J.X. Xia, M.X. Ji, H.P. Li, H. Xu, H.M. Li, R. Chen, The synergistic role of 
carbon quantum dots for the improved photocatalytic performance of Bi2MoO6, 
Nanoscale 7 (2015) 11433–11443. 

[40] L. Zhang, H. Cheng, R. Zong, Y. Zhu, Photocorrosion suppression of ZnO 
nanoparticles via hybridization with graphite-like carbon and enhanced 
photocatalytic activity, J. Phys. Chem. C 113 (6) (2009) 2368–2374, https://doi. 
org/10.1021/jp807778r. 

[41] S.P. Singh, S.K. Sharma, D.Y. Kim, Carrier mechanism of ZnO nanoparticles- 
embedded PMMA nanocomposite organic bistable memory device, Solid State Sci. 
99 (2020) 106046, https://doi.org/10.1016/j.solidstatesciences.2019.106046. 

[42] A. Abun, B.-R. Huang, A. Saravanan, D. Kathiravan, P.-D. Hong, Effect of PMMA on 
the surface of exfoliated MoS2 nanosheets and their highly enhanced ammonia gas 
sensing properties at room temperature, J. Alloys Compd. 832 (2020) 155005, 
https://doi.org/10.1016/j.jallcom.2020.155005. 

[43] N.R. Khalid, A. Majid, M.B. Tahir, N.A. Niaz, S. Khalid, Carbonaceous-TiO2 
nanomaterials for photocatalytic degradation of pollutants: A review, Ceram. Int. 
43 (17) (2017) 14552–14571, https://doi.org/10.1016/j.ceramint.2017.08.143. 

[44] H.J. Lu, L.L. Xu, B. Wei, M.Y. Zhang, H. Gao, W.J. Sun, Enhanced 
photosensitization process induced by the p–n junction of Bi2O2CO3/BiOCl 
heterojunctions on the degradation of rhodamine B, Appl. Surf. Sci. 303 (2014) 
360–366, https://doi.org/10.1016/j.apsusc.2014.03.006. 

Z. Zhang et al.                                                                                                                                                                                                                                   

https://doi.org/10.1016/j.cej.2021.128430
https://doi.org/10.1016/j.cej.2021.128430
https://doi.org/10.1016/j.cej.2015.10.037
https://doi.org/10.1021/ja410800y
https://doi.org/10.1016/j.apsusc.2017.10.120
https://doi.org/10.1016/j.apsusc.2017.10.120
https://doi.org/10.1016/j.ceramint.2019.10.081
https://doi.org/10.1016/j.ceramint.2019.10.081
https://doi.org/10.1038/ncomms11480
https://doi.org/10.1016/j.nanoen.2017.03.033
https://doi.org/10.1016/j.nanoen.2017.03.033
http://refhub.elsevier.com/S1385-8947(21)00029-2/h0035
http://refhub.elsevier.com/S1385-8947(21)00029-2/h0035
http://refhub.elsevier.com/S1385-8947(21)00029-2/h0035
https://doi.org/10.1039/C3NR03998F
https://doi.org/10.1016/j.susc.2015.10.055
https://doi.org/10.1016/j.susc.2015.10.055
https://doi.org/10.1016/j.jcis.2017.09.005
https://doi.org/10.1016/j.jcis.2017.09.005
https://doi.org/10.1039/C6NR09310H
https://doi.org/10.1126/science:1129564
https://doi.org/10.1016/j.nanoen.2019.01.095
https://doi.org/10.1016/j.nanoen.2016.10.048
https://doi.org/10.1016/j.nanoen.2016.10.048
https://doi.org/10.1016/j.apcatb.2017.03.043
https://doi.org/10.1016/j.apcatb.2017.03.043
https://doi.org/10.1016/j.surfrep.2016.01.001
https://doi.org/10.1002/aelm.201770012
https://doi.org/10.1016/j.nanoen.2018.12.016
https://doi.org/10.1016/j.vacuum.2019.02.040
https://doi.org/10.1002/smll.201302950
https://doi.org/10.1002/cssc.v11.910.1002/cssc.201800180
https://doi.org/10.1002/cssc.v11.910.1002/cssc.201800180
https://doi.org/10.1039/C8CY01963K
https://doi.org/10.1039/C8CY01963K
https://doi.org/10.1016/j.jallcom.2019.01.017
https://doi.org/10.1016/j.jallcom.2019.01.017
https://doi.org/10.1016/j.apsusc.2019.06.258
https://doi.org/10.1016/j.apsusc.2019.06.258
https://doi.org/10.1007/s10854-018-0400-7
https://doi.org/10.1007/s10854-018-0400-7
https://doi.org/10.1080/15583724.2015.1031377
https://doi.org/10.1080/15583724.2015.1031377
https://doi.org/10.1002/smll.v11.2510.1002/smll.201403419
https://doi.org/10.1002/smll.v11.2510.1002/smll.201403419
https://doi.org/10.1016/j.cej.2019.03.046
https://doi.org/10.1016/j.jhazmat.2016.03.010
https://doi.org/10.1016/j.jhazmat.2016.03.010
https://doi.org/10.1016/j.seppur.2018.09.061
https://doi.org/10.1016/j.seppur.2018.09.061
https://doi.org/10.1016/j.cej.2019.122762
https://doi.org/10.1016/j.cej.2019.122762
https://doi.org/10.1016/j.seppur.2017.04.005
https://doi.org/10.1016/j.seppur.2017.04.005
https://doi.org/10.1016/j.apsusc.2014.12.129
https://doi.org/10.1039/C7RA12695F
https://doi.org/10.1016/j.jcis.2020.09.070
https://doi.org/10.1016/j.apcatb.2014.05.019
https://doi.org/10.1016/j.apcatb.2014.05.019
https://doi.org/10.1016/j.cej.2017.01.124
https://doi.org/10.1016/j.cej.2017.01.124
http://refhub.elsevier.com/S1385-8947(21)00029-2/h0195
http://refhub.elsevier.com/S1385-8947(21)00029-2/h0195
http://refhub.elsevier.com/S1385-8947(21)00029-2/h0195
https://doi.org/10.1021/jp807778r
https://doi.org/10.1021/jp807778r
https://doi.org/10.1016/j.solidstatesciences.2019.106046
https://doi.org/10.1016/j.jallcom.2020.155005
https://doi.org/10.1016/j.ceramint.2017.08.143
https://doi.org/10.1016/j.apsusc.2014.03.006


Chemical Engineering Journal 410 (2021) 128430

14

[45] X.C. Meng, Z.S. Zhang, Plasmonic ternary Ag-rGO-Bi2MoO6 composites with 
enhanced visible light-driven photocatalytic activity, J. Catal. 344 (2016) 
616–630, https://doi.org/10.1016/j.jcat.2016.10.006. 

[46] Y. Huang, S. Kang, Y. Yang, H. Qin, Z. Ni, S. Yang, X.i. Li, Xi Li, Facile synthesis of 
Bi/Bi2WO6 nanocomposite with enhanced photocatalytic activity under visible 
light, Appl. Catal. B: Environ. 196 (2016) 89–99, https://doi.org/10.1016/j. 
apcatb.2016.05.022. 

[47] S.X. Yu, H.W. Huang, F. Dong, M. Li, N. Tian, T.R. Zhang, Y.H. Zhang, 
Synchronously achieving plasmonic Bi metal deposition and I- doping by utilizing 
BiOIO3 as the self-sacrificing template for high-performance multifunctional 
applications, ACS Appl. Mater. Interfaces 7 (2015) 27925–27933. 

[48] Y.Y. Sun, J. Wu, T.J. Ma, P.C. Wang, C.Y. Cui, D. Ma, Synthesis of C@Bi2MoO6 
nanocomposites with enhanced visible light photocatalytic activity, Appl. Surf. Sci. 
403 (2017) 141–150, https://doi.org/10.1016/j.apsusc.2017.01.130. 

[49] S.J. Li, S.W. Hu, J.L. Zhang, W. Jiang, J.S. Liu, Facile synthesis of Fe2O3 
nanoparticles anchored on Bi2MoO6 microflowers with improved visible light 
photocatalytic activity, J. Colloid Interface Sci. 497 (2017) 93–101, https://doi. 
org/10.1016/j.jcis.2017.02.069. 

[50] J. Zhang, C. Shao, X. Li, J. Xin, R. Tao, Y. Liu, Assembling n-Bi2MoO6 nanosheets 
on electrospun p-CuAl2O4 hollow nanofibers: enhanced photocatalytic activity 
based on highly efficient charge separation and transfer, ACS Sustainable Chem. 
Eng. 6 (8) (2018) 10714–10723, https://doi.org/10.1021/ 
acssuschemeng.8b0204010.1021/acssuschemeng.8b02040.s001. 

[51] S.X. Yu, Y.H. Zhang, M. Li, X. Du, H.W. Huang, Non-noble metal Bi deposition by 
utilizing Bi2WO6 as the self-sacrificing template for enhancing visible light 
photocatalytic activity, Appl. Surf. Sci. 391 (2017) 491–498, https://doi.org/ 
10.1016/j.apsusc.2016.07.028. 

[52] C.Y. Wang, Y.J. Zhang, W.K. Wang, D.N. Pei, G.X. Huang, J.J. Chen, X. Zhang, H. 
Q. Yu, Enhanced photocatalytic degradation of bisphenol A by Co-doped BiOCl 
nanosheets under visible light irradiation, Appl. Catal. B: Environ. 221 (2018) 
320–328. 

[53] X. Xu, X. Ding, X.L. Yang, P. Wang, S. Li, Z.X. Lu, H. Chen, Oxygen vacancy boosted 
photocatalytic decomposition of ciprofloxacin over Bi2MoO6: Oxygen vacancy 
engineering, biotoxicity evaluation and mechanism study, J. Hazard. Mater. 364 
(2019) 691–699, https://doi.org/10.1016/j.jhazmat.2018.10.063. 

[54] A. Al-Keisy, L. Ren, T. Zheng, X. Xu, M. Higgins, W.C. Hao, Y. Du, Enhancement of 
charge separation in ferroelectric heterogeneous photocatalyst Bi4(SiO4)3/Bi2SiO5 
nanostructures, Dalton Trans. 46 (2017) 15582–15588. 

[55] Z.P. Wang, J.M. Song, F. Gao, R. Su, D.W. Zhang, Y. Liu, C.C. Xu, X.J. Lou, Y. 
D. Yang, Developing a ferroelectric nanohybrid for enhanced photocatalysis, 
Chem. Commun. 53 (2017) 7596–7599. 

[56] W. Seung, H.-J. Yoon, T.Y. Kim, H. Ryu, J. Kim, J.-H. Lee, J.H. Lee, S. Kim, Y. 
K. Park, Y.J. Park, S.-W. Kim, Boosting power-generating performance of 
triboelectric nanogenerators via artificial control of ferroelectric polarization and 
dielectric properties, Adv. Energy Mater. 7 (2) (2017) 1600988, https://doi.org/ 
10.1002/aenm.201600988. 

Z. Zhang et al.                                                                                                                                                                                                                                   

https://doi.org/10.1016/j.jcat.2016.10.006
https://doi.org/10.1016/j.apcatb.2016.05.022
https://doi.org/10.1016/j.apcatb.2016.05.022
http://refhub.elsevier.com/S1385-8947(21)00029-2/h0235
http://refhub.elsevier.com/S1385-8947(21)00029-2/h0235
http://refhub.elsevier.com/S1385-8947(21)00029-2/h0235
http://refhub.elsevier.com/S1385-8947(21)00029-2/h0235
https://doi.org/10.1016/j.apsusc.2017.01.130
https://doi.org/10.1016/j.jcis.2017.02.069
https://doi.org/10.1016/j.jcis.2017.02.069
https://doi.org/10.1021/acssuschemeng.8b0204010.1021/acssuschemeng.8b02040.s001
https://doi.org/10.1021/acssuschemeng.8b0204010.1021/acssuschemeng.8b02040.s001
https://doi.org/10.1016/j.apsusc.2016.07.028
https://doi.org/10.1016/j.apsusc.2016.07.028
http://refhub.elsevier.com/S1385-8947(21)00029-2/h0260
http://refhub.elsevier.com/S1385-8947(21)00029-2/h0260
http://refhub.elsevier.com/S1385-8947(21)00029-2/h0260
http://refhub.elsevier.com/S1385-8947(21)00029-2/h0260
https://doi.org/10.1016/j.jhazmat.2018.10.063
http://refhub.elsevier.com/S1385-8947(21)00029-2/h0270
http://refhub.elsevier.com/S1385-8947(21)00029-2/h0270
http://refhub.elsevier.com/S1385-8947(21)00029-2/h0270
http://refhub.elsevier.com/S1385-8947(21)00029-2/h0275
http://refhub.elsevier.com/S1385-8947(21)00029-2/h0275
http://refhub.elsevier.com/S1385-8947(21)00029-2/h0275
https://doi.org/10.1002/aenm.201600988
https://doi.org/10.1002/aenm.201600988

	Ferroelectric polarization effect promoting the bulk charge separation for enhance the efficiency of photocatalytic degradation
	1 Introduction
	2 Experimental
	2.1 Synthesis of C/Bi/Bi2MoO6 composites
	2.2 Synthesis of polarized powder of C/Bi/Bi2MoO6
	2.3 Characterization
	2.4 Photocatalytic activity experiments
	2.5 Photoelectrochemical experiments

	3 Results and discussion
	3.1 Phase composition analysis
	3.2 Chemical structure and morphological analysis
	3.3 Analysis of optical properties and band structures
	3.4 Photocatalytic degradation activity
	3.5 Possible degradation pathway of pollutants
	3.6 Photocatalytic mechanism

	4 Conclusion
	Declaration of Competing Interest
	Acknowledgement
	Appendix A Supplementary data
	References


