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mainly ascribed to their minor narrow band-gap compared with sample 1. For the fer-
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roelectrics, the intrinsic of spontaneous polarization of sample 3 at room temperature is
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favourable for the separation of photogenerated electrons and holes within the photore-
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spond process. Moreover, sample 3 shows the highest efficiency of photo-decomposed Rhodamine B (90.2% within 80 min) and Methyl Orange (MO) (97.4% within 50 min), thanks to
the photo-excited electrons and holes promoting the formation of oxidative radical species
during the photo-redox progress. These findings prove that the development of a novel Sbbased organic-inorganic hybrid halide compounds with good stability in the degradation of
organic dyes paves a way to designing new photocatalyst.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
In the past few years, organic-inorganic hybrid systems have
drawn extensive attentions due to the ability to combine
distinctive properties of both organic and inorganic components in one material. Self-assembling organic–inorganic
metal halide hybrid materials have shown excellent photovoltaic properties, such as high carrier mobility, long carrier diffusion lengths, easy tuning of band-gap and large absorption coefficients (Noh et al., 2013; Stranks et al., 2013).
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As a distinguished example, methylammonium lead triiodide
(MAPbI3 , MA = methylammonium) organic-inorganic hybrid
perovskite solar cells (PVSCs) have recently witnessed astonishing improvements in their power conversion efficiencies
(PCEs) from 3.8% to 22.7% (Yang et al., 2015; Green et al., 2018;
Kojima et al., 2009; Jeon et al., 2015, 2014). It is remarkable
that low trap-state densities and long balanced carrier diffusion lengths (>175 μm) have been experimentally observed
(Shi et al., 2015; Dong et al., 2015) and the exceptional photocurrent responses have been elucidated in single-crystal devices as well (Liu et al., 2015, 2016). The organic-inorganic hybrids show great flexibility in bandgap engineering, and the
optical bandgaps can be rationally tuned by tailoring the inor-
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ganic metal−halogen architectures, which can produce a distinct red shift along the Cl → Br → I series (Mosconi et al.,
2013). According to the reports, the bond interaction between
halogen and metal determines the bandgap (Ye et al., 2016). In
this context, the organic-inorganic hybrid materials fabricated
with Cl usually have large bandgap and exhibit poor photoelectricity. Anomalous photovoltaic effects, however, have
been found in the polar bulk material with the absence of inversion center of symmetry (Fridkin et al., 2001; Ichiki et al.,
2004). It is well perceived that the narrow band gap of ferroelectrics means the existence of leakage current, which deteriorates the ferroelectricity (Zhang et al., 2018). What is particularly noteworthy is that the existent polarizations in ferroelectrics would establish a built-in electric field, which further
boost the desirable separation of charge carriers and concomitantly enhance the charge-carrier lifetime (Zhang et al., 2018;
Huang et al., 2010), thus compensating for performance defects.
Inspired by natural photosynthesis, artificial photocatalytic conversion using the solar spectrum, one of the most
promising strategies for solving the global energy and environmental issues, has been intensively studied. In a typical photocatalytic reaction, the absorption of light together
with the generation and transportation of photogenerated
electron-hole pairs from interior to the catalytically reactive
sites play an important role. It is obvious that the CsPbCl3
with large bandgap shows great stability and high catalytic efficiency. Gao et al. (2017) gave the first report on all-inorganic
perovskites CsPbX3 (X = Cl, Br, and I) perovskite quantum dots
(QDs) for photocatalytic decomposition of organic dyes Methyl
Orange (MO), offering a new insight into the design of new
catalysts. For the metal organic complex, [Fe(III)-salen]Cl was
used for the degradation of Rhodamine B (RhB) (Gazi et al.,
2010). Ni(II) complex and Co(II) complex have been used for the
decomposition of dyes (Gopal Reddy et al., 2015). Studies on
organic-inorganic perovskites demonstrated that the MAPbI3
could serve as a photocatalyst for hydrogen generation from
the aqueous solution of hydriodic acid (HI) (Park et al., 2016).
The narrow band gap, large light absorption coefficient and
high charge carrier mobility make it an ideal photocatalyst.
Moreover, the existing amino group carrying a lone electron
pair on the N atom in organic composition is sensitive to the
visible-light irradiation due to that their hydrophilicity and
basicity have distinguishing advantages over the bare aromatic linker (Santaclara et al., 2016). The amino groups also
result in a drastically slow decay of the photo-excited state
and increase of the lifetime, which is favorable for photocatalysis (Santaclara et al., 2016).
To avoid the potential toxicity of lead in these hybrids,
efforts should be directly towards synthesizing the leadfree hybrid materials. Here the 2D and perovskite structure
crystals pyridine-4-aminium tetrachloroantimonate (sample
1) (Bator et al., 2007), piperidin-1-aminium tetrachloroantimonate (sample 2) and tris(trimethylammonium) nonachlorodiantimonate (sample 3) (Jakubas et al., 1986) were facilely
synthesized for photocatalytic degradation of RhB and MO.
The three hybrids were ferroelectrics with bandgaps from 3.25
to 3.6 eV, manifesting distinguishing photoresponse. Sample 3
exhibites the highest photocatalytic activity of the three samples. Since there are few integrated reports on the optical per-

formance of Sb-based organic-inorganic hybrid halides, our
results offer a strategy to design new Sb-based compounds as
photocatalysts.

1.

Materials and methods

1.1.

Materials

Pyridine-4-aminium (98%), piperidin-1-aminium (98%),
trimethylammonium (30 wt.% in H2 O), SbCl3 (99.9%), concentrated hydrochloric acid were purchased from Sigma-Aldrich.
All reagents and solvents used in the synthesis were reagent
grade and without further purification.

1.2.

Synthesis

Samples in the present work were prepared by a simple solution evaporation method (Jakubas et al., 1986; Ji et al., 2017).
SbCl3 (10 mmol), pyridine-4-aminium (10 mmol) / piperidin1-aminium (10 mmol) / trimethylammonium (30 mmol) were
dissolved into concentrated HCl (10 mL), respectively. The
precipitated solution was heated until it dissolved, and then
slowly evaporated at room temperature.

1.3.

Material characterization

Powder X-ray diffraction (XRD) was measured on a Rigaku
D/MAX 2000 PC X-ray diffractometer (Rigaku, Japanese), using a Cu Kα radiation source (with a wavelength of 1.5405 Å).
Diffraction patterns were collected in the 2θ range of 5 − 70°
with a step of 0.02°. The structures of single-crystals were
solved by a Rigaku Saturn 724+ CCD diffractometer (Rigaku,
Japanese) equipped Mo Kα (λ = 0.71075 Å) radiation from a
graphite monochromator, and refined by the full-matrix leastsquares refinements based on F2 with allowance for thermal
anisotropy of all non-hydrogen atoms. The final structure solution and refinement were resolved using the SHELXLTL software package. The CIF data for sample 2 at 293 K have been deposited at the Cambridge Crystallographic Data centre (CCDC
1,958,211). The experiment powder XRD gained at room temperature matching well with the calculated date based on the
Rietveld refinement. Differential scanning calorimetry (DSC)
of the single crystals were performed on DSC 200 F3 (NETZSCH, Germany) in aluminum crucibles in the temperature
ranged from 160 to 380 K, the samples were heated and cooled
at a rate of 10 K/min under nitrogen protection. The crystals
were cut and painted silver conducting paste on the surfaces
for dielectric anomalies and polarization−electric field (P − E)
hysteresis loops measurements. The polarization−electric
field (P − E) diagrams were measured using Radiant Precision
Premier II ferroelectric test system with a high-voltage triangular wave field at a frequency of 50 Hz. The complex permittivity measurement was performed on TH2828A LCR meter
(Tonghui, Changzhou), while the frequency from 100 kHz to
1 MHz with an applied electric field of 0.5 V. The optoelectronic
measurements were performed on the Keithley 2400 (Keithley,
USA) semiconductor characterization system. The ultravioletvisible (UV–Vis) absorption spectra were experimented using
the diffuse reflection method on a spectrophotometer (Cary
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5000, Varian, USA) in the range from 200 to 1500 nm equipped
with an integrated sphere attachment. The degradation products of RhB were identified by a liquid chromatography-mass
spectrometry (LC-MS) system. The total organic carbon (TOC)
measurement was carried out on a TOC-VCPH (Shimadzu,
Japanese) analyzer.
The samples were coated on the ITO (indium tin oxides) for
the photocurrent response, Mott-Schottky curves and electrochemistry impedance spectroscopy (EIS) measurements. The
electrochemical measurement of the samples is similar to the
MAPbI3 (Zhang et al., 2011; Miniewicz et al., 1989). These experiments were performed with a CHI 660E electrochemical analyser utilizing a standard three-electrode mode in the sample
1/2/3 saturated HCl solution, Ag/AgCl as the reference electrode and a Pt sheet as the counter electrode.

1.4.

Photocatalytic evaluation

In order to evaluate the photocatalytic of the samples, the
crystals were grinded into particles. The photocatalytic activity of the powders was tested by optimized concentration of
the RhB (5 mg/L) (Appendix A Fig. S11), and MO (5 mg/L) under
visible light irradiation of a 300 W xenon lamp. Firstly, 50 mg
of the powders ware dispersed into 50 mL RhB or MO. The solutions were firstly stirred in the dark for 30 min to ensure a
completely adsorption–desorption equilibrium of the organic
dyes by the catalyst, and then exposed to xenon lamp. During the illumination process, 4 mL suspension was taken at
regular intervals for the measurement of UV–Vis absorption
spectrum. The concentration of the residual RhB in each sampled solution was estimated on the basis of its maximum absorbance at 554 nm from the UV–Vis absorption spectrum.

2.

Results and discussion

Single crystals 1, 2 and 3 can be obtained by slow evaporation. The crystal structures of samples 1, 2 and 3 obtained from
single crystal X-ray diffraction are shown in Fig. 1. Crystallographic analysis indicates that sample 1 is centrosymmetric
with a monoclinic space group of C2/c at room temperature,
which is in line with the previous report (Bator et al., 2007).
The symmetric unit contains pyridine-4-aminium cation and
anionic unit [SbCl4 ]− are along c axis. Sample 2 exhibits a
centrosymmetric structure with an orthorhombic space group
of Pnma (a = 11.4557(10) Å, b = 9.8482(7) Å, c = 17.5500(13)
Å) at 293 K, while sample 3 is an acentric polar monoclinic
space group of Pc at room temperature according to the previous report (Bujak et al., 2001). The Sb ions adopts a distorted
tetrahedron/octahedral coordination geometry with Cl ions.
In crystalline 3, typical zigzag chains of [SbCl5 ]∞ -containing
cis-connected anionic octahedra arranges along c axis. All the
cations locate in the cavities formed by the anionic chains
in the crystal lattice. The [Sb2 Cl9 ]3− polyanions and cation
((CH3 )3 NH)+ form the N–H…Cl hydrogen bonds with bridge
chlorine atoms. For samples 1 and 2, the hydrogen bonds are
developed between the NH groups and Cl ions. In order to confirm the purity of the sample, they were ground into powders for X-ray diffraction (XRD) measurement, as shown in
Appendix A Fig. S2a. These experimental data are consistent

Fig. 1 – Chemical structure packing diagram of samples (a)
1, (b) 2 and (c) 3 at room temperature. H atoms are omitted
for clarity here.
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Fig. 2 – (a) Differential scanning calorimetry (DSC) curves in heating and cooling runs of sample 2 and (b) temperature
dependence dielectric constants (ε’) of sample 2.

well with the refined results (Appendix A Fig. S2b, c, d), implying that the samples are successfully synthesized. Raman
spectroscopy of the as-prepared samples was performed at
room temperature (Appendix A Fig. S4a). The positions of the
Raman peaks are almost as same as the pervious measurement results (Bator et al., 2007), showing that the samples are
in agreement with the reports.
The crystalline 1, 2 and 3 are non-centrosymmetric within
specific temperature range. Sample 1 belongs to the polar
space group Cc in the temperature range of 245 to 272 K
(Bator et al., 2007). To explore the phase transition behaviors triggered by temperature, differential scanning calorimetry (DSC) measurements were carried out on the samples. It
is reported that the ferroelectricity exists from 245 to 272 K
for sample 1 (Bator et al., 2007), and below 365 K for sample
3 (Bujak et al., 2001; Jakubas et al., 1986). As shown in Fig. 2a
and Appendix A Fig. S3, the phase transition temperature in
DSC of samples 1 and 3 are shown, and the multiple phase
transitions of sample 1 are in line with the previous reports
(Bator et al., 2007). Considering the simple sample 2, a reversible phase transition was observed at 278 and 271 K in
the heating and cooling process (Fig. 2a), respectively. The different phase transition behaviors in the crystals 1 and 2 who
have the same anions suggests that their properties can be effectively regulated through the modification of the cations. In
addition, the temperature dependent dielectric permittivity is
another method to detect the phase transition temperature,
thus the phase transition of sample 2 has been verified via
the temperature dependent real part of the dielectric permittivity in the frequency regimes of 0.1–1 MHz (Fig. 2b). A distinct
anomalous peak appears near about 280 K with the dielectric
permittivity increasing from 63 to 78 (at frequency of 0.1 MHz).
The permittivity declines with the increased frequency due
to the dielectric relaxation property. Moreover, the dielectric
anomalies emerging near the phase transition temperature in
the compound 2 are in accordance well with the DSC. To further clarify the phase transition, the Raman spectra at different temperatures were studied (Appendix A Fig. S4b). The SbCl stretching vibrations are in the range from 280 to 340 cm−1 .
It was reported previously that strong characteristic antisym-

metric bands locating at 346 cm−1 for (4-NH2 C5 H4 NH)(SbCl4 )
(Bator et al., 2007) and at 342 cm−1 for tetraalkylammonium
tetrachloroantimonate (Et4 N+ SbCl4 )(III) (Ensinger et al., 1982)
could be assigned to the axial stretching of the Sb–Cl bonds
in the terminal. The Raman band of sample 2 near 326 cm−1
arises from the stretching vibration of two terminal Sb–Cl
bonds. Generally, the wavenumber region 780 cm−1 relates to
the C–H bending vibration (Gunasekaran et al., 1993). The vibration mode at 2994 cm−1 for compound 2 is a C–H stretching
peak. Raman peak at 780 cm−1 in sample 2 shows remarkable
changes in this region below 278 K, which may be associated
with order-disorder change of cation. The bands from ∼3150
cm−1 are attributed to the stretching vibrations of the -NH2
groups and NH+ (Bator et al., 2007), and the peaks appearing
after the phase transition may be related to the dynamical
state of N-aminopiperidine, accompanying with a variation of
the hydrogen bonds. It is clear that the order-disorder transition of organic cations leads to structure changes of sample 2, consisting with the DSC results. The vibration modes of
sample 2 were measured by Fourier transromations infrared
spectroscopy (FT-IR) (Appendix A Fig. S12). The Sb-Cl stretching vibrations appear below 350 cm−1 , the bands between 3500
and 3000 cm−1 are assigned to the stretching vibrations of
the NH2 and NH+ groups. The peaks located at 840–860 cm−1
maybe the characteristics of C–N stretching vibration modes
(Bator et al., 2007).
Owing to the hysteresis loop is direct evidence of ferroelectricity, we first tried to measure the P-E (polarization-electric
field) hysteresis loops of the samples (Fig. 3). The saturated
polarization Ps values are 1.9 μC/cm2 (at 259 K), 1.35 μC/cm2
(at 268 K) and 1.6 μC/cm2 (at 300 K) for samples 1, 2 and
3, respectively, which are much larger than that of organic
ferroelectrics, such as Rochelle salt (0.5 μC/cm2 ) (Cai et al.,
2012) and trichloroacetamide (0.2 μC/cm2 ) (Saito et al., 2011).
The Ps of samples 1 and 3 are comparable with the report
(Jakubas et al., 2003; Mikolajczak et al., 1988), thus we confirm the existence of ferroelectricity of the samples initially.
The most important feature of the ferroelectrics is the switchable polarization under an external electric field. Generally,
the piezorespond force microscope (PFM) is an indispensably
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Fig. 3 – (a) Polarization-electric field (P-E) hysteresis loops of samples 1, 2 and 3; (b) Piezoelectric force microscopy (PFM) of
sample 3; (c) Amplitude-voltage butterfly loop; (d) Phase-voltage hysteresis loop (blue lines represent trace and red lines
represent retrace), showing local PFM hysteresis loops.

powerful tool to obtain nondestructive high-resolution domain images at nanoscale. In order to affirm the intrinsic
ferroelectricity of sample 3, local PFM based hysteresis loops
were tested, in which a drop of solution of sample 3 was carefully spread on an ITO-coated glass for PFM measurement. The
reversal of the domain is shown in Fig. 3b, c and d present
the vertical amplitude and phase signals, which offer unambiguous information of its ferroelectricity. In the phase images, the 180° phase contrast under 4 V tip bias demonstrate
the polar direction should be anti-parallel in the adjacent domain (Pallet et al., 2014). The butterfly-shaped hysteresis loop
proves the excellent ferroelectric/piezoelectric response, evidencing the switchable polarization of ferroelectric domains.
When an opposite bias (−4 V) was applied on the tip, the poling
direction of the central region (red circle) was also switched
(Fig. 3b). These results verify the intrinsic ferroelectricity of
the crystal. As well-know that polarization brings forth ultrahigh build-in electric field inside ferroelectrics. An example
is that the MoS2 /poly with large polarization had an ultrahigh electrostatic field E ≈ 104 kV/cm, which significantly depressed the current in the dark (Wang et al., 2015). Thus, the
existence of large electric field makes it possible to result in

the depression of dark current, ultimately, enhances the photoelectric performance.
Motivated by the above deduce, the photo-response of the
crystals were detected. Here, we measured current-voltage (IV) curves under light illumination and in dark. Another typical
characteristic of the organic-inorganic hybrid compounds is
the highly sensitive photoconductivity. The dark currents of
the samples are tiny (Fig. 4a), which might be in connection
with the ferroelectric polarization (Wang et al., 2015). However, it would improve the photoelectric performance since
the existence of depolarization electric field affords a driving force for photocurrent (Ye et al., 2018; Sun et al., 2016a).
When the samples were illuminated by xenon lamp (300 W),
notable photocurrents of samples 2 and 3 were obtained. Nevertheless, the photocurrent of sample 1 hardly changes. The
linear behavior of the current indicates the ohmic contact between the crystals and the silver electrode. What is responsible for the large photocurrent? On one hand, the larger ferroelectric polarization results in a build-in electric field to
enhance the separation of photon-generated charge carriers
(Sun et al., 2016b). Another reason is the bandgap, which plays
an important role in photo-response progress. The solid-state
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Fig. 4 – (a) Current-voltage (I-V) curves of samples 1, 2 and 3
measured in the dark and under illumination. (b)
UV–Vis diffuse reflectance spectra from 200 to 1500 nm.
Inset: (αhν)2 vs photon energy calculated by the equation
(αhν)2 = A(hν-Eg ), where α, ν, A and Eg are absorption
coefficient, light frequency, proportionality constant and
band gap energy, respectively.

UV–Vis absorption spectrum was measured (Fig. 4b). Obviously, the intrinsically strong absorption bands edges appear
below 410 nm, and the bandgaps (Eg ) of samples 1, 2 and
3 are 3.6, 3.4 and 3.25 eV by fitting and calculating, respectively. These values are larger than that of (R-NH3 )2 PbCl4 (R: organic groups (Zhang et al., 2011)), letting alone MAPbI3 . Therefore, higher photon energy is needed for sample 1 to generate photocurrents. It is revealed that the valence band maximum (VBM) and conduction band minimum (CBM) of (Nmethylpyrrolidinium)3 Sb2 Br9 are consisted of Br 4p state and
Sb 5p state, respectively, which make a dominant contribution
to the bandgap (Sun et al., 2016b). The VBM band mainly originates from the states of Cl 3p, while the intensive CBM band
stems from Sb 5p states for the three crystals. The difference
of bandgap between samples 1 and 2 is caused by the bonding
interaction between halogen and metal. On the other hand,
the amino groups existing in organic portion were verified by
Raman performance, and are sensitive to the visible-light irradiation due to their hydrophilicity, contributing considerably
to stability and the prolonged lifetime of photoexcited state
(Miniewicz et al., 1989). The synergy of these three aspects lead
to the appearance of large photocurrent.
It is noted that the photocurrent-time curve can characterize separation efficiency of electron-hole pairs. In order
to further understand the separation rate of photo-excited
electron-hole pairs, we measured the transient photocurrent,
as shown in Fig. 5a. Only sample 3 successfully exhibits apparent photocurrent. Weak current switching curves are observed for sample 2, while no switching of light is for sample 1. Electrochemical impedance spectroscopy (EIS), an important indicator of charge migration, is shown in Fig. 5b.
Nyquist plots can be resolved by an equivalent circuit, which
contains Rp (polarization resistance), Rs (solution resistance)
and CPE (a constant phase element). Experimental results indicate that sample 3 possesses the smaller diameter than the
others (Fig. 5b). The electrochemical properties of the samples are similar to MAPbI3 (Wu et al., 2018; Zhao et al., 2019).
The resistance of 3 is smaller than that of samples 1 and 2,

Fig. 5 – Photoelectrochemical properties: (a) transient photocurrent responses of samples 1, 2 and 3 at xenon light
illumination and (b) electrochemistry impedance spectroscopy (EIS) Nyquist plots of the three samples. Z’: impedance real
part; Z”: impedance imaginary part; Rs: internal resistance; Rp: charge transfer and mass transfer resistance;
CPE:capacitance.
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Fig. 6 – Dark adsorption and photodegradation of (a) Rhodamine B (RhB) and (c) Methyl Orange (MO) as a function of
irradiation time for the three samples (0 is without catalysts), plot of ln(C0 /C) with irradiation time for degradation of (b) RhB
and (d) MO, (e) time-circle photodegradation MO of sample 3 for six times, and (f) photodegradation rate constants (k) of
RhB/MO over the catalysts. C0 : initial concentration; C: concentration at one point.

which is due to the excellent electron transfer ability of sample 3. These performance parameters make the sample 3 rank
among the three compounds. These results suggest that the
high separation efficiency of the photoinduced electron-hole
pairs in the sample 3 have the outstanding photo-responding
performance and thus result in a higher photocatalytic
activity.
Previous studies showed that CsPbCl3 and CsPbBr3 exhibited superior degradation capabilities under light irradiation
(Gao et al., 2017). During the photocatalytic reactions, efficient reduction and oxidation reactions simultaneously is in-

dispensable for acquiring high efficiency (Štengl et al., 2010;
Xu et al., 2019; Tu et al., 2017). To evaluate the photocatalytic
performance of the three samples, photodegradation of RhB
and MO were measured. Appendix A Figs. S5 and S6 show the
profiles of wavelength-dependent UV–Vis absorption spectra
of RhB. A slight decrease of RhB concentration under stirring
in the dark within 80 min should be in connection with the
slight adsorption of them (Appendix A Fig. S5). Then, a 300 W
xenon lamp was utilized as a light source for the photocatalytic experiment. Notably, obvious decrease in the RhB concentration was observed for the samples that subjected to ex-
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Fig. 7 – Schematic of photo-induced hole and electron migration in catalysts. NHE: relative hydrogen energy level; h+ : hole;
e− : electron; VB: valence band; CB: conduction band.

ternal light illumination and stirring in Appendix A Fig. S6.
The C/C0 versus reaction time are shown in Fig. 6, where C
and C0 are organic dyes concentrations at a specific irradiation time and the initial time before irradiation, respectively.
Particularly, sample 3 achieves a decomposition efficiency of
90.2% within 80 min. Sample 2 takes 90 min to achieve the
same efficiency. Only 20% of dyes are degraded by sample 1
within 90 min, which shows the lowest catalytic activity. Without catalysts, RhB and Mo are almost non-degradable. These
results demonstrate that the intensities of the RhB peaks decrease with the increase of time without appearing new peaks,
indicating that our catalysts might mineralize RhB directly.
Appendix A Fig. S9 is the scanning electron microscope (SEM)
of sample 3 before and after photocatalysis. Similarly, the experiment is repeated for photodegradation of another important model organic pollutant MO. It is clear that only 50 min
are taken to degrade the MO completely for sample 3 (Fig. 6c
and Appendix A Fig. S6), which manifests the high photocatalyst efficiency as well. The curves of ln(C0 /C) versus irradiation time are depicted (Fig. 6b and d) according to the pseudofirst-order kinetics, ln(C0 /C) = kt, where k is the rate constant
and t is the irradiation time (Štengl et al., 2010). We found that
sample 3 showed relatively rapid degradation rate of RhB and
MO with largest k circa 0.0264 and 0.0631 min−1 (Fig. 6f), respectively. Photodegradation efficiency of sample 3 is almost
as fast as CsPbBr3 and the typical piezoelectric catalytic ferroelectrics BaTiO3 (Gao et al., 2017; Xu et al., 2019). Compared to
ferroelectrics Bi4 Ti3 O12 (Tu et al., 2017), our organic-inorganic
hybrid compounds exhibit relatively high photodecomposition efficiency of the RhB. The superior structure property
with more functional groups and narrower bandgap may contribute to the high photo-catalytic efficiency. As mentioned
above, photoexcited electron-hole pairs generate redox reaction and formed a numerous of oxyradical on the surface of
the materials, subsequently the absorbed organic dyes are decomposed by the oxidative radical species. Also, anion groups
as electron donators are sensitive to light irradiation, making photo-generated carriers be used effectively in photocatalytic reactions (Miniewicz et al., 1989). More broadly, recycled

photocatalytic degradation of MO and RhB by sample 3 were
performed for six cycles, as shown in Fig. 6e and Appendix A
Fig. S7b. There are no significant changes in photodegradation
performance for six cycles of the sample, and a slight reduction of efficiency in the six cycle is observed, which may be
attributed to the activity decline or the ion diffusion of the
powders.
To provide in-depth insight into understanding the
progress of photocatalytic decomposition of organic pollutant species, the tentative mechanism proposed for the superior photocatalytic activity of the samples is illustrated in
Fig. 7. It is well known, there are a series of photoinduced reactive species directly involved in the photocatalytic oxidation progress, such as electron-hole (e− -h+ ), •OH, and •O2 − .
When catalyst samples 1, 2 and 3 were photo-degraded with
scavenger, such as the hole (h+ ) scavenger (ethylenediamine
tetraacetic acid disodium salt (EDTA-2Na)), superoxide radical (•O2 − ) scavenger (benzoquinone (BQ)) and hydroxyl radical
(•OH) scavenger (isopropyl alcohol (IPA)). It is found that hydroxyl radical (•OH) and the hole are the main active species
at the progress of catalysis (Appendix A Fig. S7a). According
to the Mott−Schottky measurement (Appendix A Fig. S8) and
their band feature (Ji et al., 2017), we propose that the crystals are p-type and their conduction band potentials locate between 3 and 3.5 V. Thereby, we infer the mechanism as below
in Fig. 7. Oxygen adsorbed on the surface of samples 2 and
3 can react with two electrons to form H2 O2 . Subsequently,
H2 O2 combines with one electron to further form hydroxyl
radicals (•OH) with a strong oxidation characteristic for the
photocatalytic reaction. Anion groups as electron donors also
contribute to the reduction. The valence band (VB) edge potential of the samples are more positive than the standard redox
potential (•OH/OH− ) and (•OH/H2 O), suggesting that the accumulated holes on the VB of compounds can oxidize OH− to
form •OH. Although this process is accompanied by slow oxidative hydrolysis, the generation of oxidative radical species
is the key to photocatalytic degradation of organic pollutants.
The detailed photo-degradation reaction processes are as follows:
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Fig. 8 – Possible intermediates of photocatalytic degradation RhB by compound 3. m/z: mass-to-charge ratio.



Catalyst + hν → Catalyst e− + h+

(1)

O2 + 2e− + 2H+ → H2 O2

(2)

H2 O2 + e− → • OH + OH−

(3)

 
Catalyst h+ + OH− → •OH

(4)

h+ or • OH + RhB/MO → CO2 , H2 O . . . .

(5)

Therefore, it is strongly indicated that the efficient photoinduced electron–hole separation in the organic-inorganic hybrids 2 and 3 are effective to react with adsorbed oxygen and
surface hydroxyl groups to produce reactive oxygen species so
as to improve the corresponding photocatalytic activity.
The intermediates formed by the photocatalytic oxidation
process of RhB were tested by LC-MS and analyzed according
to previous works. From Fig. 8, it can be inferred that under the
attack of the main reaction groups (h+ , •OH), RhB molecules
can be decomposed into low molecular weight molecular organic compounds with m/z (mass-to-charge ratio) values of
443, 387, 359, 331, 332, 316, 246, 142 and 118 through a series
of reactions, such as deamination, dehydroxylation and ring
opening. Finally, CO2 and H2 O are formed by the photodegradation process, and the mineralization rate of RhB up to about
58.2% within 80 min.

3.

Conclusions

In summary, a series of organic-inorganic halide hybrid ferroelectric crystals 1, 2 and 3 are fabricated. The ferroelectrics

show excellent photo-response and the build-in electric field
in which is deduced to enhance the separation of photongenerated charge carriers. It is the first time to utilize the
three compounds as catalysts for the degradation of RhB
and MO. The prepared sample 3 shows the high photocatalytic activity, good stability and cyclic photocatalysis performance. The low photocatalytic activity of sample 1 is dominantly associated with the large band gap. In addition, the
organic cations have an auxiliary effect during the photoresponse and make contributions to the photodegradation. This
work not only highlights the intrinsic role of the Sb-based
organic-inorganic hybrid ferroelectric materials in the enhanced photo-degradation performance of organic dyes, but
also offers considerable guidance to take full advantage of predominant properties of Sb-based organic-inorganic hybrids in
designing more efficient photocatalysts.
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