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reaction dynamics. To tackle the drawbacks, herein, MAPbBr3 /carbon sphere (CS) compos-
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ite photocatalysts using glucose as the carbon source were elaborately designed and fabricated via a dry mechanochemical grinding process. The interfacial interaction Pb-O-C
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chemical bonds were constructed between MAPbBr3 and the carbon sphere surface con-

Lead halide perovskites

taining organic functional groups. By optimizing the content of CSs, the enhanced photo-
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catalytic degradation kinetic rate of Malachite Green (MG) pollutants (92% within 20 min)
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for MAPbBr3 /CSx (x = 17 wt.%) is about 3.6-fold of that for pristine MAPbBr3 , which is at-

Carrier separation

tributed to the corporative adsorption and enhanced carrier transportation and separation

Superoxide

of MAPbBr3 /CSx . Furthermore, the possible degradation mechanism was proposed on basis
of the electrochemical, mass spectrometry and optical characterization results. Owing to the
robust interfacial interaction, effective electron extraction rate (ket = 4.6 × 107 sec−1 ) from
MAPbBr3 to CS can be established, which driven oxygen activation where superoxide radicals (•O2 − ) played an important role in MG degradation. It is expected that mechanochemistry strategy may provide a new route to design efficient lead halide perovskite-carbon or
metal oxide or sulfide composite photocatalysts.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
In recent years, environmental pollution posed a serious
threat to human health originated from industrial emission of toxic organic dye pollutants. Thus, the conversion

∗

of organic dyes into harmless substances is essential for
human life and sustainable development. Owing to a high
absorption coefficient, a suitable band gap, and excellent
charge carrier transport, lead halide CH3 NH3 PbX3 (MAPbX3 ,
X = I, Br) perovskite semiconductors were recently explored as photocatalysts allowing solar energy harvesting and
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conversion including organic syntheses, hydrogen production,
CO2 reduction, as well as pollutants degradation (Han et al.,
2020). Specially, the present photocatalytic activity of single
phase perovskite semiconductor isn’t very high due to serious photoinduced charge carrier recombination. To tackle
the drawback, it is highly essential to develop new photocatalysts through the coupling with other materials aiming
at to inhibit the recombination of photogenerated electronhole pairs by providing additional charge transfer pathways.
Thus, various modification coupling strategies have been developed including MAI-terminated (CH3 NH3 I) MAPbI3 surface (Dong et al., 2020), surface decoration with noble metal
(Feng et al., 2019), encapsulated by hydrophobic macroscale
polymeric matrix (Wang et al., 2020a), constructed composites using other energy-matched semiconductor such as oxide TiO2 (Wang et al., 2018), sulfide WS2 (Zhang et al., 2020a)
and so on. Besides, carbon modification has been proved to
possess the potential advantage for dramatically improved
photocatalytic performance because of its unique superiorities involving the exceptional thermal properties, large surface area and superior electrical conductivity. Very recently,
carbon-based material family including zero-dimension (0D)
carbonized polymer nanodots (Zhao et al., 2020), 1D carbon
nanotubes (Yang et al., 2019a) and 2D reduced graphene oxides (Acik et al., 2018; Wu et al., 2018) and titanium carbide
(Ti3 C2 ) (Zhang et al., 2020b) were incorporated into the perovskite photocatalyst to promote the separation of charge
carriers. Specially, 3D carbon microspheres (CS) material, as
important conductive matrix and possessing good structural
strength and robustness have been used to fabricate various
hybrid nanomaterials due to their flexibility, encapsulation
ability, high surface-to-volume ratio and easy surface functionality (Sun and Li, 2004; Liu et al., 2018a; Ye et al., 2019).
For instance, Li’s research group reported colloidal carbon
microspheres encapsulated noble metal nanoparticles were
prepared from aqueous glucose solutions under hydrothermal synthesis (Sun and Li, 2004). Moreover, dynamic formation process and mechanism of carbon spheres and their
superior lubricity and antiwear performances had been investigated (Liu et al., 2018a; Ye et al., 2019). Additionally,
glucose-based carbon sphere modification Ag3 PO4 photocatalyst and iron (hydr)oxides/carbon sphere composite exhibited the enhanced photocatalytic activity (Song et al., 2017;
Xu et al., 2020). Furthermore, carbon sphere (CS) and carbon
nanotube (CNT) incorporation in TiO2 composites were studied for photocatalytic hydrogen production (Estahbanati et al.,
2019). Wang and co-workers prepared BiOI/oxidized mesocarbon microbeads core-shell composites and investigated
the photocatalytic degradation of tetracycline hydrochloride
(Wang et al., 2020b). However, to our best knowledge, the combination of MAPbBr3 semiconductor and carbon sphere as
hybrid nanocomposites and the investigation of interfacial
charge transfer behavior for the photocatalytic degradation of
pollutants are still lacking.
On the other hand, as one branch of solid state chemistry,
mechanochemistry coupling of mechanical and chemical
phenomena can provide deep insight into the breakage and
formation mechanism of intramolecular chemical bonds by
external force which is undergoing an exciting period of rediscovery and renaissance (Kubota et al., 2019). Mechanochem-

istry was identified by International Union of Pure and Applied
Chemistry (IUPAC) as one of 10 world-changing technologies
because it is green chemistry for pharmaceutical and chemical industries (Prochowicz et al., 2019). The reactions driven
by mechanical force are performed by controlling the basic reaction parameters such as temperature, frequency, time, precursor weight ratio and pressure of the reactor. Previous work
mostly focused on studying the top-down degradation of bulk
materials. However, there has been a shift in the landscape
toward the bottom-up approach to fabricate hybrid organicinorganic systems now. Indeed, the first pioneered research
work about the formation of bulk phase MAPbBr3 was reported
by hand grinding PbBr2 and MABr with mortar and pestle
(Palazon et al., 2019). With regards to more commonly used solution processes, dry mechanochemical method presents several advantages such as an inherent lower toxicity by avoiding
solvents and a finer control over stoichiometry. Considering
the soft feature of metal halide perovskites and their facile
crystallization, MAPbBr3 nanoparticles and MAPbBr3 @MOF
(metal-organic framework) composites were synthesized via
the mechanochemical grinding process (Chen et al., 2019;
Rambabu et al., 2020). Though MAPbBr3 quantum dots on
MOFs composites (Mollick et al., 2019) have been synthesized,
organic–inorganic hybrid MAPbBr3 /carbon sphere materials
have been rarely explored through mechanochemical synthesis method.
Generally, to assure the best photogenerated carrier separation efficiency of photocatalyst, research efforts are allocated into two major aspects, one is to generate sufficient
photocarriers by realizing high-quality crystals by controlling
crystallinity, defects, and surface chemistry of metal oxide
(Guo et al., 2021; Regmi et al., 2019) and the other is to improve external extraction efficiency of the photocarriers at the
adjacent contact by interface engineering (Pan et al., 2019).
Herein, we developed a dry mechanochemical approach for
the synthesis of MAPbBr3 /carbon sphere (CSx ) composite photocatalysts. The investigation showed that suitable amount CS
can work not only extract photo-induced electrons effectively
from MAPbBr3 to improve the charge separation, but also facilitate the interfacial catalytic oxygen activation reaction. Benefitting from the mutual synergetic action of MAPbBr3 /CSx ,
about 3-fold enhancement in malachite green (MG) organic
molecule degradation rate compared with bare MAPbBr3 has
been successfully achieved.

1.

Materials and methods

1.1.

Synthesis process

In a typical preparation process, 30 mg (0.08 mmol) lead
acetate (Pb(CH3 COO)2 3H2 O, Aldrich), 10 mL HBr solution
(Z ≥ 47.0% (volume, VHBr /VH2O ); Analytical reagent, AR;
Aladdin Industrial Corporation) and 4 mL methylamine
(CH3 NH2 ) solution (33.3 wt.% in absolute ethanol, Aldrich)
were mixed. Then 15 mL isopropanol was added and the mixture was transferred into a 50 mL Teflon-lined stainless autoclave and heated at 160°C for 6 hr in an oven. Finally, the
prepared red powder precipitates were washed with SuperDry isopropanol (99.7% (V/V); AR) and then dried in a vacuum
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oven at 50°C overnight. On the other hand, carbon spheres
(CS) were produced by aromatization and carbonization of glucose under hydrothermal conditions using a modified experimental process (Sun and Li, 2004). Initially, 4 g of glucose was
mixed with 35 mL of deionized water and then stirred well
for 10–15 min. The solution was transferred into 50 mL Teflon
line stainless steel autoclave for hydrothermal treatment at
180°C for 8 hr. The solution was collected after cooling and
washed properly with ethanol. Then it was dried under vacuum at 60°C for 12 hr. Finally, the two samples with different amount were mixed and grinded for the preparation of
MAPbBr3 /carbon (CS) composites for 20 min.

1.2.

Characterization

Powder X-ray diffraction (XRD) measurement was obtained on
a Rigaku D/max-2000 diffractometer equipped with Cu Kα radiation from 10° to 80° at the rate of 5°/min. The morphology and composition were measured by a field emission scanning electron microscope (FESEM) (SU 8000, HITACHI, Japan)
and energy-dispersive X-ray spectroscopy (EDX). Infrared (IR)
analysis was obtained with a Fourier Transform infrared spectroscopy (FTIR) spectrometer (Nicolet iS50, Thermo Scientific,
USA) in the range of 400–4000 cm−1 . All the electrochemical characterizations were performed on the electrochemical workstation (CHI760E, Chenhua, China) in a 3-electrode
configuration with fluorine doped tin oxide (FTO) glass (0.5
m2 ) attached with catalyst, Pt sheet and Ag/AgCl as the
working, counter and reference electrodes, respectively. Tetrabutylammonium hexafluorophosphate (0.1 mol/L) dissolved
in dichloromethane (Bu4 NPF6 /DCM) was filled in the cell as
electrolyte. Electron paramagnetic resonance (EPR) spectra
of aqueous solutions (spin trapping experiments with 5,5cimethyl-1-pyrroline N-oxide, DMPO, ≥ 97%) were recorded on
a Elexys E-500 spectrometer (Bruker, Rheinstetten, Germany).

1.3.

Photocatalytic measurements

The photocatalytic activity of the samples was evaluated by
the degradation of malachite green (MG) under visible light.
Typically, 5 mg catalyst was well dispersed in 40 mL isopropanol and MG solution with an initial concentration (C0 )
of 10 mg/mL. Subsequently, the dispersion was stirred for
30 min in the dark to reach the adsorption-desorption equilibrium. Then, the photocatalytic container was irradiated under visible light from a 300 W Xe lamp (CME-Xe300F, MicroEnergy, China) with a vertical distance of 20 cm. Finally,
the concentration of MG (C) was measured using an ultraviolet visible spectroscopy (UV–Vis) spectrophotometer (Lambda
750, PerkinElmer, USA) at given time intervals to monitor the
degradation process. The sample solution after dilution was
measured by liquid chromatograph-tandem mass spectrometry (LC-MS, 6460, Agilent, USA).

2.

Results and discussion

2.1.

Structural analysis of MAPbBr3 /CSx composites

Fig. 1 shows that schematic diagram of the two-step approach
to CH3 NH3 PbBr3 (MAPbBr3 )/carbon (CS) composites. The first
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step included the synthesis of MAPbBr3 and carbon spheres
by a solvothermal and hydrothermal method, respectively.
The solid carbon spheres possess the carbonized core and
the functional OH or CHO groups hydrophilic surface formed
by dehydration (Sun and Li, 2004; Liu et al., 2018a), which
has good coordinated ability for metal Pb ions. Then, the second step involved the mixture of MAPbBr3 and carbon sphere
for the final MAPbBr3 /CSx (the weight ratio x = 0, 9, 17, 25,
50 wt.%) products by grinding process. Scanning electron microscopy (SEM) observations in Fig. 2a and b showed that
the as-synthesized MAPbBr3 and carbon samples are irregular broken cube-like particles and microspheres morphologies with the size of approximately 400–600 nm, respectively.
Generally, it is well accepted that the crystal structure determines the macroscopic morphology and it is understandable
that MAPbBr3 with cubic crystal cell leads to cube-like particles. After mixing them and grinding, as depicted in Fig. 2c, it
is obvious that most of the carbon spheres are attached and
wrapped by the MAPbBr3 particles with wide size distribution.
Clearly, grinding, shearing, scratching, polishing were topdown degradation of bulk material processes which breaks
the perovskite microparticle into finer nanocrystal and the
size of material grains into more uniform with elongation of
grinding time (Palazon et al., 2019; Chen et al., 2019). Maneuverable MAPbBr3 has the “soft crystal structure” can be explained that it possesses a three-dimensional network of the
corner-shared PbBr6 4− octahedra linked by Br− ions, where
each Pb2+ ion coordinates with six Br− ions and interstitial
MA+ cations are located in the cages of PbBr6 4− octahedral
(Fig. 2d). And it is easy to create a large amount of small clusters and nanoparticles with different size due to the mechanical grinding destructive action on the bulk particles, leading to anomalous broad size distribution. In contrast, different from “soft” MAPbBr3 , carbon spheres can maintain their
spherical morphology under grinding conditions because CS
is good lubricant and antiwear agent supported by the rolling
motion lubricating mechanism (Ye et al., 2019). Tiny MAPbBr3
nanoparticles could attach to the carbon sphere surface with
the functional CHO or carboxylic group via coordination interaction (Owen, 2015). In our present work, microcrystal is
mechanically cracked new faces by grinding and lattice deformation arises from the considerable volume expansion of
the perovskite unit cell, which results in local lattice strain by
changing the metal-halide-metal angle. Furthermore, the disordering of MA cation can also contribute to the relaxation and
transformation of the surface structure (Murali et al., 2016).
Grinding is easy to produce the local heat, leading the exposure of Pb-rich atom on the surface of MAPbBr3 due to
volatile I2 and MA organic components. Obviously, the creation of coordinately unsaturated surfaces by cracking and reconstruction is essential for the chemical reaction. And X-type
X = O2 CR ligands provided the charges to balance the cationic
charge of a metal-rich crystals (Owen, 2015). After ultrasonic
treatment, the irregular, unhomogenous dispersion MAPbBr3
nanoparticles originated from collision and friction between
large particles throughout the entire CS surface become visible in the high-angle annular dark-field scanning transmission electron micrograph (HAADF-STEM) (Fig. 2e). Moreover,
the corresponding element mapping proved that C element is
uniform distributed in carbon spheres and Pb, Br, N elements
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Fig. 1 – Illustration of the dry mechanochemical grinding process for MAPbBr3 /CSx (CH3 NH3 PbBr3 /carbon microspheres)
composites by mixing two-step approach synthesis of MAPbBr3 and carbon spheres. PbAc2 : lead acetate.

derived from random MAPbBr3 tiny nanoparticles are not even
in the composites, showing that nanoparticles are attached to
the surface of carbon spheres by grinding.
A combination of spectroscopy and X-ray powder diffraction techniques for understanding the interfacial chemical reactions correlated with the textural differences. X-ray diffraction patterns of MAPbBr3 /CSx with different amount of CS
(mass ratio from 9% to 50%) in Fig. 3a revealed that both
samples exhibit identical characteristic diffraction and have
good crystallinity. Generally, X-ray diffraction provides average grain size information and the peak of XRD diffraction
is broadened when the particle size becomes finer nanocrystal. Specially, in our present work, peak broadening is not observed and the possible reason is that short grinding time creates a large amount of reproduced microparticle and nanoparticles with anomalous broad size distribution. The longer
optimized grinding time is under investigation. The highintensities of the diffraction peaks at 2θ values of 14.92°,
21.11°, 30.07°, 33.71°, 37.11°, 43.05°, and 45.77°, corresponding
to the (001), (110), (002), (210), (211), (220) and (003) planes of
the cubic MAPbBr3 crystal structure (Chen et al., 2019). Note
that the peak intensities of (001) and (002) of composites are
different from that of pure MAPbBr3 , indicating mechanical
grinding may bring about morphology, size and crystal facet
orientational changes. Previous report showed the relative
peak intensity between (001)/(002) reflected significant preferable growth along certain crystalline planes (Giesbrecht et al.,
2016). What’s more, form a close view of XRD pattern enlarged part at 14–16° range in Fig. 3b, a small shift of the
diffraction peak of 14.92° is attributed to the formation of
new chemical bonds due to a highly interface doped region
existing between MAPbBr3 and carbon sphere. Similar peak
shift result originated from nitrate ion incorporated in the
MAPbBr3 by grinding was also observed (Nim et al., 2019). The
infrared absorption (FTIR) spectra of the obtained materials
(Fig. 3c) were further used to identify the interaction within
the MAPbBr3 –CS hybrid products. CSs synthesized by the hydrothermal method have functional groups as well as a broad
absorption stretching band centered at 3500 cm−1 corresponding to O–H stretching from the surface hydroxyl groups. No-

tably, the bands at ˜1730 cm−1 was attributed to carboxylate
C=O vibrations. Meanwhile, the new vibration peaks at 1450–
1510 cm−1 marked by red dotted rectangle unambiguously indicated the existence of benzene ring structure in the samples (Sun and Li, 2004; Liu et al., 2018a), supporting the concept of aromatization of glucose during hydrothermal treatment. The four bands in the range 1000–1200 cm−1 in Fig. 3d
are assigned to C–OH stretching vibrations, implying C–O is
the predominant oxygen-containing functional group on the
CS surface (Estahbanati et al., 2019). It is reported that CS
carbonization step may arise from cross-linking induced by
intermolecular dehydration of linear or branchlike oligosaccharides by hydrothermal synthesis, and the carbonized core
and the hydrophilic surface were formed (Sun and Li, 2004;
Liu et al., 2018a). The XRD pattern of neat carbon spheres
(Fig. S1) exhibits a broad peak centered at 20.30°, indicating that the carbon spheres were amorphous with highly
disordered and low crystalline carbon atoms, which coincided with the previous results (Sun and Li, 2004; Liu et al.,
2018a). On the other hand, for a typical MAPbBr3 , the presence of vibrational modes at 914, 970, 1424, 1589, and 3185
cm−1 are assigned to the CH3 NH3 + rock, C–N stretch, asymmetric CH3 bend, asymmetric NH3 + bend and NH3 + stretch,
respectively. Based on the above comparison analysis, from
the magnified zone in Fig. 3d, it can be seen that the typical C–OH stretching vibrations in MAPbBr3 /CS at about 1000
cm−1 are weaken, broad and systematically shifted to lower
values with the decreasing content of CS, indicating the formation of some new chemical interaction between MAPbBr3
and CS by grinding effect. Similar phenomenon has been observed in MAPbI3 /rGO, suggesting the formation of Pb-O-C
new chemical bonds between MAPbI3 and rGO (Wu et al.,
2018; Wang et al., 2019a). Kubota et al. (2019) observed mixing solid reactants in a ball mill is a promising means of
promoting bond formation through apparent electron transfer. Interestingly, it has been often found that the formation
of Pb-O bonding through the Lewis base-acid interaction between C=O or C–O group and the Pb-rich surface for lead halid
perovskite (Wang et al., 2019a,2019b) and the abundance of
surface polar groups allows carbonized polymer nanodots to
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Fig. 2 – Scanning electron microscope (SEM) images of (a) MAPbBr3 microparticles, (b) CS microspheres and (c) MAPbBr3 /CSx
composites. Inset in Fig. b shows the size distribution of CS. (d) Scheme illustration of the microstructural features of
MAPbBr3 /CSx composite. (e) High-angle annular dark-field scanning transmission electron micrograph (HAADF-STEM)
micrograph and the corresponding energy disperse spectroscopy (EDS) mapping of the individual MAPbBr3 /CSx composite
sphere, showing MAPbBr3 tiny nanoparticles distributed throughout the entire CS sphere surface.

easily bind to MAPbI3 perovskites for extracting charge carriers (Zhao et al., 2020). Particularly taken into consideration
is that MA and I2 are volatile in nature from the thermodynamic viewpoint, leaving more readily and predominate Pbrich zone on the surface for providing chemical reactive sites,
which is consistent with the calculation that the formation
energy (G) of the exposure of Pb as active sites (1.74 eV) is
smaller than iodine defects (1.80 eV) (Dong et al., 2020). For
example, the strong Pb-O-C bonds was constructed between
a [CH(NH2 )2 ]x [CH3 NH3 ]1−x Pb1+ y I3 film with a Pb-rich surface
and a chlorinated graphene oxide layer, which can selectively
extract photogenerated charge carriers and impede the loss of
decomposed components from soft perovskites (Wang et al.,
2019a). Wang et al. (2019a) observed the Pb 4f core level shifted
up by 0.3 eV and the peak intensity of Pb 4f core levels de-

creased, indicating the perovskite-chlorinated graphene oxide
layer heterostructure with strong Pb–O bonds formed. In our
present work, we measured the X-ray photoelectron spectra
of MAPbBr3 –CSx (x = 0, 17 wt.%) to further evaluate whether
the good chemical bonding contact of perovskite/CSx . It can
be seen that two main peaks located at the binding energies of
about 143 and 138 eV, are assigned to Pb-4f5/2 and 4f7/2 core levels, respectively (Fig. S2). Specially, the binding energies of Pb4f7/2 core level for MAPbBr3 shifted from 138.27 eV to a higher
binding energy level 138.61 eV for MAPbBr3 –CSx (x = 17 wt.%)
with ˜0.34 eV shift, which is in good agreement with the literature report (Wang et al., 2019a). Furthermore, based on density
functional theory (DFT) calculations, Wang et al. (2019b) reported the defect formation energies of Pb and I-involving
point defects including Pb vacancy (VPb ), I vacancy (VI ), and
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Fig. 3 – (a) X-ray diffraction (XRD) patterns and (c) Fourier transform infrared (FTIR) spectra of the MAPbBr3 samples with
different CS weight ratio content 0%, 9%, 17%, 25%, 50% respectively, and (b, d) their corresponding selected magnified zone.
(e) Ultraviolet-visible (UV–Vis) diffuse reflectance spectra (DRS) and (f) Tauc plots. Inset in Fig. e: the enlarge zone from 520 to
560 nm; Inset in Fig. f: the band gap vs different CS content. a: the experimentally measured optical absorption coefficient;
hv: the photon energy.

Pb-I antisite (PbI and IPb , corresponding to I site substitution
by Pb and Pb site substitution by I, respectively) on the surface to be 3.20, 0.51, 0.57, and 3.15 eV, respectively, confirming
molecular defect passivation through interaction between organic functional groups and Pb sites.
The UV–Vis diffuse reflectance spectra (Vis-DRS) for
MAPbBr3 /CSx (x = 0, 9, 17, 25, 50 wt.%) are shown in Fig. 3e.
It is clearly seen that the characteristic absorption bands appear at ˜595 nm for MAPbBr3 . Murali et al. observed MAPbBr3
crystals with the pristine surface surprisingly showed strong
absorption at longer wavelength (˜ 570 nm) than that of the
MAPbBr3 aged surface and the film (˜550 nm). It is proposed

that the extrinsic effects, such as complex microstructures,
processing conditions and hydration under ambient conditions, are key determinants of the optical absorption features
of MAPbBr3 crystals, which lead to the strain-induced symmetry changes, the variation of surface disorder domains and the
character of the orbitals (Murali et al., 2016). The absorbance of
MAPbBr3 /CSx shifts to a wavelength of approximately 580 nm
and the absorption edge is blue shifted by ˜15 nm, reflecting
the quantum confinement effect of tiny MAPbBr3 nanoparticles bonded to the carbon sphere. It is well known that the
band gap of the MAPbBr3 crystal is mainly contributed by s
and p orbits of the Pb atom and the p orbit of the Br atom,
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respectively (Wu et al., 2018). After grinding, the band gap
of composites may be changed due to the possibility of local lattice strain forcing the octahedra to tilt by changing the
metal-halide-metal angle. The optical energy band gaps (Eg )
are determined from their optical spectra by extrapolating the
linear region of the Tauc band gap plot of (αhν)2 versus hν
where α is the corresponding absorption, h is the Planck’s constant, and ν is the frequency. The estimated band gap values
of MAPbBr3 /CSx (x = 0, 9, 17, 25, 50 wt.%) in Fig. 3f showed a direct band gap of ˜2.132, 2.105, 2.145, 2.172 and 2.155 eV, respectively, which are in the range of the reported band gap values
(˜2.1–2.3 eV) of MAPbBr3 with various sizes, chemical surface
states by other researchers, such as MAPbBr3 encapsulated
with poly(norepinephrine) (PNE) (2.04 eV) and monodispersed
methylammonium lead bromide (MAPbBr3 , M-PE) nanoparticles (2.22 eV) (Wang et al., 2020a), MAPbBr3 nanocrystals prepared via grinding (˜2.3 eV) (Chen et al., 2019), MAPbBr3 nanodots@ MOFs MA-Mn(HCOO)3 (˜2.25 eV) (Rambabu et al., 2020),
6–8 nm spherical MAPbBr3 nanodots@ZIF-8 (2.26–3.1 eV) due
to quantum confinement (Mollick et al., 2019). The above results indicate that the addition of carbon sphere affects the
band gap which is mainly ascribed to the strong interaction
between MAPbBr3 and carbon sphere in the complex structure (Song et al., 2017).

2.2.

Photocatalytic activity of MAPbBr3 /CSx

After the structural analysis, the photocatalytic degradation
of Malachite Green (MG) model pollutant molecules in isopropyl alcohol (IPA) solvent using this composite material as
photocatalysts were further explored to probe the structurephotoactivity relations. MG dyes with molecular formula
C23 H25 N2 Cl containing a central carbon atom bonded to three
aromatic rings, two anilinic (CN) and a phenylic (CP) group
and all carbon atoms in the structure form sp2 hybridization,
is a typical cationic triphenylmethane dye and has received
considerable attention for long time both in the fundamental and industrial researches including dyeing cotton, leather,
paper and plastics. It is classified as Class II health hazard
due to detrimental effects on immune system (Yong et al.,
2015). Different control experiments were conducted to elucidate the photocatalytic nature of the reaction and the interplay between MAPbBr3 and CSx (Fig. 4). Photocatalysts and
MG solution were stirred for 30 min in darkness to establish
adsorption−desorption equilibrium before light irradiation. It
can be seen that the photocatalytic activity towards MG degradation profiles of over different MAPbBr3 /CSx catalysts at a
significantly higher rate than MAPbBr3 as shown in Fig. 4a,
demonstrating better photocatalytic activities for nanocomposites. In absence of photoactive semiconductors MAPbBr3 ,
CS gives some absorption capacity of approximate 40%, which
is agreement with high surface-to-volume ratio of CS. Moreover, the photocatalysts with the content of CS 9 and 17 wt.%
exhibited a better photocatalytic degradation performance although they showed low absorption capacity compared with
high CS content composite (Fig. S3), indicating the absorption
effect and photoactive MAPbBr3 play cooperation roles in the
degradation process. This phenomenon that more CS is not
good can be explained as excessive black CS would shade the
light absorption of MAPbBr3 . In other words, an intimate con-
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tact between MAPbBr3 and CS with suitable amount is necessary to achieve an increase of the photocatalytic activity.
Moreover, the strong absorption intensity at 617 nm with
two other weaker bands centered at 425 and 360 nm (the characteristic absorption wavelength of MG) in Fig. 4b was used to
monitor the dye concentration change and the intense green
color MG solution turned into colorless with increasing of reaction time to ˜20 min. Specially, the characteristic absorption
at about 617 nm exhibit a decrease trend with slight blue shift,
which indicated the process of N-demethylation, i.e., the nonselective attack of reactive oxygen species on C–N bond occurred as previous reported (Yong et al., 2015; Zhou et al., 2020).
Meanwhile, it can be observed that the absorbance peaks at
425 nm declined and a new absorbance band at about 360 nm
and a noticeable increase on peak area ranging from 200 to
420 nm appeared, which evidently indicate the attack on central carbon atom could generate different conjugated structures, benzene rings or other chromophores (Yong et al., 2015;
Zhou et al., 2020). From the analyses above, competition reaction process between the cleavage of the central carbon reaction and N-demethylation reaction might exist, which constitutes the photodegradation mechanism of MG. Furthermore,
it has recently been established the steady-state MG absorption spectrum in ethanol exhibits two bands centered at absorption wavelength λab = 621 nm (excited state S0 → S1 transition) and λab = 427 nm (S0 → S2 transition), which is according with our present spectral result. Relaxation pathways
of upper excited electronic states of MG in ethanol and in
films are influenced to control the S2 /S1 and S1 /S0 conical
intersections by hindrance of rotation of MG’s phenyl rings
(Zhou et al., 2020). The excited-state dynamics of malachite
green dyes is known to be influenced strongly by the microscopic viscosity of the solvent environment due to restrict
rotation of phenyl rings. In nonviscous solvents, the nonradiative relaxation process of MG dyes occurs very quickly,
typically in a few picoseconds. In contrast, the fluorescence
lifetime becomes very long because phenyl torsions were
hindered in high-viscosity solvents (Nakayama and Taketsugu, 2011). It is expected that incorporation of MGs in ipropanol will substantially hinder torsions of MG’s phenyl
rings and thus significantly modify MG’s photophysics. Recently, such materials with long-lived higher excited states
have a variety of potential applications in photocatalysis. It
is reported that organic molecules Methyl Viologen (MV) excited state were influenced by CsPbBr3 (Kobosko et al., 2020;
DuBose et al., 2020a). The strong excited-state interaction
CsPbBr3 (h)-MV+∗ (Methyl Viologen excited state) pair between
CsPbBr3 nanocrystals and methyl viologen induces a longlived charge-separated state which can be utilized for photocatalytic oxidation and reduction processes. Therefore, in
our present work, MG dye molecules were easy to be activated (∗ MG) via energy transfer of MAPbBr3 /CSx in photocatalytic process. To quantitatively compare the photocatalytic
efficiency of all the samples, a pseudo-first order reaction kinetic model (ln(C0 /C) = kt + b, where t is time and b is constant) was employed to calculate the rate constants (k) of the
photodegradation experiment over MAPbBr3 /CSx composites
shown in Fig. 4c. It is worth noted that the pseudo-first-order
rate constant k of MAPbBr3 /CSx (x = 17 wt.%) is 0.1424 min−1 ,
which is about 3.6 times faster than that of pristine MAPbBr3

406

journal of environmental sciences 104 (2021) 399–414

Fig. 4 – (a) Photocatalytic activities of ln(C/C0 ) concentration–time profiles of the degradation of Malachite Green (MG) over
various MAPbBr3 /CSx catalysts and (b) UV–Vis spectra of MG at different irradiation times (from 0 to 20 min) in the presence
of MAPbBr3 /CSx (x = 17 wt.%) (inset: molecular structure and digital photographs of MG solution at different irradiation
time). (c) Kinetic curves and (d) slope values comparison of the MG degradation fitted using a pseudo-first reaction model. C:
concentration at different irradiation time; C0 : initial concentration; K: rate constant.

(0.0393 min−1 ) in Fig. 4d. Previously reported about perovskite
photocatalytic degradation of organic dyes were compared as
follows: 71% of Sudan Red III within 6 hr by CsPb(Br1−x Clx )3 Au nanoheterostructures (Feng et al., 2019), Malachite Green
by 81% in less than 2 hr over poly(norepinephrine) (PNE)MAPbBr3 core-shell composite (Wang et al., 2020a), fresh
γ -CsPbI3 /few-layered WS2 nanosheets have photocatalytic
activity of Methylene Blue (MB) nearly 100% in 30 min
(Zhang et al., 2020a), MAPbBr3 @ZIF-8 degraded 70% Methyl Orange (MO) for 30 min (Mollick et al., 2019). Apparently, the photocatalytic performance of MAPbBr3 /CSx (x = 17 wt.%) is better
than its pristine counterpart, other ratio composites, indicating that the CS has a significantly improved effect on the photocatalytic property of MAPbBr3 . As Xu et al. (2020) reported
CS in MAPbBr3 /CSx could contributes to the MG adsorption
by π -anion interactions of functional groups on the carbon
frameworks and may cause structural distortion of the skeletal chain of MG molecules, thus weakening the binding energy
and reducing the energy demand for cleavage of the chemical
bond (Xu et al., 2020).

2.3.

Plausible reaction mechanism

Additionally, as a key step determining solar energy conversion of photocatalysis, electron-hole pairs generated by light
absorption need to be separated and transferred to the surface of the semiconductors. Hence, an in-depth understand-

ing of plausible reaction mechanism for the photodegradation of MG over semiconductors is desirable. Reactive oxygen species (ROS), i.e., superoxide anion radical (•O2 – ), hydrogen peroxide (H2 O2 ), singlet oxygen (1 O2 ), and hydroxyl
radical (•OH) play a vital roles for elucidating the photocatalytic mechanism (Nosaka and Nosaka, 2017). The identification of ROS and primary intermediates in the photoinduced
degradation reactions is important in terms of understanding the photodegradation mechanism, which is strongly depending on the types of semiconductors (photocatalysts) used
and the solution conditions employed. Among ROS, the chemical structures of •O2 − , H2 O2 , and •OH usually alter with pH
due to the rapid acid-base chemical equilibrium in H2 O solution. •O2 − and H2 O2 are formed successively by reducing O2 ,
that is filling the two π ∗ orbitals with an electron, followed
by the protonation, while the energy of the 1 g (one paired
electrons on the antibonding π orbital) state of singlet oxygen
(1 O2 ) generated by the oxidation of •O2 − is higher than that
of the O2 3 g − (two unpaired electrons on two antibonding π
orbitals) state (Nosaka and Nosaka, 2017). Firstly, with regard
to H2 O2 , at acidic condition, •O2 − undergoes rapid protonation
to generate H2 O2 in H+ species chemical solution via the sequential two-step single-electron reduction route with the pH
change: O2 + e− → •O2 − ; •O2 − + 2H+ + e− → H2 O2 . It must be
pointed out that the chemical property of •O2 − under neutral
isopropanol (IPA) solvent conditions is different from that under acidic conditions. It is found that final pH = 7 of IPA-MG
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Fig. 5 – (a) Degradation of MG in different quenchers systems and (b) electron paramagnetic resonance (EPR) spectra for the
detection of •O2 − in the presence 5,5-dimethyl-1-pyrroline-N-oxide (DMPO). EDTA: ethylenediaminetetraacetic acid; BQ:
benzoquinone.

liquid mixture after photocatalytic reaction did not change,
indicative of the absence of transformation from •O2 − to H2 O2
in our present organic solvent system. Second, in general, isopropanol (IPA) is well accepted as the hydroxyl radical (•OH)
quencher in photocatalytic reaction (Mollick et al., 2019). The
present selective IPA organic solvent system could hinder the
production of •OH, it is reasonable that •OH can be ruled out.
Third, concerning the 1 O2 , β-carotene is the most economic
and effective 1 O2 quenchers known in photocatalytic reaction and biological systems (Stratton et al., 1993). Specially,
the conversion pathways of superoxide radicals (•O2 − ) to 1 O2 ,
have been a great controversy, depending on vibrational energy levels of the surrounding solvent molecules with different polarity values and photocatalysts. It is found that 1 O2
was generated effectively by photoexcited C60 in nonpolar solvents such as benzene and benzonitrile, while •O2 − and •OH
were produced instead of 1 O2 in polar solvents such as water
(Yamakoshi et al., 2003). Therefore, to distinguish the active
species, as shown in radical quenching experiments in Fig. 5a,
the active species scavengers: benzoquinone (BQ), ethylenediaminetetraacetic acid disodium salt (EDTA-2Na), AgNO3 and
β-carotene as scavengers were used to specifically inhibit the
generation of •O2 − , holes (h+ ), electron (e− ) and singlet oxygen
1 O in MG photodegradation system. Clearly, it can be seen
2
that the presence of BQ brought about obvious suppress the
degradation rate from ˜92% to 33% at 20 min for MAPbBr3 /CSx
(x = 17 wt.%) composites compared to other scavengers, indicating that the generated •O2 − is a major reactive species
which is captured by BQ through an electron transfer mechanism (BQ + •O2 − → •BQ− + O2 ). At the same time, electron (e− )
is indentified by AgNO3 quencher, which participated in activated O2 process. In contrast, β-carotene and EDTA-2Na has
no obvious change for photocatalytic performance. Interestingly, •O2 − species was often reported in organic solvent photocatalytic system (Zhang et al., 2019a; Gualdrón-Reyes et al.,
2020), which is different from other reports about hydroxyl
radical as active species using water as solvent (Mollick et al.,
2019; Zhang et al., 2020a). In addition, when 5,5-dimethyl-1pyrroline-N-oxide (DMPO) was added to the system, there is
no electron spin resonance (ESR) signal corresponding to the

DMPO−•O2 − adduct in the dark, as shown in Fig. 5b. However, when the light was turned on, a strong ESR signal due
to •O2 − radicals was observed, further confirming the generation of •O2 − species in the photocatalytic reaction. Evidently,
the efficient photocatalytic oxidation of organic compounds
should be correlated to the chemical environment of the photocatalyst and solvent itself. On the one hand, the superoxide species is directly associated with the reaction between
molecular oxygen and photogenerated electrons at the iodide vacancy sites (DuBose et al., 2020b). While MAPbBr3 has
greater structural stability due to stronger H-bonding which
restrict O2 diffusion to penetrate the interior of MAPbBr3 on
account of the smaller unit cell providing a physical barrier
(Aziz et al., 2020). On the other hand, it could be expected
that tuning the solvent may control the active species for organic synthesis and the related efforts concerning the controllable formation of specific oxygen species under the selected organic solvent chemical environment such as toluene,
dichloromethane over MAPbBr3 photocatalysts are on the way.
Additionally, reactive oxygen species (ROS) can be also used to
bacterial infection, which react with the organic constituents
of the cell membrane, leading to the photocatalytic deactivation of Escherichia coli (Regmi et al., 2019). Thanks to the ROSregulating properties by nanomaterials, the nanomaterialguided “ROS science” concept for therapy had been explored
and researchers used these active chemical species for contributing to medical advances (Yang et al., 2019b).
Limited information about photodegradation and transform organic contaminants by •O2 − in organic solvent is
available. •O2 − is a reducible nucleophilic free radical that
can easily attack the low electron cloud density region of
molecules such as electron-deficient compounds (Zhang et al.,
2019b). Here, after the generating of •O2 − , the intermediate
products of MG degradation were investigated via LC-MS,
and the mass spectrometry results obtained for the transformation intermediates at 10 min reaction times are displayed in Fig. 6. It is clearly observed that there is an intense prominent ion with (mass to charge ratio) m/z = 329,
which can be attributed to MG. The another major peak
was located at m/z = 313 as (N,N-dimethyl-N -methyl-4,4 -
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Fig. 6 – Different intermediates identified by Mass Analysis after 10 min of photocatalytic treatment. m/z: mass to charge
ratio.

diaminotriphenylcarbenium) (DMDTC); Similar to the previous studies (Singh et al., 2013) under visible light illumination, the dye is N-demethylation in a stepwise manner accompanying a color change from initial green to colorless, which is according to the change of characteristic
absorption wavelength of MG. By the further removal of
the residual groups, the m/z values of m/z = 285 as (Nmethyl-4,4 -diaminotriphenylcarbenium) (MDTC) via the interaction of active oxygen species and m/z = 208 as 4,4 bisaminobenzophenone (BP) were detected which is an important and often observed intermediate products (Singh et al.,
2013). On the basis of the presented UV–Vis and mass spectrometry results, the overall mineralization of MG involves the
represented cleavage of the central carbon and the further
degradation of epoxide intermediates through active oxygen
species into small and easily degradable organic molecules, as
presented in Fig. 7. Recently, Gualdrón-Reyes et al. (2020) proposed •O2 − can react with the β-naphthol (β-NPT) compound
through proton/electron-transfer pathway and confirmed that
the reactions of phenolic compounds and superoxide species
•O2 − are prone to form dimers, oligomers or/and quinones as
the main nonradical products in organic media. They concluded that iodide vacancies are the main surface chemical states that facilitate the formation of •O2 − . In addition,
it is found that the FTIR spectra of IPA solvent were identical before and after photocatalytic treatment (Fig. S4), showing no obvious changes in chemical functional groups of solvent. Similarly, ethanol as a stable organic solvent has been reported for degradation of Rhodamine B (RhB) using Cs2 AgBiBr6
photocatalyst (Zhang et al., 2019a). Consequently, taking these
results and analyses together as a whole, we proposed that the
relatively stable and high efficiency of MAPbBr3 /CSx photocatalysts undergo to a direct competition consequence that the

superoxide species are rapidly reacted by excited state ∗ MG
molecules. Thus, a reaction process occurred as follows:
MAPbBr3 /CSx + MG → ∗ MG
MAPbBr3 /CSx + hv → h+ + e−
O2 + e− → •O2 −
•O2 − + ∗ MG → Mineralization products
First, MAPbBr3 /CSx photocatalyst activates MG dyes (∗ MG)
during an adsorption-desorption equilibrium process. When
it is irradiated under visible light, the absorption of photons
leads to the excitation of electrons from the valence band
(VB) to the conduction band (CB), producing photogenerated
electrons and holes. The electrons are captured fast by O2
molecules, generating •O2 − radicals. Then, •O2 − radicals react
with activated dyes (∗ MG) to give the mineralization products
which is likely to be similar to the degradation mechanism
of an alcohol-based photocatalytic system over Cs2 AgBiBr6
(Zhang et al., 2019a). In addition, the recyclability of the photocatalytic performance of MAPbBr3 /CSx (x = 17 wt.%) was investigated (Fig. S5). No obvious decrease of catalytic activity
was observed after 8th successive cycle showing high stability of MAPbBr3 /CSx (x = 17 wt.%) composites, which is ascribed
to impede the loss of decomposed components from soft perovskites (Wang et al., 2019a). When the recycling runs went to
10th, within 30 min, the degradation of MG is decreased from
96% to 92% which is due to the fact that the loss of catalyst
amount during the washing process of cycling test. In a word,
the current work launches an efficient strategy for developing
perovskite-carbon material prepared through mechanochemical method in photocatalytic reaction system.
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Fig. 7 – Proposed possible degradation pathways of mineralization formation into small molecules.

2.4.

Evaluating interfacial charge transfer

As shown in Fig. 8, all the MAPbBr3 /CSx composites exhibited a broadening photoluminescence (PL) emission band
centered at about 523 nm which originates from direct
exciton recombination, according with literature reported
PL emission positions including MAPbBr3 nanodots@ MOFs
MA-Mn(Co)(HCOO)3 (˜520 and 522 nm) (Rambabu et al.,
2020), 6–8 nm spherical MAPbBr3 nanodots@ZIF-8 (529 nm)
(Mollick et al., 2019). The luminescence with the emission
bandwidth with 40–55 nm of the obtained product can probably be ascribed to the appearance of size-induced inhomogeneous broadening result, because the sizes of some sample are larger than the Bohr exciton diameter, and the others
are smaller (Chen et al., 2019). However, as a comparison, the
PL emission intensity was quenched and declined with gradually variation of the CS amount. The quenching of PL intensity becomes more evident when the content of CS is ˜17 wt.%.
The highest photocatalytic activity observed for MAPbBr3 /CSx
(x = 17 wt.%) has the lowest PL intensity in Fig. 8a, which
corresponds to the high separation rate of the electron and
hole pair and effective charge transfer through Pb-O-C chemical bonds (Wu et al., 2018; Wang et al., 2019a). Another possible reason that the photoluminescence intensity is strongly
reduced which is ascribed to the formation of non-radiative
trap states resulting from surface defects induced by grinding in dry conditions. The charge and energy transfer of

MAPbBr3 /CSx was further investigated by the time-resolved
PL (TRPL) spectroscopy measurements which is a powerful
technique for understanding charge carrier dynamics and recombination pathways. It is well known that the rate equation is dn(t)/dt = -n/τ = -n(1/τ SRH + 1/τ RAD + 1/τ Auger + •••),
where n is the excited carrier density and τ is the carrier lifetime (Senty et al., 2015), which can be broken up into three
parts of Shockley-Read-Hall lifetime (τ SRH ), a radiative recombination lifetime (τ RAD ), and an Auger recombination lifetime
(τ Auger ). For low carrier concentrations (no >> n, where no is the
equilibrium carrier concentration), a CdSe/TiO2 heterostructure sample where electron transfer from CdSe to TiO2 , the
estimated electron-transfer rate (ket ) can easily be calculated:
ket = 1/τ et = 1/τ CdSe/TiO2 – 1/τ CdSe (Senty et al., 2015). Similarly,
Christians et al. (2014) showed that the rate of hole transfer,
kht , from Sb2 S3 to CuSCN can be calculated: kht = 1/τ Sb2S3/CuSCN
– 1/τ Sb2S3, where kht is the estimated hole transfer rate, and
τ Sb2S3/CuSCN and τ Sb2S3 are the average lifetimes, respectively.
Usually, there are two commonly used time average of the
lifetime approaches to get the electron-transfer rate (ket ), an
amplitude average τ amp = (( i Ai τ i )/( i Ai )), where Ai is the
amplitude and an intensity average τ int = (( i Ai τ i 2 )/( i Ai τ i ))
(Senty et al., 2015). The former better describes a mean lifetime, and the latter better describes the average time spent in
the exited state. For literatures about perovskite MAPbX3 solar cells and photocatalyst systems, the experimental decays
are usually used the biexponential or triexponential decay ki-

410

journal of environmental sciences 104 (2021) 399–414

Fig. 8 – (a) Steady-state photoluminescence (PL) spectra, (b) time-resolved photoluminescence decay spectra (TRPL) of
MAPbBr3 /CSx composite and (c) summary of the detailed fitting results of PL decay for MAPbBr3 /CSx composite using
three-exponential decay kinetics. A1 , A2 and A3 are weighing parameters and τ 1 , τ 2 and τ 3 are the corresponding lifetimes.

netic equation and the intensity average τ int = (( i Ai τ i 2 )/( i
Ai τ i )) to calculate the electron-transfer rate (ket ) (Yang et al.
2019; Zhang et al., 2020b). Here, a triexponential decay kinetic
was used to fit the data of the TRPL decay curves of Fig. 8b,
and the corresponding parameters are listed in Fig. 8c. Next,
the average lifetime (τ average ) was calculated by the following
formula:
y(t ) = A1 e(−t/τ 1) + A2 e(−t/τ 2) + A3 e(−t/τ 3)


τaverage = A1 τ1 2 + A2 τ2 2 + A3 τ3 2 /(A1 τ1 + A2 τ2 + A3 τ3 )
where A1 , A2 and A3 are weighing parameters, τ 1 , τ 2 and
τ 3 are the corresponding lifetimes and τ avg is the average
lifetime. Three recombination lifetimes are assigned to distinct processes: bulk trap-state relaxation (τ 1 ), surface defectstate recombination (τ 2 ) and the radiative charge recombination (τ 3 ) matching with a fast, medium and slow lifetimes.
According to the trend of the amplitude of τ 1 , the order
MAPbBr3 /CSx > MAPbBr3 , showing fewer bulk trap states inside the MAPbBr3 than the other composite samples treated
by grinding. The enhanced photocatalytic activity was observed because such defects incorporated by grinding process
increased the adsorption of dye molecules and trapped excited electrons. The third component (τ 3 ) on a scale of tens
of nanoseconds, but its contribution A3 was small for all samples because of significant contributions from τ 1 and τ 2 . As
a result, the average decay lifetimes τ average were determined
to be 55.68 nsec for MAPbBr3 , 26.44 nsec for MAPbBr3 /CS-9%,
15.56 nsec for MAPbBr3 /CS-17%, 38.78 nsec for MAPbBr3 /CS25% and 37.53 nsec for MAPbBr3 /CS-50%, respectively, showing that MAPbBr3 /CS-17% samples exhibited faster decay rate
than MAPbBr3 and other composites. It is worth to note that
the PL emission intensity and fluorescence average lifetime

of composite with the CSx content of 25% and 50% samples
are higher than that of 17% sample. This phenomenon is different from the previous reported perovskite hybrid structures synthesized by solution growth method, where the PL
lifetime is usually observed to decrease with more additive
loaded (Zhang et al., 2020b). Different from the homogeneity of reaction mixtures of solution-based methods, mechanical grinding reaction is complicated solid state reaction process (Palazon et al., 2019; Prochowicz et al., 2019). High CS
content could lead to heterogeneous mixing and poor interaction through weaker bonding or physical attached on
MAPbBr3 matrix with relative weak connection under the
identical grinding time, thus reduce the entire charge and/or
energy transfer rate. That means an intimate contact between
MAPbBr3 and CS with suitable amount is necessary for mechanical grinding process. For single phase, MAPbX3 exhibited
a gradual increase in average decay lifetime (2–94 nsec) as the
composition changes from MAPbCl3 to MAPbI3 (Chen et al.,
2019). For MAPbX3 -based multiphase composites, Huang
and co-workers observed average lifetime of MAPbI3 /rGO is
shorter than for MAPbI3 (157.81 vs 342.32 psec),indicating a
more rapid charge transfer and electron-hole separation in
MAPbI3 /rGO (Wu et al., 2019). MAPbBr3 @MA-Co-(HCOO)3 and
MAPbBr3 @MA-Mn(HCOO)3 have average emission lifetimes of
2.89 and 5.22 nsec, respectively which is attributed to the
fact the emission lifetimes decrease with the decreasing size
of nanodots as a consequence of dominant surface trapping
(Rambabu et al., 2020). In addition, the average lifetime of the
MAPbBr3 /ZIF-8 composite (τ avg = 102 nsec) was higher than
that of the bare MAPbBr3 nanocrystals (τ avg = 41 nsec) which
could be due to a decrease in the nonradiative recombination pathway of MAPbBr3 nanocrystals inside the ZIF-8 matrix
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(Mollick et al., 2019). Clearly, our results are more in line with
Wu et al.’s explanation that carbon materials provide a more
rapid charge transport channel (Wu et al., 2018).
Besides, electron transfer rate of photogenerated electrons
from MAPbBr3 to CS is calculated according to the equation:
ket = 1/τ MAPbBr3/CS – 1/τ MAPbBr3 , where ket is the estimated electron transfer rate, and τ MAPbBr3/CS and τ MAPbBr3 are the average lifetimes of the decay, respectively. Therefore, the electron
transfer rate constant ket of MAPbBr3 /CS-9%, 17%, 25%, 50%,
estimated based on the hypothesis that the electron transfer from MAPbBr3 to CS was 1.9 × 107 , 4.6 × 107 , 7.8 × 106 ,
and 8.7 × 106 sec−1 , respectively. These values are comparable with previous reported the average electron transfer
rate 3.2 × 107 sec−1 from CdSe/ZnS quantum dots to TiO2
(Senty et al., 2015). Specially, it should be noted that evaluating interfacial charge transfer in multiphase composite photocatalytic system need to involve two sides together, that
are surface electron interactions between a photocatalyst and
dyes (ket 1) and electron transfer rate in MAPbBr3 /CSx samples (ket 2), which influenced the overall efficiency of electron transfer. However, the former is often not mentioned
due to not well understand. Recently, it is reported that the
ultrafast interactions electron transfer rate between CsPbBr3
and MV2+ (methyl viologen) excited state is about 1011 sec−1
(Kobosko et al., 2020; DuBose et al., 2020a). Obviously, the
electron transfer rate (˜107 ) in MAPbBr3 /CSx samples is four
orders of magnitude slower than that of catalyst and dye
molecule excited state and therefore ket 2 is considered to be
rate-determining step for photocatalytic degradation performance. In a word, it is noteworthy that the most facile charge
transport occurred from the optimal CS amount (17%) in the
MAPbBr3 /CSx sample by grinding method.

2.5.
Carrier dynamic investigated by electrochemical
measurement
The routine electrochemical characterizations including
cyclic voltammetry (CV) and Mott-Schottky analysis (MS)
were subsequently conducted, which have been successfully adopted to detect the band structure and the charge
transfer behavior of metal halide perovskites (Kavan, 2018).
It is favorable to understand the reduction and oxidation
events that occur and to probe charge carrier formation and
transport for hybrid organic-inorganic perovskite films. As
expected in Fig. 9a, the first oxidation wave with the onset of
˜1.2 V vs Ag/AgCl for MAPbBr3 are assigned to the oxidation
of Br− ions. After the introduction of CS, the peak potential
of MAPbBr3 /CSx in Fig. 9b and c decrease eventually to ˜
0.95 V, which are ascribed to the change of surface chemical
state by grinding. Importantly, compared with the peak current densities (˜7.0 × 10−3 mA/cm3 ) of individual MAPbBr3
electrode, MAPbBr3 /CSx composites efficiently boosted the
current densities in Fig. 9b and c, and particularly the highest 3.7-fold enhancement was observed in the optimized
MAPbBr3 /CSx (x = 17 wt.%) sample (˜26 × 10−3 mA/cm3 ). Similar phenomenon with magnitude of the current density was
also reported for γ -CsPbI3 perovskite nanocrystals with WS2
electrodes (Zhang et al., 2020a), indicating more reactive sites
appear in catalytic reaction. As a matter fact, Linear sweep
voltammetry (LSV) and cyclic voltammetry (CV) were adopted
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to as the suitable analytical tool to obtain kinetic information
not only on electrochemical quantities of a redox process, but
also on chemical reactions coupled with charge transfer steps.
For instance, it is reported that the amorphous CoMoSx /CdS
(a-CoMoSx /CdS) sample has the most positive potential and
the largest current density than that of CdS, a-MoSx /CdS, and
Co(II)/CdS form linear sweep voltammograms curves, suggesting that the a-CoMoSx can serve as an electron-cocatalyst
to rapidly capture electrons and then quickly transfer the
electrons to the active sites (Liu et al., 2018b). Furthermore,
Saha’s research group observed the cyclic voltammograms
(CVs) of Cu1.94 S-rGO (reduced graphene oxide) nanoparticles
with superior photocatalytic dye degradation exhibited the
highest current height compare to that of Cu1.94 S due to
fast electron transfer rate (Dutta et al., 2018). In addition,
WO3 /g-C3 N4 (graphitic carbon nitride) nanocomposite with
highest photocatalytic activity showed the strongest anodic
current density and an enhancement of 3.4 and 1.2 fold
compared to those of the WO3 and g-C3 N4 in the cyclic
voltammetry (CV), respectively which further validate that
the nanocomposite exhibited better separation efficiency of
the photo induced electron-hole pairs (Karimi-Nazarabad and
Goharshadi, 2017). Specially, Costentin et al. (2020) reported
that characteristics of the kinetical electron transfer kinetics
(kS ) as well as the diffusion coefficient (D) and the thermodynamically standard potential (E0 PC ) can be extracted from
peak potentials and intensity based on the CV analysis of
the photocatalyst in the absence of irradiation. Evidently,
these experimental phenomena using a-CoMoSx , rGO and
g-C3 N4 as electron-cocatalyst are similar to the role of carbon
sphere in MAPbBr3 /CS nanocomposites. Moreover, the flat
potentials (VFb ) of the semiconductors were determined by
the Mott-Schottky equation to investigate the band structures
derived from the x-intercept of the linear section in the
Mott-Schottky plots (Wang et al., 2020b). As seen in Fig. 9d,
the negative slope indicates p-type semiconducting feature,
which is consistent with the previous report that pristine
monodisperse methylammonium lead bromide (MAPbBr3 ,
M-PE) nanoparticles is p-type semiconductors (Wang et al.,
2020a). A possible explanation is that highly doped (p-type)
region inside MAPbBr3 is produced due to the cation enrichment at the MAPbBr3 /carbon interface under the grinding
process (Liang et al., 2018). Carbon is an electron acceptor that can enhance the performance of a semiconductor
photocatalyst by facilitating the transfer of photogenerated
electrons from the semiconductor (Song et al., 2017) and
get small electron loss at the interface of MAPbBr3 /carbon
(Liang et al., 2018). Simultaneously, the flat potential values
of MAPbBr3 /CSx (x = 9, 17 wt.%) sample are 0.67 and 0.88 V vs
Ag/AgCl, respectively, which is smaller than that of MAPbBr3
(1.02 V) which may be attributed to CS induced some acceptor
impurity level. Moreover, the flat band potential VFb for a
p-type semiconductor can be approximately regarded as the
valence band (EVB ) edge potential (Wang et al., 2020b). In
contrast, the corresponding conduction band potentials (ECB )
can also be obtained from the band gaps (Eg ) according to
the equation ECB = EVB - Eg (MAPbBr3 : −1.11 V vs Ag/AgCl;
MAPbBr3 /CSx (x = 9 wt.%): −1.43 V vs Ag/AgCl; MAPbBr3 /CSx
(x = 17 wt.%): −1.26 V vs Ag/AgCl). The relative position of
the MAPbBr3 and MAPbBr3 /CSx conduction band (CB) and
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Fig. 9 – Cyclic voltammetry (CV) of the MAPbBr3 /CSx (x = (a) 0, (b) 9 wt.%, and (c) 17 wt.%) composites and (d) Mott-Schottky
analysis (MS) of the MAPbBr3 /CSx (x = 0, 9, 17 wt.%) composites, showing p-type semiconducting features. C−2 : interfacial
capacitance; VFB : flat band potential.

and produce •O2 − quickly. Simultaneously, suitable amount
CS adsorption ability and weakening the binding energy
and driven the molecule structural distortion of MG may
work concurrently. At last, these positive factors synergetic determined catalytic reaction dynamics and boosted
oxygen activation and photocatalytic MG performances
effectively.

3.

Fig. 10 – Scheme of the band structures of MAPbBr3 /CSx
composites with electron transfer rate constant
(ket = 4.6 × 107 sec−1 ) for generating •O2 − radicals to MG
degradation. NHE: normal hydrogen electrode; e− : electron;
h+ : hole.

valence band (VB) are depicted in Fig. 10. As a result, the CB is
typically negative enough for superoxide radical generation
species (E0 (O2 /•O2 − ) = −0.33 V) suggesting photo-induced
electron can transfer from MAPbBr3 /CSx to O2 . To sum up, the
strong interfacial chemical interaction via Pb-O-C chemical
bonds could provide the photoinduced electrons to active O2

Conclusions

In conclusion, we have successful fabricated MAPbBr3 /CSx
nanocomposite photocatalyst with the coordination interfacial Pb-O-C chemical bonds by a dry mechanochemical process. An optimal carbon weight ratio (x = 17 wt.%) was to
obtain the best electron transfer rate (ket = 4.6 × 107 sec−1 )
for MAPbBr3 /CSx composites. The improved photocatalytic activity of MAPbBr3 /CSx towards MG was due to the corporative adsorption and electrons extraction ability. The electrons
are captured fast by O2 molecules, generating •O2 − radicals
which is special for perovskite catalyst system. The mineralization process of MG involves the cleavage of the central carbon and the further degradation of epoxide intermediates. It
is expected that mechanochemistry strategy were further explored to obtain lead halide perovskite-carbon or metal oxide
or sulfide composite photocatalysts.
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Appendix A. Supplementary materials
Supplementary material associated with this article can be
found in the online version at doi:10.1016/j.jes.2020.12.024.
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