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Abstract: Environmental protection laws require effective and green solutions to tackle water and air
pollution issues. For this purpose, perovskite photocatalytic materials have proven to be a promising
solution. In this study, CsSnBrz perovskite, coupled with ZIF-67 and decorated with noble metal Au,
was shown to effectively enhance the charge separation and increase the light-absorbing capacity, and
thus make the photocatalytic reaction more efficient by surface plasmon resonance. Characterization
results from XRD, FTIR, and UV-visible diffuse reflectance spectroscopy indicated that a mixture of
cubic and tetragonal crystalline phases was found in the prepared catalyst material. XPS also revealed
that in the presence of two oxidation states for tin (Sn), the Au 4f XPS peaks of Au NPs coincided
with those retained in colloidal Au particles. Using malachite green as a model compound, organic
pollutant photocatalytic degradation tests proved that CsSnBrjz generated good photocatalytic activity
for aromatic pollutant degradation. In this research, the synthesized 4Au-7ZIF-CsSnBr; catalyst
yielded an MG degradation rate twice as high as the unpromoted CsPbBr3.

Keywords: photocatalytic degradation; malachite green pollution; ZIF-67; CsSnBr3 catalyst; Au
promoter; nanocomposite catalyst

1. Introduction

Aromatic pollutants from various consumer products and coal combustion are cur-
rently a serious environmental issue [1]. The release of organic pollutants such as malachite
green (MG) into water bodies causes severe harm to human health and the ecosystem. Solar
energy is a clean and sustainable source of energy, and the development and deployment
of photovoltaic solar cells is an effective solution to the energy and environmental prob-
lems [2]. The photocatalytic technique involves the use of solar energy; the photocatalyst
is excited via absorption of light to produce electron-hole pairs to initiate redox reactions.
More specifically, materials such as ABX3 (A = Rb, Cs; B = Ge, Sn, Pb; X = Cl, Bz, I) are
halide perovskites (PVKs), which have outstanding intrinsic properties, such as a high light
absorption coefficient, long service life, and simple preparation process [3]. PVKs have also
garnered growing interest in the development of new solar cell research [4-6].

All-inorganic perovskite CsPbX3 (X = I, Br, Cl) was once believed to be a promising
substitute for organic-inorganic perovskites [7]. However, the lead component is toxic to
human and damaging to the environment. Replacing lead with tin at the B-site to prepare
a lead-free, environmentally friendly perovskite catalyst can obviate the pollution issue
and, thus, expand the application of the new catalyst [8,9]. As a result, there has been
a great deal of interest in replacing lead with nontoxic metals such as tin, bismuth, or
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germanium. Remarkably, among various PVKs, CsSnBrj is believed to be a promising
material, providing an innovative platform for pollution control applications [10].

Nevertheless, the organic pollutant degradation in wastewater treatment over the
halide perovskite catalyst still needs more thorough research to improve the reaction
efficacy for commercial application. Coupling halide PVKs with other materials to facilitate
the charge separation may be an effective strategy to enhance the catalytic performance [11].
The composite of different materials of conventional photocatalysts can also degrade the
pollutants in the dye form to a good degree [12,13]. The stability of halide PVK can
be greatly improved by embedding it into protective materials such as polymers and
amorphous metal oxides. In addition, porous materials, including mesoporous silica,
metal-organic framework materials (MOFs), and zeolites, have been reported as useful for
confining the PVK nanocrystals inside of the pores, with precise microstructure control and
active metal dispersion [14].

To address the issue of low surface area and low charge separation, ZIF-67 was selected
as a template material to enhance the catalytic performance of the PVK type of catalyst.
As an MOF material, ZIF-67 shows good visible-light photocatalytic activity due to its
narrow band gap of about 1.98 eV, offering a good visible-light response as well as the
desired surface area, porous structure, adjustable organic ligands, and polymetallic sites.
Thus, the incorporation of ZIF-67 in the PVK catalyst leads to a high surface area, while the
MOF material can also act as an electron acceptor to enhance photo-generated electrons via
photoelectron modulation strategies [15].

Promotion by noble metal nanoparticles such as Au and Ag can play a critical role
in improving the light absorption and charge separation due to the surface plasmon
resonance (SPR) [16]. Promotion by both the MOF materials and the metallic metals
can, thus, effectively promote the photocatalytic activities of CsSnBrs for MG and other
organic pollutant degradation. Panahi P. and Rasoulifard M. found that Ag-doped LaCoOs
produced a remarkable photocatalytic malachite green removal rate of (80%) [17]. Similarly,
Varun and Augustus confirmed that the optimized 20%TiO,-NiO sample generated an 88%
degradation rate for malachite green [18]. This makes the noble metal and MOF-promoted
CsSnBr; nanocomposite catalyst a promising candidate for pollutant treatment.

2. Experimental

The chemicals and reagents were purchased from Macklin Biochemical Technology
Co., Ltd. (Shanghai, China) and Aladdin Holdings Group Co., Ltd. (Beijing, China). These
reagents and their chemical formulae or acronyms are listed in Table 1. All chemicals were
used as received in this study, with no further pretreatment.

Table 1. Chemicals and suppliers.

Reagent Name Chemical Formula or Acronym Purity Manufacturer
Tin(IT) bromide SnBr; 99.0% Macklin
1-Octadecene ODE >95.0% Macklin
Oleic acid OA AR Macklin
Octadecenylamine OLAM 80-90% Macklin
Cesium carbonate Cs,CO;3 99.0% Macklin
Trioctylphosphine oxide TOPO 98.0% Macklin
Diethylenetriamine DETA 99.0% Macklin
Lead bromide PbBr, 99.0% Macklin
Cesium bromide CsBr 99.5% Macklin
N,N-dimethylformamide DMF 99.5% Macklin
Cobalt nitrate hexahydrate Co(NO3),-6H,O 99.0% Macklin
Malachite green MG AR Macklin
2-methylimidazole C4HgN» 98.0% Aladdin

Chloroauric acid HAuCly-4H,O 99.0% Aladdin
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2.1. Catalyst Synthesis
2.1.1. Synthesis of CsSnBrj

Firstly, 0.7 g of SnBrp, 60 mL of ODE, 6 mL of OA, and 6 mL of OLAM was added
to a 100 mL 4-neck flask. The flask was placed into a 120 °C vacuum dryer for 1 h, and
the resulting solution was labeled as sample A. Then, 2 g of Cs;CO3; was dissolved in
50 mL of ODE and 5 mL of OA heated at 120 °C, with vigorous agitation for 1 h. This latter
sample was labeled as reagent B. After that, 1 mL hydrochloric acid, 0.2 g TOPO and 10 mL
DETA were mixed with 10 mL A and 5 mL B, then heated at 80 °C for 1 h with vigorous
stirring and continuous nitrogen purging. The aforementioned reagent was placed into a
50 mL autoclave, and DETA was added for a total volume of 40 mL inside the vessel. The
autoclave was sealed and settled at 180 °C for 6 h before the solution was quickly cooled
down to ambient temperature in an ice bath. The sample were quickly transferred to a
centrifuge bottle inside of an air-tight glovebox. After the solution was then centrifuged,
filtered, and washed by excessive acetone, distilled water, and toluene stepwise, the sample
was placed into a 80 °C vacuum dryer for 12 h. The obtained dry sample was then dispersed
in toluene or acetone for future use, as suggested in the literature [19].

2.1.2. Synthesis of CsPbBr3

For the next step, 0.367 g PbBr; and 0.212 g CsBr were mixed in a 100 mL round-bottom
flask along with 25 mL DMF, under vigorous stirring, for 30 min at room temperature
until they were completely dissolved. Then, 2.5 mL of OA and 1.25 mL of OLAM were
added to the flask, and the mixture was stirred continuously for 10 min. The resulting
reagent was then carefully added dropwise into 50 mL toluene and centrifuged for 10 min
at 10,000 r/min. The supernatant was removed before 50 mL toluene was added, then
centrifuged one more time. The precipitate was vacuum-dried at 60 °C for 6 h, and the
obtained CsPbBr; powder was ground using an agate mortar [20].

2.1.3. Synthesis of ZIF-67

Next, 0.873 g of Co(NO3),-6H,0O was dissolved in 30 mL of methanol to prepare the
solution labeled as sample A. Similarly, 1.97 g of 2-methylimidazole was dissolved in 25 mL
methanol to prepare the solution labeled as B. Solution B was quickly added to solution
A, and the mixture was continuously stirred at room temperature for 24 h. The obtained
bright purple precipitate was filtrated and then washed with 20 mL methanol. After being
dried at 60 °C for 12 h, the powdered ZIF-67 material was thus prepared [21].

2.1.4. Synthesis of ZIF67-CsSnBr; Nanocomposite

Using 1 g of CsSnBrs, a series of XZIF-67 catalyst samples were prepared with different
mass ratios of ZIF-67 to CsSnBrz, where X represents the mass percentage ratio. Mixtures
of different amounts of ZIF-67 with 1 g of CsSnBr; were added to a solution containing
5 mL of methanol and 5 mL of deionized water. The solution was vigorously stirred for 1 h,
followed by ultrasonic agitation for another hour. The resulting sample was then dried in a
100 °C oven for 10 h. The synthesized samples were denoted with XZIF-CsSnBr3, where X
represents the different mass percentages (1, 3, 5, 7, or 9%) of ZIF-67 relative to the mass of
CsSnBr3, as suggested in the literature [22].

2.1.5. Au-Promoted ZIF-CsSnBrs

To prepare the 1, 4, and 7 wt% Au-promoted XZIF-CsSnBrj catalysts, 1 g XZIF-CsSnBrs
was added to 3 different volumes of 0.1 M HAuCly solutions as the Au precursor. A mixture
of 5 mL methanol and 5 mL deionized water was added to the mixture of HAuCly and
XZIF-CsSnBr3. The resulting solution was then transferred to a 100 mL round-bottom
flask. With vigorous stirring at 300 r/min and continuous nitrogen purging through the
liquid mixture for 30 min to remove the dissolved oxygen and to avoid the reduction of
Au nanoparticles, the mixture was centrifuged and dried in a 50 °C oven for 12 h. To
keep it from decomposing by visible light, the mixture was fully covered with aluminum
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foil during the entire process. The thus-synthesized samples were designated as YAu-
XZIF-CsSnBrs, where Y stands for the mass percentage of Au relative to the XZIF-CsSnBrs
material used. Three different volumes of the solution (V) needed for each of the three Au
promoted catalysts, as well as the wt% amount of Au in each of the prepared catalysts, can
be calculated by the following equation, as suggested in the literature.

CxMxV

Y= 1000- Y+ W

where W is the weight of XZIF-CsSnBrs (1 g for all 3 samples), C is the concentration of the
HAuCly solution (0.1 M for all 3 samples), Y is the mass ratio of Au to CsSnBr3 (wt%), and
M is the molecular weight of Au (197 g/mol).

2.2. Characterization of Materials

An X-ray diffractometer (XRD, Rigaku D/MAX-RA Shimadzu, Kyoto, Japan) was
used to determine the crystal structure of the prepared samples under the conditions of
20 kV and 10 mA current. An X-ray photoelectron spectroscopy (XPS) (Thermo ESCALAB
250XTI Kratos-Axis Ultra DLD Shimadzu, Kyoto, Japan.) apparatus was used to assess the
surface chemical properties of the sample using an Al ka ray (hv = 1486.6 eV) radiation
source, with the analysis chamber operated under 4 x 10~? mbar vacuum. The binding
energy (BE) and kinetic energy (KE) scales were adjusted by setting the Cls transition at
284.6 eV, and the BE and KE values were then determined with the peak-fit software of the
spectrometer.

The FTIR spectra of the sample were measured via Bruker Tensor II (Equinox 55 Ger-
manany.in the 400-4000 cm~! wavenumber range. KBr powders were used as diluents for
sample preparation and for reference. BELSORP-max was used to obtain the BET surface
area and pore size distribution data.

2.3. Photocatalytic Degradation Activity Test

As shown in Figure 1, a sample of 10 mg of malachite green was dissolved in 1.00 L of
distilled water to prepare a 0.01 M malachite green solution. For each experiment, 0.200 g
of the catalyst sample was mixed with 100 mL of the solution under continuous stirring in
a dark box for 30 min to achieve absorption equilibrium. To evaluate the photocatalytic
activities of the samples, the reactor containing MG, HyO, and catalysts was irradiated
with visible light using a 300 W xenon lamp purchased from Beijing, China and a 420 nm
cutoff filter. At fixed intervals of 30 min, 5 mL of the solution was collected using a
syringe and filtered. The solution was transferred into a 10 mL sample vial to obtain
UV-visible spectra data from the HITACHI U-3900 spectrophotometer (UV-2550 Shimadzu
Corporation Shimadzu, Kyoto, Japan). The stability of the photocatalysts for photocatalytic
MG degradation was determined by the same procedure [23].

Ultraviolet Radiator

Figure 1. Photocatalytic reaction evaluation system.



Processes 2023, 11, 1398

5o0f 14

3. Results and Discussion
3.1. The Advantages of CsSnBr3 over CsPbBr3

CsSnBr; was synthesized by the hydrothermal method, and CsPbBrj; through room-
temperature, supersaturated recrystallization. However, from the environmental point of
view, Pb is a globally considered as a harmful element. This has led to great interest in
replacing it with non- or low-toxic metals, and among the potential substitutes, tin (Sn) is
a possible candidate [24-26]. Figure 2A shows XRD data for the two catalysts observed
in this study, i.e., CsSnBr3 and CsPbBrs. Peaks of the cubic phase were found at 21°,
31°, 34°, and 46°, which were assigned to the reflections of planes (100), (110), (111), and
(200), respectively. There were other peaks showing the tetragonal perovskite crystalline
phase, which appeared at about 16°, 26°, and 39°. Notably, the transition between the
two crystalline phases for the perovskite occurs at about 19 °C. The test was conducted at
room temperature and, thus, yielded these two crystal phases [27]. Furthermore, a minor
variation at the edge of the DRS band indicated that CsSnBr; was situated in the visible
region, suggesting that CsSnBrj exhibits better charge separation than CsPbBrs.
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Figure 2. XRD patterns (A) and UV-visible DRS spectra of CsSnBr; and CsPbBr3 (B).

To further verify the superior catalytic performance of CsSnBrj to the CsPbBr; catalyst,
the samples were evaluated for their catalytic activity in MG degradation. It can be seen in
Figure 3 that the activity of CsSnBr; was nearly twice as high than that of CsPbBr3. These
results clearly prove that the CsSnBrj catalyst is more active and more stable than the
CsPbBr3 sample.

(B) e CsSDBI
e TZIF-CsSnBry
)
&
&
‘%
=
3
g
=
600 650 700 750 800
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Figure 3. Visible-light activities for malachite green degradation rate of CsSnBrs and CsPbBr; (A), PL
spectra representing charge separation (B).

3.2. Efficacy of Metal-Organic Framework (ZIF-67)

ZIF-67, known as zeolitic imidazolate framework-67, is a type of metal-organic frame-
work (MOF) material that is composed of metal ions coordinated with organic ligands to
form a porous structure. Specifically, ZIF-67 is composed of cobalt ions coordinated with



Processes 2023, 11, 1398

6 of 14

imidazolate ligands to form a three-dimensional network with a high surface area and pore
volume. The unique properties of ZIF-67, such as its high stability, tunable pore size, and
high surface area, make it useful in various applications, such as gas separation, catalysis,
and sensing. For example, ZIF-67 has been used as a selective adsorbent for CO;, as a
catalyst for organic reactions, and as a sensor for detecting trace amounts of volatile organic
compounds [28]. A high surface area of ZIF-67 provides a large number of active sites for
catalytic reactions with high photocatalytic efficiency. The porous structure of ZIF-67 facili-
tates the diffusion of reactants and products, resulting in enhanced photocatalytic reactions.
Some properties of ZIF-67, such as the band gap, can be tuned by varying the composition
and structure of the material, making it possible to tailor its photocatalytic properties for
some applications [29-31].

Studies have shown that MOFs should be applied in the field of photocatalysis to
be combined with photosensitive molecules or photocatalytic active centers to generate
excellent photocatalytic properties. By introducing specific ligands or metal-centric ions
into the structures of MOFs, the light absorption properties can be improved. In this
context, MOFs can be used in photocatalytic water decomposition, degradation of organic
pollutants, CO, reduction, and other reactions that usually require highly controllable
catalysts. ZIF-67, consisting of Co?* and ligand of 2-methylimidazole, offers a wide range
of applications in photocatalysis for its porous and highly adjustable structure [32,33]. The
porous structure of ZIF-67 can provide more light-absorbing surfaces, thus increasing the
interaction between reactant molecules and photons. In addition, the special arrangement
of the metal center ions and ligand molecules can produce a resonance effect, further
improving the light absorption capacity of ZIF-67. The structure can effectively promote
charge separation and transfer, thus increasing the efficacy of the reaction [34]. Under
irradiation, the metal center ions and ligand molecules can generate charge pairs that can
be rapidly transported and separated through electron transport pathways within the
porous structure. This structure can be enhanced by the introduction of photocatalytic
active components, such as metal core ions, ligand molecules, or other catalytic components.
These catalytic sites can enhance the adsorption of reactant molecules, thus reducing the
energy barrier of the reaction and increasing the reaction rate. Its photocatalytic activity and
stability can be improved by surface modification or by compositing with other materials.

In this study, the highly efficient and specific surface area metal-organic framework
(ZIF-67) was thus prepared to further improve the properties of the existing catalysts.
Figure 3B shows that coupling of ZIF-67 with the catalyst can not only enhance the charge
separation, but also improve the photocatalytic activity. For this purpose, various types
of physicochemical characterizations were carried out by the XRD and TEM to obtain
information on the crystallinity, functional groups, absorbance points, and surface area
of the catalyst [35]. As shown in the FITR spectra, the peak at 2922.83 cm ™! indicates the
stretching vibration of aliphatic C-H of methyl imidazole, while the peaks at 1633.787 and
1416.98 cm~! represent the C=N and C=C groups of imidazole, respectively. In addi-
tion, the peak at 3439.39 cm ™! is related to the hydroxyl groups (O-H) [36]. The Nj-
adsorption/desorption isotherm in Figure 4 reveals a reversible type I isotherm, suggesting
a characteristic microporous structure. A plateau appears after certain uptake of gas at
a lower pressure, indicating that a multilayer adsorption has been formed and no more
pores are left for additional gas uptake. The BET area of the as-synthesized ZIF-67 sample
is 1600 m? /g and the mean pore diameter is 1.78 nm, as obtained from the BET test.
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Figure 4. XRD pattern (A), FTIR spectra (B), N, adsorption—desorption isotherm (C), and TEM
images (D) of ZIF-67.

3.3. Compositing ZIF-67 with CsSnBr3

Although unsatisfied porosity and low light absorption were improved, the CsSnBr;
catalyst still encounters problems, such as its small surface area and low charge separa-
tion. The use of ZIF-67, a metal-organic framework, offers an advantageous solution to
these issues due to its superior properties, such as surface area, regular porous structure,
adjustable organic ligands, and proper band gap position, as well as its multiple metallic
active sites [37]. Thus, the combination of ZIF-67 with existing catalysts can improve the
specific surface area, while the MOF material can, in the meantime, serve as an electron
acceptor to facilitate photo-generated electrons via photoelectron modulation. ZIF-67 was
thus used to couple with CsSnBrs in this study. The color of the as-prepared powders
changed from vivid yellow to grayish green, and then to green-yellow, with the increasing
ZIF-67 content.

The unique properties of MOFs, such as their high porosity, large surface area, and
adjustable pore size, make them ideal candidates for the photocatalytic degradation of
pollutants. The photoexcited electrons and holes can react with the adsorbed pollutant
molecules, leading to the formation of reactive oxygen species (ROS) such as hydroxyl
radicals (¢OH) and superoxide radicals (¢O?>~). These ROS can effectively oxidize the
pollutant molecules, breaking them down into smaller, harmless compounds, such as
carbon dioxide and water. The MOF material can act as a catalyst to facilitate the reaction
between the photoexcited electrons and holes and the adsorbed pollutant molecules. The
catalytic activity of the MOF material can be enhanced by modifying its surface properties,
in ways such as introducing functional groups or metal dopants.

XRD data indicate that a distinct peak can be observed after combining different
amount of ZIF, as shown in Figure 5A. The UV-DRS spectra reveal that the optical absorp-
tion edges remained unchanged after adding ZIF to Au-CsSnBrs, as shown in Figure 5B,
which is in good agreement with some other studies.
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Figure 5. XRD patterns (A); UV-visible DRS spectra (B) of the XZIF- CsSnBrs nanocomposites.

The as-prepared samples were evaluated for MG degradation, and the results from
Figure 6 show that XZIF-CsSnBr; (x =1, 3, 5, 7, and 9) yielded the highest photocatalytic
activities among all catalysts prepared in the previous steps, at 180 min of optimized
reaction time. These results clearly confirm the significant enhancement of activity by the
new synthesized catalyst, pointing towards MG degradation. After five cycles of reaction
runs, it can also be confirmed that the as-prepared samples were highly stable for the MG
degradation reaction.
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Figure 6. Visible-light activity for the malachite green degradation rate of XZIF-CsSnBrs.

3.4. The Effects of Incorporating ZIF-CsSnBrs into Au SPR Nanoparticles

In this study, despite the surface area of the prepared CsSnBrs;, it still required some
other improvement, such as limited visible light absorption, which influenced its pho-
tocatalytic activity. To solve these issues, the prepared CsSnBr; was promoted with Au.
Different amounts of HAuCly solution, namely, 1, 4, and 7 mL, were used to prepare
3 different Au mass contents of 1.97, 7.88, and 13.79% of the catalyst in order to investigate
the promotional effect of gold.

Studies have shown that the photocatalytic effect of noble metals, such as Au, com-
bined with MOFs can be improved. Gold nanoparticles can be used as plasmonic pho-
tocatalysts to enhance the photocatalytic activity of semiconductor materials [38]. When
exposed to light, gold nanoparticles can generate localized surface plasmons (LSPs), which
can interact with the semiconductor material and promote the absorption of light and the
generation of charge carriers. This leads to enhanced photocatalytic activity, particularly in
the visible light region, where many semiconductor materials have low absorption [39].

Surface plasmon resonance (SPR) allows light to interact with a thin metal film or
surface, and creates a collective oscillation of free electrons called a surface plasmon [40].
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The SPR properties of gold nanoparticles can be used for the sensing and detection of
target molecules or analytes in photocatalytic systems [41-43]. Gold nanoparticles can be
functionalized with specific ligands or receptors to selectively bind to the target molecules,
and the binding effect can be detected by changes in the SPR signal. The photocatalytic
performance of the catalyst is improved by the SPR of these nanoparticles or thin film ma-
terials [44]. These materials have large surface areas and superior photocatalytic response
characteristics [45]. When the catalyst interacts with visible light, the SPR phenomenon can
be observed, which is induced by the interaction of metal nanoparticles with light [46,47].
This can, thus, increase the light-absorbing capacity and improve the photocatalytic ac-
tivity. The resonant vibration creates a strong electric field on the surface of the metal
nanoparticles, and the photons interact with electrons in the catalyst [48]. The SPR-induced
interaction between the light and the metal thin film is highly sensitive to changes in
the refractive index of the material in contact with the metal surface [49]. SPR occurs in
photocatalysis based on the creation of LSPs when light is absorbed by a metal nanoparticle
or a metal film deposited on the surface of the semiconductor material [50,51]. LSPs create
a strong electromagnetic field near the metal’s surface, which can then interact with the
semiconductor material and enhance the absorption of light and the generation of charge
carriers, thus improving the photocatalytic activity.

The addition of Au nanospheres promotes the rate of exciton generation and the
probability of exciton dissociation, charger separation, and transfer. Organic pollutants
can be effectively degraded through the catalytic function provided by the noble metal
Au. The crystallinity of the YAu-XZIF-CsSnBr3 nanocomposite was obtained with XRD.
The results are shown in Figure 7A, suggesting the successful synthesis of the catalyst
sample containing ZIF-67 and the Au site. The UV-Vis diffused reflection spectra of the
samples are shown in Figure 7B. Two sharp increases in the reflectance can be observed at
about 500 and 580 nm. The increase in reflectance at about 580 nm can be assigned to the
perovskite structure. Meanwhile, an intense absorption band is located at 580 nm, which
can be assigned to the SPR of Au nanoparticles. It can be seen that increasing Au loading
enhanced the light absorption of XZIF-CsSnBrj; it has been suggested by other studies
that the absorption intensity heightens along with increased Au doping amounts, within a
certain range [52].
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Figure 7. XRD patterns (A); UV-visible DRS spectra (B) of YAu-7ZIF-CsSnBr3 nanocomposites.

To examine the morphology and structural characteristics of the prepared samples,
TEM was employed to reveal a well-coupled sample using ZIF-67, as depicted in Figure 8A.
ZIF-67 offers a superior porous structure, and, as shown in Figure 8B, the distinct dots and
circles confirm the presence of Au. These morphological data can obviously confirm that
Au was successfully coupled with ZIF-CsSnBrs.

To further understand the obtained catalyst samples, XPS was employed to detect
the composition of the chemical elements the and surface chemical state of the YAu-7ZIF-
CsSnBrjas-synthesized sample. The binding energy in the XPS analysis was corrected for
specimen charging by referencing carbon 1 s to 284.8 eV. It was indicated that the Au 4f
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peak at 87 eV was detected for the Au-doped composite sample compared with the AU-free
catalyst. Figure 9 shows high-resolution XPS spectra of the five primary elements in the
samples. As shown in the graph, the binding energies of Br 3d, Sn 3d3,, Sn 3ds/2, Cs 3d5,,
Co 2p1,7, and Co 2p3,, were 69, 487, 496, 724, 794, and 780 eV, respectively. The Br 3d
peak, as clearly observed in Figure 9B, displays overlapping spin—-orbit components that
are separated by approximately 1 eV. Consequently, a broader peak was detected than that
in other components, likely resulting from the presence of both components. In addition,
the Cs 4d signal was identified in the same spectra data. The signal for Cs 3d is depicted in
Figure 9A, where a peak located at around 724 eV was detected, representing the typical
value for the contribution of Cs 3ds/;, to Cs* ions. Figure 9C shows the high-resolution XPS
spectrum for Sn 3d. Both spin—orbit components were observed, with a binding energy
separation of approximately 8.5 eV. The Sn 3d5,, signal displayed a full width at half
maximum (FWHM) of around 2 eV, and the signal was subsequently deconvoluted to
analyze the different oxidation states of Sn present in the sample. The Sn 3d5,; signal can
be attributed by the binding energy (BE) of 487 eV assigned to Sn (II) and the BE of 495 eV
assigned to Sn (IV). The presence of O was also observed in the sample obtained from the
XPS data. Figure 9E shows Au 4f, with the characteristic peaks at 84 and 87 eV ascribed to
Au 4f; /5 and Au 4f5,, respectively, and the 3 eV splitting of the 4f doublet indicates the
Au species presented in the metallic state [53]. Notably, Au components may be merely
dispersed on the surface of the CsSnBrj3 crystal without being doped into the crystal lattice,
as per the XPS and TEM results. The peaks in the survey spectrum were clearly assigned,
and the presence of the Cs, Sn, Co, and Br in the ZIF-67 was clearly confirmed.

Figure 8. TEM images of ZIF-CsSnBrj; (A) and Au-ZIF-CsSnBr; (B) nanocomposites.

Moreover, the photocatalytic activities of the catalyst sample were evaluated to as-
sess the MG degradation reaction. After 5 cycles of the reaction runs, it was concluded
that 150 min is the optimum reaction time to reach adsorption equilibrium, as shown in
Figure 10A. The photocatalytic activity data of the synthesized samples for MG degrada-
tion under visible light irradiation are presented in Figure 10B. It is worth noting that the
introduction of varying amounts of Au leads to a substantial increase in the photocatalytic
activity of YZIF67-CsSnBr;. As shown in the figure, the 4Au-7ZIF-CsSnBr; showed the
optimum photocatalytic activity for MG degradation.
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4. Conclusions

The synthesis of CsSnBrs was achieved through a simple solvothermal process in this
research work. In addition, the noble metal Au was introduced into the system using photo-
assisted deposition (PAD) [54]. The as-prepared nanocomposite was then coupled with
the highly efficient and specific surface area metal-organic framework (ZIF-67) material
used in the study. As per the results of this research, CsSnBrz shows remarkable opto-
electronic properties, just as halide perovskite has remarkable opto-electronic properties
such as optimal band structure, long charge carrier lifetimes, and high photoluminescence
quantum yields [55]. In addition, the incorporation of Au in the CsSnBr3 can effectively
regulate its band gap through the SPR effect. Furthermore, combining it with MOF (ZIF-67)
not only increases the surface area, but also considerably enhances the charge separation of
CsSnBr; by modulating the mechanism of excited electron transfer [56].

These improvements facilitate the photocatalytic degradation reaction of MG. More-
over, by decorating the plasmonic noble metal Au, the band-gap position of ZIF-CsSnBr3
was successfully shifted to a more visible region. The photocatalytic efficiency of the highly
active 4Au-7ZIF-CsSnBr3 nanocomposite was found to be twice as high for MG degradation
when compared to an Au-free CsSnBrj catalyst. The method proposed in this study is
based on perovskite, and aims to synthesize an improved catalyst by loading a metal pro-
moter onto perovskite nanocrystals and by compositing MOF materials with the original
CsSnBrj catalyst to improve the efficacy of photocatalytic pollutant degradation. This
provides an important idea for the design of new perovskite nanocrystal types of catalysts.
In future studies, more molecular calculation data and kinetic studies can be included in
order to further elucidate the efficacy of the proposed catalyst. Parametric studies on the
synthesis process may also be considered in future work for the purpose of improving the
catalyst’s design.
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