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Introduction

Synthesis of CsPbBr; decorated ZIF-8
nanocomposite for enhanced photocatalytic
performancet

Alen Sam Thomas, 22 Philip Nathaniel Immanuel,? Neena Prasad, ©2
Achiad Goldreich,? Jonathan Prilusky,® Raanan Carmieli® and Lena Yadgarov & *@

CsPbBr3 (CPB) perovskite nanocrystals (NCs) have attracted considerable interest due to their outstanding
charge carrier mobility, long diffusion lengths, and efficient visible light absorption, making them ideal
candidates for photocatalysis, light-emitting diodes (LEDs), solar cells, and photodetectors. However,
their practical applications are limited by poor environmental stability. To address this challenge, we
employ a zeolitic imidazolate framework (ZIF), specifically ZIF-8, as a stabilizing matrix for its exceptional
thermal and chemical stability, high surface area, and versatile synthesis routes. The CPB/ZIF-8
nanocomposite was synthesized by integrating hot-injection-produced CPB NCs with ZIF-8 using an
optimized mixing approach, ensuring a uniform NCs distribution. Electron microscopy (EM) analysis
confirmed the well-controlled and uniform distribution of the NCs on the surface of the ZIF-8.
Moreover, the Fourier-transform infrared spectroscopy (FTIR) revealed ligand exchange, where the
imidazole linkers of the ZIF-8 structure replace the NCs ligands. The process advances almost epitaxial
attachment of the latter, thus promoting effective charge interactions in the integration process. Indeed,
we observe that upon formation of the composite, there is a 92% quenching in the photoluminescence
(PL) of the NCs. This finding further indicates efficient charge separation and reduced electron—hole
recombination. To gain deeper insight into the charge transfer mechanisms, we conducted electron
paramagnetic resonance (EPR) measurements to compare the radical generation capabilities of CPB and
ZIF with those of the CPB/ZIF composite. The composite exhibited superior radical generation
capabilities, particularly hydroxyl radicals (‘OH), indicating enhanced charge transfer. These findings
suggest that the composite is a highly promising candidate for photocatalysis. Building on these findings,
we explored the photocatalytic abilities of the composite through dye degradation experiments, using
methyl orange (MO) and bromocresol green (BCG) as model dyes. The CPB/ZIF nanocomposite
demonstrated significantly enhanced photocatalytic performance compared to pristine ZIF and CPB NCs.
Specifically, its degradation rates were 1.48x and 1.75x higher for MO and BCG, respectively, than those
of CPB NCs. This improvement highlights the effective interaction between CPB NCs and ZIF,
establishing the CPB/ZIF nanocomposite as a promising material for photocatalysis and optoelectronic
applications.

coefficient, a direct and tunable bandgap, long carrier diffusion
lengths, high charge mobility, and low recombination losses.?

Metal-halide perovskites (MHPs) have emerged as highly
promising materials due to their exceptional properties and
versatile applications in photovoltaics, optoelectronics, and
photocatalysis.”* These compounds possess exceptional optical
and electronic properties, including a high absorption
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The general crystal structure of MHPs is ABX;, where A is typi-
cally an organic or inorganic cation (Methylammonium, Cs or
Rb), B is a metal cation (Pb or Sn), and X is a halide anion (Br, I,
or Cl).* The structure consists of BXs octahedra, with the B
cation at the center and the A cation occupying a 12-fold coor-
dinated site. Depending on composition and conditions,
perovskites can crystallize in cubic, orthorhombic, or tetragonal
systems.* Among other MHPs, cesium lead bromide (CsPbBr;)
has drawn considerable interest due to its superior thermal and
structural stability compared to its organic and inorganic
counterparts.>® CsPbBr; (CPB) can exist as bulk crystals or
nanocrystals (NCs), each exhibiting distinct properties suited

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d5na00217f&domain=pdf&date_stamp=2025-06-06
http://orcid.org/0009-0000-5256-0227
http://orcid.org/0000-0001-8886-0192
http://orcid.org/0000-0001-7381-7482
https://doi.org/10.1039/d5na00217f
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00217f
https://pubs.rsc.org/en/journals/journal/NA
https://pubs.rsc.org/en/journals/journal/NA?issueid=NA007012

Open Access Article. Published on 06 May 2025. Downloaded on 6/20/2026 7:18:33 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

for different applications.” Single crystals of CPB offer excellent
charge transport properties, low defect densities, and high
carrier mobility, making them ideal for optoelectronic devices
such as photodetectors and solar cells.® However, their large
size limits their processability and surface area, which is critical
for applications like photocatalysis and light emission.>* In
contrast, CPB NCs exhibit outstanding optoelectronic proper-
ties, such as high photoluminescence quantum yield, high
charge carrier mobility, and high absorption coefficient in the
visible light range.>'* These materials are widely used in pho-
tocatalytic CO, reduction, fluorescence sensing, and optoelec-
tronic devices.”>™ To achieve superior optical properties,
selecting an optimal synthesis method for CPB is essential.
Previous reports have shown that the hot injection (HI) method
outperforms other approaches in terms of quality and optical
performance.*®

Despite these promising features, one of the most critical
challenges for CPB NCs remains their stability.’® The ionic
crystal structure makes them less resistant to chemical and
physical vulnerabilities such as heat, polar solvents, light, and
oxygen.'”” CPB NCs are highly sensitive to polar solvents and
harsh reaction environments, which can lead to rapid decom-
position.> Researchers have explored various strategies,
including surface passivation, encapsulation, and interface
engineering, to address the instability of perovskite-based
devices and extend their operational lifespan.'®'* In this
context, metal-organic frameworks (MOFs) have emerged as
a promising approach to significantly enhancing CPB stability
by encapsulation.”® Structurally, MOFs consist of single or
mixed metal ions coordinated with organic linkers (ligands) to
form a porous framework, enabling applications in gas storage,
supercapacitors, and photocatalytic dye degradation. The MOF
materials pose high crystallinity, large surface area, excellent
porosity, and remarkable environmental stability.”** Thus,
these materials can effectively shield CPB from external envi-
ronmental factors by providing a protective barrier, thereby
reducing degradation and improving long-term performance.
Furthermore, MOFs are among the most effective catalysts due
to their large surface area and strong light-harvesting ability.
These properties significantly enhance the performance of CPB-
MOF-based nanocomposites, particularly in photocatalytic
applications.****

Notably, most studies focus on encapsulating CPB NCs with
MOFs to enhance their stability and performance.>*?® While
encapsulation has shown promise in enhancing CPB's envi-
ronmental stability, it faces challenges such as incomplete pore
filling, partial encapsulation, and limited control over nano-
crystal size.”” Additionally, synthesizing MOF-encapsulated CPB
is typically complex and involves multiple steps.>**® Further-
more, complete encapsulation can hinder efficient charge
transfer between CPB and its surroundings, potentially
compromising performance, including low quantum yield, and
compromising the activity of this material as a photocatalyst.>

Decorating CPB NCs onto MOFs presents a highly effective
approach for photocatalytic applications, offering several key
advantages. This method preserves the high quantum yield of
CPB NCs without compromising their optical properties while
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simultaneously enhancing the optical activity of both compo-
nents.* The exposed NCs on the MOF surface facilitate superior
light absorption, significantly boosting photocatalytic perfor-
mance.** Additionally, this structured decoration enhances
charge transfer between CPB NCs and MOFs, thus promoting
charge separation, a crucial factor for efficient photocatalysis.*?
Indeed, studies on similar composite systems, such as CPB-
MIL-100, have demonstrated improved charge transfer.*® The
ability to precisely control NCs' size allows for fine-tuning
absorption bands, optimizing the material for specific light
wavelengths.** Beyond photocatalysis, this approach holds great
potential for applications such as sensing, where the high
quantum yield and improved charge transfer efficiency of CPB
NCs can be fully leveraged without the constraints of complete
encapsulation.®®

Among the different MOFs, zeolitic imidazolate framework-8
(Z1IF-8) is particularly well-suited for forming composites with
CPB NCs. It can be synthesized under mild conditions, such as
room temperature, and exhibits exceptional properties like high
porosity and a large surface area.*® Moreover, ZIF-8 is compat-
ible with non-polar solvents, making it well-suited for inte-
grating with CPB without compromising its stability.>® The
versatile synthesis routes enable precise tailoring to specific
requirements, facilitating the integration of NCs with ZIF-8 to
create a stable composite.”*** Previous studies on synthesizing
CPB/ZIF-8 nanocomposites have predominantly focused on
encapsulation methods.**?*” In the encapsulation method, the
NCs nucleate and grow within the pores of ZIF-8, following
a confined growth mechanism.*® Research on related systems
highlights how ZIF-8's high surface area and porous nano-
structure provide abundant active sites for adsorption and
catalysis.** However, the development of uniformly decorated
CPB/ZIF-8 composites remains a promising research direction
with the potential to enhance photocatalytic performance
significantly. This approach is expected to improve light har-
vesting, charge separation, and catalytic activity, making it
a compelling alternative to traditional encapsulation
techniques.

Uniformly decorating CPB NCs onto ZIF-8 offers significant
advantages. This decoration process enhances the overall
performance of the nanocomposite by improving charge
transfer efficiency and increasing the available surface area for
photocatalytic reactions.*®*' This reduces recombination and
increases the overall photocatalytic performance. However,
achieving a stable and well-distributed nanocomposite remains
challenging. Although the encapsulation method is well studied
and understood, the precise mechanism behind the uniform
distribution of NCs on ZIF-8 remains unclear. A comprehensive
understanding of these processes is crucial for optimizing
material performance and advancing CPB/ZIF-8-based photo-
catalytic applications.*> While ligand exchange is a potential
pathway, other processes may also play a role in the decoration
process.** Gaining insight into this mechanism is crucial for
ensuring uniform decoration. Precise control over ligand
exchange and surface interactions is necessary to facilitate
proper integration, minimize defects, and enhance charge
transfer efficiency.** Additionally, the charge transfer dynamics
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Scheme 1 Schematic to CPB/ZIF-8

nanocomposite.

representation of ZIF-8

between CPB NCs and ZIF-8 remain largely unexplored, yet they
play a crucial role in determining photocatalytic efficiency.*
Studying how CPB NCs interact with ZIF-8 to enhance light
absorption, charge separation, and reaction kinetics will be
crucial in proving the underlying photocatalytic mechanism.

Here, we present a straightforward and effective synthesis
method for preparing uniformly distributed NCs in the CPB/ZIF-8
nanocomposite (Scheme 1). Our research focuses on elucidating
three critical aspects: the decoration mechanism, the nature of
charge transfer, and understanding the photocatalytic mecha-
nism. We employed Fourier-transform infrared (FTIR) spectros-
copy to confirm that ligand exchange is the primary driving force
behind composite formation. The analysis showed that the
ligands of CPB NCs were partially replaced by the imidazole
ligands of ZIF-8. This provided valuable insights into the chem-
ical interactions within the composite. Electron microscopy (EM)
analysis revealed a uniform distribution of CPB NCs over ZIF-8,
driven by ligand exchange, offering a further understanding of
the possible surface interactions. The unshifted absorbance
spectra of CPB NCs in the composite indicated the preservation of
their structural integrity. To investigate charge transfer within the
composite, we conducted photoluminescence (PL) studies. The
results revealed an impressive 92% PL quenching, indicating
highly efficient charge transfer between CPB NCs and ZIF-8.
Electron paramagnetic resonance (EPR) analysis provided
insights into charge dynamics, demonstrating enhanced radical
generation by the composite, particularly hydroxyl radicals ("OH).
These results highlight its strong potential for photocatalysis. The
photocatalytic performance of the composite was evaluated using
dye degradation as a model reaction, both to assess its real-world
applicability and to understand the charge transfer process
further. The CPB/ZIF-8 composite exhibited significantly
enhanced dye degradation efficiency compared to its pristine
components, validating its improved photocatalytic activity. This
study unveiled the mechanism of uniform decoration, elucidated
the efficient charge transfer process, and confirmed the photo-
catalytic mechanism, providing a comprehensive understanding
of the CPB/ZIF-8 nanocomposite's enhanced performance.

Experimental section
Synthesis of ZIF-8

ZIF-8 was synthesized based on the previous reports.* Specifi-
cally, 297 mg (1 mM) of zinc nitrate (Zn (NOj;),-6H,0) and
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656 mg (8 mM) of 2-methylimidazole were dissolved separately
in 12 mL of methanol. The 2-methylimidazole solution was
slowly added to the zinc nitrate solution and stirred for 6 h at
room temperature (RT). The resulting white precipitate was
collected by centrifugation (6000 rpm, 10 min) and washed with
methanol (3 x 30 mL) to remove excess ligands. The white
residue was dried overnight in a vacuum oven at 70 °C to obtain
ZIF-8.

Synthesis of CsPbBr; NCs (CPB NCs)

The hot-injection method was employed for the synthesis of
high-quality CPB NCs, enabling precise control over their size,
morphology, and optical properties.*® This process consists of
three critical steps: the synthesis of the cesium oleate precursor,
the preparation of the lead precursor solution, and the final hot-
injection step, which induces rapid nucleation and growth of
the nanocrystals.

Preparation of Cs-oleate solution: cesium oleate solution was
prepared by dissolving 40.8 mg (0.125 mM) of cesium carbonate
(Cs,CO3) and 126 pL (0.361 mM) of oleic acid (OA) in 2 mL of
octadecane (ODE) at 120 °C. The mixture was vacuumed for an
hour with continuous stirring. Afterward, the mixture was
placed under a nitrogen (N,) flow, and the temperature was
raised to 150 °C for an additional hour, at which point the
solution became transparent, indicating readiness for the next
synthetic step.

Preparation of lead precursor solution: in parallel, a three-
neck flask was loaded with 69 mg (0.188 mmol) of lead
bromide (PbBr,) and 5 mL of ODE, such that the final concen-
tration of the PbBr, was 37.6 mM. The mixture was stirred
under a vacuum at 120 °C for 1 hour to remove impurities and
residual moisture. Simultaneously, another vial containing
1 mL of OA and 1 mL of oleylamine (OLA) was heated at 120 °C
under vacuum with continuous stirring for 1 h. After this, 1 mL
of the OA/OLA mixture was injected into the PbBr, solution, and
the temperature was increased to 170 °C under an N, atmo-
sphere to dissolve PbBr, completely.

Hot-injection: once PbBr, was fully dissolved, the N, atmo-
sphere was temporarily removed, and 0.4 mL of the previously
prepared cesium oleate solution was swiftly injected into the
lead precursor solution at 170 °C. Within 5 seconds, the reac-
tion was quenched by immersing the flask in an ice-water bath
to reduce the temperature below 10 °C rapidly. The cooled
solution was then equilibrated to RT. The reaction mixture was
centrifuged at 11000 rpm for 10 minutes, and the resulting
precipitate containing CsPbBr; NCs was collected. The obtained
NCs were redispersed in 6 mL hexane and stored for further
characterization.

Synthesis of CsPbBr;/ZIF-8 (CPB/ZIF-8)

The CsPbBr;/ZIF-8 (CPB/ZIF-8) nanocomposite was synthesized
using two approaches: a one-pot synthesis method (detailed in
the ESI, Section 1, Fig. S1f) and a simple mixing process
involving pre-prepared CPB nanocrystals and ZIF-8 nano-
particles (described below). SEM analysis revealed that the one-
pot synthesis led to aggregated structures, where CPB covered

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Schematic representation of the synthesis CPB/ZIF-8.

and disrupted the ZIF-8 framework, contrary to the intended
encapsulation design. The ‘one-pot’ synthesized composite
exhibited inferior morphological, structural, and optical prop-
erties compared to the CPB-decorated ZIF-8. Consequently, we
discontinued further experiments and characterization of this
material.

The composites comprising ZIF-8 decorated with CPB
nanocrystals were prepared through a straightforward mixing
process. Initially, 30 mg of ZIF-8 powder was dispersed in 2 mL
of hexane and sonicated for 5 minutes to achieve uniform
dispersion. Subsequently, 3 mL of CsPbBr; (CPB) solution in
hexane was introduced into the ZIF-8 dispersion. The mixture
was again sonicated for 5 minutes to ensure uniform mixing,
followed by stirring under a vacuum at 50 °C overnight to
facilitate the efficient incorporation of CPB NCs into the ZIF-8
framework. The precipitate formed was collected by centrifu-
gation at 9000 rpm for 10 minutes and washed with hexane (2 x
10 mL) to remove the excess NCs. Finally, the purified CPB/ZIF-8
nanocomposite was dried under vacuum at 50 °C for 6 h. This
method yielded a highly uniform CPB/ZIF-8 nanocomposite,
ensuring effective interaction between the CPB NCs and the ZIF-
8 framework. The synthesis procedure is illustrated schemati-
cally in Scheme 2.

Characterization methods

The X-ray diffraction (XRD) pattern was recorded in the 26 range
5-50° using a Rigaku SmartLab diffractometer with a Cu anode
(Cu Ko radiation with 1.5418 A wavelength) operated at 40 kv
and 120 mA. The morphology of the samples was observed via
scanning electron microscopy (SEM) using a Tescan MAIA3
instrument equipped with an energy dispersive spectrometer

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(EDS) detector and Thermo Fisher Scientific™ Talos™ F200X
transmission electron microscope (TEM). The FTIR-6800, Jasco,
Japan, was used to perform Fourier transform infrared spec-
trometer (FTIR) measurements in the spectral region of 3500 to
400 cm ™.

Electron paramagnetic resonance (EPR) spectra were recor-
ded on a Bruker ELEXSYS 500 X-band spectrometer equipped
with a Bruker ER4102ST resonator in a Wilmad flat cell for
aqueous solutions (WG-808-Q) at RT. Experimental conditions
were 512 points, with a microwave power of 20 mW, 0.1 mT
modulation amplitude, and 100 kHz modulation frequency.
The sweep range was 200 mT.

The UV-vis absorption was measured in the range of 300 to
800 nm, and photoluminescence (PL) spectra were recorded
with an excitation wavelength of 320 nm in the range of 360 to
700 nm using the Jasco V-750 spectrophotometer and Jasco FP-
8350 fluorometer, respectively.

Photocatalysis

Photocatalytic dye degradation experiments were conducted
using a solar simulator (Xenon lamp) with a power output and
light intensity of 485 mW cm 2, equipped with a UV cut-off
filter. A solvent mixture of 25 mL consisting of 10% (v/v)
ethanol in toluene was used for all experiments. Methyl
orange (MO) and bromocresol green (BCG) are selected as the
model dyes for the degradation studies. The amount and the
concentration of the catalyst and dye were maintained at 10 mg
and 16 ppm, respectively, across all trials to ensure consistency.
Prior to degradation, the catalyst and dye were dispersed via
sonication for 5 minutes to ensure homogeneity. All measure-
ments were performed at ambient temperature under

Nanoscale Adv., 2025, 7, 3764-3777 | 3767
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continuous stirring to maintain uniform reaction conditions.
Among the dyes used, BCG is a pH indicator that changes color
depending on the pH of the solution. It transitions from yellow
at low pH to blue at high pH, with a transition range between
PH 3.8 and 5.4. To address the high pH dependency, we stirred
the BCG solution in the dark for 30 minutes following the
addition of the catalyst to allow pH stabilization.*’

EPR measurements

The EPR measurements are carried out at room temperature
using a Bruker ELEXYS E500 spectrometer operating at X-band
frequencies (9.5 GHz) and a Bruker ER4119HS resonator. The
spin trap solution (25 mM) was prepared by first dissolving 50 mg
of BMPO (MW 199.25, Dojindo Molecular Technologies, Inc.) in
10 mL of absolute EtOH (99.5%, Baker HPLC Analyzed, ].T. Baker).
For the sample solution, 1 mg sample powder was first dispersed
in 3 mL of toluene by sonication for 5 min. For the measurements,
180 pL of sample solution was mixed with 20 pL of the spin trap
solution (10% v/v EtOH in Toluene) using a vortex. Samples were
loaded into Vitrocom quartz capillaries, CV1012-Q-100, with
a 1 mm inner diameter. The experimental conditions of the EPR
spectral analysis were as follows: microwave power of 20 mW, 0.1
mT modulation amplitude, and 100 kHz modulation frequency.
The sweep range was 10 mT, and the spectra consisted of 512
points. The samples were irradiated under white light using
a SCHOTT KL 2500 LED light source with a maximum intensity of
1100 Im. EPR spectra were recorded every 6 minutes under both
illumination and dark conditions. In order to assess the radical

Fig. 1
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quenching effects, 10 pL of DMSO was added as a hydroxyl radical
quencher to the designated samples, and EPR spectra were
subsequently recorded under illumination for 6 minutes.

Results and discussion

Morphological analysis

SEM and TEM. SEM and TEM analyses investigated the
morphology and formation of ZIF-8, CPB NCs, and the CPB/ZIF-
8 nanocomposite (Fig. 1). The SEM/TEM micrographs in Fig. 1a
and b highlight the truncated rhombic dodecahedral and cubic
morphology typical of ZIF-8 and CPB, respectively.”” The average
size of ZIF-8 is 66.553 + 8.01 nm, while for the CPB NCs, it is
15.55 * 2.6. The size distribution calculations are provided in
the ESLT Fig. S2 and S31 demonstrate a relatively uniform size
distribution for both CPB NCs and ZIF. The EDS analysis of the
CPB/ZIF-8 nanocomposite, presented in Fig. 1c, reveals char-
acteristic elemental signatures from both ZIF-8 and CPB,
providing conclusive evidence of their successful incorporation
into composite structure. Further TEM analysis (Fig. 1d and e)
confirms this result, showing dark dot-like structures identified
as CPB NCs decorating the ZIF-8 surface. The lattice spacing of
CPB NCs (Fig. 1f), measured at 0.42 nm, corresponds to the
(110) planes of the orthorhombic phase of the CPB crystal
structure, providing additional confirmation of the nano-
composite formation.***°

Notably, this uniform distribution of NCs on the surface of
ZIF was not a straightforward outcome. The primary challenge

10 -
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(a) SEM micrograph of ZIF-8, (b) TEM micrograph of CPB NC, (c) EDS spectra of CPB/ZIF-8 nanocomposite, and (d) TEM micrograph of the

CPB/ZIF-8 nanocomposite (e) magnified TEM micrograph CPB/ZIF-8 nanocomposite and (f) Lattice fringes of the CPB NC in the

nanocomposite.
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lies in the instability of CPB NCs in polar solvents, coupled with
the poor dispersibility of ZIF-8 in non-polar solvents. Thus, it is
crucial to identify suitable conditions to accommodate both
constraints. We chose hexane for its low polarity, which main-
tains the stability of the CPB nanocrystals. To enhance the
distribution of ZIF-8, we ultrasonicated it in hexane for 30
minutes, pausing every 10 minutes. We then combined the two
solutions, ultrasonicated them for an additional 10 minutes,
and stirred the mixture under a vacuum at 50 °C for 12 h.

Another challenge in achieving uniform dispersion of CPB
NCs within the ZIF-8 framework is their strong tendency to
aggregate, which can compromise structural homogeneity and
alter optical properties.*®** The prolonged stirring and slight
temperature increase improved the distribution of CPB NCs
over the ZIF-8 surface in several ways. First, prolonged stirring
and mixing ensures better dispersion of precursors, enhancing
the interaction between the components and increasing the
stability of the nanocomposite.*® Secondly, the elevated
temperature raises the kinetic energy of the NCs, causing them
to move more rapidly and vigorously.”® The higher molecular
speed results in more frequent collisions between reactant
particles, enhancing the likelihood of successful interactions.*
Overall, prolonged stirring and a slight temperature increase
synergistically promote a more uniform and stable distribution
of CPB NCs over the ZIF-8 surface, enhancing the nano-
composite's quality.

To better understand the nanocomposite formation, we
analyzed the sizes of the CPB NCs on the ZIF-8 and in the
supernatant after mixing. The supernatant was collected via
centrifugation following the final stage of nanocomposite
formation. TEM analysis showed that the average size of CPB
NCs attached to ZIF-8 was 15.54 £ 3.5 nm (Fig. S47). The size
distribution graphs exhibit symmetry with peaks centered
around the mean, indicating the uniformity in the sizes of the
CPB NCs on the ZIF-8. Notably, the average CPB NC size in the
nanocomposite remained consistent with that of the pristine
solution, which measured 15.55 + 2.6 nm.

The average size of CPB NCs in the supernatant (Fig. S57)
decreased to 12.46 + 5.7 nm, indicating that larger CPB parti-
cles preferentially adhered to the ZIF-8 surface during nano-
composite synthesis. This phenomenon can be attributed to the
tendency of larger CPB NCs to detach from their ligands and
adhere to template surfaces such as MOFs. The primary factor
driving this “ligand-exchange” behavior is surface energy; larger
NCs possess a greater surface area, resulting in higher surface
energy, which they reduce by detaching from ligands and
attaching to more stable surfaces.’*** Additionally, as NCs grow,
their surface-to-volume ratio decreases, resulting in fewer
ligand binding sites relative to their size and weaker overall
ligand attachment.> Electrostatic interactions also play a role,
as larger CPB NCs typically have a more negative surface charge,
creating an initial attraction to the positively charged surfaces
or metal ions in ZIF.***” This is followed by ligand exchange
between the ligand molecules in ZIF and the positively charged
components of the CPB NCs, resulting in chemical interac-
tion.*® These factors collectively drive the attachment of larger
NCs to MOFs with almost uniform sizes.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The area of CPB coverage over ZIF-8 was quantified using
TEM imaging (Fig. S6 and Table S1}) and Image] software. The
results indicate that approximately 24% of ZIF-8 was covered by
CPB NCs. The micrographs revealed a well-spaced distribution
of CPB NCs with uniform sizes, a characteristic not reported in
previous studies, which typically showed either full coverage or
uneven distributions of CPB NCs with varying sizes.*>*>** TEM
analysis indicated that slightly larger CPB nanocrystals adhere
to the ZIF-8 framework, exhibiting a uniform size distribution.
These larger crystals are stabilized by the framework due to
surface energy, ligand exchange, and electrostatic interactions.

Structural analysis

XRD. XRD analysis was performed on ZIF-8, pristine CPB,
and CPB/ZIF-8 to examine the formation of nanocomposites
and their structural properties, as illustrated in (Fig. 2). The
diffraction pattern of CPB and ZIF-8 (Fig. 2, red and blue line,
respectively) exhibits well-defined peaks corresponding with the
previously reported crystalline structure (JCPDS - 01-072-7929
and JCPDS - 00-062-1030, respectively).>***¢! Notably, due to the
random orientation of CPB NCs, the typical shoulder peaks at
15.2°,21.5°, and 30.5° are indistinguishable.®* Interestingly, the
CPB/ZIF-8 nanocomposite exhibits only the characteristic ZIF-8
and CPB characteristic peaks for ZIF-8 and CPB. Indeed, the
sharp, well-defined peaks of ZIF-8 remain intact without any
noticeable broadening, confirming that its crystalline structure
was preserved in the nanocomposite. The XRD results confirm
the successful formation of the CPB/ZIF-8 nanocomposite, with
both materials retaining their characteristic crystalline struc-
tures as evidenced by the sharp ZIF-8 peaks and distinct CPB
reflections.

Chemical analysis

FTIR analysis. To further investigate the formation mecha-
nism by comparing the functional groups and chemical
compositions, we employed FTIR spectroscopy to analyze pris-
tine ZIF-8, CPB, and the CPB/ZIF-8 nanocomposite, as shown in

-8 eCPB

CPB/ZIF-8

ZIF-8

Intensity (a.u)

¢ (244)
{ (235)

A

ZIF-8 - JCPDS - 00-062-1030
CsPbBr3 - JCPDS - 01-072-7929

(a)

5 10 15 20 25 30 35 40 45 50
2 Theta (degree)

Fig. 2 XRD pattern of (a) reference spectrum, (b) ZIF-8, (c) CPB, and
(d) CPB/ZIF-8 composite.
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FTIR spectra of ZIF-8 (bottom), CPB (middle), and CPB/ZIF-8

Fig. 3. The FTIR spectrum of pristine ZIF-8 exhibited a prom-
inent peak at 420 cm ™", corresponding to the stretching vibra-
tion of the Zn-N bond between Zn>" and the 2-methylimidazole
ligand.*® Pristine CPB displayed characteristic peaks at
2848 cm™ ' and 2917 cm™ ', representing its organic ligands’
C-H bending and stretching vibrations.®*

In the FTIR spectrum of the CPB/ZIF-8 nanocomposite,
peaks corresponding to both ZIF-8 and CPB were observed. The
ZIF-8 peaks exhibited significantly higher intensity than those
of CPB, indicating a higher concentration of ZIF-8 per unit
volume.®® Interestingly, the CPB ligand peaks in the 2850-
2950 cm ™' range showed a significant reduction in intensity,
supporting ligand exchange alongside surface charge interac-
tions. This reduction indicates interactions between Pb>" ions
from the CPB NCs and the nitrogen atoms of the imidazole
ligands in ZIF-8, enabling both chemical and physical adsorp-
tion.**** Such interactions promote chemical and physical
adsorption, improving the adhesion of CPB nanocrystals to the
ZIF-8 surface. Micrographic analysis revealed the attachment of
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larger CPB particles, likely driven by surface charge interactions
and potential ligand exchange. FTIR results further support this
observation, which provides additional confirmation of the
ligand exchange process. Together, these findings reinforce the
role of ligand exchange in the nanocomposite formation.
Consequently, this facilitates a more uniform CPB distribution
throughout the nanocomposite.

Optical analysis

UV visible spectra. The optical properties of the pristine
materials and nanocomposites were analyzed using UV-vis
absorption and PL spectroscopy. The absorption spectrum of
ZIF-8 (Fig. S7f), measured in methanol, shows a distinct
maximum at 210 nm. Due to the poor stability of CPB NCs and
CPB/ZIF-8 nanocomposites in polar solvents, hexane was used
as the dispersion medium for these measurements. However, as
hexane is UV-active, absorption below 300 nm could not be
recorded. The pristine CPB NCs and CPB/ZIF-8 exhibit absorp-
tion edges at 512 nm and 511 nm, respectively (Fig. 4a). The
negligible shift in the absorption edge between pristine CPB
and the nanocomposite confirms that the optical activity of the
CPB NCs remains intact within the CPB/ZIF-8.

The Tauc equation was used to calculate the materials’
optical band gap (E,), and the corresponding graphs are
provided in the ESI (Fig. $8). The band gap (E;) values of ZIF-8,
CPB NCs, and CPB/ZIF-8 were determined to be 5.35 eV, 2.32 eV,
and 2.32 eV, respectively (Table S2t). The optical band gap
analysis indicates no significant change between the CPB NCs
and the CPB/ZIF-8 composite, confirming that the CPB NCs
contribute significantly to the composite's optical activity.

Photoluminescence (PL) spectra. Fig. 4b presents the PL
spectra of CPB NCs and CPB/ZIF-8 composites. The CPB NCs
exhibit an intense green fluorescence peak at 513 nm, while the
PL emission peak of CPB/ZIF-8 is observed at 517 nm. The slight
red shift observed in the PL of the CPB/ZIF-8 nanocomposite
can be attributed to two primary factors: (a) attachment of larger
CPB NCs: as evident from the STEM images, the larger CPB NCs
attached to the ZIF-8 framework contribute to the redshift in

7000
(b) ——cPB
5000 —— CPB/ZIF-8

5000

4000

3000

Intensity

2000

1000

T T T
400 500 600 700
Wavelength (nm)

(a) Absorption spectra of CPB NCs and the CPB/ZIF-8 composite, (b) PL spectra of the CPB NCs and CPB/ZIF-8 composite (Aex = 320 nm).
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Scheme 3 The proposed charge transfer mechanism in CPB/ZIF-8
composite.

PL.“” (b) Local environment changes: the interaction between
the CPB NCs and the ZIF-8 framework can alter the local
dielectric environment around the nanocrystals, further
contributing to the shift.®® Additionally, the CPB/ZIF-8 nano-
composite showed a significant reduction in PL intensity,
quenching by 92% compared to pristine CPB NCs. This
quenching effect can be attributed to charge transfer from the
CPB to the ZIF-8 framework, as depicted in Scheme 3.°>7* These
results are consistent with previous reports on CPB encapsu-
lated within ZIF-8 composites.’”* It was reported that the
quenched PL intensity reflects inhibited radiative recombina-
tion of photogenerated carriers and effective electron transfer
between CPB and ZIFs.*” Likewise, a substantial decrease in
emission intensity of CPB/ZIF-8 composites compared to pris-
tine perovskites has been observed, indicating suppressed
electron-hole recombination and enhanced charge separation
in the heterojunction system.’” This was attributed to the
conduction band edge of ZIF-8 being more positive than that of
CPB, which facilitates an efficient charge transfer pathway for
photoelectrons.*»”>”* Specifically, this charge transfer likely
originated from the interaction between Pb>* ions in CPB and
nitrogen atoms in the imidazole ligands of ZIF-8.%

The substantial PL quenching observed in CPB/ZIF-8
composites compared to pristine CPB NCs further supports
the presence of strong interactions between the nanocrystals
and the framework. This robust interfacial coupling is also
consistent with the FTIR results presented above and further
reinforces the proposed ligand exchange mechanism. Impor-
tantly, the efficient charge separation observed in the composite
may be beneficial for applications such as photocatalysis, where
charge separation plays a critical role in catalytic performance.”

Electron paramagnetic resonance (EPR) analysis

An EPR analysis was conducted to analyze the radical formation
of the CPB NCs and CPB/ZIF-8 composite. This experiment used

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 EPR spectra of ZIF-8, CPB, and CPB/ZIF-8.

the 5-tert-butoxycarbonyl-5-methyl-1-pyrroline-n-oxide (BMPO)
as the spin trap. The EPR spectra recorded under both illumi-
nated and dark conditions showed no radical formation for ZIF-
8. On the contrary, pristine CPB NCs and the CPB/ZIF-8
composite exhibited distinct quartet paramagnetic resonance
under illumination, indicating hydroxyl radical formation
(Fig. 5). The absence of radical-related signals in the EPR
spectra of ZIF-8 confirms its photocatalytic inactivity. In
contrast, the radical generation observed in both CPB and the
composite indicates that CPB is the primary contributor to the
photocatalytic process.”™

The CPB/ZIF-8 composite exhibited a stronger EPR signal
than pristine CPB NCs. This enhancement suggests a higher
concentration of unpaired electrons or radicals in the
composite system. The increased radical formation in the
composite can be attributed to improved charge transfer, as the
ZIF-8 framework enhances the separation of photogenerated
electrons and holes, reducing recombination and allowing
more charges to participate in radical generation. This result
aligns with the previously discussed PL quenching induced by
the charge transfer.”” Another factor might be the enhanced
stability; the higher stability of CPB NCs within the ZIF-8
framework allows for prolonged photoactivity and sustained
radical formation.” The EPR signals detected in both CPB and
CPB/ZIF-8 composite exhibited a distinct quartet peak, indi-
cating the presence of hydroxyl radicals ("OH).”” Hydroxyl radi-
cals ("OH) may form either via superoxide (O, ") reduction or
directly through oxidation by photogenerated holes. To identify
the dominant pathway, we employed DMSO as a selective
scavenger for hole-generated "‘OH.” DMSO reacts rapidly with
"OH to form a stable methyl radical ("CH;) but does not interact
with superoxide under typical experimental conditions (Scheme
S1, ESIt). The significant quenching of the EPR signal upon
DMSO addition confirms that hydroxyl radicals primarily orig-
inate from photogenerated holes.”

The EPR measurements are carried out in the dark and
under illumination (Tungsten lamp) conditions in the 10% (v/v)
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Fig. 6 The absorption spectrum shows the time-dependent degradation of MO dye with (a) CPB NCs and (b) CPB/ZIF-8 under visible light

illumination.

EtOH/Toluene solution (Fig. S9t). The ZIF-8 was found to be
EPR inactive, and it is due to the presence of solely Zn>* ions in
its crystal structure.®® The EPR analysis reveals that the CPB/ZIF-
8 composite exhibits enhanced radical formation capabilities,
particularly in generating "OH. This increased radical formation
efficiency can make the CPB/ZIF-8 composite a promising
material for various photocatalytic applications, potentially
outperforming pristine CPB NCs in effectiveness and durability.

Photocatalytic degradation studies. Following the enhanced
stability supported by EPR and the PL measurement on the
CPB/ZIF-8 composites, we substantiate this outcome with pho-
tocatalysis. Additionally, the strong EPR evidence of superior
hydroxyl radical formation in the CPB/ZIF-8 composite reveals
a promising feature for photocatalysis.

Prior to the examination of photocatalytic activity, we con-
ducted photostability tests of CPB NCs and CPB/ZIF-8 in a 10%
EtOH/toluene solution. This polar/non-polar solvent ratio was
chosen to enhance the survivability of the CPB NCs. As previ-
ously reported,®* higher ethanol content leads to rapid degra-
dation of the nanocrystals. On the other hand, completely
excluding a polar solvent would be inadequate, as it is necessary
to dissolve the dye and realistically assess photocatalytic
performance. The photostability was evaluated by monitoring
the decrease of PL intensity over 30 minutes, with measure-
ments taken at 10-minute intervals. The results, shown in
Fig. S10-512 in the ESI,} indicate that while the PL intensity of
all samples decreased, CPB/ZIF-8 exhibited significantly less
decomposition. Specifically, the PL of the pristine CPB NCs is
reduced by ~39%. On the contrary, the PL of CPB/ZIF-8 showed
only 5% in the dark and 18% under illumination. This data
highlights the protective role of the ZIF-8 framework, suggest-
ing improved stability for CPB/ZIF-8 compared to pristine CPB
NCs. The stability of the dyes was also evaluated under dark and
illumination conditions, and both dyes were stable under illu-
mination and dark conditions without a catalyst (Fig. S13 and
S14%).

We investigated the photocatalytic dye degradation capabil-
ities of the ZIF-8, CPB NCs, and CPB/ZIF-8 composite using MO

3772 | Nanoscale Adv., 2025, 7, 3764-3777

and BCG pollutants under illumination and dark conditions
(Fig. 6 and S15-S19%). The selection of the dyes was based on
their distinct chemical structures, which allow for a detailed
evaluation of the photocatalyst's efficiency in degrading organic
contaminants into non-harmful compounds. MO is an azo dye
characterized by its azo (-N=N-) functional group, which is
commonly found in industrial dyes and known for its persistence
in the environment.*” BCG, on the other hand, is a sulfonph-
thalein dye with sulfonic acid (R-S(=0),~OH) and phenol groups
(C¢H5OH), which degrade through different reaction pathways.*®

The same solvent (10% (v/v) EtOH/toluene) conditions used
for EPR analysis were also maintained for the dye degradation
studies. The characteristic peaks at 421 nm for MO and 610 nm
for BCG were used to monitor dye degradation. BCG also
showed an additional peak at 412 nm, attributed to its mono-
anionic form and the pH dependency of the solution.**** All dye
degradation results indicated that the CPB/ZIF-8 nano-
composite exhibited superior photocatalytic activity compared
to CPB NCs and ZIF-8. Specifically, CPB/ZIF-8 achieved 1.48 and
1.75 times higher degradation efficiency than CPB NCs within
30 minutes for MO and BCG dye, respectively (Fig. 7a and b).
The CPB/ZIF-8 composites demonstrated a significant 1.5-times
improvement in activity compared to previously reported CPB/
MOF composites in the degradation of MO.* The degradation
kinetics studies also revealed that both CPB/ZIF-8 and CPB NCs
have good linear coefficients, indicating that they follow
pseudo-first-order kinetics for both dyes (Fig. S207).*® The
calculated parameters, such as the apparent rate constant,
quantum efficiency (QE), and electrical energy consumption
(EEC), were superior in the CPB/ZIF-8 nanocomposites. All the
results regarding the photocatalysis are summarized in Table 1,
with a detailed discussion included in the ESI.f The superior
performance of the CPB/ZIF-8 nanocomposite can be attributed
to the synergistic effect between CPB and ZIF-8, which enhances
stability, increases ‘OH formation, and improves overall cata-
Iytic efficiency.””® This makes the CPB/ZIF-8 nanocomposite
a promising material for environmental remediation applica-
tions, particularly in degrading organic dye pollutants.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of the dye degradation by using the catalysts CPB NCs and CPB/ZIF-8

Dye Catalyst % Degradation (30 min) R? Reaction rate (min~") QE (molecules photon-1) EEC (kW h m ™)
MO CPB 61% 0.9836 0.03751 £ 0.003 0.98 x 107 4.51

CPB/ZIF-8 90.2% 0.9775 0.06485 £ 0.006 1.41 x 1073 1.83
BCG CPB 47% 0.987 0.0145 + 0.0009 0.73 x 1073 9.54

CPB/ZIF-8 82.5% 0.961 0.0586 + 0.007 131 x 1073 2.32

After conducting the dye degradation studies, the EPR
results were revisited to clarify the degradation mechanism. The
enhanced OH radical formation observed in the CPB/ZIF-8
nanocomposite compared to pristine CPB NCs, as confirmed
by EPR, underscores the crucial role of reactive oxygen species
(ROS) in the mechanism of photocatalytic degradation. This
could be attributed to improved charge separation or transfer in
the composite, leading to more efficient utilization of absorbed
photons for ROS generation.?”*® In contrast to pristine CPB NCs,
the decrease in PL intensity observed in the composites
suggests improved charge separation and charge transfer effi-
ciency. This leads to a reduction in electron-hole recombina-
tion and an enhancement in the production of reactive species
crucial for photocatalytic degradation. The formed reactive
species, especially the "OH, react with dyes adsorbed on the
surface of the catalysts. Previous reports regarding MO degra-
dation also confirm the presence of OH radicals as the primary
reason for its photocatalytic degradation.®

CPB/ZIF-8 + hv — CPB/ZIF-8 (e~ + h+)
02 +e — .027
H,O0+h"™ - ‘OH+H"

.02_ + H20 i .OH2 + OH™

© 2025 The Author(s). Published by the Royal Society of Chemistry

.OH2 + H20 i H202 + "OH
H,0, — 2 "OH (high yield)

MO dye + ‘OH/ 'O, — CO; + H,O

Conclusion

This study highlights the successful development of a uniform
distributed CPB/ZIF-8 nanocomposite, demonstrating significant
improvements in photocatalytic performance. Through compre-
hensive analysis, we elucidated the decoration mechanism,
charge transfer dynamics, and the underlying photocatalytic
mechanism. The FTIR spectroscopy revealed that ligand exchange
is a key mechanism in the formation of the CPB/ZIF-8 composite,
where the original ligands of CPB NCs are replaced by the imid-
azole ligands of ZIF-8. This exchange process, driven by surface
interactions, facilitates strong interfacial bonding between the
CPB NCs and the ZIF-8 framework. EM analysis further corrobo-
rated the uniform distribution of CPB NCs across the ZIF-8
framework, which suggests a highly controlled attachment
mechanism. This well-defined assembly is likely also driven by
surface charge interactions, emphasizing the nanoscale precision
of the integration process. Specifically, the NCs and ZIF-8 carry
opposite partial charges, facilitating their successful attachment.
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The unshifted absorption spectra, together with the TEM analysis,
also confirmed that the CPB NCs remained structurally intact
within the composite. Remarkably, the composite exhibited
a 92% PL quenching, indicating efficient charge transfer. More-
over, EPR analysis reveals the composite's superior radical
generation capabilities, particularly for ‘OH formation, under-
scoring its potential for advanced photocatalytic applications.
Notably, this study is the first to report the photocatalytic dye
degradation performance of CPB/ZIF-8, demonstrating a signifi-
cant enhancement under visible light irradiation, with degrada-
tion rates 1.48 and 1.75 times higher for MO and BCG,
respectively, compared to pristine CPB NCs. This study provides
a comprehensive understanding of the uniform decoration
process, efficient charge transfer, and the enhanced photo-
catalytic activity of the CPB/ZIF-8 nanocomposite. Our findings
establish this composite as a highly promising material for
various advanced photocatalytic applications, paving the way for
future research and potential real-world implementations in
environmental remediation and energy conversion.
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