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1. Introduction

Rational design of lead-free CsCu,lz:@g-CsN,4
composite for efficient energy storage and
sustainable catalysis¥

Montu Gogoi,? Deepshikha Roy,? Jita Morang,® Nilakshi Dutta, (= @
Tarun Kumar Sahu,” Diganta Sarma @22 and Kalyanjyoti Deori () *®

Rationally constructed lead-free halide perovskite-based composites provide an effective approach for
upgrading their many unique physicochemical properties. In this study, we report the design and synthesis
of a stable lead-free CsCu,ls (CCl) perovskite integrated with g-CsN4 (CN) using a simple ultrasonication
approach. The individual components, CsCu,ls and g-CsN4, were synthesized separately using the hot-
injection method and the thermal polycondensation method, respectively. Interestingly, the composite
material CsCu,lz@g-CzN,4 (CCI-CN) exhibited outstanding hybrid supercapacitive behaviour and opened a
new avenue for the untapped electrochemical potential of Cu-based lead-free halide perovskites. The
hybrid CCI-CN material was also examined, for the first time, as a heterogeneous multifunctional catalyst
in the photo-hydration of benzonitrile and the photo-reduction of para-nitroaniline. Moreover, the
synthesized composite catalyst was very efficient in the synthesis of the medicinally potent N-heterocyclic
compounds, quinazolin-4(3H)-one moieties. It was observed that CsCu,lz@g-C3sN,4 not only outperformed
its individual components, CsCu,lz and g-CsN,4 but also surpassed other reported catalysts in the
aforementioned transformations, delivering excellent product yields. This was attributed to the cooperative
and synergistic effects of the CsCu,ls and g-CsN4 heterojunction. Photoluminescence studies revealed
that the reduced recombination in the composite material provided a fast channel for the transfer of
photo-generated electrons, with the lower PL lifetime of CCI-CN (119.8307 ns) compared to CCI
(151.2798 ns). Hence, this study provides ideas and opportunities of Cu-based halide perovskite
composites as efficient materials for charge storage and versatile catalytic activity.

hampered.** To solve this dilemma of lead-based perovskites,
global efforts have been undertaken to develop ecologically

Perovskite-based materials have garnered tremendous atten-
tion in recent years as emerging candidates for optoelectronic
and photovoltaic applications. This is attributed to their
remarkable physical and chemical properties, cost-effective
manufacturing, and tunable properties."”” Lead-based perovs-
kites are well known and commonly studied for their great
potential as semiconductors. However, because of structural
instability and lead (Pb*") ion toxicity, the practical application
and commercialization of lead-based perovskite materials are
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acceptable, highly stable and efficient lead-free perovskites.
Numerous metals have emerged as potential alternatives to
lead, such as Sn**, Sb**, Ag*, Bi**, and Ge**.>® Above all, copper-
based low-dimensional perovskite materials have garnered
considerable attention in recent years in the fields of photo-
voltaic cells, light-emitting diodes (LEDs), and other optoelec-
tronic devices.”® This is attributed to their high photo-
luminescence quantum yield (PLQY), high thermal and envir-
onmental stability, and lower toxicity than Pb*" ions.’®!* Cop-
per is a readily available, inexpensive and earth-abundant
element. Copper is also a good conductor of electricity and
serves as a counterpart in various electrical components, which
makes it an attractive alternative for perovskite materials.'?
Despite their numerous benefits and emerging applications in
different research fields, the activity of Cu-based perovskites in
catalysis has not been explored extensively. Hence, using Cu-
based perovskite semiconductors as multifunctional heteroge-
neous catalysts is an effective research hotspot.
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To enhance the photocatalytic activity of metal halide per-
ovskites (MHPs), a heterojunction can be constructed with a
second semiconductor material to improve the charge transfer
mechanism. Graphitic carbon nitride (g-C5N,), as a low-cost,
environment-friendly and good visible-light-sensitive semicon-
ductor material, has been widely utilized in the development of
integrated systems to enhance synergism.">'* g-C;N, has a
graphene-like 2D layered structure with high physicochemical
stability and a medium band gap of approximately 2.7 eV,
which has gained abrupt prominence as a photocatalyst." It
can be readily synthesized via the thermal polycondensation of
precursors containing carbon and nitrogen, such as urea,
cyanamide, dicyanamide, thiourea and melamine.'®™®

Amides are ubiquitous as chemical components in the
pharmaceutical industry and organic synthesis as well as impor-
tant constituents of polymeric products.'®*° Some extensively used
medicinal compounds containing amide derivatives are paraceta-
mol, nicotinamide, ranitidine, naropin, and carboxin.*'*?
Moreover, nitriles are usually industrial wastes and are carcino-
genic and a threat to environmental integrity.>* The photocatalytic
conversion of toxic benzonitriles to valuable amides is a green and
sustainable alternative to the existing harsh approaches for con-
verting harmful chemicals into useful constituents of medicinal
and consumer products. Another industrially important reaction is
the photocatalytic reduction of para-nitroaniline (p-NA) to para-
phenylenediamine (PPD). PPD acts as a versatile intermediate
across various industries, including pharmaceuticals, agriculture,
and dye manufacturing.”**> Many anti-malarial drugs, anti-
bacterial agents and other therapeutic compounds contain PPD
as a major intermediate.”**” Nitro-compounds are also hazardous
industrial effluents, and the reduction of these harmful com-
pounds via a green pathway is beneficial for the environment.

Except for a few literature studies employing Cu-based
perovskites as catalysts in organic reactions, there is not a
single report available showcasing their ability in the field of
medicinal research. Hence, in addition to the photocatalytic
hydration of benzonitrile and reduction of para-nitroaniline, we
wanted to test the potential of our as-synthesized catalyst in the
synthesis of one of the medicinally potent N-heterocyclic com-
pounds, quinazolin-4(3H)-ones. These are vital components in
numerous medicines, including those exhibiting anti-cancer, anti-
malarial, anti-inflammatory, anti-tumor, anti-diabetic, dihydrofo-
late reductase inhibitory, and kinase inhibitory activities.”®°
Quinazolinones are the winning horse in drug discovery, having
served as a stepping stone toward more than 150 naturally
occurring alkaloids isolated from different microorganisms,
plants, and animals. Quinazolinones are of utmost importance
in the current research scenario because of their attractive physi-
cochemical properties, lipophilicity and stability.>"*>

Perovskite materials are well known for their energy applica-
tions. If a sustainable material can not only support multi-
functional catalytic applications but also address the growing
demand for sustainable energy solutions, it will undoubtedly
gain greater prominence in today’s scientific research land-
scape. While several sustainable electrochemical processes,
such as fuel cells, water splitting, batteries and supercapacitors,
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have emerged as green energy solutions to combat the global
energy crisis, the search for new and alternative energy materials
for diverse electrochemical applications remains ongoing.**™*
Among these, supercapacitors have garnered significant atten-
tion as energy storage devices owing to their superior power and
energy density and longer life cycle compared to traditional
dielectric capacitors and batteries.>**”

Hence, keeping these observations in mind, we developed a
non-toxic, stable and lead-free Cu-based perovskite, CsCu,l3
(CC1), coupled with g-C3N, (CN) and denoted as CsCu,l;@
2-C3N, (CCI-CN). This composite material was prepared using an
ultrasonication method. As observed in some previous studies, we
expected a favourable band alignment between the two semicon-
ductor materials, leading to improved charge carrier dynamics.>®**
Yixuan Lv et al. synthesized CsCu,lI;/g-CsN, and studied its photo-
catalytic efficiency for generating H, via hydroiodic acid (HI)
splitting.*> However, the multifunctional behaviour of this material
is still underexplored. To reveal its further potential not only in
catalysis, we explored the energy application of our as-synthesised
CCI-CN composite. Interestingly, the as-synthesized CCI-CN
demonstrated exceptional hybrid supercapacitive behaviour, which
opens numerous exciting avenues for further in-depth exploration
of the untapped electrochemical potential of the Cu-based lead-free
halide perovskite. To the best of our knowledge, no studies have
been reported on the use of CsCu,l;-based materials for energy
storage applications. The as-synthesized CCI-CN composite exhib-
ited excellent catalytic efficiency in the photo-hydration of benzo-
nitriles to benzamide, photo-reduction of para-nitroaniline to para-
phenylenediamine and synthesis of quinazolin-4(3H)-ones with
excellent yields. Moreover, the exploration of multifunctional het-
erogeneous catalysis using the Cu-based perovskite and its super-
capacitive behaviour is still in its infancy. Our study demonstrates
the potential of the Cu-based perovskite composite CsCu,l;@g-
C;N, in catalyzing important organic reactions and as a modern
sustainable energy storage device.

2. Experimental section
2.1. Materials

Caesium carbonate (Cs,CO;, 98%), 2-aminobenzamide (98%),
para-nitroaniline, oleylamine (OAm), benzaldehyde, benzonitrile
and all related substrates were purchased from TCI. Copper iodide
(Cul, 99.5%), dimethyl sulfoxide (DMSO; 99%) and sodium bor-
ohydride (NaBH,, 95%) were purchased from MERCK. Oleic acid
(OA), octadecene (ODE) and Nafion were purchased from Sigma-
Aldrich. Isopropanol (i-PrOH, 99.5%), potassium hydroxide (KOH)
and melamine were supplied by SRL. Thin-layer chromatography
was performed using silica-gel 60F,s,4 plates and checked under UV
light. The obtained products were isolated by column chromato-
graphy over silica gel (60-120 mesh). All chemicals were used as
received for this study without further purification.

2.2. Characterization

Powder X-ray diffraction (PXRD) patterns were obtained by
using monochromatic Cu Ko radiation (1 = 1.54056 A) on a
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Bruker D8 Advance X-ray diffractometer. X-ray photoelectron
spectroscopy (XPS) measurements were performed using a
Thermo Fisher ESCALAB Xi' electron spectrometer. All binding
energy values were calibrated with reference to the C 1s peak
(284.6 €V). Scanning electron microscopy (SEM) imaging, energy-
dispersive X-ray spectroscopy (EDX), and elemental mapping
measurements were performed on a JEOL model JSM-7900F
scanning electron microscope. Low-magnification transmission
electron microscopy (TEM) images, high-resolution TEM
(HRTEM) images, and selected area electron diffraction (SAED)
patterns were obtained using a JEM-2100 Plus transmission
electron microscope operating at 200 kV. The surface areas and
pore sizes of the as-synthesized samples were determined using
the multipoint Brunauer-Emmett-Teller (BET) equation with the
help of a Quantachrome Autosorb iQ, instrument from Aton Paar
at 77 K. The UV-visible absorption spectra were collected on a
Shimadzu UV-1700 UV-visible spectrophotometer. The photolu-
minescence (PL) spectra were analyzed using the Horiba Scientific
Fluoromax-4C spectrophotometer. Thermogravimetric analysis
(TGA) tests were conducted on a Mettler Toledo TGA/DSC 1 STARe
analyzer. A Bruker Ascend 500 MHz spectrophotometer was used
to collect '"H and *C NMR spectra at 500 MHz and 125 MHz,
respectively.

2.3. Synthesis of the Cs-oleate (CSOA) precursor

The CsOA precursor was synthesized via a reported route.”?
Briefly, Cs,CO; (1 mmol), OA (2 mL), and ODE (10 mL) were
added to a two-neck round-bottom flask, and the mixture was
stirred for 60 minutes at 120 °C under vacuum conditions.
A transparent solution of the CsOA precursor was obtained.
Then, the as-obtained CsOA precursor was kept at 100 °C in an
N, atmosphere for the subsequent synthesis of CsCu,l;.

2.4. Synthesis of CsCu,l;

The lead-free Cu-based halide perovskite CsCu,I; was synthe-
sized following a hot-injection method and denoted as CCI.
Briefly, Cul (2 mmol), OAm (1.5 mL), OA (0.5 mL), and ODE
(10 mL) were taken in a two-neck flask (100 mL). The resulting
mixture was stirred at 120 °C for 60 min under vacuum
conditions. After the reactants were dissolved, the reaction
mixture was heated to 150 °C in an N, environment. Subse-
quently, 6 mL of the as-prepared CsOA precursor solution was
quickly injected into the two-neck flask, and the precipitate of
CCI was formed in no time. After letting the reaction proceed
for 5 minutes, an ice-water bath was used to reduce the reaction
temperature, and the required perovskite was obtained. After
centrifugation, the as-obtained perovskite products were
washed several times with n-hexane. Finally, the collected
perovskite samples were dried in an oven at 65 °C for 24 h
for further characterization.

2.5. Synthesis of CsCu,I;@g-C3N,

Polymeric g-C;N, was prepared by the thermal polycondensa-
tion of melamine.** For the synthesis of the CsCu,l;@g-C3N,
heterojunction, briefly, 50 mg of the as-prepared g-C;N, powder
was dispersed in an appropriate volume of n-hexane and
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ultrasonicated for 15 min. Subsequently, a specific amount of
CsCu,l; was added to the above-mentioned mixture and sub-
jected to ultrasonication for 30 min. Finally, the resulting
composite material was obtained by centrifugation, followed
by drying at 65 °C. The as-prepared composite sample was
denoted as CCI-CN.

2.6. Photocatalytic measurements

Photocatalytic measurements were performed in a photocata-
Iytic reactor equipped with a 7 W and 250 W visible light source
with a wavelength distribution range of 400-700 nm. The
distance between the reaction tubes placed on a magnetic
stirrer and the light source was about 6 cm. The temperature
of the illuminated photoreactor was maintained between 27 °C
and 30 °C throughout the reaction using a cold-water-
circulating tank attached to the reactor.

2.7. Electrode fabrication and electrochemical measurements

In brief, the working electrode was fabricated by dissolving the
as-synthesized composite material (5 mg) in a solution containing
iso-propanol (100 pL) and Nafion (20 pL), followed by sonication
for 60 min to obtain a well-dispersed suspension. Then, 10 pL of
this suspension was drop-cast onto the surface of a glassy-carbon
electrode (GCE) with a 3-mm diameter and dried at room tem-
perature overnight in a desiccator.

All electrochemical measurements were carried out using a
CHI760E electrochemical workstation consisting of a conven-
tional three-electrode system with the glassy carbon electrode
(GCE) as a working electrode in 0.5 M H,SO, at room temperature
(~25 °C). A Pt electrode and an Ag/AgCl electrode were used as
the counter and reference electrodes, respectively. Cyclic voltam-
metry (CV) and galvanostatic charge-discharge (GCD) curves at
various scan rates and current densities were recorded, respec-
tively, in the potential window from —0.3 to 0.3 V to evaluate the
supercapacitive behavior of the as-synthesized material. Electro-
chemical impedance spectroscopy (EIS) spectra were also
recorded at the open-circuit potential (OCP) in the frequency
range of 0.001-1000 Hz using the AC voltage with an amplitude
of 5 mV to evaluate the solution and charge-transfer resistance.

2.8. Photocatalytic hydration of benzonitrile

The photocatalytic hydration of benzonitrile using the synthe-
sized Cu-based perovskite heterojunction was carried out under
the continuous irradiation of visible light. In a photocatalytic
reaction tube, benzonitrile (0.5 mmol), potassium hydroxide
(KOH, 1 mmol), isopropanol (2.5 mL), and the photocatalyst
(10 mg) were mixed, and the resulting mixture was stirred
under continuous uninterrupted irradiation of 250-W visible
light at room temperature. The progress of the reaction was
monitored by the TLC method (n-hexane/ethyl acetate) under
UV light. After the completion of the reaction, a workup
procedure was performed, and the catalyst was recovered by
centrifugation. The final products were isolated using column
chromatography over silica gel (60-120 mesh) and character-
ized by "H and *C NMR using DMSO as the solvent for NMR
sampling.

2592 | Mater. Chem. Front., 2025, 9, 2590-2604 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025


https://doi.org/10.1039/d5qm00374a

Published on 02 July 2025. Downloaded on 6/23/2026 7:36:48 AM.

Research Article

2.9. Photocatalytic reduction of para-nitroaniline

To test the efficiency of our synthesized material in photo-
catalytic para-nitroaniline reduction, an aqueous solution of
para-nitroaniline (50 mL, 20 mg L") and sodium borohydride
(NaBH,, 5 mg) were taken in a round-bottom flask. To
this mixture, the photocatalyst (10 mg) was added, and the
reaction mixture was placed in a reaction chamber under 7-W
visible light. The progress of the reaction was monitored using
UV-visible spectroscopy in the wavelength range of 250-
600 nm.

2.10. Synthesis of quinazolin-4(3H)-ones

The viability of the as-synthesized composite was tested in the
synthesis of 2-phenylquinazolin-4(3H)-one derivatives. Briefly,
2-aminobenzamide (0.1 mmol, 1 equivalent) and benzaldehyde
(0.12 mmol, 1.2 equivalent) were taken in an oven-dried round-
bottom flask. Dimethyl sulfoxide (DMSO) (1 mL), as the solvent,
and the catalyst (10 mg) were added to this mixture. The reaction
mixture was stirred under refluxed conditions at 80 °C for 4 h in
air. The progress of the reaction was monitored by TLC under UV
irradiation. After the completion of the reaction, the reaction
mixture was allowed to cool, and the catalyst was recovered.
Column chromatography was used for the purification of the
obtained products, which were identified by "H and *C NMR
using DMSO as the solvent for NMR sampling.

3. Results and discussion

3.1. Composition, purity, morphology and optical properties
of the As-synthesized CCI and CCI-CN

The CsCu,l;@g-C3N,; (CCI-CN) composite was prepared by
employing a simple ultrasonication approach using CsCu,l;
(CCI) and g-C3N, (CN). The individual components, CsCu,l; and
g-C;N,, were synthesized separately using hot-injection and
thermal polycondensation methods, respectively (Scheme 1).
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The crystalline phase of the as-synthesized CsCu,l;@g-C3;N,
(CCI-CN) composite was confirmed using powder X-ray diffraction
(XRD) patterns (Fig. 1(a)). The material evidently exhibits the
diffraction pattern of CsCu,l; (CCI), with main peaks at 20 of
21.6°, 26.2°, 27.1°, 29.2°, 33.9°, 40.3°, and 44.05° well-assigned
to the diffraction of the (220), (221), (040), (002), (202), (042),
and (242) planes of orthorhombic CsCu,l; (PDF# 77-0069, space
group = Cmcm), respectively. The main characteristic peak of g-
C;3N, (CN) is close to that of CCI at 27°, corresponding to the (040)
crystal plane of CCI, and it does not produce any extra crystalline
diffractions. The alignment of the characteristic diffraction pat-
terns of CN and CCI at 27° suggests a comparable interplanar
distance and leads to the overlapping of the diffraction patterns
at 27°. The overlapping of the peaks indicates a high degree
of compatibility at the interface, which is beneficial for
photocatalysis.*> The absence of any unnecessary peaks in the
XRD profiles corroborates the phase purity of the sample and the
preservation of the intrinsic crystalline properties of CCI and CN.

To confirm the amalgamation of CN with CCI without
altering the bulk crystallinity of the composite, we performed
FTIR analysis. FTIR can provide complementary information
about the surface-level interactions that do not alter the crystal
structure.*® The FTIR spectrum in Fig. 1(b) explains the
presence of the characteristic peaks of CN in the composite
CCI-CN. The broadening of the N-H stretching band in CCI-
CN suggests a significant interfacial interaction between the
participating counterparts.

The morphologies and elemental distributions of the sam-
ples were monitored by scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and energy-dispersive
X-ray spectroscopy (EDX) mappings (Fig. 1(c), (d), 2(a)-(f), 3(a)-(h)
and Fig. S1a, ESIt). As shown in Fig. 1(c) and (d), the morphology
of the CCI perovskite appears to be rod-shaped with sharp edges
and that of CCI-CN appears to be somewhat different from the
parent rod-shaped morphology. The incorporation of g-C3;N,
disrupts the growth and alignment of CCI rods, leading to a
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—— | 4
1 2) Centrifugation\\/“
3) Washing/ ‘7,
. ,
Drying

’,

Hexane ||

CsCuy,l,
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Scheme 1 Schematic of the synthesis of the CsCu,lz@g-CsN,4 (CCI-CN) composite material and its potential applications.
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Fig. 1 (a) PXRD patterns of CCI-CN (blue), CClI (red), and CN (black); (b) FTIR spectra of CCI-CN (blue), CCl (red), and CN (black); and SEM images of (c)

CCI-CN and (d) CCl.

significant change in their morphology, and this change can
increase the exposed surface area and number of active sites
available for photocatalysis.”’” In the SEM image of the
CsCu,;@g-C3N, composite (Fig. 1(c)), the characteristic sheet-
like morphology of g-C;N, is not distinctly visible, which may be
attributed to its surface coverage and encapsulation by CsCu,l;
nanocrystals during composite formation. Additionally, the poor

visibility of the g-C;N, morphology may result from its ultrathin
nature, making it difficult to resolve clearly during SEM imaging.

The TEM images of CCI and CCI-CN at different magnifica-
tions are depicted in Fig. 2, where the morphological changes
from CCI to CCI-CN can be clearly identified. Bare CCI exhibits
a rod-shaped morphology with a uniform elemental distribu-
tion (Fig. 2(a)). The disruption and change in the morphology

Fig. 2 TEM images of the (a) CCl and (b) CCI-CN; (c)-(e) crystal fringes in different regions of the CCI-CN and (f) SAED pattern of the CCI-CN.
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Fig. 3 (a) SEM image, (b) EDX spectrum, and (c)—(h) elemental mapping images of the constituent elements of the CCI-CN.

of CCI-CN are displayed in Fig. 2(b). High-resolution TEM
(HRTEM) images (Fig. 2(c)-(e)) show the clear lattice fringes
of CCI-CN, with d-spacings of 0.242, 0.305, 0.328, 0.412, and
0.337 nm, corresponding to the (132), (002), (040), (220), and
(131) planes, respectively. Due to their semi-crystalline nature,
CN layered sheets exhibit a less noticeable lattice fringe. The
SAED pattern of CCI-CN in Fig. 2(f) displays distinct diffraction
spots, confirming its high crystallinity. In summary, the TEM
images and element mappings of CCI-CN confirm the success-
ful encapsulation of CsCu,I; and g-C3Nj.

The elemental composition of the as-synthesized samples,
examined by EDX spectroscopy, confirms the presence of all
expected elements for CCI-CN (C, N, Cu, I, and Cs) and CCI
(Cu, 1, and Cs) (Fig. 3(b) and Fig. S1b, ESIt). Furthermore, the
elemental mapping of the samples indicates the uniform dis-
tribution of all constituents across the CCI-CN (Fig. 3(c)-(h))
and CCI (Fig. S1cf, ESI{) structures.

The UV-visible spectra were recorded to examine the light-
harvesting characteristics of the as-prepared perovskite sam-
ples. The resulting spectra in Fig. 4(a) and Fig. S2a (ESIt) reveal
that the samples are UV- and visible light-responsive, with a
broad absorption tail in the visible region. Compared to CCI,
the absorption capacity of the CCI-CN composite broadens
toward the visible region because of the introduction of g-C;N,
(CN), which enhances the absorption intensity. By employing
Tauc’s method, the corresponding band gap energies of the

samples were determined. The band gap energy of CCI-CN is
measured to be 3.03 eV, CCI is 3.49 eV (Fig. 4(a)) and CN is 3.16
eV (Fig. S2a, ESIt). The alignment of the conduction band (CB)
and valence band (VB) levels of CCI with those of CN may result
in band edge shifting, narrowing the effective band gap of the
CCI-CN composite. The as-obtained band gap energies are in
good agreement with the standard CsCu,l; (CCI), which sup-
ports the observed photocatalytic activity of CCI-CN under
visible light irradiation.*®

The radiative recombination process of photo-excited charge
transfer in photocatalysts can be detected using the photolu-
minescence (PL) emission spectra (Fig. 4(b) and Fig. S2b, ESIT).
The diminished PL intensity of CCI-CN at an excitation wave-
length of 330 nm, compared to its counterpart CCI, reveals that
the composite sample has reduced charge recombination and
better photo-generated carrier separation. This explains the
enhanced photocatalytic activity of CCI-CN compared to its
counterparts. The time-resolved PL decay curves of CCI and
CCI-CN are shown in Fig. 4(c). The decay profiles of the compo-
site can be fitted with a biexponential decay function (eqn (1)).

t t
Iy =1y + A, exp (**) + A4z eXp(*f) @)
T1 %)
where I, and I, are the initial luminescence intensity and intensity
at time ¢, respectively, and 7, and 7, are the lifetimes of the
exponential components, respectively. A; and A, are constants.
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The average lifetime was calculated using eqn (S5) (ESIt), which
shows an obvious decrease from 151.2798 ns to 119.8307 ns after
composite formation. The PL quenching and average lifetime
decreases of CCI-CN compared to that of CCI confirm efficient
charge transfer and separation in the CCI-CN composite. As
shown in Fig. S2c¢ (ESIt), the slower decay of CCI-CN than that
of pristine CN can be attributed to the Coulombic repulsion of
electrons injected under excitation from the conduction band of
CCI to the partially filled conduction band of CN.*® A summary of
the kinetic parameters is presented in Table S1 (ESIT).

Electrochemical impedance spectroscopy (EIS) (Fig. 4(d))
reveals that the optimal sample CCI-CN has a smaller semi-
circle, i.e., minimum impedance, than the counterparts CCI
and CN, which indicates that the resulting composite has a
higher charge transfer capability. This explains that the for-
mation of the heterojunction accelerates the transfer of photo-
generated charge carriers in the composite, proving the
enhanced photocatalytic activity of the as-synthesized compo-
site compared to the individual counterparts.

The XPS survey spectra and relative high-resolution spectra
were obtained to reveal the surface composition and chemical
states of the as-synthesized composites. The peak positions of
CCI were ascribed by comparing its binding energy to the XPS
database. In CCI, the Cs 3d peaks at 738.42 and 724.45 eV
correspond to 3ds/, and 3ds,,, respectively (Fig. 5(a)). The spin-
orbital component of these two substantial peaks is separated
by 14.06 eV. The characteristic peaks of Cu (2p;/, = 951.3 eV and

2ps;, = 931.3 eV, D =20 eV) and I (3d3, = 630.8 eV and 3ds), =
619.3 eV, D=11.5 eV) in the synthesized CCI sample match with
those reported in the literature, demonstrating the purity of the
sample (Fig. 5(b) and (c)).>*">* In contrast to CCI, the binding
energies of Cu 2p in CCI-CN shift to higher binding energies
(2p1/2 = 953.4 €V and 2p3;, = 933.4 eV), maintaining the peak
difference of 20 eV (Fig. 5(b)). This shift in the peak position
indicates the presence of an electron transfer mechanism
between CsCu,I; and g-C3N, in the CCI-CN composite. Distin-
guished peaks for the C 1s and N 1s of g-C;N, with a slight peak
shift or broadening are observed in CCI-CN (Fig. 5(d) and (e)).
The XPS survey spectra of g-C3N,, CCI, and CCI-CN are dis-
played in Fig. 5(f). Thus, the confirmation of the synergistic
effects of CsCu,l; and g-C3N, was gained by comparing the XPS
peaks of Cs, Cu, and I in CsCu,l; and CsCu,l;@g-C3N,.

To investigate the specific surface areas and porosities of the
samples, isothermal N, adsorption-desorption measurements
at 77 K were performed (Fig. 6(a)-(c)). The measured Brunauer-
Emmett-Teller (BET) surface areas of CCI, CCI-CN and CN
samples are calculated to be 5.321, 6.83 and 2.053 m® g,
respectively. The average pore diameter is found to be 3.064 nm
for CCI and 3.437 nm for CCI-CN. The increase in the pore size
and surface area of CCI-CN may lead to the easier diffusion of
larger reactants into the active sites of CCI-CN during catalytic
applications. The thermal stability of the as-synthesized CCI-
CN sample was characterized by TGA (Fig. 6(d)). The analysis
was performed in a temperature range from 25 to 815 °C in an

2596 | Mater. Chem. Front., 2025, 9, 2590-2604 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025


https://doi.org/10.1039/d5qm00374a

Published on 02 July 2025. Downloaded on 6/23/2026 7:36:48 AM.

Research Article

View Article Online

Materials Chemistry Frontiers

- Cs3d - -
5 (a) #5002 Cs 3dy, 5 [(b) Cu2ps Sl (c) '3
< X < 931.3 eV © 13dg,
- ; Cu 2pyp, =
2 = ﬂ.sev 2
(] oot [7]
2 |ce _ wef € c > .
g g 8
£ = £ 3d
[ [ a2
.GZ’ 2 >
g % F /
Q Q | [
o pe 13 (14
720 730 740 930 940 950 960 612 616 620 624 628 632 636
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
— C1s| —~ N1s| —~ 3 = &
5((d) 5| (e) | 3((f) LD
© y © 5 a
> z S s P
2 2 2 3T 3 g
7] = o 5
£ 9N 2lecN, 12 R
2 D o 2 P
= £ £ccl
o o )
2 S 2 .
2 2
& © ks e
) < lccen 3
o [ foirei ¢ [ 9-CsN,
276 280 284 288 292 392 396 400 404 0 250 500 750 1000

Binding Energy (eV)

Binding energy (eV)

Binding Energy (eV)

Fig. 5 High-resolution XPS spectra for (a) Cs 3d, (b) Cu 2p, (c) | 3d, (d) C 1s, and (e) N 1s of the CCl and CCI-CN. (f) XPS survey spectra of the CCI-CN,

CCl, and g-CsN4 (CN).

inert N, atmosphere. The synthesized CCI-CN sample exhibits
a multistage decomposition pattern. A temperature-dependent
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weight loss for CCI-CN is observed at 400-500 °C, indicating
the high thermal stability of the composite.

Fig. 6 N, adsorption—desorption isotherms of the (a) CCl, (b) CCI-CN, and (c) CN at 77 K. Insets show the respective pore size distribution graphs
between the pore volume distribution and the pore diameter. (d) TGA graph of the CCI-CN.
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3.2. Catalytic properties

In this study, the catalytic performance of the as-synthesized
CCI-CN composite was evaluated in the photo-hydration of
benzonitriles to corresponding benzamide derivatives, which
are intermediates in organic synthesis, pharmaceuticals, poly-
meric consumer products, etc. The primary screening of the
reactions was performed using benzonitrile (1a) as the model
substrate. It revealed that the most suitable conditions were
achieved when 2.5 mL of i-PrOH was used as the solvent,
1 mmol KOH as the base, and 10 mg of CCI-CN as the
photocatalyst under continuous 250-W visible light irradiation.

Under similar reaction conditions, CCI-CN showed superior
photocatalytic activity over its individual components and was
chosen for optimizing different reaction variables (Table S2 entries
4 and 5, ESIf). The reaction did not proceed forward in the
absence of either light or the catalyst (Table S2 entries 2 and 3,
ESIY). Isopropanol was found to be the most suitable solvent,
outperforming other solvents such as MeOH, EtOH and H,O,
which can be attributed to its balanced polarity that can effectively
solubilize the organic reactant and intermediate species formed
during the reaction (Table S2 entries 6-8, ESIt). Isopropanol is also
known to be an excellent hole scavenger, which, upon interacting
with photo-generated holes, can effectively reduce the recombina-
tion rates and enhance the catalytic efficiency.> Likewise, KOH
was found to be the most suitable base for this reaction. Apart
from the base and solvent, the power of the light source also
influenced the photocatalytic result. Replacing 250-W visible light
with 20-W visible light resulted in decreased reaction yields due to
lower electron-hole pair generation, slower reactant activation and
other related factors (Table S2 entry 9, ESIt). Decreasing the
amount of the photocatalyst from 10 to 5 mg lowered the product
yield from 97% to 81% (Table S2 entry 13, ESI}).

Finally, the optimal condition, as mentioned above, was
chosen for investigating the substrate scope (Table 1). The
nitrile substrates with electron-withdrawing groups (EWGs) at
the para position, i.e. p-Cl, p-I, p-CN, and p-NO,, showed excel-
lent yields of the corresponding amides (Table 1, entries 2b, 2c,
2h, and 2j). However, nitrile substituents having electron-
donating groups (EDGs) at the para position, i.e. p-CH; and p-
OCHj;, exhibited a poor benzamide product yield (Table 1,
entries 2d and 2e). EDGs at the para position reduce the
electrophilicity of the nitrile carbon by donating an electron
density to the nitrile group, making it less susceptible to a
nucleophilic attack. This decrease in the electrophilicity of the
nitrile group may slow the formation of the imine intermediate
and lead to a lower yield of benzamide. Upon comparing with
the existing literature, our as-synthesized photocatalytic system
was found to be very efficient and eco-friendly for the synthesis
of benzamide derivatives without involving high-temperature
and -pressure additives (Table S4, ESIt).

Next, we tested the efficiency of our as-synthesized CCI-CN
catalyst in the photo-reduction of para-nitroaniline (p-NA) to
the corresponding para-phenylenediamine (PPD) under the
irradiation of 7-W visible light. The reduction of p-NA was
monitored via optical measurement studies at different time
intervals (Fig. 7(a)). Without the illumination of light, p-NA
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Table 1 Substrate scope of the CCI-CN for the photo-hydration of
benzonitrile to the corresponding benzamide derivatives?

l NH, !

i CN ° 2

5 @ CCI-CN, i-PrOH i

: S :

LR KOH, 250 W Visible Light g 5

L 1a-j 2a-2)
| 0 :
©)‘\NH2 /@)LNHZ O)‘\NHz
: cl O,N
3 2a, 97%, 3h 2b, 92%, 3h 2c, 94%, 3h .
3 o o o o :
po~ o™ oo Ol
| HC H,CO cl  HO |
! 2d,55%, 4h 2, 45%, 4h 21, 89%, 3h 29,72%,4h |
: o 0 o] :
} oo o
3 I NC ;
3 2h, 90%, 3h 2i, 96%, 3h 2j, 92%, 3h :

¢ Reaction conditions: benzonitrile (0.5 mmol), KOH (1 mmol), and the
CCI-CN (10 mg) were stirred in i-PrOH (2.5 mL) under 250-W visible
light irradiation. All yields are reported as isolated yields.

exhibited a strong absorption band at around 380 nm. A blank
experiment was carried out by only illuminating the p-NA solution
with light without using the catalyst. No significant reduction in
the absorbance peak was observed at 380 nm, showing the
importance of the catalyst (Fig. S3, ESIf). A similar result was
obtained when the reaction was carried out under dark conditions
in the presence of the CCI-CN catalyst (Fig. S3, ESIt). CCI and CN
only as catalysts exhibited much lower efficiency in p-NA reduction
than CCI-CN (Fig. 7(b)). As shown in Fig. 7(a), the introduction of
CCI-CN under 7-W visible light irradiation significantly decreased
the absorption peak of p-NA at a wavelength of 380 nm, with the
concomitant increase in the absorption peak at around 300 nm
corresponding to PPD (Fig. 7(a)). Physically, the change in the
colour of the aqueous p-NA solution from yellow to colourless also
clearly indicated the subsequent reduction of p-NA (inset image in
Fig. 7(c)). Using a pseudo-first-order kinetics, a quantitative com-
parison of the rate constant (k) was performed. An excellent
photocatalytic reduction efficiency of 96% (eqn (2)) was obtained
for CCI-CN with a rate constant of 0.25 min~" (eqn (3)), which
outperforms the catalytic efficiencies (~68%) of CCI and (~39%)
CN, with rate constants of 0.11 and 0.04 min~", respectively.

C()_Cf
C

Photocatalytic reduction efficiency (%) = (
0

) %100 (2)

In(Co — C)) = kt 3)

where C, is the initial absorbance, C; is the absorbance at time
t, and k is the rate constant.
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Fig. 7 (a) Time-dependent optical absorption spectra for the p-NA reduction using the CCI-CN; (b) comparison of the photocatalytic efficiencies of the
CN, CCl and CCI-CN; and (c) kinetic plots for the photo-reduction of a p-NA solution using the CCI-CN under visible light irradiation.

The interfacial heterojunction formed between CsCu,l; and
2-C;N, facilitates charge transport and promotes the effective
separation of photo-generated electron-hole pairs. This signifi-
cantly reduces the charge recombination compared to that in
the individual components, which is also evident from our
above-mentioned analysis (PL and EIS spectra). The electrons
are transferred from the conduction band of CsCu,l; to the
conduction band of g-C;N,, and the counterpart g-C3N, serves
as trap sites for electrons and fuels the reduction in the
recombination process. The composite exhibits an enhanced
visible light absorption and hence a decreased overall band gap
compared to that in CsCu,l3, in which g-C;N, acts as the
photosensitizer to enhance light absorption. The reduced
recombination rate of electrons and holes lowers their potential
energy and prolongs their lifetime.

The plausible reaction pathways for the photo-hydration of
benzonitrile to the corresponding benzamide and the photo-
reduction of para-nitroaniline (p-NA) to para-phenylenediamine
(PPD) are shown in Fig. 8(a) and (b), respectively. The photo-
generated electrons from the heterogeneous CsCu,l;@g-C;N,
catalyst facilitate the conversion of p-NA to the hydroxylamine
intermediate (-NHOH). The hydride ion (H) released from
NaBH, plays a crucial role in the reduction of the hydroxylamine

Z KZH \

O NH;

N_N_N__N_N_N_N.

N__N_N__N_N_N_N_N_N.

NS NN NN NI NS N

== =y =g =4
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intermediate to produce PPD. In the case of photocatalytic
benzonitrile hydration, the photo-generated electron activates
the benzonitrile substrate and subsequent nucleophilic attack of
the OH™ ion generated from KOH, resulting in the formation
of the imine intermediate. The rearrangement of this intermedi-
ate yields the corresponding benzamide.

Furthermore, to justify the viability and feasibility of our as-
synthesized CCI-CN catalyst, we designed a sustainable proto-
col to synthesize one of the medicinally potent N-heterocyclic
compounds, quinazolin-4(3H)-ones, following a condensation-
cyclization pathway using 2-aminobenzamide and benzaldehyde.
To achieve the optimal conditions, a series of reactions were
performed considering 2-aminobenzamide (3a) and 4-methyl-
benzaldehyde (4b) as the model substrates. The reaction resulted
the best yield of the targeted product at 80 °C in air for 4 h. Using
H,O as the solvent resulted in a 50% yield of quinazolin-4(3H)-one,
and after replacing H,O with DMSO, the product yield effectively
increased up to 98% (Table S3 entry 4, ESIt). The reaction did not
proceed efficiently in methanol and ethyl acetate, presumably
because of the poor solubility of the substrates in the respective
solvents (Table S3 entries 5 and 6, ESIt). From the screening of
solvents, DMSO was found to be the best solvent for this protocol.
The optimization of the reaction temperature revealed that the
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Fig. 8 Plausible mechanisms for the photocatalytic (a) hydration of benzonitrile to benzamide and (b) reduction of para-nitroaniline to para-

phenylenediamine.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025 Mater. Chem. Front., 2025, 9, 2590-2604 | 2599


https://doi.org/10.1039/d5qm00374a

Published on 02 July 2025. Downloaded on 6/23/2026 7:36:48 AM.

Materials Chemistry Frontiers

reaction did not proceed efficiently at room temperature, even
after increasing the reaction time to 18 h (Table S3 entries 8-10,
ESIT). No product formation was observed in the absence of a
catalyst (Table S3 entry 3, ESIT). Next, the reaction was performed
with the individual components of CCI-CN and the precursor
copper salt, Cul, and none of them resulted in better yields
compared to the aforementioned composite catalyst (Table S3
entries 14-16, ESIt). This obtained result can be attributed to
the synergistic effects arising from the combination of the two
materials, activating both the reactants simultaneously and low-
ering the activation energy of the reaction. The catalyst (CCI-CN)
loading amount of 10 mg turned out to be the optimized one
because lowering the amount resulted in a lower yield of
quinazolin-4(3H)-ones.

The substrate scope of a variety of aldehyde derivatives was
examined under the optimum conditions (Table 2). In all cases,
irrespective of the nature of substituents and their positions, all
tested aldehydes that react with 2-aminobenzamide afforded
good-to-excellent yields in the synthesis of quinazolin-4(3H)-
one derivatives (Table 2, entries 5aa-5aj). The presented synth-
esis protocol can also tolerate heterocyclic aldehydes such as
furfural (Table 2, entry 5ai). Our catalyst system performs very
efficiently to form quinazolin-4(3H)-one derivatives compared
to most of the already reported systems (Table S5, ESIT).

Recyclability tests were conducted to investigate the sustain-
ability of the CCI-CN catalyst. Benzonitrile and para-
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nitroaniline were taken as model substrates to study the reusa-
bility of the synthesized photocatalyst in benzonitrile hydration
and para-nitroaniline reduction, respectively. For the synthesis
of quinazolin-4(3H)-ones, 2-aminobenzamide and 4-methyl-
benzaldehyde were chosen as the model substrates to assess
the recyclability efficiency (Fig. S4a, ESIt). To examine the
possibility of leaching of any metal species during quinazolin-
4(3H)-one synthesis, a hot-filtration test was performed. The
reaction resulted in 40% progress within 1 h but did not proceed
significantly after the removal of the catalyst, suggesting that
negligible leaching of metal species occurs during the synthesis
(Fig. S4b, ESIY).

3.3. Electrochemical properties

The electrochemical properties of the as-synthesized materials
were evaluated using a three-electrode assembly. Cyclic voltam-
metry (CV) measurements were performed to investigate the
charge storage behaviour of the materials. The CV curves were
obtained at different scan rates (10-100 mV s~ '), as shown in
Fig. 9(a). The quasi-rectangular shape of the CV curves suggests
a combination of electric double-layer capacitance (EDLC) and
pseudo-capacitance, arising from diffusion-limited processes
and surface-redox properties. The specific capacitance values,
calculated from the CV curves using eqn (S1) (ESIT) and plotted
as a function of the scan rate, revealed that the specific
capacitance decreases with increasing scan rate (Fig. 9(d)).

Table 2 Substrate scope of CCI-CN in the synthesis of quinazolin-4(3H)-one derivatives?

i 0 CHO 0 ;

E CCICN !

: NH, R NH !

! + DMSO _ ;

: NH, 80°C,4h N R |

I 3a 4a-4j 5aa-5aj i
i o 0 o) 5
O O g
: — — — :
: N)\© N N)\©\ !
5aa, 75% 5ab, 98% 5ac, 94% E
o) 0 o) o)
; NH NH NH Cl NH E
. P ,
5 5ad, 75% cl  5ae, 60% Br  5af, 85% cl  5ag, 95% OMe |
i o) 0 0 ;
s N N/*@ N/*é e
5 5ah, 65% 5ai, 68% 5aj, 90% 5

“ Reaction conditions: 2-aminobenzamide (0.1 mmol), benzaldehyde (1.2 equivalent), and CCI-CN (10 mg) were stirred in DMSO (1 mL) for 4 h in

air at 80 °C. All yields are reported as isolated yields.
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(a) Cyclic voltammetry (CV) curves of CCI-CN at different scan rates. (b) Galvanostatic charge—discharge (GCD) curves of CCI-CN at different

current densities. (c) Long-term cycling stability of the CCI-CN supercapacitor; inset: charge—discharge cycles after 6000 cycles showing the stability.

(d) Scan rate vs. specific capacitance curve of the CCI-CN supercapacitor.
capacitance curve of the CCI-CN supercapacitor.

This can be attributed to the lesser time available for the
effective diffusion of ion across the electrode—-electrolyte inter-
face at higher scan rates.>*

Initially, for the quantitative examination of the charge
storing capacity, the galvanostatic charge-discharge (GCD)
analyses of the as-synthesized materials were carried out. The
comparative GCD study of the materials reveals that the
CsCu,I;@g-C3N, (CCI-CN) composite shows the highest speci-
fic capacitance, outperforming CsCu,I; and g-C;N, with speci-
fic capacitances of 58.11 F g ' and 19.14 F g ', respectively
(Fig. 9(b) and Fig. S5, ESIt). This comparative outcome
indicates the better charge storage capacity of the CCI-CN
composite compared to its counterparts. Hence, we have con-
sidered the CCI-CN composite for further electrochemical
studies. The specific capacitances of the as-synthesized compo-
site were calculated from the GCD plot at different current
densities using eqn (S2), ESIT (Fig. 9(b)). As shown in Fig. 9(f),
the CCI-CN composite exhibits the maximum specific capaci-
tance of 149.4 F g~ at a current density of 1.16 A g~ ', which
decreases with increasing current densities. This can be attrib-
uted to the diffusion effect, which limits the movement of
electrolytic ions, thus resulting in the partial utilization of
active surface sites at a high current density. Moreover, incom-
plete ion transport reduces the effective area for charge storage,
thereby decreasing the specific capacitance.’® The long-term
stability of the composite was evaluated by performed multiple
GCD cycles up to 6000 cycles, as shown in Fig. 9(c). The Ragone
plot displays the correlation between the energy density and
power density, as calculated using eqn (S3) and (S4), ESIt
respectively (Fig. 9(e)). The as-synthesized composite delivers

(e) Ragone plot of the CCI-CN supercapacitor. (f) Current density vs. specific

an exceptionally high power density value of 992 W kg™, and
the corresponding energy density is 1.13 Wh kg™ " at a current
density of 3.33 A g~'. Even at a lower current density of
1.16 A g ', it manages to deliver a high power density of
347.89 W kg™ ' and an energy density of 7.47 Wh kg, which
is better than those of other perovskites (Table S6, ESIt). This
hybrid supercapacitor with a high power density is invaluable
in technologies that prioritize rapid energy transfer and respon-
siveness over prolonged energy storage, such as vehicle regen-
erative braking systems, power backup systems, radar systems
and lasers, and life-saving devices like defibrillators.

To further evaluate the facilitated ion-transport kinetics in
the materials, Nyquist plots were obtained via electrochemical
impedance spectroscopy (EIS), as shown in Fig. 4(d). The
intercept of the Nyquist curve on the horizontal axis depicts
the charge transfer resistance (CTR). The as-synthesized CCI-
CN composite material shows the lowest CTR compared to its
counterparts, which is very crucial for supercapacitors because
fast charge transfer and low CTR enable rapid energy storage
and retrieval. Efficient charge transfer leads to better utilization
of the electrode material. This suggests more active sites are
available for charge storage, leading to a higher specific capa-
citance compared to the other materials studied here.

4. Conclusions

To conclude, a lead-free Cu-based CsCu,l;@g-C3N,; (CCI-CN)
perovskite composite was fabricated by the post-synthetic mod-
ification of lead-free perovskite CsCu,I; (CCI) with the low-cost,
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environment-friendly photocatalytic material g-C;N, (CN). We
investigated the unexplored research avenues, such as electro-
chemical and photocatalytic behaviour. Compared to many
other perovskite materials, our as-synthesized CCI-CN compo-
site exhibited an outstanding supercapacitive behaviour with a
specific capacitance value of 149.4 F g~ " at a current density of
1.16 A g~ ". The composite showed an exceptionally high power
density of 992 W kg™ with the corresponding energy density of
1.13 Wh kg~ . Further results indicated its potential to function
as a hybrid supercapacitor. Besides, CCI-CN, as a heteroge-
neous catalyst, revealed a remarkable catalytic activity in the
photo-hydration of benzonitrile and photo-reduction of para-
nitroaniline with excellent product yields. This enhanced
photocatalytic activity was attributed to the heterojunction
formation at the interface, which provided a fast channel for
the migration of photo-generated electrons, reducing the
recombination rate compared to those of the individual com-
ponents. The versatility of the CCI-CN catalyst was also tested
in the synthesis of one of the most important medicinally
acclaimed N-heterocyclic compounds, quinazolin-4(3H)-ones,
with an excellent yield of up to 98%.
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