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We report a novel, simple, and environmentally friendly ultra-
sound-assisted method for the synthesis of Cs,AgBiBrg nanocrys-
tals. The synthesis is performed entirely at room temperature and
under ambient air, without the need for inert atmospheres.
Transmission electron microscopy (TEM) confirms an average par-
ticle size of approximately 6 nm, while X-ray diffraction (XRD) and
Raman spectroscopy verify the high phase purity and structural
stability of the nanocrystals. These nanocrystals exhibit enhanced
photocatalytic activity under visible light, achieving complete
degradation of rhodamine B in 60 minutes. This improved perform-
ance, compared to bulk Cs;AgBiBre, is attributed to the increased
surface area and more efficient charge carrier separation at the
nanoscale. The nanocrystals also show good stability over multiple
cycles and can degrade methyl orange, highlighting their versati-
(EPR)
confirm the formation of superoxide radicals (‘O,™) as the primary

lity. Electron paramagnetic resonance measurements
active species, supporting a surface-driven photocatalytic mecha-
nism. Unlike conventional hot-injection methods, this approach is
low-cost, scalable, and sustainable. It offers a practical route for
the development of lead-free halide perovskite materials for

environmental and energy-related applications.

In recent years, halide perovskites have garnered significant
attention due to their outstanding optoelectronic properties,
positioning them as promising candidates for applications
such as in solar cells, light-emitting diodes, and particularly
photocatalysis." While lead halide perovskites exhibit excel-
lent optoelectronic properties, their intrinsic toxicity and poor
stability under ambient conditions represent considerable
challenges for commercial deployment. Consequently, sub-
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stantial efforts have been made towards the development of
lead-free perovskites that preserve the desirable properties of
their lead-based counterparts while addressing concerns
related to toxicity and stability.*®

Among the most promising candidates are the double
halide perovskites, particularly bismuth-based” compounds
such as Cs,AgBiBre.® Initial studies centred on their appli-
cation in photovoltaics; however, the moderate charge carrier
mobility and indirect bandgap limited their performance in
solar cells.”'° Interest subsequently shifted towards photocata-
lysis, where such limitations are less critical, and surface-
mediated processes dominate.'*™*

Cs,AgBiBry exhibits several characteristics that make it a
promising candidate for photocatalytic applications. Its mod-
erate indirect bandgap (approximately 1.9-2.5 eV) allows
efficient absorption of visible light, thereby enabling the utilis-
ation of a broad portion of the solar spectrum. The material
also possesses a relatively high dielectric constant, which
facilitates charge separation by lowering the exciton binding
energy.'®"® Furthermore, its excellent structural and chemical
stability under moisture, thermal, and light exposure con-
ditions ensures long-term durability during photocatalytic
processes.”*>* When prepared as nanocrystals, Cs,AgBiBrg
provides an increased surface-to-volume ratio and enhanced
surface reactivity, both of which are critical for promoting
efficient interfacial charge transfer.

Since the first report in 2018 by Zhou et al., who syn-
thesised cubic Cs,AgBiBrs nanocrystals via a hot injection
method for CO, photoreduction, various studies have explored
its application in dye degradation.'® Zhang et al. demonstrated
the photocatalytic degradation of dyes in ethanol, confirming
the stability of the perovskite after the reaction.> More
recently, Cs,AgBiBrs synthesised via mechanosynthesis
achieved complete degradation of rhodamine B in just
60 minutes, underscoring the importance of synthesis con-
ditions in optimizing photocatalytic performance.>®

Further studies have demonstrated that the particle size of
Cs,AgBiBrg has a significant impact on its photocatalytic per-
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formance. For instance, quantum dots obtained via a modified
hot-injection method have shown remarkable efficiency in the
degradation of dyes and antibiotics.>” Nevertheless, this tech-
nique typically requires high temperatures (>100 °C) and inert
atmospheres, which limits its practical scalability. In this
work, we report a novel ultrasound-assisted synthesis of
Cs,AgBiBrs nanocrystals conducted under ambient conditions.
The resulting nanocrystals, with an average particle size of
approximately 6 nm, exhibit enhanced photocatalytic activity
under visible light, achieving complete degradation of rhoda-
mine B within 60 minutes, significantly outperforming their
microcrystalline counterparts.

The Cs,AgBiBrg nanocrystals were synthesised via an ultra-
sound-assisted method at room temperature under ambient
conditions, without the need for an inert atmosphere (Fig. S1).
Oleic acid (OA), 1-octadecene (ODE), and oleylamine (OAm)
were employed as surfactants. In a typical synthesis, 0.194 g of
Cs,CO3, 0.100 g of AgNO3, and 0.268 g of BiBr; were placed in
a 20 mL vial, followed by the addition of 530 pL of HBr, 1 mL
of OA, 1 mL of OAm, and 10 mL of ODE. The mixture was sub-
jected to ultrasonic treatment using a UH-650 W ultrasonic
homogeniser at 40% power with a pulse cycle of 2 sonand 1 s
off, carried out in an ice bath to prevent overheating.

The optimisation process was performed in three stages: (i)
the amount of HBr was initially varied and subsequently fixed
at 265 pL, after which the ligand concentrations were adjusted;
(if) all precursor masses and the HBr volume were then
doubled to 530 pL while keeping the optimised ligand
amounts constant, yielding nanocrystals with superior optical
responses compared to the synthesis using half the precursor
quantities; and (iii) the sonication time was varied, identifying
an optimal time of 20 minutes. The synthesis progress was
monitored by UV-Vis absorbance (Fig. S2), and the optimal
parameters were selected when the characteristic absorption
peak of Cs,AgBiBrs nanocrystals was clearly defined, leading to
the final conditions described above.

The crystal structure was analysed by X-ray diffraction and
Raman spectroscopy. Fig. 1a shows the XRD pattern of the as-
prepared perovskite compared with the simulated diffraction
pattern. Only reflections corresponding to the Cs,AgBiBrg
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phase are observed, with no secondary phases detected. To
further confirm the phase purity, Raman spectra were col-
lected at four different regions of the sample (labelled
Cs,AgBiBrs-1 to -4 in Fig. 1b) to account for local variations, as
the measurement is spatially confined by the focused laser.
Fig. 1b presents the Raman spectra, showing four character-
istic peaks at 60, 78, 138, and 177 cm™", corresponding to the
F,", F,,?, E,, and A, modes, respectively. The A,, mode
involves a symmetric breathing vibration of the six Br atoms
around the central Ag atom. The E; mode represents a similar
motion, with three Br atoms moving toward and three moving
away from the Ag atom. In the Fzgm mode, Cs atoms contrib-
ute to the vibrations alongside Br, and in the Fzg(z) mode, all
atoms participate.”® The absence of additional peaks in the
Raman spectra further supports the phase purity of the
sample.

The morphology and particle size of the synthesized nano-
crystals were investigated using TEM. Fig. 2a-c present TEM
images at different magnifications, offering a global view of
the nanoparticles obtained by the ultrasound-assisted method.
The nanoparticles exhibit a polymorphic appearance with
sizes below 10 nm, and an average diameter of 6 nm (see
Fig. S3). These dimensions are comparable to those reported
for Cs,AgBiBrg synthesised via the hot injection method,'*>*2°
and smaller than those produced by the ligand-assisted repre-
cipitation (LARP) method®® or the antisolvent approach. These
results confirm that the ultrasound-assisted method is a suc-
cessful and efficient strategy for synthesising Cs,AgBiBrs nano-
particles under ambient conditions. In Fig. 2¢, the interplanar
distances of two representative nanocrystals are shown. The
particle on the left exhibits a lattice spacing of 2.82 A, corres-
ponding to the (400) plane, while the one on the right displays
a spacing of 3.28 A, assigned to the (222) plane, both consist-
ent with the cubic structure of Cs,AgBiBrs.

The optoelectronic properties of the Cs,AgBiBr, nanocrys-
tals were investigated using UV-Vis absorption spectroscopy
and photoluminescence (PL). Fig. 3a displays the UV-Vis
absorption spectrum of the nanocrystals dispersed in isopro-
panol. A distinct excitonic peak is observed around 440 nm,
accompanied by a broad absorption tail extending towards
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(a) X-ray diffraction pattern and (b) Raman spectra of Cs,AgBiBre nanocrystals.
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Fig. 2
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(a—c) Transmission Electron Microscopy (TEM) images of Cs,AgBiBrg nanocrystals at increasing
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longer wavelengths. This spectral behaviour is characteristic of
an indirect bandgap, which is consistent with the known elec-
tronic structure of Cs,AgBiBre. The optical response observed
here closely resembles that reported for Cs,AgBiBrs nanocrys-
tals synthesised by various other methods,'*?'* with the
exception of a single study that reported a spectrum more
typical of the bulk material.>® Notably, no additional absorp-
tion features are detected in the 380-400 nm range, which
suggests the absence of the Cs;Bi,Brg phase, one of the most
common secondary phases in this family of double perovs-
kites.”® This finding indicates the high phase purity of the
nanocrystals synthesised by our method. The bandgap was
estimated to be 2.5 eV using the Tauc plot method, assuming
an indirect allowed electronic transition. The Tauc plot was
constructed by plotting (ahv)"* against photon energy, and the
bandgap was determined by extrapolating the linear region to
the energy axis (see the inset of Fig. 3a). The resulting value
lies within the visible spectral range, which is an advantage for
performing photocatalysis under visible light irradiation.

The photoluminescence (PL) spectrum of the Cs,AgBiBrg
nanocrystals, as shown in Fig. 3b, reveals a broad emission
band centred around 630 nm, significantly red-shifted relative
to the absorption edge. This emission is characteristic of the
indirect bandgap nature of Cs,AgBiBrs and is commonly attrib-
uted to radiative recombination involving self-trapped excitons
or colour centers.’®?” The relatively low intensity of the PL

This journal is © The Royal Society of Chemistry 2025
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(a) The UV-Vis absorption spectrum, Tauc plot (inset), and (b) photoluminescence (PL) spectrum of Cs,AgBiBrg nanocrystals.

signal is consistent with the known behaviour of double per-
ovskites with indirect transitions, where the momentum mis-
match between the minimum conduction band and the
valence band maximum reduces radiative recombination
efficiency.

In order to compare the photocatalytic activity of the nano-
crystals synthesised by the ultrasound-assisted method, single
crystals of Cs,AgBiBrs were grown via a solvothermal method.
These crystals were then mechanically milled and sieved to
obtain a fine powder. The resulting powder was characterised
by X-ray diffraction (Fig. S4), scanning electron microscopy
(SEM), UV-Vis diffuse reflectance spectroscopy, and photo-
luminescence (PL).

SEM images of the powders (Fig. S5) reveal that the particle
size is in the micrometre range. For comparison purposes, N,
adsorption-desorption measurements were performed. Fig. S6
clearly shows that nanocrystals exhibit a significantly higher
N, uptake compared to microcrystals. Nevertheless, the BET
surface areas for both samples remain low, in all cases below
1 m” g”', with the nanocrystals displaying a value approxi-
mately one order of magnitude higher than that of the micro-
crystals. In the case of nanocrystals, this limited surface area is
attributed to the presence of residual organic ligands, such as
oleic acid and oleylamine, remaining after the washing
process. While these ligands are essential to preserve colloidal
stability, they partially block the access of N, molecules to the
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surface. Complete ligand removal, on the other hand, would
promote nanoparticle agglomeration, further reducing the
accessible surface area.

The UV-Vis spectrum (Fig. S7) is characteristic of bulk
Cs,AgBIiBr, exhibiting a distinct excitonic peak at 419 nm, as
observed in the nanocrystal sample, followed by a broad
absorption attributed to free charge carriers. The optical
bandgap, calculated using the Tauc plot method and assum-
ing an indirect allowed transition, was found to be 2.1 eV. The
PL spectrum (Fig. S8) is centred at 641 nm, consistent with the
redshift previously discussed for this material.

To evaluate the photocatalytic activity of the synthesised
materials, the degradation of rhodamine B (RhB) in ethanol
under visible light irradiation was used as a model reaction.
Both the Cs,AgBiBrs nanocrystals and the bulk powder were
tested under identical conditions, using 20 mg of photo-
catalyst in 200 mL of a 10 ppm RhB solution in ethanol under
visible light. Rhodamine B (RhB) was selected as a model
probe due to its faster degradation rate compared to rhoda-
mine 110, methyl red, and methyl orange.?”

Fig. 4a shows the results of the photolysis and adsorption
tests using the nanocrystals. After 90 minutes, photolysis
alone caused negligible RhB degradation, while adsorption
removed approximately 10% of the dye. These experiments
confirm that subsequent degradation is driven by the photo-
catalyst rather than direct photodecomposition. Accordingly,
all photocatalytic experiments were preceded by 30 minutes of
dark stirring to reach adsorption-desorption equilibrium.

Fig. 4b shows the characteristic UV-Vis absorption peaks of
RhB using the nanocrystals as a photocatalyst, with particular
attention to the peak at 552 nm, which corresponds to the
maximum absorbance of RhB in solution. With increasing
irradiation time, the intensity of this peak gradually decreased,
indicating progressive dye degradation, and it nearly vanished
after the complete reaction, confirming almost total RhB
removal under visible light with aeration.

Fig. 4c shows the comparison of the photocatalytic
efficiency of nanocrystals and bulk-derived powder.
Experiments were performed in triplicate, with error bars
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representing standard deviation. Nanocrystals achieved >95%
RhB degradation within 60 minutes, whereas bulk powder
degraded only ~75% after 60 minutes. This enhanced per-
formance arises from the smaller nanocrystal size (<30 nm,
below the typical diffusion length of photogenerated car-
riers),”® which promotes efficient charge separation and mini-
mizes bulk recombination. The larger bulk crystallites exhibit
slower carrier diffusion, increasing recombination probability.
Additionally, the higher surface-to-volume ratio of nanocrystals
provides more active sites for photocatalysis.

Several studies have investigated the photocatalytic per-
formance of pure Cs,AgBiBrs under different conditions.
While some report excellent degradation under UVC light (e.g.,
100% RhB removal in 75 minutes using 25 mg in water), such
conditions are less practical due to the use of UV sources and
the material’s known instability in aqueous media.”® In con-
trast, our system, operating under visible light with 20 mg of
catalyst in 200 mL of ethanol, achieved 99% RhB degradation
in 60 minutes, demonstrating high efficiency under milder
and more scalable conditions. Other visible-light studies show
lower performance; for instance, one report achieved only 45%
degradation in 25 minutes using 40 mg of catalyst in just
50 mL of ethanol,® while another required 120 minutes to
reach complete degradation.”® A notable exception is a study
that achieved 98% degradation in only 10 minutes using
20 mg of catalyst in 100 mL of ethanol, which outperforms our
system.*> However, that study used ultrasmall ~2 nm
Cs,AgBiBrs nanocrystals, synthesised via a hot-injection
method that requires high temperatures, inert atmospheres,
and stringent control over reaction conditions. In contrast, our
nanocrystals (~6 nm) were obtained via a simpler, low-temp-
erature route. Despite the larger size, our results remain highly
competitive, highlighting not only the strong intrinsic photo-
catalytic activity of Cs,AgBiBrs but also the practical advan-
tages and scalability of our synthesis approach (Table 1).

Moreover, the degradation kinetics further underscore
these differences. The nanocrystals display an exponential
decay profile consistent with first-order reaction Kkinetics,
reflecting efficient photocatalytic degradation driven by
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Fig. 4 (a) Photolysis and adsorption behaviour of rhodamine B; (b) UV—-Vis absorption spectra of RhB as a function of irradiation time; and (c) com-

parative photocatalytic activity of Cs,AgBiBrg nanocrystals and microcrystals; the experiments were performed in triplicate, and the error bars rep-

resent the standard deviation.
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Table 1 Comparison of RhB dye degradation efficiencies using Cs,AgBiBre-based photocatalysts

Sample Dye Light Solvent Amount of catalyst Time % dye removal Ref.
Cs,AgBiBr, RhB uvC Water (150 mL) 25 mg 75 min 100% 26
Cs,AgBiBr, RhB Visible Ethanol (50 mL) 40 mg L™ 25 min 45% 21
Cs,AgBiBr, RhB Visible Ethanol (10 mL) 20 mg 120 min 100% 25
Cs,AgBiBr, RhB Visible Ethanol (100 mL) 20 mg 10 min 98% 35
Cs,AgBiBr, RhB Visible Ethanol (200 mL) 20 mg 60 min 99% This work

surface-mediated processes. In contrast, the bulk powder exhi-
bits a more linear degradation trend, indicative of a slower,
diffusion-limited mechanism, likely due to a reduced number
of accessible active sites and less effective interaction between
the photocatalyst surface and RhB molecules.

To further quantify the degradation process, the kinetics
were modelled using standard kinetic models. For the nanocrys-
tals, the data fit well to a pseudo-first-order model, described by
the equation In(C/C,) = —kt. A linear fit of the experimental data
(Fig. S9a) yielded a correlation coefficient of R> = 0.96 and a rate
constant of k = 0.0622 min~", indicating that the degradation
rate is proportional to the concentration of RhB. This kinetic
behaviour suggests efficient photogenerated charge carrier sep-
aration and transfer at the nanocrystal surface.

On the other hand, the photocatalytic behaviour of the bulk
microcrystals follows a pseudo-zero-order kinetic model, where
the degradation rate is independent of the RhB concentration
and is described by the equation C/C, = —kt + 1. As shown in
Fig. S9b, the linear fit yields a higher correlation coefficient of
R* = 0.98, but with a significantly lower rate constant of k =
0.0111 min~". This suggests that the reaction is limited by the
intrinsic properties of the microcrystals, such as longer
diffusion paths for charge carriers, reduced surface area, and
increased probability of electron-hole recombination.

These contrasting kinetic regimes highlight the superior
photocatalytic performance of the Cs,AgBiBrs nanocrystals,
driven by their enhanced surface properties and efficient
charge transport characteristics.

To evaluate the photocatalytic stability and recyclability of
the Cs,AgBiBrs nanocrystals, a three-cycle degradation test was
carried out under slightly modified conditions: 100 mg of cata-
lyst were dispersed in 200 mL of RhB solution and exposed to

500

visible light for 40 minutes per cycle. Unlike the kinetic experi-
ments, this test involved only two sampling points per cycle
(initial and final concentrations), as our focus was not on reac-
tion kinetics but rather on assessing the material’s stability
under operational conditions. As shown in Fig. S10, the nano-
crystals retained excellent photocatalytic performance, achiev-
ing over 99% RhB degradation even in the third cycle, indicat-
ing good photocatalytic stability.

Additionally, the photocatalytic properties of the nanocrys-
tals were further analysed by degrading methyl orange (MO).
This dye was selected due to its anionic nature, in contrast to
the cationic character of RhB. The experiment was performed
under the same conditions as for RhB and in triplicate. Fig. S11
shows the degradation of MO along with the corresponding
standard deviation. It is evident that the degradation is slower
than that of RhB, reaching 80% degradation after 120 min and
following a linear trend. In comparison, a previous report
showed only 40% degradation of MO after 120 min using 20 mg
of bulk-derived Cs,AgBiBr in just 10 mL of MO solution under
similar irradiation conditions.”> This improvement can be
attributed to the enhanced surface area and improved charge
carrier dynamics of our nanocrystals. These results clearly
demonstrate the advantages of nanostructuring in enhancing
both the photophysical and surface properties of the catalyst,
leading to improved performance under visible light irradiation.

Finally, EPR measurements were performed (Fig. 5a) on a
Jeol JES TE-300 X-band spectrometer (1.4 T, TEO11 cavity) at
room temperature. A suspension of 15 mg of Cs,AgBiBrs nano-
crystals in 400 pL of ethanol with 2 pL of DMPO was irradiated
with a 160 mW Hg lamp (4 = 400 nm). While low signals were
observed in the dark, the characteristic peaks of the
DMPO-"0," radical adduct appeared clearly after 5 min of
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(a) Electron Spin Resonance (EPR) measurements; (b) proposed pathway for dye degradation, dominated by "O,™ radicals.
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irradiation. The detection of superoxide radicals provides
direct experimental confirmation of their central role in the
photocatalytic process. Previous studies on Cs,AgBiBrs and
related double perovskites have consistently reported that dye
degradation proceeds through a radical pathway dominated by
'0,”, while h* acts as a secondary oxidant and "OH contributes
only marginally.>**>*° The energetic positions of the elec-
tronic bands provide a thermodynamic rationale for this
pathway. Reported CB edge values for Cs,AgBiBrs range from
-0.3 to —1.0 V vs. NHE,***>*® which are sufficiently negative
to reduce O, to "O,”. Combined with our measured band gap
of 2.5 eV, this places the VB between +1.5 and +2.2 V vs. NHE,
which is less favourable for the generation of "OH through
either H,O or OH™ oxidation. This explains why "O,~ is the
dominant species. Taken together, these findings reinforce
that nanostructuring Cs,AgBiBrs enhances charge carrier sep-
aration and interfacial reactivity, boosting ‘O, production and
thereby accelerating the photocatalytic degradation of organic
dyes. The generated superoxide radicals attack the adsorbed
dye molecules, initiating aromatic ring cleavage and stepwise
oxidation into small intermediates, which are eventually
mineralised to CO, and H,O. This mechanistic pathway,
widely supported in the literature, is summarised schemati-
cally in Fig. 5b, providing a coherent explanation for the high
photocatalytic efficiency observed in our nanocrystals.

Conclusions

This work presents a novel, efficient and environmentally
friendly ultrasound-assisted method for the synthesis of
Cs,AgBIiBr, nanocrystals at room temperature and in ambient
air, demonstrating significant improvements in photocatalytic
performance. The resulting nanocrystals exhibit a remarkable
enhancement in the degradation of rhodamine B under visible
light, achieving nearly complete degradation in just
60 minutes, which is significantly faster compared to bulk
microcrystalline Cs,AgBiBrgs. The small particle size (~6 nm)
and high surface area of the nanocrystals facilitate efficient
charge carrier separation, leading to an accelerated photo-
catalytic reaction.

Structural characterisation using X-ray diffraction (XRD)
and Raman spectroscopy confirms the high purity and stability
of the Cs,AgBiBrs phase, with no secondary phases being
detected. The optical properties of the nanocrystals, character-
ised by an indirect bandgap of approximately 2.5 eV, further
confirm their suitability for visible light-driven photocatalysis.

Moreover, photocatalytic kinetic analysis reveals that the
nanocrystals follow a pseudo-first-order reaction model,
indicative of efficient surface-driven processes, whereas the
bulk powder exhibits a diffusion-limited pseudo-zero-order
behaviour. These findings underscore the critical role of
nanostructuring in enhancing the photocatalytic performance
of Cs,AgBiBrg, where increased surface area and reduced par-
ticle size significantly improve charge transport and minimize
electron-hole recombination.
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Photocatalytic tests reveal excellent stability and recyclabil-
ity over multiple cycles, with the nanocrystals maintaining over
99% rhodamine B degradation even after three consecutive
uses. The nanocrystals also demonstrate versatility, efficiently
degrading methyl orange at a slower rate compared to rhoda-
mine B degradation, highlighting the influence of dye pro-
perties on reaction kinetics.

Electron paramagnetic (EPR) measurements
confirm the generation of superoxide radicals ("O,") under visible-
light irradiation, supporting a surface-mediated photocatalytic
mechanism where ‘O, acts as the primary oxidant, while holes
(h") and hydroxyl radicals (‘OH) contribute minimally.

The scalability and simplicity of the ultrasound-assisted
synthesis method, performed without an inert atmosphere or
high-temperature steps, combined with the superior photo-
catalytic efficiency of the resulting nanocrystals, position this
approach as a promising strategy for the development of
advanced, eco-friendly materials for sustainable energy and
environmental applications.
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