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ABSTRACT: Lead-free halide double perovskites (A2BIBIIIX6) have recently
emerged as promising candidates in photocatalysis, demonstrating potential for
applications such as CO2 photoreduction, H2 evolution, and organic pollutant
degradation. However, the influence of monovalent metal cation composition,
particularly Ag+ and Na+, on their photoactivity performance remains poorly
understood, and their behavior in aqueous media has been insufficiently explored.
In this study, we synthesized double perovskites, Cs2AgxNa1−xBiCl6, with varying
Ag/Na ratios and systematically evaluated their photocatalytic activity in both
aqueous and ethanolic environments. Density Functional Theory (DFT)
simulations were conducted to analyze their electronic structures and charge
carrier stability. By correlating experimental characterization, theoretical
calculations, and photocatalytic performance, we uncovered critical insights into
the role of Ag+ and Na+ in tuning the photoactivity of these lead-free perovskites.
Our results indicate that increasing the Ag+ content reduces the intrinsic photocatalytic activity of Bi-based double perovskites in
ethanolic media, a trend attributed to changes in charge carrier stability, according to DFT. In contrast, the opposite effect was
observed in aqueous media, where higher Ag+ concentrations enhanced photocatalytic performance. This behavior was linked to the
complete structural conversion of the perovskite in water, leading to the in situ formation of a BiOCl/AgCl heterojunction with
superior photocatalytic properties. These findings offer valuable insights into the interplay between composition, water stability, and
photocatalytic efficiency, providing a foundation for the rational design of advanced photocatalysts derived from lead-free metal
halide double perovskites.

1. INTRODUCTION
The rapid growth of industrial development and population
has led to an increased usage of heavy metals, pesticides,
insecticides, and textile dyes, which are contaminants that pose
significant environmental risks.1,2 Conventional water treat-
ment methods often struggle to completely remove these
highly toxic anthropogenic organic pollutants, especially at low
concentrations, highlighting the urgent need for more effective
water decontamination strategies.3 Heterogeneous photo-
catalysis has emerged as a promising solution to this challenge,
offering a cost-effective and sustainable approach by harnessing
renewable solar energy to degrade organic pollutants. Its high
efficiency and environmentally friendly nature make it an
attractive alternative for water purification.4,5 Ideally, promis-
ing photocatalysts exhibit remarkable solar energy absorption,
high quantum efficiency, chemical stability, and nontoxicity.2

Heterogeneous photocatalytic reactions occur on the surface of
a semiconductor when it is exposed to light with an energy
equal to or greater than its bandgap.6 This process generates

photoexcited electron−hole pairs (e− and h+), which, in turn,
react with adsorbed molecules to produce reactive species
capable of degrading pollutants.6 Various semiconductor
photocatalysts have been explored for organic pollutant
degradation, including ZnO,7 CdS,8 MoS2,

9 WO3,
10 TiO2-

based nanomaterials.11−13 More recently, metal halide double
perovskites have gained attention for their promising photo-
catalytic performance in various applications.

Metal halide perovskites (MHPs), particularly Pb-based
perovskites, have garnered significant attention from the
scientific community due to their exceptional optical and
electronic properties. These materials exhibit high absorption
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efficiency in the ultraviolet−visible (UV−vis) range, low
exciton binding energy, high charge carrier mobility, slow
electron−hole recombination, bright photoluminescence, and
a tunable bandgap.14−16 These outstanding optoelectronic
properties position metal halide perovskites (MHPs) as leading
candidates for the next generation of high-performance solar
cells and key materials in photonics for developing luminescent
materials and optical devices. MHPs adopt the general formula
ABX3, featuring a perovskite-type structure where the A-site is
occupied by a monovalent cation, which can be organic, such
as CH3NH3

+ (MA) and CH(NH2)2+ (FA) or inorganic as Cs+.
The B-site is typically occupied by a divalent cation (Pb2+),
while the X-site consists of halide anions (Cl−, Br−, or I−).17

Furthermore, MHPs have recently emerged as promising
photocatalysts for various applications. In 2016, Park et al. first
reported the photocatalytic activity of MHPs for HI
photolysis,18 marking the onset of research into their
photocatalytic potential. Since then, numerous studies have
demonstrated the use of MHPs in H2 production,19 CO2
photoreduction,20 and the degradation of organic pollutants.21

However, a major drawback of MHPs is their inherent
instability in humid environments and their poor water
tolerance, leading to the leaching of water-soluble Pb2+,
which poses serious environmental and health concerns.22−24

One effective strategy to address this issue is the heterovalent
substitution of lead with two other metals, forming a double
perovskite structure (A2BIBIIIX6).

25 In halide double perov-
skites, the A-site is commonly occupied by Cs+, MA or FA; the
BI-site by a monovalent cation (Cu+, Ag+ or Au+), and the BIII-
site by a trivalent cation (Bi3+, Sb3+ or In3+), while the X-site
consists of halide anions (Cl−, Br− or I−). Among these, Bi-
based double perovskites stand out as particularly attractive
candidates due to lower toxicity and to the similarities between
Bi3+ and Pb2+, including comparable ionic radius, similar
electronic configuration, and electronegativity.26

Leveraging this strategy, Ag/Bi-based double metal halide
perovskites, such as Cs2AgBiBr6 and Cs2AgBiCl6, have been
proposed as promising candidates to Pb-based metal halide
perovskites (MHPs), exhibiting comparable optoelectronic
properties along with enhanced stability. In 2023, Guo et al.
reported Cs2AgBiCl6 as a highly efficient photocatalyst for
organic pollutant degradation.27 Furthermore, cation mixing
plays a crucial role in tuning the semiconductor’s bandgap
energy. In 2021, Dakshinamurthy et al. demonstrated bandgap
modulation from 2.64 to 3.01 eV by replacing Ag+ for Na+ in
the Cs2Ag1−xNaxBiCl6 lattice.28 However, despite these
promising findings the photocatalytic properties of Bi-based
perovskites remain largely unexplored. While Guo et al.
reported materials stability, their photocatalytic experiments
were conducted exclusively in ethanolic media, leaving the
behavior in aqueous environments unexplored. Although this
study represents an important step forward, evaluating these
materials in aqueous media is crucial for practical applications
in water purification through photocatalytic organic pollutant
degradation. Additionally, the specific role of Ag/Na in the
photocatalytic performance of double perovskites remains
unclear, as other metal-ion-substituted Bi-based double
perovskite structures have yet to be explored for photocatalytic
applications.

Herein, we report the synthesis of Cs2AgxNa1−xBiCl6 via a
wet chemical route to investigate the influence of Ag and Na
content on the photocatalytic performance of Bibased double
perovskites. Density Functional Theory (DFT) simulations

were employed to explore the electronic structures and charge
carrier dynamics of these materials. Photocatalytic experiments
were conducted in both H2O and EtOH media, revealing
distinct trends in stability and photocatalytic efficiency.
Notably, higher Ag content enhanced photocatalytic activity
in aqueous media but reduced it in ethanol. These intriguing
and contrasting behaviors are discussed in terms of the in situ
formation of a BiOCl/AgCl heterojunction in water and
insights from DFT analysis. Overall, this study provides a
deeper understanding of the intricate relationships between
composition, water stability, electronic structure, and photo-
catalytic behavior in Bi-based double perovskites, offering
valuable guidelines for the rational design of next-generation
photocatalysts.

2. EXPERIMENTAL SECTION
2.1. Reagents. HCl (Aldrich, 37%), CsCl (Vetec, P.A.),

AgCl (Aldrich, 99%), BiCl3 (Aldrich, ≥98%), NaCl (Synth,
P.A.-A.C.S.), isopropyl alcohol (Exodo, 99.5%) were purchased
and used as received.
2.2. Synthesis of the Bibased Double Halide Perov-

skites. Perovskite samples were synthesized via a modified
aqueous solution method, adapted from Chini et al.29

Cs2AgBiCl6 was prepared by dissolving stoichiometric amounts
of AgCl (172 mg, 10 mM) and BiCl3 (378 mg, 10 mM) in a
1:1 molar ratio into 120 mL of an acidic solution consisting of
100 mL of HCl (37%) and 20 mL of Milli-Q water (18.2 MΩ·
cm), under vigorous stirring at 348 K for 15 min. After
complete dissolution, 404.1 mg of CsCl (20 mM) was added
to the solution, followed by heating at 383 K for 1 h, and then
cooled to room temperature. The resulting yellowish solid was
collected, washed with isopropyl alcohol, centrifuged, and
dried at 383 K overnight. For mixed compositions, Ag and Na
concentrations were stoichiometrically adjusted (addition of
AgCl or NaCl) to obtain Cs2AgxNa1−xBiCl6 with x = 1.0; 0.8;
0.6; 0.5; 0.4; 0.2; and 0.0, labeled as Ag1.0, Ag0.8, Ag0.6,
Ag0.5, Ag0.4, Ag0.2, and Ag0.0, respectively.
2.3. Materials Characterization. Powder X-ray diffraction

(XRD) analysis of the polycrystalline Bi-based perovskite
samples was carried out using a Bruker D8 Advance
diffractometer equipped with a Cu−Kα monochromator (λ =
1.5418 Å). Measurements were conducted at room temper-
ature over the 2θ range of 10 to 60°, with a scan step width of
0.02° and an angular rate of 0.5 s step−1, using a LynxEye
position-sensitive detector (PSD, Bruker). Phase quantification
was performed using the Rietveld refinement method30

employing the GSAS/EXPGUI software package.31 Raman
scattering spectra were acquired using a LabRAM HR
Evolution spectrometer (Horiba) coupled to a confocal
microscope with a He−Ne laser (632.8 nm) excitation source.
Spectral data were collected in the 10−400 cm−1 range, with a
scan step width of 0.8 cm−1, utilizing a 100× objective lens for
precise sample focusing. LabSpec 5 software (Horiba) was
used for data acquisition. Diffuse Reflectance Spectroscopy
(DRS) measurements were conducted using a Shimadzu UV−
vis-NIR spectrophotometer (UV 3600), covering the 250−800
nm range, with a scan step width of 0.5 nm. Barium sulfate
(BaSO4) was used as the reference standard. Scanning electron
micrographs of the powder samples were collected using a
ZEISS LEO 440 microscope (Cambridge, England) equipped
with an OXFORD model 7060 detector, operated with a 15 kV
electron beam. Transmission Electron Microscopy (TEM)
results were obtained using a JEOL JEM-2100 LaB6
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microscope operating at 200 kV, coupled to an EDS system for
elemental mapping. Samples were prepared on carbon-coated
copper mini-grids (CFC-200Cu, Electron Microscopy Scien-
ces). For visualization of the heterojunction between the AgCl
and BiOCl semiconductors, dilute aqueous suspensions were
used, while the perovskite, in its initial form, was analyzed from
a suspension in HPLC-grade ethanol.
2.4. Computational Details. All double perovskites were

investigated from periodic models based on the Fm3̅m space
group, constructed from experimental data reported by Filip
and co-workers.32 To achieve an adequate Ag-loading level,
similar to the experimental conditions, the bulk models were
expanded to 2 × 2 × 2 supercells. The AgCl and BiOCl models
were constructed in the Fm3̅m and P4/nmm crystalline
structures, respectively, as reported by Hull et al.33 and
Andrade et al.34 The electronic properties were analyzed
through the density of states (DOS), which provides insight
into the atomic contributions of each chemical species to the
valence band (VB) and conduction band (CB) edges. The
band structure (BS) profiles, considering the same energy
levels, were also evaluated. From the DOS and BS results,
critical charge carrier characteristics were derived using the
Fermi−Dirac distribution35,36 and the effective mass meth-
od.37,38

All simulations were performed using a DFT/WC1LYP level
of theory implemented in the CRYSTAL2339 code package,
under vacuum conditions and at 0 K. This hybrid exchange-
correlation functional consists of a mixing of nonlocal HF and
the Wu-Cohen GGA exchange with the Lee−Yang−Parr
correlation (eq 1).40,41 This level of theory was chosen taking
into account the higher accuracy of electronic properties in
comparison to B3LYP, PBE0, and HSE06, as demonstrated in
Figure S1.

E aE a E E(1 )x x C
XC HF DFT DFT[ ] = + + (1)

Additional calculation criteria: The energy self-consistent field
(SCF) convergence criteria were set to 10−7 Hartree, and the
Monkhorst−Pack grid was set to 8 × 8 × 8. The Cs, Ag, and Bi
atoms were described using the HAYWSC-31(1d)G, doll-ECP,
and EPC60MDF pseudopotentials, respectively. The Na and

Cl atoms were represented by 8−511G and 86−311G
Gaussian basis sets.
2.5. Photocatalysis Assays. For the photocatalytic assays,

a 20 ppm aqueous solution of crystal violet (CV) was prepared.
Then, 35 mg of the photocatalyst was dispersed in 35 mL of
water using an ultrasonic bath for 30 min. Subsequently, 35 mL
of the CV solution was transferred into a cylindrical
borosilicate photoreactor and kept in the dark for 30 min
under constant magnetic stirring to establish adsorption
equilibrium. The photocatalytic process was initiated by
illuminating the solution within the borosilicate reactor using
a UV lamp (LightningCure, Hamamatsu, Japan) with an
optical fiber positioned 6 cm from the reactor wall. Light
intensities were as follows: UVA = 32.3 mW/cm2 and visible
light = 30.8 mW/cm2. To monitor dye removal efficiency over
time, aliquots of 1.5 mL were collected from the photoreactor
outlet at different time intervals. The collected aliquots were
centrifuged, and the supernatant was analyzed. The concen-
tration of CV dye in the samples was determined by measuring
the absorbance in the range of λ = 450−700 nm using a USB
4000 spectrometer (Ocean Optics) The same procedure was
followed for experiments conducted in alcoholic solutions,
using HPLC-grade ethanol (Panreac) to prepare the solutions.
Reusability tests were performed by conducting four successive
cycles of CV dye photodegradation in aqueous media using the
Ag1.0 sample. After each cycle, the photocatalyst was recovered
by centrifugation, washed with ethanol and deionized water,
resuspended in deionized water, and reused in a new cycle with
the addition of fresh CV solution, following the same
photocatalytic procedure (light exposure for 60 min). Addi-
tional reusability experiments were also carried out by adding
1000 μL of a 50% H2O2 solution before each cycle,
immediately prior to light irradiation.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization. The proposed

experimental procedure successfully yielded pure and crystal-
line Bi-based perovskite samples, as evidenced by the well-
defined and sharp diffraction peaks displayed in Figure 1.
According to crystallographic reports on lead-free double

Figure 1. X-ray diffractograms of the obtained powders for the Cs2AgxNa1−xBiCl6 perovskite compositions.
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halide perovskites, these materials crystallize in a cubic crystal
system with an Fm3̅m space group and unit cell volume of
1251.65 Å3.42 As observed in Figure 1, the diffraction pattern
confirms the formation of Bi-based perovskite in a cubic phase,
consistent with the reference patterns of Cs2AgBiCl6.

The characteristic diffraction peaks corresponding to the
(111), (200), (220), (311), (222), (400), (313), (420), (422),
(440), (620), and (440) planes confirm the formation of
Bibased perovskites.42,43 A gradual decrease in the (200) peak
intensity and a simultaneous increase in the (111) peak
indicate the progressive incorporation of Na+, shifting the
composition toward Cs2NaBiCl6.

43 This trend is further
supported by the behavior of the (311) and (222) peaks,
which become more prominent as the Ag+ content decreases,
consistent with previously reported XRD data.43 The XRD
patterns of Cs2AgxNa1−xBiCl6 samples thus confirm the
successful formation of Ag+/Na+-mixed perovskite. Addition-
ally, a gradual transition from off-white to yellowish is observed
as the Ag+ content increases (Figure S2), which can be
attributed to modifications in the bandgap values. The
crystallite size was estimated using the Debye−Scherrer
equation applied to the most intense reflections, namely
(220), (400), and (422), as presented in Table S1. Samples
located at the extremes of composition (Ag1.0, Ag0.8, Ag0.2
and Ag0.0) exhibit larger crystallite sizes (50−60 nm), while
the intermediate mixed compositions present smaller average
sizes (28−36 nm). This trend suggests that partial substitution
of Ag and Na ions introduces lattice distortion and local strain,
which hinders crystal growth and results in reduced crystallite
size. In contrast, the pure endmembers crystallize with fewer
distortions, favoring larger crystallite sizes. Moreover, scanning
electron microscopy (SEM) micrographs (Figure S3) revealed
that the powders are composed of particles predominantly in
the micrometer range, exhibiting a broad size distribution. In
all cases, larger particles were surrounded by smaller ones, with
the former displaying well-defined octahedral morphology.
This combination of particle size distribution and octahedral
shape was consistently observed across all synthesized samples.

Raman spectroscopy was performed to investigate the
structural characteristics of the Bi-based perovskites. As
shown in Figure 2, the Raman spectra of the synthesized
samples exhibit three distinct vibrational modes below 400
cm−1, attributed to the vibrational modes of AgCl6 and BiCl6
octahedra.44,45 The band centered at 115 cm−1 is assigned to
the bending vibration of Ag−Cl and Bi−Cl bonds, exhibiting
T2g symmetry. The Bi−Cl bonds play a dominant role in this
vibrational mode, as indicated by a slight shift in the 115 cm−1

band with decreasing Ag content. The band at 213 cm−1

corresponds to the Eg vibrational mode of the AgCl6
octahedron, while the band at 282 cm−1 is associated with
the A1g stretching vibrations of both AgCl6 and BiCl6
octahedra. As observed in Figure 2, all vibrational bands
exhibit a gradual shift to lower wavenumber with decreasing
Ag+ concentration. This trend indicates that Ag+ substitution
affects the Eg and A1g vibrational modes, leading to a
progressive tuning of both bands. For instance, the T2g mode
at 115 cm−1 shifts from 115 cm−1 (Ag1.0) to 112 cm−1 (Ag0.0),
while the A1g mode at 281 cm−1, shifts from 281 cm−1 (Ag1.0)
to 278 cm−1 (Ag0.0). This decrease in phonon energy suggests
that Ag content plays a critical role in the vibrational dynamics
of the perovskite lattice.

Additionally, it is evident that the full width at half-
maximum (FWHM) of the Raman bands increases with the

Ag+ content, indicating greater structural disorder and phonon
scattering. This broadening can be attributed to multiple
factors. First, the difference in the polarization strength
between Ag+ and Na+ significantly influences the lattice
dynamics. Ag+ has a higher polarizing power due to its higher
effective nuclear charge and higher charge density compared to
Na+. Consequently, Ag+ ions introduce stronger local
distortions in the lattice, increasing the vibrational mode
anharmonicity and leading to broader Raman peaks.46 Second,
the introduction of Ag+ into the lattice increases site
heterogeneity and defect formation. The larger ionic radius
of Ag+ compared to Na+ causes strain in the crystal lattice,
leading to local structural disorder. Such disorder contributes
to an increased distribution of phonon states, which in turn
results in a broadened Raman signal. Furthermore, as
demonstrated in previous studies on Raman peak shift and
broadening in crystalline nanoparticles with lattice impurities,
the presence of dopants and vacancies modifies the local
vibrational environment, leading to increased phonon scatter-
ing and a more pronounced line width broadening.47

The optical bandgap for each composition was determined
using the Tauc plot method, as described in Makula’s work.48

Diffuse reflectance spectroscopy (DRS) data (Figure S4) was
collected and analyzed to extract the bandgap values using eq
1, where F(R∞) represents the Kubelka−Munk function, h is
Planck’s constant, ν is the photon frequency, Egap is the
bandgap energy, B is a constant, and γ is a parameter
dependent on the nature of the electronic transition, γ = 1/2
for direct bandgaps and γ = 2 for indirect bandgaps. All
measured bandgap values are listed in Table 1. The Ag1.0
sample exhibited an indirect bandgap of 2.70 eV, which is in
reasonable agreement with previously reported values (2.84
eV).45 Likewise, the Ag0.0 sample presented a bandgap of 3.49
eV, consistent with literature reports.44 However, the values

Figure 2. Raman spectra of Cs2AgxNa1−xBiCl6 double perovskites
with varying Ag+ concentrations (x = 0.0 to 1.0). The spectra exhibit
three distinct vibrational modes below 400 cm−1, assigned to T2g
(bending vibration at ∼115 cm−1), Eg (∼213 cm−1), and A1g
(stretching vibration at ∼282 cm−1) modes, corresponding to the
vibrational dynamics of AgCl6 and BiCl6 octahedra. As the Ag+
content increases, a progressive shift to lower wavenumbers is
observed, along with broadening of the bands, indicating
modifications in the perovskite lattice due to Ag+ substitution.
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obtained in this study are slightly lower than the reported
literature values, which can be attributed to differences in
synthesis conditions, such as the pH of the reaction medium, a
well-known factor influencing the bandgap of semiconduc-
tors.49 Additionally, double perovskites with intermediate Ag+
concentrations exhibited similar bandgap values, suggesting
that the Ag+/Na+ ratio has a subtle impact on the optical
properties within this compositional range.

F R h B h E( ( ) ) ( )1/
gap= (2)

3.2. Electronic Structure Analysis via DFT. As
previously mentioned, the electronic structures of
Cs2AgxNa1−xBiCl6 perovskites was investigated through DOS
and BS analyses. The calculated DOS results (Figure 3)
indicate that Bi ions significantly contribute to the formation of
the valence bands (VB) and are the primary contributors to the
conduction bands (CB) energy levels. In contrast, Cl− species
exhibit the opposite behavior, with a reduced contribution to
the CB and a pronounced presence in the VB. The Cs+ and
Na+ ions do not play a significant role in the formation of
either band within the evaluated energy range. Meanwhile, the
Ag+ species contribute similarly to both the VB and CB, with
the Ag and Cl contributions becoming comparable as the Ag+
content increases. Regarding BS analysis (Figure 3), all
investigated double perovskites exhibit direct bandgaps at the
Γ−Γ (GM−GM) points. The materials with intermediate Ag+
concentrations within the double perovskite structure present a
wider energy separation between the VB and CB levels
compared to Cs2NaBiCl6 and Cs2AgBiCl6. Notably, certain
energy levels in Cs2NaBiCl6, Cs2Ag0.12Na0.87BiCl6, and
Cs2Ag0.25Na0.75BiCl6 exhibit flat band behavior, suggesting
that these states are minimally influenced by high-symmetry
points in the Brillouin zone.

DOS analysis in solid-state materials also allows for the
estimation of charge carrier concentration and the temperature
influence on electron−hole pair dynamics via Fermi−Dirac
distribution analysis. This enables the prediction of the
semiconductor type, where a higher hole (h+) concentration
suggests a p-type semiconductor, while an increased electron
(e−) concentration indicates an n-type behavior. As displayed
in Table 2, the calculated values suggest that all investigated
materials exhibit n-type semiconductor behavior. Furthermore,
charge carrier concentration values at 300, 600, and 900 K
demonstrate a significant increase with rising temperature, as
expected for semiconductors.

The effective mass method applied to BS results provides
valuable insights into charge carrier stability and photocatalytic
potential. By interpolating the maximum and minimum points

of the VB and CB, the effective masses of electrons( )m
m

e

o

* and

holes ( )m
m

h

o

* were determined. As widely reported in the

literature, materials where electrons and holes have similar
effective masses tend to exhibit higher recombination rates,
limiting charge carrier lifetimes and reducing photocatalytic
efficiency. Conversely, a significant disparity in effective
masses, typically characterized by an electron-to-hole mass

ratio( )m
m

h

e

*

*
lower than 0.5 or higher than 1.5, promotes spatial

charge separation, reducing electron−hole recombination and
potentially enhancing photocatalytic activity.37,38,50,51 It should
be noted, however, that photocatalytic efficiency is also
influenced by other critical factors, including band edge
alignment with redox potentials, defect states, and surface
interactions with reactants. Therefore, while a comprehensive
assessment of the electronic structure and material properties
is essential to accurately explain photocatalytic performance,
the effective mass ratio remains an important indicator of
charge transport and recombination, potentially offering
valuable insights into the optimal electronic properties for
photocatalytic applications.

As shown in Table 3, Cs2AgxNa1−xBiCl6 perovskites with Ag
concentrations between 0.25 and 0.62 exhibit the most
favorable combination of electronic properties for photo-
catalysis. Their bandgap values (2.59−2.68 eV) fall within the
optimal range for visible-light activation, while their effective

mass ratios ( )1.5 1.7m
m

h

e

*

*
indicate efficient charge

separation with reduced recombination rates. In contrast,
perovskites with higher Ag+ content (x > 0.75) show lower
charge carrier stability, leading to increased electron−hole
recombination and, consequently, diminished photocatalytic
performance. On the other hand, Na+-rich perovskites (Ag0.0
and Cs2Ag0.12Na0.87BiCl6) exhibit large bandgaps (>3.3 eV),
restricting their absorption to the UV region and limiting their
efficiency under visible light irradiation.

Finally, the DFT-predicted bandgap values confirm that all
Cs2AgxNa1−xBiCl6 perovskites exhibit bandgaps within the
expected range for semiconductors, demonstrating remarkable
consistency with experimental data. As depicted in Figure 4,
the close alignment between theoretical and experimental
values underscores the reliability of DFT calculations in
accurately capturing the electronic properties of these
materials. Notably, moderate Ag+ substitution (0.25 ≤ x ≤
0.62) emerges as the key factor in achieving an optimal balance
between bandgap reduction, efficient charge carrier separation,
and suppressed recombination, thereby positioning these
compositions as promising candidates for visible-light-driven
photocatalysis.
3.3. Photocatalytic Activity Behavior. The photo-

catalytic performance of the investigated perovskite materials
was assessed through the photodegradation of crystal violet
(CV) dye in both aqueous and ethanolic solutions (Figure 5).
The use of these two distinct media was motivated by the
reported stability of Cs2AgBiCl6 photocatalysts in ethanol27

and the need to evaluate their efficiency in a more relevant
environment for contaminant degradation. Furthermore, these
results provide insights into the potential decomposition
mechanisms of Ag/Bi metal-halide double perovskites under
such conditions. The photocatalytic degradation profiles of
Ag/Bi metal-halide double perovskites in aqueous media
(Figure 5a) exhibit an exponential decay that is well described
by pseudo-first-order kinetics (Figures 5c and S5). This kinetic

Table 1. Calculated Bandgaps of Cs2AgxNa1−xBiCl6
Perovskites by Using Tauc Plot Method

chemical composition sample label bandgap ±0.03 (eV)

Cs2AgBiCl6 Ag1.0 2.70
Cs2Ag0.8Na0.2BiCl6 Ag0.8 2.50
Cs2Ag0.6Na0.4BiCl6 Ag0.6 2.51
Cs2Ag0.5Na0.5BiCl6 Ag0.5 2.52
Cs2Ag0.4Na0.6BiCl6 Ag0.4 2.49
Cs2Ag0.2Na0.8BiCl6 Ag0.2 2.49
Cs2NaBiCl6 Ag0.0 3.33
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Figure 3. Projected density of states (DOS) and band structures (BS) for Cs2AgxNa1−xBiCl6 perovskites. The band structure analysis was
performed along high-symmetry points of the Brillouin zone, which are GM (0.0 0.0 0.0), DT (0.5 0.0 0.0), (0.0 0.0 0.5), SM (0.5 0.5 0.0), (0.5 0.0
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model is conventionally employed to analyze photocatalytic
dye degradation experiments and allows for the determination
of observed kinetic constants (kobs), facilitating a comparative
analysis of photocatalytic efficiency in aqueous solutions
(Figure 5e).

In contrast, photocatalytic experiments in ethanolic media
exhibit a more complex kinetic behavior (Figure 5b). A 10−20
min induction period is observed before significant dye
degradation occurs, after which the kinetics become linear.
As shown in Figures 5d and S6, this latter phase is well-fitted
into a pseudozero-order model. The induction period may be
attributed to surface activation of the photocatalyst, degrada-
tion of adsorbed solvent molecules, or changes in reaction
intermediates under ethanolic conditions. A similar pseudo-
zero-order kinetic behavior has been reported for the
photocatalytic degradation of various dyes using Cs2AgBiBr6
double perovskite photocatalysts in ethanolic media.52

Although the exact mechanisms underlying this complex
behavior remain uncertain, the pseudozero-order model fitting
of the linear decay regime was employed to estimate and
compare the photocatalytic performance of the materials in
ethanolic solutions (Figure 5f).

A comparison of the kobs values determined in aqueous
(Figure 5e) and ethanolic (Figure 5f) media reveals that the
influence of chemical composition on photocatalytic activity
occurs in contrasting ways depending on the medium. This
behavior highlights the central role of Ag concentration in this
phenomenon. For photocatalytic CV dye degradation assays in
aqueous solution, an increase in Ag content leads to a
significant and gradual enhancement of photocatalytic activity.
Notably, the kobs value for the Ag1.0 sample (Cs2AgBiCl6) is 5.6
times higher than that found for the Ag0.0 sample
(Cs2NaBiCl6). However, an opposite trend is observed in
ethanolic media, where photocatalytic activity decreases as Ag
content increases. In this case, the Ag0.0 sample exhibits a kobs
value 2.6 times higher than the Ag1.0 sample. These contrasting
behaviors can be attributed to the different structural stabilities
of the prepared perovskites in aqueous and ethanolic media.
According to Guo et al.,27 Ag/Bi metal-halide double
perovskites retain their structure after photocatalytic experi-
ments in ethanolic media, aside from minor formation of
metallic Ag, as confirmed by XRD results (Figure S7). Thus,
under such conditions, the intrinsic photocatalytic activity of
the investigated perovskite structures can be assessed. Thus,
under such conditions, the intrinsic photocatalytic activity of
the investigated perovskite structures can be assessed. The

Figure 3. continued

0.5), and L (0.5 0.5 0). The DOS plots illustrate the contributions of Cs, Na, Ag, Bi, and Cl atoms to the electronic states. The evolution of the
electronic band structure with varying Ag content highlights the effect of cation substitution on the perovskite’s optical and electronic properties.

Table 2. Charge Carrier Density (cm−3) at 300, 600, and 900 K Obtained from Fermi−Dirac Distribution for the
Cs2AgxNa1−xBiCl6 Materials

charge carrier density (×1018 cm−3)

300 K 600 K 900 K

materials h+ e− h+ e− h+ e−

Ag0.0 3.049 4.966 3.125 5.089 3.312 5.394
Cs2Ag0.12Na0.87BiCl6 1.494 3.844 1.531 3.940 1.622 4.175
Cs2Ag0.25Na0.75BiCl6 1.869 3.027 1.915 3.102 2.030 3.288
Cs2Ag0.37Na0.63BiCl6 0.861 2.613 0.882 2.677 0.935 2.838
Cs2Ag0.50Na0.50BiCl6 0.625 2.598 0.640 2.663 0.679 2.822
Cs2Ag0.62Na0.38BiCl6 0.561 3.732 0.575 3.825 0.609 4.054
Cs2Ag0.75Na0.25BiCl6 0.509 2.232 0.522 2.881 0.553 2.424
Cs2Ag0.87Na0.12BiCl6 0.452 2.493 0.463 2.555 0.490 2.708
Ag1.0 0.507 2.203 0.520 2.258 0.551 2.393

Table 3. Bandgap (eV) and Effective Masses for the Charge
Carriers of the Cs2AgxNa1−xBiCl6 Materials

effective mass

materials band gap energies
(eV)

m
m

h

o

* m
m

e

o

* m
m

h

e

*
*

Ag0.0 3.75 1.6549 0.2927 5.6546
Cs2Ag0.12Na0.87BiCl6 3.32 0.8959 0.1464 6.1182
Cs2Ag0.25Na0.75BiCl6 2.68 0.1550 0.1011 1.5327
Cs2Ag0.37Na0.63BiCl6 2.61 0.1672 0.1020 1.6394
Cs2Ag0.50Na0.50BiCl6 2.59 0.1681 0.1021 1.6469
Cs2Ag0.62Na0.38BiCl6 2.59 0.1744 0.1027 1.6979
Cs2Ag0.75Na0.25BiCl6 2.48 0.1457 0.1080 1.3488
Cs2Ag0.87Na0.12BiCl6 2.63 0.1329 0.1046 1.2705

Ag1.0 2.85 0.1318 0.1038 1.2701

Figure 4. Comparison between theoretical and experimental band gap
values obtained for Cs2AgxNa1−xBiCl6 perovskites.
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Figure 5. Photocatalytic CV dye degradation kinetic profiles using the Cs2AgxNa1−xBiCl6 perovskite photocatalysts in (a) aqueous and (b)
ethanolic media. (c) Representative exponential decay with pseudo-first-order kinetic fitting for photocatalytic experiments in aqueous media
(sample Ag1.0). (d) Representative complex kinetic behavior in ethanolic media (sample Ag0.0) showing an initial induction period (gray shaded
area) followed by a linear decay fitted to a pseudozero-order model. Comparison of (e) pseudo-first order observed kinetic constants (kobs) in
aqueous media. and (f) pseudozero-order observed kinetic constants in ethanolic media for the different Cs2AgxNa1−xBiCl6 perovskite
photocatalysts.
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observed behavior can be rationalized by the structural,
vibrational, optical, and electronic properties of the prepared
double perovskite materials. Structural analyses (XRD, Raman,
and DRS) confirmed the formation of single-phase double
perovskites with systematic compositional changes that directly
affect charge-carrier properties, as also supported by DFT
results. Indeed, the experimental trend aligns with the
theoretical DFT predictions, as the calculated charge-carrier
recombination rates (evaluated from effective masses, Table 4)

suggest a decrease in photocatalytic efficiency with increasing
Ag content. Moreover, Raman spectroscopy revealed that Ag-
rich compositions exhibit peak broadening and frequency
shifts, indicative of lattice disorder, which may promote
nonradiative recombination and further explain the reduced
activity of Ag-rich samples in ethanol, where the perovskite
structure remains stable. Finally, although DRS and DFT
analyses indicate that increasing Ag content narrows the
bandgap and extends absorption into the visible region, these
beneficial light-harvesting properties are counterbalanced by
faster recombination, resulting in lower overall efficiency

Conversely, Ag/Bi metal-halide double perovskites under-
went complete decomposition in aqueous media, forming
predominantly BiOCl and AgCl, as evidenced by XRD data
(Figure 6a). Phase quantification analysis was performed for all
samples using Rietveld refinement, allowing for a quantitative
assessment of the phase formation after photocatalytic
experiments in aqueous media. Figure 6b presents the refined
XRD data for the Ag1.0 sample (data for all samples are
provided in Figure S8). Table 4 summarizes the phase fractions
determined by Rietveld refinement, along with the Rwp and
GOF statistical parameters. The relatively low Rwp values
(<10%) and χ2 values (<1.5) observed in most refinements
indicate a good agreement between the experimental and
calculated data. These values, combined with the qualitative
assessment of the refinement residual graphs (Figure S8),
confirm the adequacy of the proposed model and demonstrate
the reliability of the refinement analysis.53 Formation of BiOCl
and AgCl is further corroborated by TEM and EDS mapping
for the Cs2AgBiCl6 (Ag1.0 sample) sample after exposure to
ethanolic and aqueous media, as shown in Figure 7. TEM
images and EDS mapping of the perovskite after exposure to
ethanol confirm the preservation of a single-phase material
with micrometer-sized particles and a homogeneous distribu-
tion of the constituent elements. In contrast, after exposure to
aqueous media, a different outcome is observed: TEM images
reveal the formation of nanocrystals of varying sizes, while EDS
analysis indicates a heterogeneous distribution of Ag and Bi
across different regions. These results further support the

decomposition of the perovskite into agglomerated AgCl and
BiOCl nanocrystals in close contact.

Phase quantification data reveals a reasonably expected
trend: the percentage of BiOCl generated increases pro-
gressively from Ag1.0 to Ag0.0, while the percentages of AgCl
and metallic Ag decrease correspondingly. The increase in Ag
content is also associated with the minor formation of metallic
Ag, probably due to a photocorrosion process (photoinduced
reduction of Ag+ ions). XRD and Rietveld analysis provide
valuable insights into photocatalytic activity trends in aqueous
media, suggesting that under these conditions, the photo-
catalytic properties observed refer to BiOCl, AgCl/BiOCl, or
Ag/AgCl/BiOCl photocatalytic systems. Both BiOCl and AgCl
are well-known semiconductors with significant photocatalytic
activity reported in the literature.54,55Additionally, the
formation of an AgCl/BiOCl or Ag/AgCl/BiOCl electronic
heterojunctions have been previously reported to enhance
photocatalytic activity due to enhanced charge separation in
the semiconductors interface.56,57 To better understand the
electronic profile of the expected heterojunction, DFT
calculations for the AgCl and BiOCl materials were carefully
performed (Supporting Information, Figure S9, Tables S2 and
S3). The mismatch between the electronic levels of both

Table 4. Percentage of BiOCl, AgCl, and Ag Phases
Obtained from Each Proposed Double Perovskite Material
in after Photocatalytic Run Aqueous Media

samples BiOCl (%) AgCl(%) Ag (%) Rwp (%) GOF

Ag1.0 72.9 24.4 2.7 8.92 1.264
Ag0.8 76.5 21.1 2.4 11.11 1.162
Ag0.6 77.7 20.6 1.6 10.02 1.149
Ag0.5 79.2 19.9 0.9 9.25 1.313
Ag0.4 84.6 14.5 0.9 8.42 1.305
Ag0.2 92.3 7.7 - 8.44 1.336
Ag0.0 100 - - 10.56 1.428

Figure 6. (a) X-ray diffractograms of Cs2AgxNa1−xBiCl6 after the
photocatalysis run in aqueous media. (b) Rietveld refinement plot for
sample Ag1.0 after the photocatalytic run.
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materials was evaluated from the VB and CB band edge
potentials calculated from a well-known set of equations.58,59

As observed in Figure 8, the results indicate a type-II
heterojunction. In this junction type, the charge carriers are
found in both semiconductors, decreasing the recombination
rate of the electron−hole pair. An additional analysis to better
understand the photocatalytic activity of the investigated
materials lies in the materials’ ability to form reactive oxygen
species (ROS) through surface reactions. It is possible to infer
this from the comparison between the formation potential of

different ROS60 and the band edge potential of the material. In
the diagram obtained, as shown in the background of the
heterojunction scheme (Figure 8), a negative CB edge
potential evidence that the semiconductor is able to donate
electrons, reducing species adsorbed on the surface. Mean-
while, positive VB edge potentials demonstrate that the
materials surface can receive such adsorbed molecules, which
will be oxidized. Therefore, the species whose formation
potential was found within the CB and CB edge potentials can
be formed on the materials surface. For the investigations, the

Figure 7. TEM images and EDS mapping for Cl, Cs, Ag, and Bi of the Ag1.0 sample after exposure to (a) ethanolic and (b) aqueous media.

Figure 8. Schematic plot of the band alignment for the heterojunction AgCl/BiOCl combined with calculated valence and conduction band edge
potential concerning the Hydrogen electrode potential (NHE) and vacuum.
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results evidence that the •OH, HO2
•, and 1O2 radicals can be

formed during a photocatalytic process. It is important to
highlight that the formation of this species is strongly
connected to the materials capacity to degrade persistent
organic pollutants due to their high oxidizing power and
reactivity.61,62 Thereby, the calculated results shed light on the
photocatalytic mechanism related to material employment. In
addition, is particularly noteworthy the possibility of the
formation of hydroxyl radicals, a fundamental species for the
degradation of crystal violet, as already demonstrated in other
studies.63,64

In summary, an improvement in the photocatalytic activity is
expected for AgCl/BiOCl heterostructure in comparison to the
isolated materials. Thus, the increased activity in aqueous
media associated with the increase in Ag content may be
explained by the in situ formation of AgCl/BiOCl hetero-
junctions, which exhibit enhanced photocatalytic activity
compared to pure BiOCl, the sole degradation component of
the Ag-free Cs2NaBiCl6 perovskite (Sample Ag0.0). Moreover,
the in situ formation of metallic silver (Ag0) during the
photocatalytic process suggests the generation of a Schottky
barrier at the Ag/AgCl and Ag/BiOCl interfaces. This
phenomenon occurs because Ag0 has a Fermi level lower
than the conduction bands (CB) of AgCl and BiOCl,
facilitating the extraction of photogenerated electrons from
the semiconductors to the metallic surface. Therefore, the
formation of Ag/AgCl/BiOCl heterostructures coupled with
the Schottky barrier may also play a role in the enhanced
photocatalytic activity observed with increasing Ag content in
the samples. These findings confirm that the aqueous-phase
decomposition of the perovskite can be strategically exploited
to generate highly active interfaces, providing a synergistic
effect between charge separation and redox reaction enhance-
ment.

Nevertheless, the photoinduced extensive formation of
metallic silver on silver-based semiconductors is known to
deactivate the photocatalytic surface, leading to a loss of
activity upon reuse. To evaluate the reusability of the metal
halide double perovskite−derived AgCl/BiOCl heterojunction,
the Ag1.0 sample was subjected to four successive cycles of CV
dye photodegradation in aqueous media (Figure S10). As
expected, a progressive and significant decrease in photo-
catalytic performance was observed, which can be attributed to
surface deactivation caused by the accumulation of metallic Ag,
which is consistent with previous reports for silver-based
photocatalysts such as AgCl and Ag3PO4.

54,65,66 One possible
strategy to avoid this silver-based photocorrosion process (Ag+
photoinduced reduction) is to conduct photocatalytic assays in
the presence of H2O2 as an auxiliary oxidant. Serge-Correales
et al.65 demonstrated that H2O2 suppresses excessive metallic
silver formation via a Fenton-like mechanism, where Ag0 is
reoxidized back to Ag+. In agreement with this report, we
observed that in the presence of H2O2, the Ag1.0 sample
maintained over 99% dye removal efficiency for four
consecutive cycles (Figure S11), indicating that this approach
effectively mitigates photocorrosion and extends the reusability
of perovskite derived Ag-based heterojunction photocatalysts.

4. CONCLUSIONS
In this study, we report on the preparation of lead-free double
perovskites Cs2AgxNa1−xBiCl6 with varying Ag/Na content via
a facile wet chemical route, as confirmed by XRD and Raman
spectroscopy. DFT simulations were employed to describe the

electronic structure of this material series and its dependence
on chemical composition. DFT-derived bandgap energies
showed good agreement with experimental values and
accurately predicted compositional trends. Additionally, charge
carrier effective mass analysis suggests that increasing Ag
content reduces photocatalytic efficiency due to enhanced
charge carrier recombination. A key finding of this work is the
significant impact of Ag/Na content on the photocatalytic
activity of Cs2AgxNa1−xBiCl6, with opposite trends observed in
aqueous and ethanolic media. In ethanolic media, where the
material remains stable, higher Ag content leads to diminished
photocatalytic activity, likely due to increased charge carrier
recombination, as supported by DFT results. In contrast, in
aqueous media, increasing Ag content systematically enhances
photocatalytic performance, a phenomenon attributed to the
instability of metal-halide perovskites in water. Their
decomposition generates a BiOCl/AgCl or BiOCl/AgCl/Ag
heterojunctions, which exhibit superior photocatalytic proper-
ties compared to the BiOCl formed from Ag-free samples.
These findings emphasize the importance of assessing the
photocatalytic behavior of metal-halide perovskites in aqueous
media and highlight how their poor stability can be
strategically exploited for the in situ formation of hetero-
junction-type photocatalysts with enhanced activity.
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