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tigation of Rb-based double
halide perovskites for photovoltaic, photocatalytic
water splitting, and CO2 reduction applications

Rifat Rafiu,a Imtiaz Ahamed Apon, b Md. Azizur Rahman, *c

Amnah Mohammed Alsuhaibani,d Moamen S. Refat, e Mohamed Benghanem,*f

S. AlFaifyg and Noureddine Elboughdirih

Understanding the intrinsic properties of emerging materials is essential for advancing next-generation

optoelectronic and energy-related technologies, and DFT offers an effective route for this purpose. In

this work, the structural, electronic, optical, photocatalytic, and photovoltaic properties of lead-free

Rb2NaRhX6 (X = F, Cl, Br, I) double halide perovskites are systematically investigated using a combined

DFT and SCAPS-1D simulation approach. Structural analysis confirms that all compounds crystallize in

stable cubic phases and satisfy thermodynamic, mechanical, and dynamical stability criteria through

negative formation energies, Born stability conditions, and the absence of imaginary phonon

frequencies. Electronic band-structure calculations including PBE, spin–orbit coupling (SOC) and HSE06

hybrid functional corrections reveal direct band-gap semiconducting behavior with a systematic

reduction in band gap from fluoride to iodide compositions. Optical analysis demonstrates

a pronounced red shift in the absorption edge and enhanced visible-light absorption for the Br- and I-

based compounds, indicating strong potential for solar-energy harvesting. Band-edge alignment

calculations further show that Rb2NaRhF6, Rb2NaRhCl6, and Rb2NaRhBr6 possess suitable conduction-

and valence-band positions for photocatalytic water splitting, while all investigated compounds exhibit

favorable conduction-band potentials for photocatalytic CO2 reduction reactions. In addition, pH-

dependent band-edge analysis suggests stable redox capability across a broad pH range, particularly for

the fluoride and chloride systems. Photovoltaic performance was evaluated using an FTO/SnS2/

Rb2NaRhX6/Au device architecture in SCAPS-1D, where halide substitution strongly influences carrier

transport and device efficiency. Among the studied absorbers, Rb2NaRhCl6 exhibits the best overall

photovoltaic performance, achieving a power conversion efficiency (PCE) of 27.03% with an open-circuit

voltage (VOC) of 0.893 V, a short-circuit current density (JSC) of 35.41 mA cm−2, and a fill factor (FF) of

83.56%. These findings establish Rb2NaRhX6 double perovskites as promising multifunctional materials

for photovoltaic devices, photocatalytic hydrogen production, and CO2 reduction applications.
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1 Introduction

Perovskite solar cells (PSCs) have emerged as one of the most
promising next-generation photovoltaic technologies because
of their excellent light-harvesting capability, tunable band gap,
long carrier diffusion length, and low-cost fabrication
potential.1–3 Despite these advantages, the large-scale applica-
tion of conventional Pb-based perovskites remains limited by
the toxicity of lead and their poor chemical stability.4,5 These
concerns have encouraged extensive research into lead-free and
structurally stable alternatives for photovoltaic applications.6

Among the various candidates, lead-free halide double perov-
skites and vacancy-ordered derivatives have attracted consid-
erable attention because of their compositional exibility,
reduced toxicity, and promising optoelectronic properties. In-
based double perovskites have been widely discussed as
© 2026 The Author(s). Published by the Royal Society of Chemistry
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potential absorber materials. Xiao et al. critically examined
Cs2InBiCl6 and Cs2InSbCl6 and showed that, although these
materials were initially considered attractive because of their
direct band gaps and low effective masses, they are intrinsically
unstable due to the oxidation of In(I) to In(III). Their study clearly
demonstrated that redox stability must be carefully considered
when assessing the practical feasibility of such compounds.7

Even with this limitation, Cs2InSbCl6 has remained an
interesting material because of its defect-sensitive electronic
and optical behavior. Magaji et al. investigated Au substitution
at the In site in Cs2InSbCl6 and reported that the pristine
compound possesses a direct band gap of 0.99 eV, while Au
incorporation increases the band gap to 1.25 eV.8 They also
found that the doped system exhibits enhanced absorption,
reduced reectivity, and improved optical conductivity, indi-
cating its potential for solar-energy conversion applications. In
another study, explored the inuence of indium vacancy defects
in the same compound and showed that the pristine material
behaves as a direct-gap semiconductor, whereas the introduc-
tion of an In vacancy drives the system toward metallic char-
acter because of electronic-state overlap near the Fermi level.9

Their results further conrmed that defect formation strongly
affects the absorption, reectivity, and conductivity of Cs2-
InSbCl6. These ndings suggest that point defects play a deci-
sive role in determining the suitability of this material for
photovoltaic applications.10 Beyond Cs2InSbCl6, many other
lead-free double perovskites have been proposed and analyzed
through a combination of rst-principles calculations and
device simulation. Hossain et al. demonstrated that Cs2BiAgI6-
based solar cells can be signicantly improved through
transport-layer engineering using DFT, SCAPS-1D, and wxAMPS
analyses.11 Allahyar et al. reported a band gap of 1.654 eV for
Cs2AgBiBr6 and predicted a power conversion efficiency of
23.5% for an optimized FTO/AZnO/Cs2AgBiBr6/CNTS/Au archi-
tecture.12 Uddin et al. also highlighted the photovoltaic promise
of Cs2AgBiBr6 through combined DFT and SCAPS-1D investi-
gation.13 Other lead-free absorbers have likewise shown strong
theoretical performance. Lunge et al. examined Cs2AuBiCl6 and
reported a band gap near 1.09 eV with optimized efficiencies
reaching 21.16% depending on the transport-layer combina-
tion.14 Hossain et al. studied Cs2TiBr6 and found a direct band
gap of 1.534 eV, while their optimized device achieved a PCE of
24.82%.15 Shivesh et al. further improved the simulated effi-
ciency of Cs2TiBr6-based solar cells to 29.13% by selecting La-
doped BaSnO3 as the ETL and CuSbS2 as the HTL.16 Similarly,
Rehman et al. reported that Cs2TiI6-based devices can reach
a PCE of 28.07%, conrming the promise of Ti-based lead-free
double halide perovskites for photovoltaic use.17 Vacancy-
ordered and mixed-halide lead-free perovskites have also been
actively explored. Rezini et al. investigated Cs2SnI6−xBrx alloys
and showed that halide substitution effectively tunes the band
gap and improves simulated solar-cell efficiency aer optimi-
zation.18 Aggarwal et al. proposed a machine-learning-guided
design for Cs2SnBr6-based solar cells and predicted an excep-
tionally high efficiency of 38.70%, although such values still
require experimental conrmation.19 Porwal et al. demon-
strated that defect engineering in Cs2SnI6 can signicantly
© 2026 The Author(s). Published by the Royal Society of Chemistry
enhance device efficiency.20 Amjad et al. reported that vacancy-
ordered Cs2PtI6 can achieve a PCE of 23.52% in an FTO/SnO2/
Cs2PtI6/MoO3/C conguration,21 while Tariq et al. identied
Cs2PdBr6 as another promising lead-free absorber with an
optimized efficiency of 26.00%.22 More recently, the design of
lead-free perovskite solar cells has advanced beyond simple
material screening toward integrated strategies that combine
electronic-structure calculations, device simulation, and data-
driven optimization. Sabbah et al. modeled hydrogenated Cs2-
AgBiBr6 double perovskite solar cells and reported an efficiency
of 26.3% aer structural optimization.23 Neupane et al.
demonstrated that dual-ETL engineering in Cs2AgBi0.75Sb0.25-
Br6-based devices can produce a PCE of 22.11%.24 Raj et al.
combined DFT, SCAPS-1D, and machine learning to study
Cs2CuSbCl6, reporting a PCE of 31.50% together with strong
humidity-dependent degradation behavior.25 These studies
indicate that the development of environmentally friendly PSCs
is increasingly relying on multiscale design approaches that
link intrinsic material properties with device architecture and
operational stability.

Beyond photovoltaic applications, recent work has also
highlighted the strong potential of lead-free double perovskites
in photocatalysis and solar fuel generation. For example, rst-
principles investigations of Cs2SnGeX6 (X = Cl, Br, I) demon-
strate that these materials combine structural stability with
direct band gaps and strong optical absorption, while their
band edge positions are suitably aligned for photocatalytic
hydrogen production and CO2 reduction.26 Similarly, Cs2TlInX6

compounds have been shown to satisfy the thermodynamic
requirements for overall water splitting, particularly for the Cl
and Br-based systems, which exhibit band gaps in the visible-
light range and favorable valence and conduction band posi-
tions.27 In addition, studies on hydride-based double perov-
skites such as Rb2AlXH6 (X = In, Tl) reveal that these materials
not only support photocatalytic water splitting but also exhibit
measurable hydrogen storage capacities, indicating a dual
functionality in hydrogen production and storage.28 Vacancy-
ordered systems such as Cs2OsX6 further extend this function-
ality, where band alignment analysis suggests that Cl- and Br-
based compounds are suitable for water oxidation, while
iodide variants show potential for CO2 reduction.29

In this study, Rb2NaRhX6 (X = F, Cl, Br, I) lead-free double
halide perovskites are investigated for sustainable solar-energy
applications. This material system is selected because the Rb-
based A-site cation provides a suitable ionic size for structural
stability, while the ordered Na–Rh B-site conguration and Rh
d-halogen p hybridization enable tunable electronic properties
across the halide series. The structural stability of perovskites is
commonly evaluated using the Goldschmidt tolerance factor
and octahedral factor, which depend on ionic radii and deter-
mine lattice distortion and phase stability.30 The Rb2NaRhX6

composition satises these criteria, supporting stable cubic
structures. Although many studies have focused on Cs-based
lead-free perovskites, systematic investigations of Rb-based
Rh-containing double perovskites remain limited. In partic-
ular, a comprehensive study covering the full halide series (F–I)
and simultaneously linking electronic, optical, photocatalytic,
RSC Adv., 2026, 16, 30158–30179 | 30159
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and photovoltaic properties is still lacking. In this context, this
work establishes composition–property relationships through
combined DFT and SCAPS-1D analysis. To the best of our
knowledge, such an integrated investigation of Rb2NaRhX6 has
not been reported. The results provide guidance for designing
stable, lead-free perovskites for solar cells and photocatalytic
applications such as water splitting and CO2 reduction.
2 Computational method
2.1. CASTEP (Cambridge serial total energy package)

The rst-principles calculations for Rb2NaRhX6 (X = F, Cl, Br, I)
double perovskites, belonging to the A2BB00X6 family, were
carried out using the CASTEP module implemented in Material
Studio 2023.31,32 The initial crystallographic information les
(CIFs) of Rb2NaRhX6 (X = F, Cl, Br, I) were obtained from the
Materials Project database and subsequently imported into
Material Studio for structural visualization and simulation.
According to the Materials Project data, all compounds crys-
tallize in the cubic crystal system with space group Fm�3m (no.
225) and point group m�3m. The lattice parameters satisfy a =

b = g = 90° and a = b = c, with optimized lattice constants of
6.229 Å for Rb2NaRhF6, 7.313 Å for Rb2NaRhCl6, 7.750 Å for
Rb2NaRhBr6, and 8.378 Å for Rb2NaRhI6. The atomic arrange-
ment consists of Rh atoms occupying the 4a (0, 0, 0) Wyckoff
position, Na atoms at 4b (1/2, 1/2, 1/2), Rb atoms at 8c (1/4, 1/4,
1/4), and halogen atoms X (X = F, Cl, Br, I) located at the 24e (x,
0, 0) sites, as illustrated in the le panel of Fig. 1.33 It should be
noted that the Na atom occupies the 4b Wyckoff site, which is
symmetry-equivalent to (1/2, 1/2, 1/2) in the conventional Fm�3m
setting; however, the coordinate (1/2, 0, 0) used here follows the
Materials Project (mp-14038) representation. The optimized
structures retained their cubic symmetry without any signi-
cant lattice distortion, conrming the structural stability of the
compounds.34 Before evaluating the electronic and optical
properties, all structures were fully geometrically optimized to
obtain the equilibrium ground-state congurations. The opti-
mization was performed within the framework of density
functional theory using the generalized gradient approximation
Fig. 1 Optimized crystal structure and device architecture of Rb2-
NaRhX6 (X = F, Cl, Br, I) double perovskites.

30160 | RSC Adv., 2026, 16, 30158–30179
(GGA) and the Perdew–Burke–Ernzerhof (PBE) exchange–
correlation functional. A plane-wave cutoff energy of 517 eV,
OTFG ultraso pseudopotentials, and the Koelling–Harmon
relativistic treatment were employed. The self-consistent eld
convergence tolerance was set to 2.0 × 10−6 eV per atom, with
a maximum of 1000 SCF cycles, and a 6 × 6 × 6 Monkhorst–
Pack k-point mesh was used during structural optimization.
Aer optimization, the electronic properties were investigated
through the calculation of the band structure, total density of
states (DOS), and partial density of states (PDOS). The band
dispersion was analyzed along the high-symmetry Brillouin-
zone path W–L–G–X–W–K, where the corresponding k-point
coordinates areW (0.500, 0.250, 0.750), L (0.500, 0.500, 0.500), G
(0.000, 0.000, 0.000), X (0.500, 0.000, 0.500), and K (0.375, 0.375,
0.750). To improve the accuracy of the electronic structure,
spin–orbit coupling (SOC) effects were included due to the
presence of heavy elements, and the band gap was further
rened using the hybrid Heyd–Scuseria–Ernzerhof functional,
which is known to provide more reliable band gap estimations
compared to standard GGA-PBE. The mechanical stability of the
studied compounds was evaluated through the calculation of
elastic constants, while dynamical stability was further
conrmed by phonon dispersion analysis using the nite
displacement method. Using the geometrically optimized
structures, the optical properties were further analyzed from the
complex dielectric function, from which the absorption coeffi-
cient, refractive index, reectivity, and optical conductivity were
derived to evaluate the optoelectronic potential of the studied
compounds.
2.2. SCAPS-1D

SCAPS-1D simulation is a one-dimensional numerical tech-
nique employed to evaluate the photovoltaic potential of Rb2-
NaRhX6 (X = F, Cl, Br, and I) compounds for solar-cell
applications. SCAPS-1D, developed at Ghent University, Bel-
gium, simulates device performance by solving Poisson's
equation, the continuity equations, and carrier transport
equations throughout the different layers of the solar cell
illustrated in Fig. 1. This computational approach is important
because it enables the prediction of photovoltaic behavior and
the optimization of parameters such as layer thickness, doping
concentration, defect density, interface properties, and
temperature effects. The simulation provides valuable insight
into charge-carrier dynamics, band alignment, recombination
losses, and power conversion efficiency, thereby helping to
identify the most promising Rb-based lead-free perovskite
absorbers before experimental fabrication.35

The mathematical framework used to analyze the Rb2-
NaRhX6 based solar cell is found on two principal formulations:
the Poisson equation (eqn (1)) and the continuity equations for
electrons and holes (eqn (2) and (3)). The Poisson equation
describes the relationship between the electric eld, E(x),
dielectric permittivity, and the net charge density within the
device. In parallel, the continuity equations account for the
transport, generation, and recombination of charge carriers,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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thereby providing a complete description of carrier dynamics in
the photovoltaic system.36,37

d

dx

�
�3ðxÞdj

dx

�
¼ q½fpðxÞ þND

þðxÞg � fnðxÞ þNA
�ðxÞg� (1)

here, 3(x) denotes the dielectric permittivity, q the electronic
charge, n(x) and p(x) the concentrations of electrons and holes,
and ND

+(x) and NA
−(x) represent ionized donor and acceptor

densities, respectively.
The continuity equations for holes (eqn (2)) and electrons

(eqn (3)) are expressed as,38

vp

vt
¼ 1

q

vjp

vx
� Rp þ G (2)

vn

vt
¼ �1

q

vjn

vx
� Rn þ G (3)

where Rp and Rn denote the recombination rates of holes and
electrons, respectively, and G represents the photogeneration
rate. The total current density is given by,

J = jp + jn (4)

The dri–diffusion current densities for holes and electrons
are dened as,

Jp ¼ qmppE þ qDp

dp

dx
(5)

Jn ¼ qmnnE þ qDn

dn

dx
(6)

where mp and mn are the mobilities of holes and electrons, while
Dp and Dn are their respective diffusion coefficients.

The diffusion length of charge carriers, which correlates with
their lifetime and diffusivity, is expressed as,

Lðn;pÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðn;pÞDðn;pÞ

p
(7)

where s(n, p) is the carrier lifetime and D(n, p) the diffusion
coefficient. Furthermore, the optical absorption within the
perovskite layer is modeled in SCAPS-1D using the Tauc
relation,

aðlÞ ¼ ðAþ B=hnÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hn� Eg

p
(8)

here, A and B are material-dependent constants, Eg is the
bandgap, and hn is the photon energy. This relation provides the
absorption coefficient a(l), thereby connecting incident
photons with the optical response of the perovskite absorber.

The program calculates key performance parameters such as
open-circuit voltage (VOC),39

VOC ¼ n� k � T

q
ln

�
Iph

IO
þ 1

�
(9)

Short-circuit current density (JSC),

JSC = q × A × G × h (10)

Fill factor (FF),40
© 2026 The Author(s). Published by the Royal Society of Chemistry
FF ¼ PMax

Pin

¼ IMax � VMax

VOC � ISC
(11)

Power conversion efficiency (PCE),41

PCE ¼ ISC � FF� VOC

Pin

(12)

The photovoltaic characteristics of Rb2NaRhX6 (X= F, Cl, Br,
and I) were assessed through the calculation of key device
parameters, including the open-circuit voltage (VOC, eqn (9)),
short-circuit current density (JSC, eqn (10)), ll factor (FF, eqn
(11)), and power conversion efficiency (PCE, eqn (12)). As shown
in Fig. 1, the optimized crystal structure and device architecture
of Rb2NaRhX6 provide the structural and simulation framework
for evaluating the solar-cell performance of these materials.
Here, Pin denotes the incident solar power, n is the diode
ideality factor, k is Boltzmann's constant,42 T is the temperature,
Iph is the photo-generated current, I0 is the reverse saturation
current, A represents the active area, G is the irradiance, and h is
the quantum efficiency. Incorporating relevant material
parameters, such as band gap, electron affinity, dielectric
constant, and carrier mobility, enables a comprehensive eval-
uation of carrier transport, recombination pathways, and defect
tolerance in the Rb-based double perovskites.

This combined theoretical approach using CASTEP-based
DFT and SCAPS-1D was selected because it enables a direct
link between intrinsic material properties and device-level
performance. The DFT method implemented in CASTEP,
based on a plane-wave pseudopotential framework, is well
suited for accurately describing periodic solid-state systems and
has been widely validated for calculating the electronic struc-
ture and optical properties of halide perovskites. In contrast,
SCAPS-1D is specically designed for thin-lm photovoltaic
devices and solves the Poisson and carrier continuity equations
to simulate charge transport, recombination, and interface
effects. Compared to other standalone approaches, this
combination provides a more comprehensive evaluation by
integrating material-level insights with realistic device
modeling. Therefore, this methodology offers an effective and
computationally efficient strategy for predicting the photovol-
taic potential of lead-free Rb2NaRhX6 materials prior to exper-
imental fabrication.
3 Results & discussion
3.1. Structural stability analysis

Structural stability describes whether a crystal is energetically
favorable, mechanically robust, and dynamically stable, typi-
cally assessed via lattice constants, formation energy, elastic
constants, and phonon dispersion. Materials are stable when
DEf < 0, elastic constants satisfy the Born criteria, and no
imaginary phonon frequencies are present. In this section, the
materials' stability considering these criteria were highlighted.

Fig. 2 presents the variation of optimized lattice constant,
formation energy, and Goldschmidt tolerance factor for
RSC Adv., 2026, 16, 30158–30179 | 30161
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Fig. 2 Variation of lattice constant, formation energy, and tolerance
factor for Rb2NaRhX6 (X = F, Cl, Br, I) compounds.

Fig. 3 Variation of bond length of different bonds for Rb2NaRhX6 (X =

F, Cl, Br, I) compounds.

Table 1 Calculated elastic constants of Rb2NaRhX6 (X = F, Cl, Br, I)
compounds

Elastic constants Rb2NaRhF6 Rb2NaRhCl6 Rb2NaRhBr6 Rb2NaRhI6

C11 (GPa) 16.391 33.547 24.355 18.762
C12 (GPa) 6.995 9.740 4.918 4.537
C44 (GPa) 10.313 10.501 6.538 3.648
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Rb2NaRhX6 (X = F, Cl, Br, I). The lattice constant increases
systematically from 6.229 Å (F) to 8.378 Å (I). This trend follows
the increase in ionic radius from F− to I−, which expands the
RhX6 octahedra and enlarges the unit cell. The formation
energy of these compounds was calculated using eqn (1),

DEf = Etot(Rb2NaRhX6) − 2E(Rb) − E(Na) − E(Rh) −
6E(X) (13)

The formation energy becomes progressively less negative,
changing from−4.688 eV per atom (F) to−2.878 eV per atom (I).
All values remain negative, indicating that each compound is
thermodynamically stable, although stability decreases for
heavier halides due to weaker bonding interactions associated
with longer bond lengths. Tolerance factor is an indicator for
a compound's cubic structure stability expressed as;43

t ¼ rRb þ rXffiffiffi
2

p �rNa þ rRh

2
þ rX

� (14)

The Goldschmidt tolerance factor decreases from 0.992 to
0.911 across the series, remaining within the range typical for
stable perovskite structures (0.8–1.0). This reduction suggests
a gradual increase in structural distortion with increasing
halide size, while preserving overall structural integrity.

Fig. 3 shows the variation of bond lengths for different
atomic pairs in Rb2NaRhX6 compounds. All bond lengths
increase consistently from F to I, reecting the increasing ionic
radius of the halide ions. For example, the Rh–X bond length
increases from approximately 2.015 Å (F) to about 2.72 Å (I).
Similar trends are observed for X–Na and X–Rb interactions, as
well as cation–cation separations such as Rb–Na and Rh–Na.
This uniform expansion indicates that the crystal lattice
accommodates larger halide ions by increasing interatomic
distances. The increase in bond length reduces orbital overlap
and weakens bonding interactions, which is consistent with the
30162 | RSC Adv., 2026, 16, 30158–30179
observed decrease in formation energy and elastic stiffness.
Overall, the bond length trends conrm the structural expan-
sion and progressive soening of the lattice across the halide
series.

The calculated elastic constants (C11, C12, and C44) for the
Rb2NaRhX6 compounds are listed in Table 1. All elastic
constants are positive, and the Born stability criteria for cubic
crystals (C11 > 0, C44 > 0, C11 − C12 > 0, and C11 + 2C12 > 0) are
satised for each compound, conrming their mechanical
stability. Among the series, Rb2NaRhCl6 exhibits the highest C11

value (33.547 GPa), indicating the greatest resistance to longi-
tudinal deformation. In contrast, Rb2NaRhI6 shows the lowest
C44 value (3.648 GPa), suggesting reduced tendency to shear
deformation and a comparatively soer lattice. The general
decrease in elastic constants from lighter to heavier halides
indicates a reduction in mechanical rigidity, which correlates
with increasing bond lengths and weaker interatomic
interactions.

Fig. 4 presents the phonon dispersion relations along high-
symmetry directions for all four compounds.

The phonon spectra do not exhibit any imaginary (negative)
frequencies across the Brillouin zone. This absence of so
modes conrms that all structures are dynamically stable and
do not undergo spontaneous lattice distortions. The phonon
branches for heavier halides (Br and I) appear at lower
frequencies compared to those for F and Cl, reecting reduced
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Phonon dispersion analysis of (a) Rb2NaRhF6, (b) Rb2NaRhCl6, (c) Rb2NaRhBr6, and (d) Rb2NaRhI6 compounds.
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force constants and soer lattice vibrations. This trend is
consistent with the observed decrease in elastic constants and
increase in bond lengths. Overall, the phonon analysis supports
the conclusion that all Rb2NaRhX6 compounds are dynamically
stable, with a gradual reduction in lattice stiffness from F to I.
3.2. Electronic properties

3.2.1. Band structure. The variation of electron energy with
crystal momentum in a periodic solid is determined by its
electronic band structure. It denes key parameters such as the
valence band maximum (VBM), conduction band minimum,
and band gap.44 Calculating the band structure is important for
these Rb-based halide compounds to know whether they are
a semiconductor, metal, or insulator. As shown in Fig. 5a–d, all
investigated compounds exhibit nite band gaps, conrming
their semiconducting nature. The electronic band structures
were calculated using GGA-PBE, including spin–orbit coupling
(SOC), and further corrected using the hybrid HSE06 functional,
as shown in Fig. 5a–d. At the PBE level, the band gaps are
1.819 eV (Rb2NaRhF6), 1.254 eV (Rb2NaRhCl6), 0.935 eV (Rb2-
NaRhBr6), and 0.594 eV (Rb2NaRhI6). Upon inclusion of SOC,
the band gaps decrease to 1.702 eV, 1.135 eV, 0.816 eV, and
0.460 eV, respectively, indicating a signicant relativistic effect,
particularly for the heavier Br- and I-based compounds. The
HSE06 functional yields larger band gaps of 4.769 eV, 3.198 eV,
2.659 eV, and 1.649 eV for Rb2NaRhF6, Rb2NaRhCl6, Rb2-
NaRhBr6, and Rb2NaRhI6, respectively, providing a more
© 2026 The Author(s). Published by the Royal Society of Chemistry
accurate estimation of the fundamental band gap. The strong
reduction of the band gap under SOC, especially for Rb2-
NaRhBr6 and Rb2NaRhI6, highlights the importance of relativ-
istic effects in these systems and indicates that PBE values alone
are insufficient for quantitative predictions.

Moreover, all compounds exhibit a direct band gap, as both
the CBM and VBM are located at or very close to the X-point.
This direct transition is advantageous for efficient optical
absorption and emission, making these materials promising
candidates for optoelectronic applications. The conduction
bands display greater dispersion compared to the valence
bands, indicating a lower effective mass of electrons and sug-
gesting enhanced electron mobility. Based on the calculated
band gap values, the F- and Cl-based compounds are more
suitable for visible-light optoelectronic applications and
photovoltaic devices, with Rb2NaRhCl6 having a band gap close
to the optimal range for solar energy conversion. In contrast, the
Br- and I-based compounds, with narrower band gaps, are more
appropriate for infrared detection and low-energy optoelec-
tronic applications.

3.2.2. Total density of states (TDOS). Total density of states
is another measure that gives a prediction on the number of
available electronic states at each energy level and is derived
from the band structure. To identify the band gap, locate the
Fermi level, and understand how electrons contribute to
transport and optical properties can be predicted from calcu-
lating the TDOS. The plot of TDOS, as shown in Fig. 6, gives
RSC Adv., 2026, 16, 30158–30179 | 30163
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Fig. 5 Band structure of (a) Rb2NaRhF6, (b) Rb2NaRhCl6, (c) Rb2NaRhBr6, and (d) Rb2NaRhI6 double perovskite materials.
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a useful insight into their semiconducting behavior. The band
gap decreased from F to I, as seen by the narrowing gap between
the valence and conduction regions. The valence band (−6 to
0 eV) shows strong peaks, indicating dense occupied states.
Fig. 6 Total density of states of double perovskite Rb2NaRhX6 (X = F,
Cl, Br, I) double perovskite materials.

30164 | RSC Adv., 2026, 16, 30158–30179
Similarly, the conduction band has fewer states that shi
close to the Fermi level from F to I, suggesting the electronic
excitation. These features arise from orbital hybridization,
mainly between Rh d and halogen p orbitals. As the halogen
changes from F to I, the p orbitals become more extended,
increasing p–d hybridization and shiing energy levels, which
reduces the band gap. This trend explains the tunable electronic
and optical properties of these compounds.
3.3. Optical behavior analysis

Analysis of optical properties is essential to evaluate how
materials interact with electromagnetic radiation and their
potential for light-harvesting applications. Parameters such as
the absorption coefficient, optical conductivity, and dielectric
function provide insight into electronic transitions, energy
absorption, and charge response under illumination. These
properties therefore help determine the suitability of Rb2-
NaRhX6 (X = F, Cl, Br, I) compounds for photocatalytic and
photovoltaic applications.

The optical absorption properties of Rb2NaRhX6 (X = F, Cl,
Br, and I) were analyzed to evaluate their suitability for photo-
catalytic and photovoltaic applications, as illustrated in Fig. 7a.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Calculated optical characteristics of Rb2NaRhX6 (X = F, Cl, Br, and I), showing (a) wavelength-dependent absorption spectra and (b) Tauc
plots used to estimate the optical band gap, (c) real and imaginary optical conductivity (d) real dielectric function.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/9
/2

02
6 

3:
26

:1
3 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
The absorption coefficient (a), which measures the probability
of photon absorption and subsequent electron–hole pair
generation, is a key parameter governing light-harvesting
efficiency.42–44 All compounds exhibit strong absorption in the
ultraviolet region, with a systematic red shi in the absorption
edge from Rb2NaRhF6 to Rb2NaRhI6. The absorption onset
occurs at approximately 90 to 100 nm for Rb2NaRhF6, ∼120 nm
for Rb2NaRhCl6,∼150 nm for Rb2NaRhBr6, and∼180 to 200 nm
for Rb2NaRhI6, while the maximum absorption coefficients
reach ∼3.4 × 105 cm−1, 2.7 × 105 cm−1, 2.3 × 105 cm−1, and 2.0
× 105 cm−1, respectively. Notably, Rb2NaRhBr6 and Rb2NaRhI6
exhibit extended absorption tails toward longer wavelengths,
indicating improved interaction with the solar spectrum,
whereas Rb2NaRhF6 shows negligible visible-light absorption.
To further analyze the optical band gap Eg was determined
using Tauc's relation, given by eqn (15). The graph of (ahn)n as
a function of energy hn is shown in Fig. 7b, which allows us to
extract the optical band gap values from the absorption spectra.
This provides crucial insights into the material's potential for
photovoltaic and photocatalytic applications.45
© 2026 The Author(s). Published by the Royal Society of Chemistry
(ahn)n = A(hn − Eg) (15)

where a is the absorption coefficient, hn is the photon energy, A
is a proportionality constant, and Eg is the band gap, with the
exponent of n = 2 indicating the direct allowed transition and n
= 1/2 indirect transition.

The optical band gaps obtained from the Tauc plots in
Fig. 7b are 4.406 eV (Rb2NaRhF6), 2.466 eV (Rb2NaRhCl6),
1.850 eV (Rb2NaRhBr6), and 1.373 eV (Rb2NaRhI6), showing
a systematic decrease with increasing halide size. This reduc-
tion is consistent with enhanced orbital hybridization and the
progressive narrowing of the band gap. From an application
perspective, the wide band gap of Rb2NaRhF6 restricts its
activity to ultraviolet-driven processes, while Rb2NaRhCl6 shows
only limited visible-light utilization. In contrast, Rb2NaRhBr6
falls within the optimal band gap range for visible-light pho-
tocatalysis, allowing efficient absorption and charge generation
under solar irradiation. Rb2NaRhI6, with a narrower band gap of
1.373 eV, is particularly suitable for photovoltaic applications
due to its strong overlap with the solar spectrum, although it's
RSC Adv., 2026, 16, 30158–30179 | 30165
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Table 2 Highest absorption coefficient and dielectric starting value of
Rb2NaRhX6 (X= F, Cl, Br, I)

Compound
Highest absorption
coefficient, a (cm−1)

Dielectric starting
value (F/m)

Rb2NaRhF6 3.46 × 105 2.443
Rb2NaRhCl6 2.764 × 105 3.722
Rb2NaRhBr6 2.313 × 105 4.577
Rb2NaRhI6 1.992 × 105 6.398
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very small band gap may increase carrier recombination and
reduce oxidation capability in photocatalytic processes.

It should be noted that the electronic band gap obtained
from band-structure calculations and the optical band gap
extracted from Tauc analysis are related but not necessarily
identical quantities. The electronic band gap corresponds to the
energy separation between the valence-band maximum and
conduction-band minimum, whereas the optical band gap is
associated with optically allowed electronic transitions and the
absorption behavior of the material. In complex halide double
perovskites, noticeable differences between electronic and
optical band gaps have also been reported previously. For
example, Cs2SnGeCl6, Cs2SnGeBr6, and Cs2SnGeI6 were re-
ported to exhibit electronic band gaps of 1.40, 0.88, and 0.59 eV,
while their corresponding optical band gaps were 2.19, 1.86,
and 1.55 eV, respectively.46 Similar behavior has also been re-
ported for K2ScCuBr6 double perovskite systems.47 Such varia-
tions may arise from transition-selection rules, weak low-energy
absorption transitions, excitonic effects, and the nature of
optical absorption processes. Based on the calculated band gap
range and absorption behavior, Rb2NaRhBr6 appears to offer
the most balanced performance for visible-light-driven photo-
catalytic applications, whereas Rb2NaRhI6 is more suitable for
solar-energy-conversion and photovoltaic applications.

Optical conductivity (s) describes how charge carriers
respond to incident light and reects photon-induced elec-
tronic transitions.48,49 It includes a real part associated with
energy absorption and charge carrier generation, and an
imaginary part related to polarization effects. This property is
closely linked to the dielectric function and absorption behavior
of materials. For solar cell applications, high optical conduc-
tivity indicates efficient conversion of light into mobile charge
carriers. Materials with strong and broad conductivity in the
visible region are particularly desirable for enhanced solar
energy utilization. As shown in Fig. 7c, the real part of the
optical conductivity for Rb2NaRhX6 compounds begins to rise
sharply in the ultraviolet region, consistent with the absorption
observed in Fig. 7a. The onset of s1(u) occurs at approximately
90–100 nm for Rb2NaRhF6, 120 nm for Rb2NaRhCl6, 150 nm for
Rb2NaRhBr6, and 180–200 nm for Rb2NaRhI6. The maximum
real optical conductivity is observed at around 110 nm for
Rb2NaRhF6 with a peak value exceeding 6 (arb. units), indi-
cating the strongest interband transition among the studied
compounds. For Rb2NaRhCl6, the peak occurs near 130 nmwith
a value of approximately 4, while Rb2NaRhBr6 shows a peak
around 140 to 150 nmwith amagnitude close to 3.5. In contrast,
Rb2NaRhI6 exhibits a broader and slightly shied peak centered
near 160 nm with a maximum value around 4, indicating more
extended but less intense transitions. The imaginary part of the
optical conductivity shows corresponding negative peaks in
similar wavelength ranges, conrming strong electronic polar-
ization and transition activity. Notably, as the halide changes
from F to I, the conductivity spectra shi toward longer wave-
lengths, reecting band gap narrowing and enhanced electronic
delocalization. From an application perspective, Rb2NaRhF6
shows the highest conductivity but is limited to the ultraviolet
region, reducing its solar relevance. In contrast, Rb2NaRhBr6
30166 | RSC Adv., 2026, 16, 30158–30179
and Rb2NaRhI6 extend toward longer wavelengths, with Rb2-
NaRhI6 offering the most favorable visible-light response.

Dielectric function is a fundamental optical property that
demonstrates how a material responds to an external electro-
magnetic eld. It consists of real and imaginary parts; among
them, the real part illustrates the material ability to store energy
through polarizations, and the imaginary one responds to
absorption. The graph presented in Fig. 7d shows the plotted
real dielectric function for Rb2NaRhX6 compounds with
a photon energy ranging from 0 to 16 eV. As shown in Table 2, at
zero photon energy, the dielectric constants were approximately
2.443 for Rb2NaRhF6, 3.722 for Rb2NaRhCl6, 4.577 for Rb2-
NaRhBr6, and 6.398 for Rb2NaRhI6, showing a systematic
increase with heavier halides due to enhanced polarizability. As
energy increases, the 31(u) exhibits peaks corresponding to
interband electronic transitions. The highest values observed
for Rn2NaRhI6 (7.0 at 1 eV), Rb2NaRhBr6 (5.5 at 1.95 eV), Rb2-
NaRhCl6 (4.72 around 2 to 3 eV), and Rb2NaRhF6 (∼3.7 near ∼5
eV). Beyond these peaks, the dielectric function decreases, and
in the case of the I-based compound, 31(u) becomes negative
around 9 to 11 eV, indicating a plasma-like reective behavior.
Thus, from the comparative plot, the Rb2NaRhI6 has the largest
dielectric function, followed by the Br, Cl, and F, consistent with
increasing orbital size and stronger electronic polarization.
4 Photocatalytic applications

Photocatalytic processes, including water splitting and carbon
dioxide (CO2) reduction, have received considerable attention
because they offer a route for converting solar energy into
chemical fuels.50 In particular, photocatalytic water splitting
enables the production of hydrogen (H2), which is considered
a clean and renewable energy carrier.51 Similarly, photocatalytic
CO2 reduction provides a pathway for converting greenhouse
gases into valuable fuels and chemicals such as CO, CH4, and
CH3OH under light irradiation. These processes require semi-
conductor materials with appropriate band gap energies and
suitable band edge positions relative to the redox potential of
the targeted reactions.

As illustrated in Fig. 8, the photocatalytic mechanism begins
with the absorption of incident light by the Rb2NaRhX6 (X = F,
Cl, Br, and I) double perovskites, generating electron–hole (e−/
h+) pairs through excitation across the band gap (Eg). The
photogenerated electrons are promoted to the conduction band
(CB), while holes remain in the valence band (VB). These charge
carriers then migrate to the surface, where they participate in
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 A schematic diagram describing the photocatalytic water
splitting process.

Table 3 Comparison of optical band gap, CBM, VBM, and dielectric
peak values of Rb2NaRhX6 (X = F, Cl, Br, I)

Compound
Optical band
gap, Eg (eV)

CBM
(eV)

VBM
(eV)

Rb2NaRhF6 4.406 −0.503 3.903
Rb2NaRhCl6 2.466 −0.322 2.144
Rb2NaRhBr6 1.850 −0.293 1.557
Rb2NaRhI6 1.373 −0.401 0.972
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redox reactions. The conduction band electrons reduce adsor-
bed species (e.g., H+ to H2 or CO2 to reduced carbon products),
while the valence band holes oxidize water molecules to
produce O2 and reactive intermediates such as OH radicals. To
evaluate the photocatalytic efficiency, the positions of the
conduction band minimum (CBM) and valence bandmaximum
(VBM) are aligned with respect to the normal hydrogen elec-
trode (NHE). This alignment determines whether the band
edges straddle the redox potentials required for hydrogen
evolution reaction (HER) and oxygen evolution reaction (OER),
as well as possible CO2 reduction pathways.
Fig. 9 Photocatalytic band edge potentials of Rb2NaRhX6 (X = F, Cl,
Br, I) relative to the normal hydrogen electrode (NHE).
4.1. Hydrogen production

Photocatalytic water splitting is an environmentally sustainable
method for producing hydrogen (H2) using solar energy. In this
process, semiconductor photocatalysts absorb photons and
generate electron–hole pairs that drive reduction and oxidation
reactions at the catalyst surface.52 The overall reaction proceeds
through two half-reactions:

2H+ + 2e− / H2 (16)

2H2O / O2 + 4H+ + 4e− (16.1)

2H2O / 2H2 + O2 (16.2)

For efficient water splitting, the photocatalyst must possess
appropriate band gap energy and band edge alignment relative
to the redox potential of water. The conduction band minimum
(CBM) must lie at a potential more negative than the hydrogen
reduction level (0 eV vs.NHE), while the valence bandmaximum
(VBM) must lie at a potential more positive than the oxygen
evolution level (+1.23 eV vs. NHE).53

The band edge potentials of the Rb2NaRhX6 (X = F, Cl, Br, I)
compounds were estimated using the electronegativity
approach according to the following relations:49–51
© 2026 The Author(s). Published by the Royal Society of Chemistry
ECBM ¼ c� E0 � Eg

2
(17)

EVBM ¼ c� E0 þ Eg

2
(18)

where E0 is the free-electron energy on the hydrogen scale (4.5
eV), Eg is the band gap energy of the compound, and c is the
absolute electronegativity of the semiconductor.54–56 It should
be noted that the Mulliken electronegativity approach provides
only a qualitative estimation of band edge positions, with
typical uncertainties on the order of ∼0.3–0.5 eV. Therefore, the
calculated CBM and VBM values are interpreted as indicative
trends rather than quantitatively precise energy levels.54–56

The absolute electronegativity of the Rb2NaRhX6 compounds
can be estimated using the geometric mean of the electroneg-
ativities of the constituent atoms,57

cRb2NaRhX6
= (cRb

2cNacRhcX
6)1/10 (19)

While this method is widely used for initial screening of
photocatalytic materials, it does not explicitly account for
surface effects, electrostatic potential alignment, or many-body
interactions, which can signicantly inuence the absolute
band edge positions. The calculated band edge potentials for
the investigated compounds are summarized in Table 3. The
calculated results indicate that the CBM of all Rb2NaRhX6

compounds lies below the hydrogen reduction potential (0 eV
vs. NHE), suggesting that photogenerated electrons can effi-
ciently reduce protons to produce hydrogen. However, the
ability to oxidize water depends on the position of the valence
RSC Adv., 2026, 16, 30158–30179 | 30167
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band relative to the oxygen evolution potential (+1.23 eV vs.
NHE).58

As shown in Fig. 9 among the studied materials, Rb2NaRhF6,
Rb2NaRhCl6, and Rb2NaRhBr6 exhibit valence band maximum
(VBM) values higher than the oxygen evolution potential
(1.23 eV vs. NHE), suggesting favorable thermodynamic align-
ment for photocatalytic water splitting. Specically, the VBM
positions are approximately 3.903 eV for Rb2NaRhF6, 2.144 eV
for Rb2NaRhCl6, and 1.557 eV for Rb2NaRhBr6, all of which lie
above the oxidation potential of water. Their conduction band
minima (CBM) are located around −0.503 eV, −0.322 eV, and
−0.293 eV, respectively, which are above the hydrogen evolution
potential (0 eV), suggesting that these materials possess suit-
able band edge alignment for both oxygen and hydrogen
evolution reactions.

In contrast, Rb2NaRhI6 shows a VBM value of approximately
0.972 eV, which lies slightly below the water oxidation potential
(1.23 eV). This indicates that it may not effectively drive the
oxygen evolution reaction. However, its CBM is positioned near
−0.401 eV, which remains above the hydrogen reduction
potential, suggesting that it can still facilitate hydrogen
production.

The photocatalytic behavior is also affected by the pH of the
reaction medium. The band edge potentials shi with pH
according to the following relations,59

EpH
CBM = EpH=0

CBM − 0.05911 × pH (20)

EpH
VBM = EpH=0

VBM − 0.05911 × pH (21)

As shown in Fig. 10a and b, increasing the pH causes both
the valence band maximum (VBM) and conduction band
minimum (CBM) to shi toward lower potentials in an
approximately linear manner across the pH range from 0 to 14.
In Fig. 10a, the VBM of Rb2NaRhF6 decreases from about 3.9 eV
at pH 0 to approximately 3.1 eV at pH 14. Similarly, Rb2NaRhCl6
Fig. 10 pH-dependent variation of (a) valence band maximum (VBM) and
I) compounds.

30168 | RSC Adv., 2026, 16, 30158–30179
shows a reduction from roughly 2.1 eV to 1.35 eV, while Rb2-
NaRhBr6 decreases from about 1.5 eV to 0.75 eV over the same
pH range.

The Rb2NaRhI6 compound exhibits the lowest VBM values,
declining from approximately 0.9 eV at pH 0 to nearly 0.15 eV at
pH 14. A comparable trend is observed for the conduction band
edges in Fig. 10b. The CBM of Rb2NaRhF6 shis from around
−0.55 eV at pH 0 to about −1.30 eV at pH 14. For Rb2NaRhCl6,
the CBM decreases from approximately −0.40 eV to −1.15 eV,
while Rb2NaRhBr6 shis from about −0.35 eV to −1.10 eV. In
the case of Rb2NaRhI6, the CBM moves from roughly −0.48 eV
at pH 0 to about −1.22 eV at pH 14. These results indicate that
the downward shi of the band edges with increasing pH
reduces the oxidation capability of the photocatalysts under
strongly alkaline conditions, as the VBM gradually approaches
lower potential. Nevertheless, Rb2NaRhF6 maintains relatively
high VBM values across the entire pH range, indicating stable
oxidation capability and favorable redox alignment. In contrast,
the chloride and bromide variants exhibit a moderate reduction
in oxidation ability at higher pH values. Overall, the band
alignment analysis in Fig. 10a and b suggests that Rb2NaRhF6,
Rb2NaRhCl6, and Rb2NaRhBr6 remain promising candidates for
photocatalytic hydrogen production, whereas Rb2NaRhI6
primarily supports hydrogen evolution and may be less suitable
for complete water splitting. The band-edge positions were
estimated using the Mulliken electronegativity approach, which
provides a rst-order description of the relative alignment of
conduction and valence bands. This method does not explicitly
account for surface effects, catalytic active sites, overpotentials,
or charge-carrier recombination processes. Consequently, the
present analysis focuses on bulk thermodynamic alignment,
while detailed photocatalytic performance requires additional
investigation including surface reaction pathways and kinetic
effects.
(b) conduction band minimum (CBM) for Rb2NaRhX6 (X= F, Cl, Br, and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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4.2. CO2 photo-degradation capacity

Photocatalytic reduction of carbon dioxide (CO2) is an attractive
strategy for mitigating greenhouse gas emissions while
producing valuable fuels and chemical intermediates.60 In this
process, semiconductor photocatalysts utilize solar energy to
convert CO2 into useful products such as methane (CH4),
methanol (CH3OH), formic acid (HCOOH), and carbon
monoxide (CO). The main photocatalytic CO2 reduction reac-
tions can be expressed as,

CO2 + 8H+ + 8e− / CH4 + 2H2O (22)

CO2 + 2H+ + 2e− / HCOOH (22.1)

CO2 + 2H+ + 2e− / CO + H2O (22.2)

CO2 + 6H+ + 6e− / CH3OH + H2O (22.3)

For these reactions to be thermodynamically feasible, the
conduction band potential of the photocatalyst must be suffi-
ciently negative to transfer electrons to the CO2 molecules,
while the valence band potential must be positive enough to
drive oxidation reactions that supply the necessary protons.

Fig. 11 compares the band edge potentials of the Rb2NaRhX6

(X = F, Cl, Br, I) compounds with the standard CO2 reduction
potentials referenced to the normal hydrogen electrode (NHE).
The dashed reference lines indicate the reduction potentials for
CO2/CH4 (0.169 eV), CO2/CH3OH (0.017 eV), CO2/CO (−0.53 eV),
and CO2/HCOOH (−0.19 eV). The calculated conduction band
minimum (CBM) positions of the Rb2NaRhX6 compounds lie
above several of these CO2 reduction potentials, indicating that
these materials can provide thermodynamic driving force for
CO2 reduction reactions at the level of bulk band alignment. As
illustrated in Fig. 11, the CBM values are approximately
−0.55 eV for Rb2NaRhF6,−0.40 eV for Rb2NaRhCl6,−0.35 eV for
Rb2NaRhBr6, and −0.48 eV for Rb2NaRhI6. These positions are
sufficiently negative to drive the formation of products such as
HCOOH (−0.19 eV) and CO (−0.53 eV), indicating that the
materials exhibit sufficient reducing potential for several CO2

reduction pathways at the bulk electronic level. In addition,
Rb2NaRhF6 and Rb2NaRhCl6 exhibit relatively high valence
band maximum (VBM) potentials, which enhance the oxidation
Fig. 11 CO2 reduction potential of Rb2NaRhX6 (X = F, Cl, Br, and I)
compounds relative to the normal hydrogen electrode (vs. NHE).

© 2026 The Author(s). Published by the Royal Society of Chemistry
capability required to balance the reduction reactions during
photocatalysis. This band alignment is favorable for coupled
reduction and oxidation processes based on bulk electronic
structure. Halide substitution strongly inuences the photo-
catalytic properties of the Rb2NaRhX6 series. As the halogen
changes from F/ Cl/ Br/ I, the valence band shis toward
lower potentials, which reduces the oxidation capability of the
photocatalyst. This trend modies the relative band positions
and may inuence carrier dynamics. Consequently, Rb2NaRhF6
exhibits the most favorable band alignment relative to the CO2

reduction potentials shown in Fig. 11, followed by Rb2NaRhCl6
and Rb2NaRhBr6, whereas Rb2NaRhI6 displays comparatively
weaker oxidation potential. Overall, the band edge alignment
presented in Fig. 11 indicates that the Rb2NaRhX6 double
perovskites possess suitable electronic structures for photo-
catalytic CO2 reduction under visible-light irradiation. Among
them, Rb2NaRhF6 demonstrates the most suitable combination
of conduction and valence band positions, suggesting superior
potential for efficient CO2 conversion and solar fuel production.
However, it should be noted that favorable band-edge align-
ment alone is not sufficient to fully establish efficient CO2

photoreduction performance and product selectivity. In prac-
tical photocatalytic systems, several additional factors,
including the adsorption behavior of CO2 molecules, surface
active sites, reaction kinetics, charge-transfer characteristics,
and carrier recombination dynamics, signicantly inuence the
overall photocatalytic efficiency. Moreover, the formation and
stability of multi-electron reaction intermediates (such as
COOH, CO, and H species) play critical roles in determining the
selectivity toward specic reduction products. Therefore,
although the present band-edge analysis conrms the thermo-
dynamic feasibility of CO2 reduction for the Rb2NaRhX6

compounds, further investigations involving surface-reaction
analysis, adsorption-energy calculations, and carrier-dynamics
studies are necessary to comprehensively evaluate the photo-
catalytic mechanism and catalytic selectivity.

5 Photovoltaic application
5.1. Device conguration and modeling parameters

Device conguration and modeling parameters are crucial to
calculating because they dene the structural, electrical, and
optical characteristics of each layer within a simulated device,
directly inuencing its overall performance.

Table 4 summarizes the input parameters used to simulate
the device architecture consisting of FTO/SnS2/Rb2NaRhX6,
where X = F, Cl, Br, and I. The table includes the physical,
electronic, and transport properties assigned to each layer in
the simulation. The thickness of the FTO and SnS2 layers is xed
at 50 nm, while all four absorber layers, namely Rb2NaRhF6,
Rb2NaRhCl6, Rb2NaRhBr6, and Rb2NaRhI6, are taken as
700 nm. This indicates that the halide perovskite-derived layers
act as the main absorber region in the device. A clear compo-
sitional trend is observed in the band gap (Eg) values. The band
gap decreases systematically from 1.819 eV for Rb2NaRhF6 to
1.254 eV for Rb2NaRhC6, 0.935 eV for Rb2NaRhBr6, and 0.594 eV
for Rb2NaRhI6. This reduction from F to I suggests that
RSC Adv., 2026, 16, 30158–30179 | 30169
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Table 4 Configurational parameters for the simulated device architecture

Parameters FTO SnS2 Rb2NaRhF6 Rb2NaRhCl6 Rb2NaRhBr6 Rb2NaRhI6

Thickness (nm) 50 50 700 700 700 700
Band gap, Eg (eV) 3.6 2.24 1.819 1.254 0.935 0.594
Electron affinity, c (eV) 4.5 4.24 3.239 3.833 4.164 4.521
Dielectric permittivity, 3r 10 10 2.353 3.696 4.579 6.428
CB effective density of states, NC (cm−3) 2 × 1018 2.2 × 1018 8.43 × 1018 1.007 × 1019 1.238 × 1019 1.247 × 1019

VB effective density of states, NV (cm−3) 1.8 × 1019 1.8 × 1019 1.512 × 1019 1.515 × 1019 1.515 × 1019 1.503 × 1019

Donor density, ND (cm−3) 1 × 1018 1 × 1017 0 0 0
Acceptor density, NA (cm−3) 0 0 1 × 1017 1 × 1017 1 × 1017 1 × 1017

Electron mobility, mn (cm2 V−1 s−1) 50 50 95 90 90 120
Hole mobility, mh (cm2 V−1 s−1) 20 50 75 70 70 80
Defect density, Nt (cm

−3) 1 × 1014 1 × 1014 1 × 1014 1 × 1014 1 × 1014 1 × 1014
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replacing the lighter halide with the heavier one progressively
narrows the band gap, which is favorable for stronger visible-
light absorption.

The electron affinity (c) also increases from 3.239 eV for
Rb2NaRhF6 to 4.521 eV for Rb2NaRhI6. This means the band
edges shi with halide substitution, which can strongly inu-
ence band alignment with the transport layers and, therefore,
charge extraction efficiency. The dielectric permittivity (3r) rises
steadily across the series, from 2.353 for the uoride compound
to 6.428 for the iodide compound. This increase implies that the
iodide-based material may provide better electrostatic
screening and reduced coulombic interaction between charge
carriers. The effective density of states in both the conduction
band (NC) and valence band (NV) remains of the order of 1019

cm−3 for all absorber layers, with only minor variation. NC

shows a gradual increase from uoride to iodide, whereas NV

remains nearly constant. This suggests that the four
compounds have broadly comparable carrier state availability,
with small halide-dependent differences. For the doping prole,
FTO and SnS2 are treated as n-type layers with donor densities
of 1 × 1018 cm−3 and 1 × 1017 cm−3, respectively. In contrast,
the absorber layers are modeled as p-type, each having an
acceptor density of 1 × 1017 cm−3 and essentially zero donor
density. This conrms the intended junction formation
between the electron-transport side and the absorber region.
The carrier mobility values are relatively high for all absorber
materials. The electron mobility varies from 90 to 120 cm2 V−1

s−1, while the hole mobility ranges from 70 to 80 cm2 V−1 s−1.
Among them, Rb2NaRhI6 exhibits the highest electron and hole
mobilities, suggesting superior charge transport capability
compared to the other halide members. Finally, the defect
density (Nt) is xed at 1 × 1014 cm−3 for all layers, ensuring
a consistent basis for comparison among the simulated devices.
In addition to the simulation parameters, the feasibility of
experimental fabrication is also considered. The front contact
FTO layer is typically deposited at high temperatures (∼400–600
°C) using techniques such as spray pyrolysis,61 which ensures
good conductivity and transparency. The SnS2 electron trans-
port layer can be prepared using chemical bath deposition or
sputtering methods at moderate temperatures (∼200–400 °C).62

For the Rb2NaRhX6 absorber layer, deposition is expected to
occur at relatively lower temperatures (∼100–300 °C),
30170 | RSC Adv., 2026, 16, 30158–30179
depending on the synthesis route, such as solution processing
or vacuum-based techniques. The Au back contact is generally
deposited by thermal evaporation at room temperature. These
temperature ranges indicate that the proposed device archi-
tecture is compatible with established thin-lm fabrication
processes, although experimental validation of Rb-based
double perovskite synthesis remains necessary.
5.2. Energy band alignment analysis

Fig. 12 shows the equilibrium energy-band alignment of the
FTO/SnS2/Rb2NaRhX6/Au solar-cell structures for four different
halide compositions: Fig. 12a Rb2NaRhF6, Fig. 12b Rb2NaRhCl6,
Fig. 12c Rb2NaRhBr6, and Fig. 12d Rb2NaRhI6. In each panel,
the conduction-band edge (EC), valence-band edge (EV), electron
quasi-Fermi level (Fn), and hole quasi-Fermi level (Fp) are
plotted as a function of device thickness. The absorber layer
thickness is kept constant at 0.70 mm, while the SnS2 and FTO
layers are each 0.05 mm thick. A clear halide-dependent reduc-
tion in the absorber band gap is observed, decreasing from
1.819 eV for Rb2NaRhF6 to 1.254 eV for Rb2NaRhCl6, 0.935 eV
for Rb2NaRhBr6, and 0.594 eV for Rb2NaRhI6. The band proles
remain nearly at throughout the absorber region, indicating
a relatively uniform internal potential, while sharp band offsets
appear at the SnS2/absorber and absorber/FTO interfaces.
5.3. Interface defect parameters

Interfacial defect analysis is essential because defects at the
SnS2/Rb2NaRhX6 interface strongly affect charge transport,
recombination, and device stability. Parameters such as defect
density, defect type, and capture cross-section help identify the
trapping behavior of carriers and the recombination activity of
the interface states. These defects can signicantly reduce
photovoltaic performance by lowering VOC, JSC, and PCE.
Therefore, this study is important for understanding interface
losses and improving solar-cell efficiency through better inter-
face engineering and passivation.

Table 5 presents the interfacial defect parameters used for
the SnS2/Rb2NaRhX6 (X = F, Cl, Br, I) heterojunctions in the
simulated solar cells. The table shows that the same defect
conditions are applied to all four interfaces, allowing a fair
comparison of device performance across the halide series. For
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Effect of X-site halide (X = F, Cl, Br, I) on the energy band diagram of (a) Rb2NaRhF6, (b) Rb2NaRhCl6, (c) Rb2NaRhBr6, and (d) Rb2NaRhI6
double perovskite materials.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/9
/2

02
6 

3:
26

:1
3 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
each interface, the electron and hole capture cross section is
xed at 1 × 10−19 cm2, indicating that the defect centers are
assumed to have the same carrier trapping probability for both
types of charge carriers. The defect type is taken as neutral in all
cases, meaning the interfacial trap states are modeled without
net charge. In addition, the total defect density is set to 1 × 1011

cm−2 for every interface. Because all the interfacial defect
parameters remain unchanged for SnS2/Rb2NaRhF6, SnS2/Rb2-
NaRhCl6, SnS2/Rb2NaRhBr6, and SnS2/Rb2NaRhI6, any variation
in the simulated photovoltaic performance can be attributed
Table 5 Comparison of interfacial defect properties in SnS2/Rb2-
NaRhX6 (X = F, Cl, Br, I) solar cells

Interfaces
Capture cross section:
electrons/holes (cm2)

Defect
type

Total defect
density (cm−2)

SnS2/Rb2NaRhF6 1 × 10−19 Neutral 1 × 1011

SnS2/Rb2NaRhCl6 1 × 10−19 Neutral 1 × 1011

SnS2/Rb2NaRhBr6 1 × 10−19 Neutral 1 × 1011

SnS2/Rb2NaRhI6 1 × 10−19 Neutral 1 × 1011

© 2026 The Author(s). Published by the Royal Society of Chemistry
mainly to the intrinsic material properties of the absorber layers
rather than differences in interface defect assumptions.
5.4. Thickness-dependent optimization of photovoltaic
performance

Investigating the effect of absorber-layer thickness is essential
for optimizing the photovoltaic performance of Rb2NaRhX6-
based solar cells because it reects the balance between light
absorption, carrier collection, and recombination losses. By
changing the thickness systematically, it becomes possible to
determine the optimum range where the absorber can harvest
sufficient photons while maintaining efficient charge transport.
This analysis also explains the evolution of PCE and JSC, which
generally improve with thickness up to a saturation point,
beyond which further increase gives little benet and may even
enhance bulk recombination and material usage.63 At the same
time, the variation of VOC and FF with thickness provides
insight into the electronic quality of the absorber and the
stability of the device interfaces. Therefore, thickness-
dependent analysis of Rb2NaRhX6 absorbers is important not
RSC Adv., 2026, 16, 30158–30179 | 30171
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Fig. 13 Variation of (a) VOC, (b) JSC, (c) FF, and (d) PCE with absorber layer thickness for Rb2NaRhX6 (X = F, Cl, Br, I)-based solar cells.
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only for achieving maximum efficiency with lower fabrication
cost, but also for understanding their underlying optoelectronic
behavior and practical suitability for photovoltaic applications.

Fig. 13 shows the effect of absorber layer thickness on the
photovoltaic parameters of Rb2NaRhX6 (X = F, Cl, Br, I)-based
solar cells. The absorber thickness varies from about 0.3 to
2.4 mm, and the corresponding changes in VOC, JSC, FF, and PCE
are presented in Fig. 13a–d. In Fig. 13a, the VOC generally
decreases with increasing absorber thickness for all four
devices, although the uoride-based device shows a slight rise
at lower thickness and then becomes nearly saturated. The
chloride-, bromide- and iodide-based cells exhibit a clearer
monotonic decline in VOC as thickness increases. This behavior
suggests that a thicker absorber may enhance recombination
losses, leading to a reduction in the built-in photovoltage.
Moreover, in Fig. 13b, JSC increases rapidly with absorber
thickness at the beginning and then approaches saturation for
all compounds. This trend is expected because a thicker
absorber can capture more incident photons and generate more
charge carriers. At lower absorber thicknesses, incomplete
photon absorption limits carrier generation despite efficient
carrier extraction. As the thickness increases, enhanced light
absorption improves JSC and PCE up to an optimum value.
Among all devices, Rb2NaRhI6 consistently shows the highest
JSC, followed by Rb2NaRhBr6, Rb2NaRhCl6, and Rb2NaRhF6,
which is consistent with the narrower band gap of the iodide
30172 | RSC Adv., 2026, 16, 30158–30179
compound and its stronger light-harvesting ability. Likewise, In
Fig. 13c, the FF exhibits different thickness-dependent behavior
depending on the halide composition. The uoride-based
device remains nearly constant with only slight variation. The
chloride-based solar cell shows a noticeable increase in FF with
increasing thickness. In contrast, the bromide- and iodide-
based devices display a gradual decrease in FF as the absorber
becomes thicker. This indicates that the balance between
carrier generation and transport/recombination differs across
the halide series. When the absorber thickness exceeds the
effective carrier diffusion length, photogenerated carriers
require a longer transport path before reaching the electrodes,
which increases the probability of bulk recombination and
reduces carrier collection efficiency. This effect becomes more
pronounced for the bromide- and iodide-based devices at
higher thicknesses, where the reductions in VOC, FF, and
eventually PCE suggest enhanced recombination losses and
shorter effective carrier lifetimes. Similarly, In Fig. 13d, the PCE
rst increases sharply with increasing thickness and then either
saturates or declines slightly, depending on the composition.
For Rb2NaRhF6 and Rb2NaRhCl6, the PCE rises and then rea-
ches an almost stable optimum at higher thickness. Rb2-
NaRhBr6 reaches its maximum PCE at an intermediate
thickness and then slightly decreases. In contrast, Rb2NaRhI6
attains its best efficiency at relatively low thickness and then
continuously declines as the layer becomes thicker. This
© 2026 The Author(s). Published by the Royal Society of Chemistry
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indicates that although thicker absorber layers improve light
absorption and JSC, excessive thickness can also increase
recombination and reduce overall device efficiency, especially
for the iodide-based cell. Therefore, the optimized absorber
thickness obtained in this work reects a balance between
efficient photon harvesting and effective carrier transport gov-
erned by carrier diffusion length, lifetime, and recombination
dynamics.

5.5. Inuence of doping and defects on the solar cell
efficiency

Calculating the effect of defect density and shallow acceptor
density is important because it reveals howmaterial quality and
doping inuence recombination, charge transport, and overall
device efficiency. It helps identify defect tolerance limits, the
role of doping in enhancing VOC and FF, and guides optimiza-
tion strategies for achieving stable, high-performance solar
cells.64 In Fig. 14a, increasing the total defect density from 1010

to 1018 cm−3 causes an overall deterioration in device perfor-
mance for all compositions. The PCE decreases progressively
with rising defect density, with the decline being especially
pronounced for Rb2NaRhBr6 and Rb2NaRhI6 at higher defect
concentrations. Rb2NaRhCl6 retains the highest efficiency over
most of the defect-density range, while Rb2NaRhF6 shows the
lowest but comparatively stable behavior. The FF also drops
with increasing defect density, particularly at defect levels above
about 1016 to 1017 cm−3, indicating enhanced recombination
and poorer charge extraction.

The JSC remains almost constant at lower defect densities
and then decreases noticeably at higher defect concentrations,
especially for the bromide- and iodide-based cells. A similar
decreasing trend is observed for VOC, which continuously falls
as the defect density increases. This conrms that a high
Fig. 14 Variation of photovoltaic parameters of Rb2NaRhX6 (X = F, Cl, B

© 2026 The Author(s). Published by the Royal Society of Chemistry
density of defect states acts as recombination centers, reducing
both carrier lifetime and overall solar-cell performance.

In Fig. 14b, the effect of shallow acceptor density is quite
different. As the shallow acceptor density increases from 1013 to
1020 cm−3, the PCE of Rb2NaRhCl6 and Rb2NaRhBr6 increases
steadily, while Rb2NaRhF6 remains almost unchanged with only
a slight improvement. In contrast, Rb2NaRhI6 remains nearly
stable at lower acceptor densities but shows a strong decline at
higher doping levels. FF follows a similar trend: it improves for
the chloride- and bromide-based devices, changes only slightly
for the uoride system, and decreases sharply for the iodide
compound at high acceptor concentrations. The JSC is nearly
constant for Rb2NaRhF6, Rb2NaRhCl6, and Rb2NaRhBr6, but
drops markedly for Rb2NaRhI6 as the acceptor density becomes
very high. On the other hand, VOC generally increases with
shallow acceptor density for all four compounds, although the
increase is much smaller in the iodide-based cell. This suggests
that moderate p-type doping improves the built-in potential and
junction quality, but excessive acceptor concentration can
adversely affect carrier transport and recombination, particu-
larly in Rb2NaRhI6.

5.6. Effect of temperature variation

Calculating the temperature-dependent photovoltaic parame-
ters such as PCE, FF, JSC, and VOC is important because the
performance and long-term stability of solar cells are strongly
inuenced by operating conditions, especially thermal effects.
Solar cells typically function under outdoor environments
where temperature uctuations are inevitable, and higher
temperatures oen lead to increased carrier recombination,
reduced bandgap, and degraded device efficiency. By analyzing
how these parameters vary with temperature, researchers can
identify the intrinsic thermal stability of absorber materials,
r, I) as a function of (a) defect density and (b) shallow acceptor density.
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Fig. 15 Temperature-dependent photovoltaic parameters of Rb2NaRhX6 (X = F, Cl, Br, I) based solar cells, showing the variation of (a) VOC, (b)
JSC, (c) FF, and (d) PCE over the temperature range 280–450 K.
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evaluate their suitability for real-world applications, and
determine the extent of performance degradation under prac-
tical conditions.65 Specically, understanding variations in JSC
and VOC reveals the carrier generation and transport behavior,
while FF and PCE indicate overall device quality and efficiency.

In Fig. 15a, the open-circuit voltage (VOC) generally decreases
with increasing temperature for all four devices. At lower
temperatures, the value remains relatively high, whereas at
elevated temperatures they drop noticeably. This reduction is
most signicant for the iodide-based cell, while the uoride-
and chloride-based devices retain comparatively higher VOC
values over the full temperature range. The gradual loss of VOC
with rising temperature is associated with enhanced carrier
recombination and thermal broadening effects. In Fig. 15b, the
short-circuit current density (JSC) shows the opposite trend and
increases steadily with temperature for all compounds. At 280
K, the current density is lowest, and it progressively rises as the
temperature reaches 450 K. The highest JSC values are obtained
for Rb2NaRhI6, followed by Rb2NaRhBr6, while Rb2NaRhF6 and
30174 | RSC Adv., 2026, 16, 30158–30179
Rb2NaRhCl6 exhibit comparatively lower current densities. This
behavior suggests improved thermal activation of carriers and
enhanced carrier collection at higher temperatures.

In Fig. 15c, the ll factor (FF) declines continuously with
increasing temperature for each absorber composition. The
decrease is relatively modest at rst but becomes more notice-
able at higher temperatures. Among the four devices, the
bromide- and chloride-based cells preserve comparatively
higher FF values, whereas the iodide-based system shows
a stronger deterioration. This trend reects the growing inu-
ence of resistive losses and recombination as temperature
increases. In Fig. 15d, the power conversion efficiency (PCE)
decreases overall with increasing temperature for all four solar
cells, despite the simultaneous rise in JSC. The temperature-
induced reductions in VOC and FF dominate the overall device
response and lead to lower efficiency at elevated temperatures.
The chloride-based device exhibits the highest PCE throughout
most of the temperature range, while the iodide-based device
© 2026 The Author(s). Published by the Royal Society of Chemistry
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shows the strongest sensitivity to thermal effects and the lowest
efficiency at high temperature.
5.7. JV and QE

Evaluating the J–V characteristics and quantum efficiency is
important for understanding how effectively a solar-cell mate-
rial converts light into electrical power. The J–V analysis
provides the main performance indicators, including VOC, JSC,
FF, and PCE, and helps identify losses related to recombination
and resistance.66 In contrast, the QE spectrum shows how effi-
ciently incident photons are absorbed and transformed into
charge carriers over different wavelengths. Together, these
results offer a clear picture of device efficiency, carrier behavior,
and spectral response, making them essential for optimizing
photovoltaic performance and selecting suitable absorber
materials.66

In Fig. 16a, the J–V curves reveal clear differences in photo-
voltaic performance among the four absorber compositions.
The short-circuit current density (JSC) increases systematically
from Rb2NaRhF6 to Rb2NaRhI6, as indicated by the higher
current plateau values of the curves. The iodide-based device
exhibits the largest current density, followed by the bromide-,
chloride-, and uoride-based devices. This trend reects the
progressive bandgap narrowing from F to I, which allows
broader solar absorption and thus greater photocurrent gener-
ation. In contrast, the open-circuit voltage (VOC) shows the
opposite behavior, with the uoride- and chloride-based cells
maintaining higher voltages, whereas the bromide- and espe-
cially iodide-based devices show lower VOC. The rectangularity
of the curves also suggests that the ll factor (FF) remains
reasonably high, although the iodide system appears to suffer
from a lower voltage output despite its strong current response.
Overall, the J–V curves demonstrate the trade-off between
voltage and current across the halide series. In Fig. 16b, the QE
spectra shows that all four devices possess high photo response
Fig. 16 Simulated photovoltaic characteristics of Rb2NaRhX6 (X = F, Cl, B
voltage relationship and corresponding device performance parameter
a function of wavelength.

© 2026 The Author(s). Published by the Royal Society of Chemistry
over their effective absorption ranges, with QE values remaining
close to 100% across much of the spectrum before sharply
declining near the absorption edge. The cutoff wavelength
shis markedly toward longer wavelengths from Rb2NaRhF6 to
Rb2NaRhI6. The uoride-based cell shows absorption only in
the shorter wavelength region, while the chloride and bromide
compounds extend the response deeper into the visible and
near-infrared regions. The iodide-based device exhibits the
broadest spectral coverage, extending far into the infrared
region, which explains its highest JSC. Thus, the QE spectra
conrms that halide substitution strongly tunes the light-
harvesting range of the absorber. Taken together, Fig. 13 indi-
cates that moving from F to I broadens the absorption window
and signicantly enhances current generation, but this
improvement is accompanied by a reduction in photovoltage.
Therefore, the overall device performance depends on the
balance between the higher JSC of the narrow-band-gap
absorbers and the higher VOC of the wide-band-gap absorbers.
5.8. Overall photovoltaic performance

It is important to calculate and compare photovoltaic parame-
ters such as PCE, JSC, VOC, and FF because these are the
fundamental metrics that determine the real performance and
viability of a solar cell material. Each parameter reveals
a different aspect of the device such as, JSC reects thematerial's
ability to generate charge carriers from absorbed photons, VOC
indicates the driving force for carrier separation and the quality
of the absorber's band alignment, FF measures resistive and
recombination losses affecting the overall device quality, and
PCE combines all these factors into a single efficiency value. By
calculating them, researchers can identify the strengths and
weaknesses of different absorber materials, understand the
physical processes limiting performance (such as poor absorp-
tion, recombination, or instability), and compare candidate
materials on a common scale.
r, I) perovskite solar cells: (a) J–V curves showing the current density–
s (VOC, JSC, FF, and PCE), and (b) quantum efficiency (QE) spectra as
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Table 6 Comparative analysis of the calculated photovoltaic parameters of Rb2NaRhX6 (X = F, Cl, Br, and I) with previously reported simulation
and experimental data

Compound PCE (%) JSC (mA cm−2) VOC (V) FF (%) Reference

FTO/SnS2/Rb2NaRhF6/Au 13.17 16.57 0.947 79.34 This work
FTO/SnS2/Rb2NaRhCl6/Au 27.03 35.41 0.893 83.56 This work
FTO/SnS2/Rb2NaRhBr6/Au 24.72 49.79 0.606 82.34 This work
FTO/SnS2/Rb2NaRhI6/Au 18.50 61.59 0.393 76.36 This work
Cs2NaBiI6 23.31 21.8 1.23 86.63 Sim.67

Cs2AgBiBr6 23.50 21.38 1.375 79.93 Sim.68

Cs2AgInBr6 26.64 27.49 1.1562 83.79 Sim.69

AZO/SnO2/MAPbI3/D-PBTTT-14/RGO 28.39 28.95 1.13 86.58 Sim.70

FTO/SnO2/perovskite/spiro-OMeTAD/RGO 16.80 22.10 1.10 69.00 Exp.71

FTO/SnO2/perovskite/RGO 24.00 0.99 52.20 12.60 Exp.71

FTO/SnO2/FAPbI3/Spiro/Au 4.3 16.6 40.6 0.6 Exp.72

11.5 20.6 1.1 47.4 Sim.72

FTO/SnO2/FA0.85Cs0.15PbI3/Spiro/Au 9.9 21.4 0.9 51.6 Exp.72

14.5 20.8 1.2 56.9 Sim.72

FTO/SnO2/FA0.85Cs0.15Pb(I0.85Br0.15)3/Spiro/Au 15.1 22.6 1.0 64.4 Exp.72

14.7 20.0 1.2 58.2 Sim.72
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Table 6 presents a comparative analysis of the calculated
photovoltaic parameters of Rb2NaRhX6 (X = F, Cl, Br, and I)
together with previously reported simulation and experimental
studies. The comparison demonstrates that the proposed Rb-
based double perovskites exhibit highly competitive photovol-
taic characteristics relative to several well-known lead-free and
Pb-based perovskite systems. For example, the optimized effi-
ciency of Rb2NaRhCl6 (27.03%) exceeds the simulated efficien-
cies reported for Cs2NaBiI6 (23.31%) and Cs2AgBiBr6 (23.50%),
while remaining highly competitive with Cs2AgInBr6 (26.64%).

Furthermore, the obtained efficiencies are comparable to or
higher than many experimentally fabricated perovskite devices
reported in the literature, including FTO/SnO2/perovskite/spiro-
OMeTAD/RGO (16.80%) and FTO/SnO2/FA0.85Cs0.15Pb(I0.85-
Br0.15)3/Spiro/Au (15.1%). These comparisons strongly support
the reliability and practical signicance of the present SCAPS-
1D simulation results and further justify the relevance of the
simulation outcomes to experimentally realizable photovoltaic
devices.

Among the four investigated compounds, Rb2NaRhCl6
exhibits the best overall photovoltaic performance with the
highest PCE of 27.03%, achieved through a balanced combi-
nation of high JSC (35.41 mA cm−2), VOC (0.893 V), and FF
(83.56%). These results indicate efficient charge generation,
reduced recombination losses, and effective carrier extraction.
Rb2NaRhBr6 shows the second-highest efficiency of 24.72%,
mainly due to its signicantly enhanced JSC of 49.79 mA cm−2

arising from stronger optical absorption and broader spectral
response. However, the reduced VOC of 0.606 V limits its overall
efficiency despite maintaining a high FF of 82.34%. Rb2NaRhI6
exhibits the highest JSC (61.59 mA cm−2), consistent with its
narrow band gap and extended visible-light absorption range.
Nevertheless, substantial reductions in VOC (0.393 V) and FF
(76.36%) restrict its PCE to 18.50%, suggesting increased
recombination and voltage losses. In contrast, Rb2NaRhF6
delivers the lowest efficiency of 13.17% due to its wider band
gap, which limits light absorption and reduces JSC to 16.57 mA
30176 | RSC Adv., 2026, 16, 30158–30179
cm−2, although it maintains a comparatively high VOC of 0.947
V. Overall, the results clearly demonstrate the strong inuence
of halide substitution on the balance between photocurrent
generation and photovoltage in Rb-based double perovskite
solar cells.

It should be noted that the exceptionally high JSC values
predicted for Rb2NaRhBr6 and Rb2NaRhI6 are obtained under
optimized simulation conditions in SCAPS-1D and therefore
represent the theoretical upper performance limits of these
absorber materials. In practical experimental devices, factors
such as defect-assisted recombination, interface imperfections,
carrier transport losses, parasitic absorption, and non-ideal lm
morphology may reduce the achievable current density. Never-
theless, the large JSC values obtained in this work are physically
reasonable due to the narrow band gaps and strong visible-light
absorption characteristics of the bromide- and iodide-based
compounds, which enable enhanced photon harvesting over
a broad spectral range. Similar trends of high photocurrent
generation for narrow-band-gap perovskite absorbers have also
been reported in previous simulation and experimental studies.
Therefore, although the simulated JSC values may be somewhat
higher than those achievable in current experimental devices,
the obtained results still provide important theoretical insights
and performance limits for future experimental optimization of
Rb-based double perovskite solar cells.

Overall, the comparative analysis conrms that the simu-
lated photovoltaic performances of the proposed Rb2NaRhX6

compounds are consistent with previously reported simulation
and experimental investigations. The excellent performance of
Rb2NaRhCl6, in particular, highlights its strong potential as
a promising lead-free absorber material for next-generation
high-efficiency perovskite solar cell applications.
6 Conclusion

In this work, the structural, electronic, optical, photocatalytic,
and photovoltaic properties of lead-free Rb2NaRhX6 (X = F, Cl,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Br, I) double halide perovskites were systematically investigated
using a combined DFT and SCAPS-1D simulation framework.
Structural analysis conrmed that all compounds possess
stable cubic phases with negative formation energies,
mechanically stable elastic constants, and dynamically stable
phonon spectra without imaginary frequencies. The calculated
electronic band structures revealed direct band-gap semi-
conducting behavior, where the band gap systematically
decreases from uoride to iodide compositions because of
enhanced Rh-d and halogen-p orbital hybridization. Inclusion
of SOC and HSE06 corrections further improved the reliability
of the electronic structure calculations. Optical analysis
demonstrated strong ultraviolet absorption together with
a progressive red shi toward the visible region from F- to I-
based compounds. Among the investigated materials, Rb2-
NaRhBr6 and Rb2NaRhI6 exhibited enhanced visible-light
absorption and favorable optical conductivity, indicating
strong potential for solar-energy harvesting applications. The
calculated dielectric response also increased systematically with
heavier halides because of enhanced electronic polarizability.
Band-edge alignment analysis showed that Rb2NaRhF6, Rb2-
NaRhCl6, and Rb2NaRhBr6 satisfy the thermodynamic require-
ments for photocatalytic water splitting, with suitable CBM and
VBM positions for hydrogen and oxygen evolution reactions. In
contrast, Rb2NaRhI6 mainly supports hydrogen evolution
because of its relatively lower valence-band position. Further-
more, all compounds exhibited favorable conduction-band
potentials for photocatalytic CO2 reduction reactions, indi-
cating their multifunctional photocatalytic capability. The pH-
dependent band-edge analysis revealed that the uoride and
chloride systems maintain comparatively stable oxidation and
reduction abilities across a broad pH range. The photovoltaic
performance evaluated through SCAPS-1D simulations
demonstrated that halide substitution strongly inuences
carrier transport and device efficiency. Among all absorbers,
Rb2NaRhCl6 delivered the best overall photovoltaic response
with a maximum PCE of 27.03%, supported by an VOC of
0.893 V, a JSC of 35.41 mA cm−2, and a FF of 83.56%. Overall, the
present study establishes Rb2NaRhX6 double perovskites as
promising lead-free multifunctional materials for photovoltaic
devices, photocatalytic hydrogen production, and CO2 reduc-
tion applications, while also providing theoretical guidance for
the future design of stable and environmentally friendly
perovskite-based energy materials.
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