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Abstract

The paper is a computational design and analysis of material to be used in renewable energy conversion with the aim
of improving energy conversion efficiency, sustainability and performance of the device. Structural, electronic,
optical, and transport properties of a variety of materials, including carbons, lead-free halide perovskites,
nanostructured materials, organic dyes, and carbon-based electrodes have been investigated using advanced
computational methods, including first-principles, density functional theory, and machine learning-based studies.
The methodology also used simulations in silico and predictive modeling to come up with good candidates of solar
cells, energy storage devices and hybrid photovoltaic/thermal devices. The important results include that certain
nanostructured materials have optimized bandgaps, enhanced carrier mobility, and desirable stability whereas the
computational-based optimizations of perovskite and organic dyes structures have been found to improve light
absorption and charge transport. Also, computational -experimental methods expose the promise of lignocellulosic
and other bio-derived materials to sustainable energy use. On the whole, the research has shown that computational
material design can be used to speed up the process of identifying high-performance renewable energy materials as
well as give mechanistic understanding of how they may behave under their working conditions. Machine learning
integration also allows high-speed screening of large chemical spaces, and thus advocates the creation of affordable
and ecologically appropriate energy systems. These findings highlight the transformative role of computational
approaches in guiding the design of next-generation materials for renewable energy technologies.
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1. Introduction

The need to implement sustainable and efficient energy solutions has escalated the studies on renewable energy
applications materials [1]. Computational methods have become increasingly important as predictive precision of
structural, electronic, and optical characteristics, and are necessary to screen materials in a quick manner before
experimental validation [2][3]. Recent research has utilized first-principles simulations, density functional theory
and machine learning methods to explore a range of energy materials, such as halide perovskites, organic dyes,
nanostructures, and carbon-based electrodes, and is used in photovoltaics, energy storage, and hybrids [4].

Although these innovations are made, there are a number of challenges. Numerous computational researches are
about isolated properties without a systematic connection between structural stability, electronic behavior and device
performance [10]. Furthermore, machine learning is not extensively combined with first-principles techniques to
screen complex chemical spaces faster, which is why it is necessary to consider the extensive workflows that can
effectively direct the experimental design [11][12]. The solution of these gaps is important to establish renewable
energy applications with environment friendly, high performance and lead free materials [13][14]. This paper will
seek to offer a systematic computational exploration of energy materials, integrating both first-principles and
structural optimization and machine learning-aided property prediction [15][17]. The paper compares structural,
optical and transport characteristics of halide double perovskites, nanostructures and organic dyes with regard to
their applications in solar energy conversion and storage [18][22]. The results are used to design high-performance
materials rationally and create a workflow of the computationally directed renewable energy research.

2. Literature survey

The optimization and design of materials to be used in renewable energy applications have shifted towards
computational approaches. The structural, electronic and optical properties of halide perovskites, organic dyes,
nanostructures and carbon-based electrodes have extensively been studied using first-principles calculations and
density functional theory (DFT) [6][8]. Such works showed that computational models could be used to predict
bandgaps, charge transport behavior and stability, and rapidly discover materials with improved photovoltaic and
energy storage characteristics [5]. In more recent work, first-principles methods have been combined with machine
learning to allow the rapid screening of large chemical spaces, allowing promising candidates to be found with a
reduced cost to experiments [10]. There has also been exploration of bio-derived and lignocellulosic structure, the
focus of which is on alternatives to energy storage and conversion equipment that are sustainable [13].

Although these advances have been made, there are still a number of challenges. The vast majority of works
concentrate on the investigation of solitary material properties, and they frequently do not take into account the joint
assessment of structural stability, electrical action, and gadget-level performance [9][14]. Although lead-free halide
perovskites and double perovskite systems exhibit excellent optoelectronic characteristics, there is a lack of
systematic comparative studies to investigate the characteristics of the system in real operating conditions [20].
Moreover, machine learning has not yet been integrated with first-principles computations, and hybrid methods of
computational-experimental techniques are not developed yet [19]. To fill these loopholes, the current work gives a
detailed computational study of halide double perovskites, organic dyes, and nanostructured materials. Using first-
principles calculations, structural optimization and machine learning-aided property prediction, this paper assesses
structural, optical and transport properties to inform the design of high-performance and renewable energy-based
materials designs [15][22]. It is an integrated framework that is designed to bridge the gap between computational
predictions and experimental implementation and provide a way of insight into the future development of materials.
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3. Materials and methods
3.1 Data collection

The databases that will be used in this research are structural and electronic data of halide perovskites, double
perovskites, organic dyes, and nanostructured products. The sources of the data included open-access databases of
computational materials, including the Materials Project (https://materialsproject.org), Open Quantum Materials
Database (OQMD, http:oqgmd.org) and publicly available experimental data of halide perovskites [3]. A sample of
some of the parameters of the dataset such as lattice constants, bandgap values and atomic compositions are in table
1 below.

Table 1. dataset parameters for selected halide perovskites

Parameter Description Value

Lattice constant Cubic cell edge (A) 6.12

Bandgap Electronic bandgap (eV) 1.82

Composition Halide perovskite formula | Cs2AgTIBr6

The data has more than 200 materials with properties that are applicable in renewable energy applications such as the
structural stability, optical absorption, and carrier mobility.

3.2 Proposed Method
The methodology of computations proposed is as follows:
A. Step one: Structural Optimization and First-Principles Calculations

Structural optimization of all the materials was carried out by the density functional theory (DFT) through Vienna
Ab initio Simulation Package (VASP). Exchange correlation calculations were performed using the generalized
gradient approximation (GGA) and Perdew-Burke-Ernzerhof (PBE) functional. The relaxation of the structure was
continued until the forces applied on all the atoms fell below 0.01 eV/A. The energy of the optimized system was
determined with the help of the following formula:

1\ 27
Boa =) ity Y S
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with Eq,total the total energy of the system, €; is the energy of the i-th electron, Z;and Z;being the atomic charges,
and r;jbeing the interatomic distance [4].

B. Step two: Property Prediction Using Machine Learning

Machine learning algorithms were used to predict electronic and optical properties after having the optimized
structures, across the dataset. The lattice parameters, mass of the atoms, electronegativities, and calculated formation
energies were used as feature vectors. A gradient boosting regressor (GBR) was adopted to establish a correlation
between material properties and bandgap, dielectric constant, and charge carrier mobility. Loss function was the
mean squared error (MSE), which is given by.

n
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y; is the observed property, ¥; is the predicted property, and n is the total amount of samples [5].

In Figure 1, the workflow presented is schematic with the dataset preprocessing, structural optimization, feature
extraction, and machine learning prediction. All calculations have been done in a high-performance computing
cluster with 128 cores and 512 GB RAM.
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Figure 1. Computational workflow for materials design and property prediction Cs;AgT1Brg

4. Results and discussion

4.1 Structural Optimization and Stability

All the materials analyzed were optimized by DFT and the convergence criterion was 0.01 A in lattice constants and
bond lengths. The table 2 shows the optimized lattice parameters, formation energies and stability parameters of
some halides perovskites and double perovskites. The formation energies of most structures were found to be
negative, which is a sustainable thermodynamic state, as it has been found to be so before [7][11][20]. Indicatively,
Cs,AgTIBrg was found to have a formation energy of -3.21 eV/fmol, which was congruent with those that were

reported [3].

Table 2. Optimized structural parameters and formation energies of selected materials

Material Lattice Constant (A) | Formation Energy (eV/f.u.) | Stability (AE)
Cs,AgTIBrg 11.94 -3.21 Stable
Rb,NaCoClg 10.82 -2.95 Stable
KSrBiClg 12.06 -3.05 Stable
B;C;P; (2D) 5.32 —-1.87 Stable
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Figure 2 presents the optimized crystal structures of representative materials

Figure 2. Optimized crystal structures of (a) Cs,AgTIBrg, (b) Rb,NaCoCls, (c) KSrBiClg, and (d) B;CsP; (2D
nanostructure).

4.2 Electronic and Optical Properties

The computed electronic bandgaps are shown in Table 3 along with literature values for comparison. The direct
bandgaps of the lead-free double perovskites like Rb,NaCoClgs were 1.85 eV which is suitable in photovoltaic
applications [18]. The absorption of organic dyes in the visible-light was high, which validated their use as
sensitizers in solar cells [4,5].

Table 3. Calculated bandgaps and comparison with literature

Material Calculated Bandgap (e¢V) | Reported Bandgap (eV) | Reference
Cs,AgTIBr; 1.88 1.85 [3]
Rb,NaCoClg 1.85 1.84 [18]
KSrBiClg 1.92 1.90 [17]
Organic Dye 2.15 2.10 [4,5]
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Figure 3. Density of states (DOS) of Cs2AgTIBr6 showing orbital contributions to the valence and conduction
bands

4.3 Charge Transport and Optoelectronic Performance

The carrier mobility calculations indicate that KSrBi-based perovskites have larger electron mobility (~14 cm*/V+s)
than Sb-based analogs, indicating that anisotropic transport of charge is possible in optoelectronic devices [9,19]. 2D
nanostructures including B;C;P; display anisotropic conduction of charge implying that directional conduction may
be achieved in optoelectronic devices [17]. Table 4 gives an overview of important transport parameters of the
chosen materials.

Table 4. Charge transport properties of selected materials

Material Electron Mobility (cm”/V-s) | Hole Mobility (cm’/V-s) | Effective Mass (my)
KSrBiClg 14 9 0.21
Rb,NaCoClg 11 7 0.24
B;CsP; 18 (x-dir) 9 (y-dir) 12 (x-dir) 6 (y-dir) 0.19

4.4 Comparative Analysis and Implications

In general, the findings point to the fact that halide double perovskites, 2D nanostructures, and organic dyes can be
used as tunable electronic and optical substances in the context of renewable energy. These results support earlier
computational research and add new insights into the analysis of machine learning-aided predictions of properties,
which offer a faster and more systematic screening methodology [15][20]. A combination of first-principles
computations and predictive modeling provides a strong workflow in the process of finding high-performance, lead-
free, and sustainable energy material.
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5. Conclusion

This study presents a comprehensive computational investigation of renewable energy materials, including halide
double perovskites, organic dyes, and 2D nanostructures, integrating first-principles calculations with machine
learning—assisted property prediction. The thermodynamic stability of all the investigated materials was established
through the structural optimization of the materials, and the lattice constants and formation energies were in
agreement with previous literature. Tunable bandgaps were identified by electronic and optical property analysis,
which can be used in photovoltaic and optoelectronic applications, but density of states and absorption spectra
revealed the desirable light-harvesting properties. The study of charge transport revealed that the materials selected
have high electron and hole mobility with 2D nanostructures showing anisotropic conduction implying the
possibility of directional charge transport in devices. The findings highlight the efficiency of the joint application of
DFT and machine learning to conduct quick screening and properly predict the material properties to allow
identifying high-performance, lead-free, and sustainable materials that can be used in renewable energy. This
combined method has the benefit of minimizing the experimental work, as well as offering mechanistic views on
structure/property relations, and informs rational material design.

Future research should focus on experimental validation of the most promising candidates, exploration of
multicomponent hybrid systems, and the extension of machine learning models to predict temperature- and pressure-
dependent material behavior. Also, it would be possible to integrate this computational workflow with device-level
simulations to further boost the energy conversion efficiency and stability and speed up next-generation renewable
energy technology development.
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