
九州大学学術情報リポジトリ
Kyushu University Institutional Repository

Organic–Inorganic Hybrids: From Synthesis to
Emerging Applications in Electronics and Energy

Mostafa M. Elkady
Interdisciplinary Graduate School of Engineering Sciences, Kyushu University

Mohammed F. Radwan
Department of Interdisciplinary Engineering Sciences, Chemistry and Materials Science,
Interdisciplinary Graduate School of Engineering Sciences, Kyushu University,
Interdisciplinary Graduate School of Engineering Sciences, Kyushu University

https://doi.org/10.5109/7395710

出版情報：Proceedings of International Exchange and Innovation Conference on Engineering &
Sciences (IEICES). 11, pp.1523-1531, 2025-10-30. International Exchange and Innovation
Conference on Engineering & Sciences
バージョン：
権利関係：Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International



Proceeding of International Exchange and Innovation Conference on Engineering & Sciences (IEICES) 

Organic–Inorganic Hybrids: From Synthesis to Emerging Applications in 
Electronics and Energy 

Mostafa M. Elkady 1, Mohammed F. Radwan 2,3 
1 Interdisciplinary Graduate School of Engineering Sciences, Kyushu University, 6-1 Kasuga-Koen, Kasuga, Fukuoka, 

816-8580, Japan 
2 Department of Interdisciplinary Engineering Sciences, Chemistry and Materials Science, Interdisciplinary Graduate 

School of Engineering Sciences, Kyushu University, 6-1 Kasuga Park, Fukuoka, 816-8580, Japan 
3 Department of Chemistry, Faculty of Science, South Valley University, Qena, 83523, Egypt 

Corresponding author e-mail: mostafa.kadi22@kyudai.jp 

 

Abstract: Organic–inorganic (O/I) hybrid materials represent a dynamic and multidisciplinary field at the intersection 

of chemistry, materials science, and engineering. These materials, defined by nanoscale integration and synergy between 

organic polymers and inorganic frameworks, enable properties unattainable by single-phase systems. This review 

provides a comprehensive overview of the synthesis strategies for O/I hybrids, including sol-gel processing, microwave-

assisted and hydrothermal methods, in situ mineralization, solvent-free techniques, polyoxometalate-based frameworks, 

and thermal/vapor-phase polymerization. The distinct classification of hybrids into Class I (physical interactions) and 

Class II (chemical bonding) is discussed in the context of tailoring properties for specific functions. Illustrative examples 

underscore the advanced applications of O/I hybrids in thermoelectric devices, organic light-emitting diodes (OLEDs), 

photocatalysis, photovoltaics, and wearable sensors, demonstrating their roles in energy conversion, environmental 

remediation, electronics, and flexible biocompatible platforms. Current trends emphasize interface engineering, low-

dimensional hybrid systems, and sustainability. The evolving landscape and prospects highlight both the technological 

promise and ongoing challenges in stability, scalability, and green synthesis for next-generation functional materials. 
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1. INTRODUCTION  

Organic-inorganic (O/I) hybrid materials combine 

constituents from two domains, organic molecules or 

polymers and inorganic solids, within a single composite 

structure [1]. According to the International Union of 

Pure and Applied Chemistry (IUPAC) definition, a 

hybrid material is "an intimate mixture of inorganic 

components and organic components which 

interpenetrate on a scale of less than 1 μm" [1-3]. In 

practice, O/I hybrids are engineered as nanoscale 

composites in which at least one component (organic or 

inorganic) spans only a few angstroms to a few tens of 

nanometers [4]. Crucially, the properties of a true hybrid 

go beyond a simple physical blend: strong interfacial 

synergy between components leads to enhanced or novel 

optical, electrical, mechanical, chemical, or thermal 

functions [4]. For example, combining a flexible polymer 

with a rigid inorganic network can yield a mechanically 

tough composite and electrically conductive composite, 

outperforming either constituent alone  [4]. The concept 

is rooted in ancient materials; for instance, ochre 

pigments used in prehistoric art and natural mineralized 

shells demonstrate primitive natural organic-inorganic 

composites [5]. 

Modern hybrid research emerged with the advent of sol-

gel processing in the mid-20th century, where silica or 

metal oxides were co-condensed with organic polymer 

precursors. In the 1980s and 1990s, the field expanded 

rapidly through advances in sol–gel chemistry, clay–

polymer nanocomposites, and coordination frameworks. 

Over "more than thirty years" (since the late 1980s), 

processing methods have been developed to create 

hybrids via polymerization or insertion of organic 

molecules into inorganic hosts under mild conditions 

(typically 20–300 °C, often in solution) [6]. These 

strategies allow the simultaneous formation of 

organic/biological building blocks and inorganic 

networks at the molecular level, enabling unprecedented 

control over structure and function. For instance, modern 

hybrid synthesis often "generates original O/I hybrid 

materials which are composites at the molecular or 

nanoscale level." Overall, O/I hybrids have become a 

vibrant, multidisciplinary field – with publication counts 

continuing to grow – driven by applications ranging from 

optics to energy, catalysis, and beyond [7]. 

2. CLASSIFICATION OF HYBRID MATERIALS  

O/I hybrids can be categorized into two classes, named 

Class I and Class II, based on the interaction strength 

between phases  [7]:  

i. Class I hybrids are held together by weak 

interactions (van der Waals forces, hydrogen bonds, 

or ionic forces) between organic and inorganic 

components. Examples include polymer blends with 

dispersed inorganic nanoparticles where no chemical 

bond is formed (e.g., a polymer matrix physically 

embedding clay platelets or titania particles). In 

Class I systems, the phases retain much of their 

individual character, but the interfacial contact 

improves properties like toughness or surface area.  

ii. Class II hybrids involve strong chemical bonding 

(covalent or iono-covalent) linking the organic and 

inorganic phases. For instance, an organic polymer 

covalently grafted to silica (via silane coupling 

agents) or a metal-organic framework (MOF) in 

which organic linkers bridge metal clusters are Class 

II. Here, the hybrid behaves as a coherent single-

phase network with a shared chemical structure.  
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Fig. 1: Classification of hybrid organic-inorganic materials. Reprinted 

with permission from [7]. Copyright 2018 John Wiley and Sons. 

 
3. SYNTHESIS METHODS  

A wide array of synthetic routes has been developed to 

fabricate O/I hybrids. Common approaches include the 

following synthesis: 

3.1. Sol-Gel Processing:  

Perhaps the archetypal route, sol-gel synthesis, involves 

hydrolysis and polycondensation of metal alkoxides, e.g., 

Tetraethyl Orthosilicate (TEOS; Si(OC2H5)4), Titanium 

(IV) isopropoxide, Ti(OiPr)4) in the presence of organic 

monomers or polymerizable species [8]. Heating 

(typically 50–200 °C) initiates gelation, forming an 

interpenetrating network of inorganic oxide and organic 

polymer [9]. For example, organically modified silicates 

(ORMOSILs) are produced by co-condensing organo- 

alkoxysilanes like (3-glycidoxypropyl) trimethoxysilane 

(GPTMS) with TEOS [10]. Depending on functional 

groups, the organic component becomes covalently 

bonded into the silica matrix (a Class II hybrid) or 

physically entrapped (Class I). Subsequent curing 

(thermal annealing) solidifies the hybrid matrix [11, 12]. 

The sol-gel method facilitates the incorporation of 

organic molecules into inorganic networks, e.g., 

Quercetin, a bioactive flavonoid, is embedded within a 

silica–polyethylene glycol matrix to form Silica-

Polyethylene Glycol-Quercetin (SPQ) hybrids. These 

materials exhibit potential applications in biomedical 

fields due to their controlled release properties and 

biocompatibility [13, 14]. 

The role of network formers and modifiers in hybrid 

material networks is summarized as follows: Network 

Formers are typically substances that contribute to the 

formation of the primary structure or network of the 

material. They usually can create a continuous network 

of bonds, such as metal alkoxides, which can polymerize 

to form a silicate or siloxane network. In contrast, 

network modifiers are added to the system to alter or 

modify the properties of the existing network formed by 

the network formers. They can introduce new 

functionalities or affect the mechanical and thermal 

properties of the material. Examples include various 

alkoxysilanes that do not form a continuous network by 

themselves but can change the properties of the network 

formed by the primary components [12]. Some examples 

of network modifiers and formers are shown in Table 1. 

Table 1: Examples of network formers and network modifiers [12]. 

Network modifiers Network formers 

 

Phenyltriethoxysilane 

 

Vinyltriethoxysilane 

 

3-(2,4-

Dinitrophenylamino)propyltriethoxysilane 

 

Methacryloxypropyltriethoxysilane 

 

Aminopropyltriethoxysilane 

 

3-(Glycidoxypropyl)triethoxysilane 

 

3.2. Microwave-Assisted Synthesis 

Microwave-assisted synthesis has emerged as an efficient 

approach for fabricating O/I hybrids, offering rapid 

reaction rates and uniform heating. This method is 

especially beneficial in the synthesis of layered 

perovskite-based hybrids. The application of microwave 

irradiation facilitates topochemical modifications, such 

as proton exchange, grafting, intercalation, and 

exfoliation, leading to materials with enhanced 

crystallinity and functional properties. The technique 

significantly reduces reaction times from days to minutes, 

making it a time-efficient alternative to conventional 

heating methods. Microwave-assisted synthesis is 

beneficial for developing materials with applications in 

catalysis, optics, and electronics [15]. Microwave-

assisted synthesis exploits microwave radiation to 

generate rapid and volumetric heating within reaction 

mixtures, yielding significantly reduced reaction times 

and sometimes novel nanostructures. This method 

provides uniform energy distribution, enhancing 

crystallinity and purity compared to conventional 

conductive heating methods, especially in the synthesis 

of layered perovskite hybrids and nanocomposites [16]. 

For instance, CdS nanoparticles are synthesized in situ 

within a PVK (Poly(N-vinylcarbazole) matrix, resulting 

in a hybrid material with enhanced photoluminescent 

properties [17]. Soft chemistry encompasses low-

temperature synthesis methods that mimic biological 

processes, e.g., Nickel(II) complexes with Schiff base 

ligands have been synthesized using microwave-assisted 

soft chemistry approaches, resulting in materials with 

potential applications in catalysis and materials science 

[18]. 

3.3. In Situ Mineralization 

In situ mineralization involves the formation of an 

inorganic layer on an organic substrate under mild 

conditions, often inspired by biomineralization processes. 

This method typically employs an adhesive organic layer, 

such as polydopamine (PDA), which induces the 

deposition of inorganic materials like titania. 

PDA/PEI/Ti hybrid microcapsules was created in the 

following main steps: PDA adhesive layer is formed on 

CaCO3 particles, Polyethylenimine (PEI) is then attached 

to the PDA layer, TiO2 mineral layer is grown on the PEI 
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layer and the original CaCO3 template is dissolved using 

EDTA, leaving behind the hollow PDA/PEI/Ti 

microcapsulesas [19]. In addition, hybrid microcapsules 

were created by growing an inorganic layer on an 

adhesive organic layer. The process involves four key 

steps: (ⅰ) CaCO3 microparticles are made by mixing 

solutions of CaCl2 and Na2CO3, with poly(sodium 4-

styrenesulfonate) added to keep them stable. (ⅱ)A layer 

of PDA-PEI was created on the surface of the CaCO3 

templates. (ⅲ)A layer of TiO2 is grown on top of the 

PDA-PEI layer through a process called biomimetic 

mineralization. (ⅳ) The CaCO3 template is dissolved 

using EDTA, leaving behind the hollow, permeable 

microcapsules with the titania layer [20]. These 

structures are beneficial for encapsulating enzymes or 

drugs, offering improved stability and controlled release. 

3.4. Solvent-Free Synthesis 

Solvent-free Synthesis offers an environmentally 

friendly route to organic–inorganic hybrids by 

eliminating solvents. This method involves direct 

reactions between solid precursors to form hybrid 

materials [21]. For instance, the synthesis method 

involves preparing a precursor powder, such as γ-Al2O3, 

SiO2 gel, or TiO2, and mixing it with an organosilicon 

compound, such as an alkyltrialkoxysilane or 

trialkylmonohalosilane. This mixture is placed in a mixer 

mill at room temperature and facilitates the 

mechanochemical grafting of the silane onto the surface 

of the precursor material. After milling, the material is 

washed to remove any unreacted chemicals, then 

centrifuged and dried [21]. Fig. 2 shows a hybrid 

inorganic–organic material synthesis by chemical 

grafting via the conventional solvothermal route and 

solvent-free mechanochemical synthesis. An example 

includes the synthesis of manganese phosphate-oxalate 

hybrids, where amine molecules act as structure-

directing agents, leading to materials with finely tuned 

structures [22]. Solvent-free approaches are 

advantageous for producing materials with high purity 

and reduced environmental impact [22].    

 

Fig. 2: Schematic representation of hybrid inorganic–organic material 
synthesis by chemical grafting via the conventional solvothermal route 

(top) versus solvent-free mechanochemical synthesis (bottom) shown 

for the functionalization of solids by octadecyltrimethoxysilane 
(OTMS). Copyright © 2020 American Chemical Society. This 

publication is licensed under CC-BY [21]. 

3.5. Polyoxometalate-Based Hybrids 

Polyoxometalates (POMs) are metal-oxygen clusters that 

can be integrated with organic ligands to form hybrid 

materials [23]. Hybrid surfactant single crystals, which 

are ionic compounds, can be categorized into two main 

types. The first type contains discrete inorganic metal 

cations (Mn+) as one of its components. The second type 

is made up of discrete inorganic anions, which can be 

simple ions like [MX4]n− or more complex clusters like 

POM anions, where X can be elements such as oxygen, 

sulfur, or halogens [23].  

Polyoxometalate (POM)-surfactant single crystals are a 

rare but significant class of materials, even though they 

are made from standard components like cationic 

surfactants and POM anions. These crystals are typically 

synthesized using a simple cation-exchange reaction, 

which causes them to precipitate from a POM solution. 

Both isopolyoxometalate and heteropolyoxometalate 

anions can form hybrid crystals. Examples of 

isopolyoxometalates (Fig. 3) used include 

hexamolybdate (Mo6), octamolybdate isomers (Mo8), 

decavanadate (V10), and decatungstate (W10). The 

presence of different octamolybdate isomers is 

significant, as it helps control the crystal's layered 

structure and chemical makeup. Larger nanoclusters, like 

a high-nuclearity molybdenum cluster, can also form 

these crystals. For heteropolyoxometalates, both 

oxidized and reduced forms of silicomolybdate (SiMo12) 

have been successfully incorporated into hybrid single 

crystals.  

 

Fig. 3: POMs employed for the construction of hybrid surfactant single 
crystals: (a) [Mo6O19]

2− (Mo6); (b) α-[Mo8O26]
4− (α-Mo8); (c) β-

[Mo8O26]4− (β-Mo8); (d) δ-[Mo8O26]
4− (δ-Mo8); (e) [V10O28]6− (V10); 

(f) [W10O32]
4− (W10); (g) [γ-Mo8O24(OC2H5)4]

4− (γ-Mo8); (h) 
[SiMo12O40]

4−(SiMo12); (i) [V6O13((OCH2)3CCH2OOC(CH2)16CH3)2]
2−; 

(j) [Mo6O18(N-C6H3-2-(CH3)-4-OCOC17H35)]
2− [23]. 

3.6. Hydrothermal/Solvothermal Synthesis:  

These methods involve sealing precursors (metal salts, 

oxides, organic ligands, or polymers) in a heated aqueous 

or organic solvent under autogenous pressure. By raising 

the temperature (often 100–300 °C), one can form 

crystalline hybrid structures such as layered double 

hydroxides with intercalated organics or coordination 

polymers. For example, Liu et al. synthesized novel Cd–

organic sheetlike hybrids via a microwave-assisted 

solvothermal route [24, 25]. Hydrothermal conditions 

promote high crystallinity and can facilitate in situ 

polymerization; they are considered "mild" in that many 

organics remain intact. Significantly, microwave-

assisted hydrothermal synthesis greatly accelerates 

reaction rates. Chung et al. demonstrated that a 

microwave-assisted hydrothermal process produced O/I 

mesoporous silica in minutes (instead of hours) [25]. The 

microwave heating led to spherical hybrid particles (1–3 

μm) formed in "substantially reduced time" relative to 

conventional heating [25]. In general, microwaves can 
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couple directly with polar precursors (e.g., water, 

amines) for rapid, uniform heating, yielding novel phases 

or morphologies inaccessible by slow heating. Thus, 

microwave-assisted solvothermal and hydrothermal 

methods have emerged as powerful "heat-assisted" routes 

for discovering new hybrid materials. 

Hydrothermal synthesis involves chemical reactions in 

aqueous solutions at elevated temperatures and pressures. 

This method has been used to produce star-like FeWO4 

nanocrystals, which exhibit unique optical properties and 

potential applications in photocatalysis [26]. 

3.7. Thermal Polymerization / Vapor-Phase 

Polymerization 

Heat may infiltrate and polymerize a polymer or small 

organic molecule once an inorganic scaffold is present 

(e.g., mesoporous silica, metal oxide, layered host). For 

example, one may deposit a thin inorganic film or crystal 

pattern (by deposition or templating) and then vapor-

deposit a conducting polymer like PEDOT that 

polymerizes upon heating. The process illustrated in Fig. 

4 shows precisely this: a polystyrene nanosphere template 

is used to create a nanohole array in SiO2, into which 

Bi2Te3 is evaporated, followed by vapor-phase 

polymerization (VPP) of PEDOT. Each step involves a 

heat-assisted reaction (reactive ion etching, metal 

evaporation, polymerization) to achieve the final 

composite [27]. Methods like this – combining thermal 

evaporation of inorganics and oxidative polymerization 

of organics – produce Class II hybrids with covalent or 

iono-covalent bonds between organic and inorganic 

phases. 

 

Fig. 4: Scheme of controllable design for organic/inorganic hybrid film. 
Fabrication procedure for poly(3,4-ethylenedioxythiophene) 

(PEDOT)/Bi2Te3 hybrid films, including nanosphere lithography and 

reactive ion etching (RIE) for a nanohole arrays template, filling Bi2Te3 
into the template by thermal evaporation, removing the template, and 

compositing Bi2Te3 nanoparticle arrays with PEDOT by vapor-phase 

polymerization (VPP) process. The geometrical parameters of the 
resultant nanostructure can be tuned by the diameter of polystyrene (PS) 

nanospheres and the etching time for PS nanospheres. Nat Commun 9, 

3727 (2018). This work is licensed under a Creative Commons 
Attribution 4.0 International License [27]. 

4. APPLICATIONS 

The unique synergy in O/I hybrids has enabled advanced 

performance in many fields. Below, we examine five key 

application areas – both well-established and emerging – 

illustrating recent trends in hybrid materials. 

4.1. Thermoelectric Materials 

Thermoelectric (TE) materials convert heat directly into 

electrical energy through phenomena such as the Seebeck 

and Peltier effects, relying critically on their Seebeck 

coefficient (S), electrical conductivity (σ), and thermal 

conductivity (κ) to determine performance. The 

dimensionless thermoelectric figure‑of‑merit is given by 

ZT= σS2T/κ, where T is absolute temperature [28]. 

O/I hybrids have shown ability in TE by combining the 

high σ of inorganic materials with the low thermal κ and 

flexibility of organics. Traditional inorganic TE (e.g., 

Bi2Te3) is rigid and brittle; introducing an organic 

component can improve mechanical flexibility and 

scatter heat-carrying phonons, e.g., 

PEDOT:PSS/Nanocrystal [29, 30]. PEDOT: PSS/ Bi2Te3 

hybrid film with monodispersed Bi2Te3 nanoparticles 

was fabricated and embedded in a conductive polymer 

matrix [27]. The periodic nanoparticle array scattered 

phonons effectively, while the continuous polymer 

provided excellent charge transport. This design 

achieved an ultrahigh power factor (~1350 μW m⁻¹ K⁻²) 

and ultralow in-plane thermal conductivity (~0.7 W m⁻¹ 

K⁻¹) [27]. As a result, the hybrid's figure of merit reached 

ZT of 0.58 at room temperature, surpassing all previously 

reported organic or hybrid thermoelectric materials. 

Notably, the composite was highly flexible: bending it 

100 times had a negligible effect on performance [27].  

Other approaches to hybrid TE include incorporating 

carbon-based organics. For instance, nanocomposites of 

conductive polymer with carbon nanotubes or graphene 

and Bi2Te3 were synthesized, enhancing the Seebeck 

coefficient (S) and reducing κ [31, 32]. Emerging trends 

involve 2D inorganic fillers (e.g., MXenes, layered 

chalcogenides) with polymers and n-type polymer 

hybrids [33]. The ZT values for various materials are as 

shown in Fig. 5: PANI (80 wt%)/GO has a ZT value of 

0.4 [34]. The ZT value for both MXene/PEDOT:PSS [35] 

and PANI/SWCNTs [36] is 0.12. For PEDOT:PSS/Te, 

the ZT value was 0.07 [37], and PEDOT:PSS/MoS2 was 

0.04 [38]. The hybrid material PEDOT:PSS/SnSe has a 

ZT value of 0.32 [39], and Bi2Te3/PEDOT has the highest 

value at 0.58 [27]. 

 

Fig. 5: Figure of merit, ZT, values of some O/I hybrid materials. 

4.2. Organic Light-Emitting Diodes (OLEDs) 

Organic light-emitting diodes (OLEDs) are thin-film 

devices in which an electroluminescent layer made of 

organic semiconductors emits light in response to an 

electric current when sandwiched between two electrodes, 

often offering benefits such as flexibility, thin form factor, 

true black display capability, and high contrast. A 

commonly used expression for power efficiency (ηₚ) of 

an OLED is given by ηₚ=LVf /J, where L is the luminance, 

Vf the forward voltage, and J the current density; 
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optimization of external quantum efficiency (EQE) and 

light extraction further enhances ηₚ.  

O/I hybrids are widely used in OLED technology, 

primarily as functional interlayers and protective 

encapsulations. The organic emissive layer of an OLED 

typically sits on inorganic electrodes (ITO) and is capped 

by encapsulation to block moisture/oxygen. Hybrid films 

combining inorganic oxides and organic polymers have 

been developed as thin-film encapsulation (TFE) layers 

that are both optically transparent and flexible. For 

example, Lee et al. demonstrated a stretchable OLED 

(SOLED) by fabricating the OLED on PET with a nano-

stratified hybrid encapsulation of alternating inorganic 

(ALD-deposited) and organic (spin-coated polymer) 

layers [40]. This O/I hybrid TFE protected the device 

from ambient water and enabled conventional lamination 

processing even after patterning. The result was a highly 

reliable SOLED: it endured up to 95% mechanical strain 

and 100,000 stretch cycles with stable luminance. After 

one month of storage in ambient air, the hybrid-

encapsulated device maintained >40% of its initial 

brightness, highlighting the effectiveness of the hybrid 

TFE [40]. Notably, the device performance (luminous 

efficiency and lifetime) was comparable to rigid glass-

based OLEDs, demonstrating that the organic/inorganic 

encapsulation did not degrade optoelectronic 

performance [40].  

In general, hybrid materials in OLEDs serve as (1) 

charge-transport or injection layers, e.g., sol-gel derived 

metal-oxide: polymer composites improving 

conductivity; (2) pixel barriers or encapsulants that 

combine dense inorganic layers with ductile organics for 

mechanical strength; (3) emissive hosts, where inorganic 

nanocrystals (quantum dots) are embedded in organic 

emitters. Research continues on new hybrid nanoscale 

patterns (e.g., nanoparticle grids, perforated films) that 

enhance light outcoupling and mechanical robustness. 

Hybrid design also addresses OLED stability: organic 

emitters suffer photooxidation, so inorganic additives 

(e.g., ZnO nanoparticles) have been used as electron-

blocking agents to improve their lifetime.  

4.3. Photocatalysis 

Photocatalysis harnesses light-activated semiconductor 

materials (such as ZnO [41, 42]) to generate electron–

hole pairs that drive redox reactions, most notably in 

water splitting, pollutant degradation, or disinfection—

through surface radical formation like •OH and O2
•−. The 

efficiency of these processes is commonly quantified 

using the quantum yield (QY). 

QY (%) =
Photochemical reaction rate 

Photon absorption rate
× 100% 

O/I hybrids have emerged as robust photocatalysts for 

environmental remediation and solar fuel generation [43]. 

The hybrid combination can provide broad light 

absorption, efficient charge separation, and high surface 

area. A recent example involves two-dimensional hybrid 

perovskites as water-compatible photocatalysts. Jin et al. 

studied (iso-BA)2PbI4 and (R/S-MBA)2PbI4 (iso-BA = 

iso-butylammonium, MBA = methylbenzylammonium) 

– layered inorganic lead-halide sheets separated by 

organic cation layers [43]. These O/I hybrid perovskites 

exhibit high charge mobility and absorption, but 

conventional variants are unstable in water. The authors 

achieved a highly stable hybrid in aqueous solution by 

choosing organic cations (and chiral ones at that).  

A recent study demonstrated that a chiral two-

dimensional organic-inorganic perovskite achieved near-

complete photo-degradation of methyl orange dye (30 

mg L−1) under visible light irradiation within 5 minutes. 

This rapid degradation was attributed to the material's 

enhanced charge carrier mobility and stability in aqueous 

media, resulting from the organic cation selection. 

However, the reported photocatalytic efficiency should 

be further validated by comparing standardized kinetic 

parameters and recycling tests to establish practical 

applicability [43]. The material showed excellent 

reusability and stability under cycling. This work 

underscores that 2D O/I perovskites (beyond 

photovoltaics) can be efficient photocatalysts under 

visible light [44]. Table 2 illustrates different types of O/I 

hybrid photocatalysts for dye degradation. 

The design challenge is often stability: as noted, many 

O/I hybrids (especially lead-halide perovskites) degrade 

in polar or oxygenated media, so research is directed 

toward encapsulation or inherently robust hybrid 

chemistries [43].  

Table 2: O/I hybrid photocatalysts for dye degradation, e.g., rhodamine 
B (RhB), methylene blue (MB)  

Photocatalyst 
Pollutant 

Dye 

Light 

Source 

Degradation 

Efficiency 

(%) / time 

Ref. 

(C5H13N2)SbCl4 RhB Visible 
90.20% 

/ 80 min 
[45] 

PS-PANI@ZnO RhB / MO Visible 

 > 99%  

(RhB: 160 

min; MO: 

140 min) 

[46] 

TiO2/SWP700 (Biochar 

Composite) 
Phenol UV 64.10% [47] 

f-MNPs-HPOM  MO UV 
74% 

/90 min 
[48] 

PDI/AgBr RhB Visible 
97.8%  

/ 20 min 
[49] 

PANI (polyaniline), SWP700 (softwood pellets), f-MNPs-HPOM (functionalized 

magnetic nanoparticles- Heteropolyoxometalate), and PDI (perylene diimide) 

4.4. Photovoltaic (Solar) Cells 

Photovoltaic cells are semiconductor devices, typically 

based on materials like crystalline silicon, GaAs, or 

thin‑film absorbers, that convert incident sunlight 

directly into electrical power via the photovoltaic effect, 

wherein absorbed photons generate electron–hole pairs 

across a p–n junction that are separated to produce 

current. The power conversion efficiency (PCE) is 

defined as: PCE = (VOC × JSC × FF) / Pin, where VOC is the 

open‑circuit voltage, JSC is the short‑circuit current 

density, FF is the fill factor, and Pin is the incident light 

power density [50]. The light-absorbing layer in 

perovskite solar cells typically consists of an organic-

inorganic hybrid perovskite material with the general 

chemical formula ABX3, where 'A' is an organic cation 

such as methylammonium (CH3NH3
+), 'B' is a divalent 

metal cation like Pb2+ or Sn2+, and 'X' is a halide anion 

(I
−
, Br

−
, or Cl

−
). These materials combine excellent light 

absorption, long carrier diffusion lengths, and tunable 

band gaps, making them highly promising for efficient, 

low-cost photovoltaics. However, challenges related to 

stability and toxicity remain [51]. 

Furthermore, the simple, low-cost manufacturing process 

and compatibility with flexible materials make PSCs 

ideal for future developments in foldable and flexible 

solar cells. Initially, in 2009, perovskite was used as a 

sensitizer in dye-sensitized solar cells with a power 

conversion efficiency of only 3.8%. However, a shift to 
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solid-state perovskites in 2012 marked a breakthrough, 

leading to rapid research and an increase in efficiency to 

25.7% by 2021 [52]. 

O/I hybrids have revolutionized solar photovoltaics, most 

notably in the form of metal-halide perovskite solar cells 

(PSCs). These devices use an inorganic semiconducting 

framework with intercalated organic cations. The 

prototypical perovskite, CH3NH3PbI3 (MAPbI3), is an 

O/I hybrid crystal: Pb–I octahedra connected in 3D, with 

methylammonium filling the cavities. PSCs have 

achieved PCE exceeding 25% in just a decade. Hybrid 

designs continue to push limits: in late 2024, Lee et al. 

reported a perovskite/organic hybrid cell reaching 24.0% 

PCE, a record for lead-based hybrid tandem cells [53]. In 

their device, a sub-nanometer organic dipole layer 

(B3PyMPM) at the perovskite/organic donor interface 

improved energy alignment, translating to a 5% absolute 

efficiency boost [53]. This example shows two trends: 

interface engineering with organics and the use of bulk 

heterojunctions mixing perovskite with organic 

semiconductors for broader absorption.  

Beyond perovskites, other hybrid photovoltaics include 

dye-sensitized solar cells (DSSCs), where organic dyes 

(Ru-complexes or metal-free dyes) are anchored on TiO₂ 

nanoparticles. Also, O/I heterojunction cells blend 

conducting polymers with inorganic nanostructures (like 

ZnO nanorods [41, 42]) to form interpenetrating 

networks. Such architectures aim to synergize the high 

absorption coefficient of organics with the high mobility 

of inorganics. A key recent trend is lead-free perovskites 

for reduced toxicity. Machine learning   (ML) has 

accelerated discovery here: ML/DFT screening was used 

to predict stable, lead-free hybrid perovskites suitable for 

solar use [54]. They identified six new orthorhombic O/I 

perovskites with ideal band gaps and room-temperature 

stability. This approach not only addresses toxicity but 

also highlights the trend of computational design in 

hybrid materials. As hybrid PV devices move toward 

commercialization, significant challenges include long-

term stability under light/moisture and scaling up 

manufacturing.  

4.5.  Sensors and Wearable Electronics 

Wearable electronics seamlessly integrate flexible smart 

sensors into textiles or skin-like platforms to monitor 

vital signs, such as heart rate, motion, or biochemical 

markers in sweat, relying on self‑powered or 

energy‑harvesting systems that convert motion, heat, or 

ambient energy into electricity [55]. The system's energy 

conversion efficiency (η) is commonly expressed as: η = 

Pout/Pin, where Pin is the harvested or input power and Pout 

is the usable electrical power delivered to sensor 

circuitry; for instance, a hybrid wearable energy-

harvesting system achieved efficiencies up to 

approximately 95 % under favorable conditions [56]. 

Emerging trends in hybrid materials involve sensors and 

flexible electronics, particularly for the Internet of Things 

(IoT) and wearable devices. O/I hybrids can yield 

multifunctional sensing elements that provide flexibility 

and optical or electronic responsiveness [57]. For gas 

sensing, hybrids leverage the high surface area of 

nanostructures and the selectivity of organic molecules. 

Advances in flexible MXene‑based sensors are noted for 

combining excellent conductivity, tunable 

microstructures, hydrophilic groups, and flexibility, 

attributes that make them well suited for sensitive 

wearable sensing, including gas detection [58]. In 

addition, a striking example is a hybrid covalent 

superlattice for NO2 sensing. This material (AgBDT, 

where BDT = 1,4-benzenedithiol) consists of alternating 

silver chains and organic thiol layers. It exhibits both 

strong photoconductive and chemiresistive responses 

[59]. The authors implemented a ratiometric sensing 

method: by measuring signals at two wavelengths, they 

could compensate for temperature variations as shown in 

Fig. 6. The result was a NO2 sensor with an ultralow 

detection limit (3.06 ppb) and significantly reduced 

temperature interference (the signal variation vs. 25–

65 °C dropped from 21.8% to 7.8%) [59]. This 

demonstrates how a hybrid's unique structure (Ag chains 

+ organic linkers) can yield exceptional sensitivity and 

stability.  

In wearable electronics, flexible hybrid sensors combine 

both rigid and flexible components to achieve 

stretchability and multifunctionality, enabling skin-

conformable devices that maintain high performance [60]. 

Organic thin-film transistors (OTFTs) can be hybridized 

with metal-oxide layers like ZnO to improve 

performance in flexible displays and sensors [61]. In 

biomedical sensing, organo–silicate hybrids have been 

used to immobilize enzymes or antibodies for biosensors, 

combining biocompatibility with electronic transduction 

[60]. 

 

Fig. 6: (a) The gas sensing response process. (b) The photo-response 

process. (c) The ratiometric gas-sensing detection. Ag: red; S: blue; C: 

gray; H: green. The figure is used under a Creative Commons 
Attribution-NonCommercial-NoDerivatives 4.0 International License 

(CC BY-NC-ND 4.0) [59]. 

5. TRENDS AND OUTLOOK  

Over the past two decades, O/I hybrid materials have 

evolved dramatically. Bibliometric analyses show that 

hybrid-materials research is still expanding rapidly, with 

increasing patent and publication activity. Several trends 

characterize the current state and future directions: 

i. Interface Engineering: Fine control of the O/I 

interface is principal. As seen in photovoltaics and 
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sensors, inserting sub-nanometer organic layers or 

designing covalent linkers can tailor band alignment 

and stability. This speaks to a movement from simply 

mixing components to rational design at the 

molecular level [52].  

ii. Advanced Fabrication (Printing, Micro/Nano-

Patterning): Scalable patterning methods (inkjet 

printing, roll-to-roll) for hybrid inks are being 

developed. Laser and soft lithography are also used to 

fabricate micro/nanoscale hybrid structures, enabling 

stretchable/wearable devices [62].  

iii. 2D and Low-Dimensional Hybrids: There is growing 

interest in layered (2D) hybrids – including those 

analogous to MXenes, 2D perovskites, and hybrid 

heterostructures. These often show quantum-

confined effects and anisotropic properties that can be 

tuned via organic chemistry  [63] . 

iv. Machine Learning and High-Throughput Screening: 

Computational methods are accelerating the 

discovery of new hybrids [54]. For instance, using 

machine learning, researchers have identified lead-

free hybrid perovskites with optimal band gaps and 

stability from thousands of candidates [54].  

v. Sustainability and Biocompatibility: There is an 

increasing focus on green chemistry in hybrids. 

Efforts include using bio-derived polymers, water-

based sol-gel processes, and recyclable components. 

For example, partially organic frameworks that avoid 

toxic heavy metals are under development. 

Additionally, recycling and lifecycle analysis of 

hybrids (especially in electronics) will become 

important [64].  

6. CHALLENGES IN O/I HYBRID MATERIAL  

Achieving robust performance in hybrid organic–

inorganic materials face many interrelated challenges: 

i. Long-Term Stability:  

Organic components in hybrids, especially perovskite-

based systems, are highly susceptible to degradation from 

heat, light, and moisture. For instance, methylammonium 

lead iodide (CH3NH3PbI3) decomposes in humid 

conditions, forming monohydrated intermediates before 

yielding PbI2 and dissolving byproducts [65]. Under UV 

and thermal stress, degradation accelerates, with some 

methylammonium-based perovskites failing within 24 

hours at 85 °C, even in inert atmospheres [66]. Despite 

mitigation strategies like additives and encapsulations, 

achieving lab-scale stability under accelerated aging (e.g., 

85 °C, 85% relative humidity (RH)) remains a major 

hurdle [67]. 

ii. Bridging Novelty with Manufacturability 

Many high-performance hybrid materials showcase 

exceptional properties under optimized lab conditions but 

lack robustness in manufacturing settings. Bulk-scale 

quality control and process reproducibility often conflict 

with intricate lab-scale formulations, leaping industrial 

feasibility a delicate balance [68]. 

iii. Theoretical Complexity of Disordered Interfaces 

Modeling hybrid systems is intrinsically challenging due 

to interfacial disorder and dynamic organic–inorganic 

coupling. For example, simulations of hybrid lead–halide 

perovskites reveal that electronic states, subject to 

disorder, can exhibit localization, complicating 

predictive modeling [69]. Moreover, the complex 

interaction between organic cations and inorganic 

frameworks (such as in CH3NH3PbBr3) involves 

incommensurable phases and soft vibrational modes, 

adding another layer of structural complexity [70]. 

7. CONCLUSION  

The development and application of O/I hybrid materials 

were comprehensively reviewed, with a focus on 

synthesis methods, classification, and advanced 

technologies. The field had evolved significantly, with 

O/I hybrids becoming a cornerstone in modern 

electronics, energy conversion, catalysis, and wearable 

technologies. Over the past decades, researchers had 

established versatile fabrication approaches, including 

sol-gel processing, microwave-assisted synthesis, in situ 

mineralization, solvent-free methods, hydrothermal 

/solvothermal routes, and vapor-phase polymerization. 

These techniques enabled precise control over nanoscale 

structure and interface properties, facilitating the 

integration of organic polymers with various inorganic 

frameworks. The classification of hybrids into Class I 

(physical interaction) and Class II (chemical bonding) 

had provided a rational basis for tailoring material 

properties to specific functions. Notable breakthroughs 

had been achieved in multiple application areas: flexible 

thermoelectric films demonstrated record figures of merit, 

hybrid encapsulations enhanced the reliability and 

stretchability of OLEDs, and two-dimensional perovskite 

hybrids offered moisture-stable and highly efficient 

photocatalysts and photovoltaic cells. Progress in 

wearable electronics and sensors showed the potential of 

hybrids for flexible, biocompatible, and multifunctional 

platforms. Trends such as molecular-level interface 

engineering, scalable micro/nano-patterning, 

computational discovery using ML, and sustainability 

considerations were increasingly shaping the hybrid 

materials landscape. Although challenges remained in 

long-term stability, reproducibility, and theoretical 

understanding of interface phenomena, O/I hybrids had 

proven themselves to be transformative across diverse 

technological realms. The continued multidisciplinary 

research promised further innovation and the realization 

of sustainable, high-performance materials for future 

electronic and energy devices. 
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