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Preparation and properties of 

metallopolymer nanostructures relevant to 

renewable energy applications 

 

SUMMARY 

The fundamental requirement for developing next-generation energy devices is to incorporate 

precise bonding interactions into the materials to manage the properties of the synthesized 

materials. Metal-containing polymers are also known as metallopolymers or polymeric 

composite materials in more recent years [1-3]. The accumulation of state and the charge 

transport features of the devices are influenced by the molecular structure and the electronic 

properties of the metallopolymer [4]. Renewable energy sources are used to power flexible 

energy devices, which have gained a lot of interest as a useful material platform and the diverse 

fields, which required power to be operated [5]. These materials are created by conjugating 

inorganic substances that are naturally occurring on Earth with polymeric ligands. By estimating 

the integration of metal ions or metal complexes in the polymeric chain, we might increase the 

conductivity of these metal-organic framework systems [6, 7]. Apart from that, orbital linker 

matching problems make metallopolymers rarely conductible. Contrary to carbon, transition 

metals can vary their coordination number or oxidation state, and when they are included in 

polymer chains, they cause a switch between high and low conductivity of material states [8, 9]. 

Metal-containing polymers, also known as metallopolymers, have gotten a lot of interest in the 

last few years as a new functional materials platform [10]. Their optoelectronic and 

catalytic capabilities were just recently discovered. Due to significant developments in surface-

initiated or grafting-to procedures, these materials can be used in bulk or to immobilize polymers 

onto different surfaces, enabling a wide range of surface-decorated and immobilized 

metallopolymer materials [11].  
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Renewable energy is energy produced from naturally occurring resources such as the sun, 

wind, water, and heat from the ground as presented in Fig. 2. These resources are continuously 

being replaced and will never run out because they are regenerated organically. A clean, 

sustainable energy source, renewable energy can be utilized to provide heat, electricity, fuel for 

vehicles, and other energy needs. By employing two or more inorganic component materials, a 

mixture of conjugated polymers and inorganic materials, or a bulk heterojunction device at the 

nanoscale to combine an electron-receiving component and an electron-producing component 

[12, 13]. To attain high currents and fill factors in PV devices, the mobilities of electrons and 

holes must be adjusted and balanced. This can be helped by enhanced electron transport via the 

inorganic part of the conjugated polymer [14]. While PEDOT: PSS can be used as an active 

interlayer to improve device performance, the low absorbance issue can be solved by 

incorporating an active layer with a high absorbance throughout the entire solar light spectrum 

into the photoactive layers [15]. In these devices, a large number of donor/acceptor interfaces 

effectively split photo-generated excitons within their diffusion length, and the liberated charges 

subsequently travel through bi-continuous interpenetrating transport channels to the 

corresponding electrodes [16]. Due to the large donor-acceptor interfacial area and direct carrier 

transport routes, the photovoltaic efficiencies of these devices are greatly influenced by the 

geometry of the composite structure in contrast to devices with layered structures. High 

efficiency is usually constrained by poorly organized donor-acceptor interfaces and 

discontinuous electron transport paths in the active layers [17].  Light absorption, exciton 

diffusion, and energy transfer towards the heterojunctions are the key processes in the use of 

metallopolymeric photovoltaic nanomaterials to transform solar energy into electrical energy 

[18]. Due to the recent use of metallopolymeric and polymeric composite functional materials in 

molecular electronics, which provides environmentally friendly alternatives to inorganic 

nanomaterials in a variety of applications, these materials have many extraordinary 

characteristics, including small size, good abundance, diversity of applications, ease of 

production, manufacture, and extraordinary performance [19, 20]. 

In the field of optoelectronics, metallopolymers have interesting uses, specifically as 

harvesting systems and light-emitting diodes, respectively and many other properties of 

metallopolymer materials [21]. The structural class benefits while minimizing some of its 

drawbacks by combining organic ligands with a variety of coordinating metal ions and 
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incorporating them into a polymeric matrix [22]. As a result, materials that are insulating, 

semiconducting, or even conducting can be produced. Applications in the field of 

optoelectronics, including photovoltaics, sensors, non-linear optics, and photoswitches, are made 

possible by the photophysical, electrochemical, and photochemical features of the metal-ligand 

coordination and its relatively strong interaction [22-24].  The study of metallopolymers has been 

hampered for a long time by preparation challenges, including difficult characterization problems 

and difficulties with synthesis and purifying processes. In the presence of metal centers, several 

of the polymerization methods that are so effective for pure organic monomers were shown to be 

ineffective or to cause unfavourable side reactions. These methods usually produced intractable 

materials, tainted with structural flaws, or lacked strong characterizations, as well as low-molar-

mass metallopolymers [25]. The advantages of organic/polymer optoelectronic devices, 

including their flexibility, low cost, and straightforward fabrication procedures, have sped up 

their development in recent years. Even more intriguing is the fact that metallopolymeric 

semiconductors permit direct optical transition, making them strong contenders for light-

sensitive applications like solar cells and photodetectors. There is currently a great deal of 

interest in developing renewable energy sources, such as solar energy, as a result of the 

knowledge that oil supplies of the Earth have a finite lifespan. Therefore, finding novel, highly 

effective polymeric materials that can be used in solar systems at a reasonable cost is a 

significant task [25]. π-conjugated organic polymers, such as poly(3hexylthiophene), which have 

historically suited this role under their comparatively modest bandgaps, are the macromolecular 

materials most frequently used in these applications [26]. The bandgap affects the solar spectrum 

that the active layer can absorb and, consequently, the intrinsic efficiency of the device [25, 26]. 

Due to their limited ionization potential and customizable electronic structural properties, 

metallopolymers and polymeric composites are ideal for use in ink-jet printing and spin coating 

on large surfaces [27]. Excitons are produced and the HOMO-LUMO gap is narrowed when 

these devices are in direct contact with any illumination source. In metallopolymeric systems, 

electron transport is reliant on the transfer through ligand [28]. Excitons are dissociated in the 

second step, and they are then gathered at the electrodes in the final procedure [29].  

Chapter 1 deals with the fundamental concept behind the metallopolymeric functional 

nanomaterials because of their exclusive properties, commercial, biodegradability, high elasticity 

and efficient nature for their various applications in different fields. This chapter contains the 
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recent accomplishments of the ongoing challenges for the metallopolymeric functional materials 

for their advanced solar energy applications which can affect human life. These materials are 

useful for the fabrication of economical energy conversion and optoelectronic devices. The 

domain of the applicability of these materials is very large such as energy devices, sensors/ 

actuators, biomedical applications, photodetectors and micromechanical devices. Energy 

conversion devices like photovoltaic solar cells, photodetectors, and light-dependent resistors, 

triboelectric energy harvesting devices can be manufactured with metallopolymer nanomaterials. 

When polymers are conjugated with metals, they offer advanced functional opportunities for the 

advancement of various energy-harvesting materials with their enhanced properties. At the 

electrodes and photo-detecting material interface, electrostatic induction causes a Helmholtz 

double layer for achieving equilibrium, with the metal electrodes being negatively charged and 

the photoactive being positively charged. The internal electric field is induced by the depletion 

layer, which has an excessively positive charge. In the meantime, as seen in Fig. 1, the electric 

field causes the photoactive energy bands of the material to bend upward at the contact. The 

degree of bending of the energy band is equal to the work function difference between the 

photodetector material and the metal electrodes. The barrier is controlled by the interface states 

and adsorption, except for the difference in work function. The cause of the grain boundary 

barrier has been hypothesized to be adsorbed O
2-

 ions. Since these adsorbates are released from 

the grain border, it is fair to assume that light irradiation lowers the grain boundary barrier. 

While the holes in the valance band tend to flow toward the metal side, closer to the interface, 

the generated electrons in the conduction band prefer to move away from the contact. MSM 

barriers have the same ability to separate and collect the photo-generated electrons and holes 

because of their identical size, which causes them to cancel each other out in the external circuit 

in the absence of an external power source. MSM barriers are formed at the interface of the drain 

and source. Thus, symmetric barrier-based MSM devices always need an external power supply 

to carry out the operation. 
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Fig. 1. (a) Band diagram under dark in vacuum condition (b) Band diagram under illumination in 

vacuum condition (c) Band diagram under dark in ambient atmospheric condition (d) Band 

diagram under illumination in ambient atmospheric condition. 

Chapter 2 reports the solvent-free frontal polymerization of acrylamide monomer with 

transitional metal dichalcogenide (TMDs) i.e. MoS2 nanoflakes. Scanning electron microscopy 

(SEM) images confirm the formation of nanoflakes of MoS2 and the interface between 

nanoflakes and polyacrylamide. In this research, we have described the solvent-free frontal 

polymerization of acrylamide monomer with transition metal dichalcogenide MoS2, which 

improves the electrical and charge transport capabilities of polyacrylamide. Metallopolymeric 

nanostructures are incredibly useful in a wide range of technological fields, particularly as 
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cutting-edge functional materials. As a result, adding MoS2 nanoflakes to polyacrylamide greatly 

increases the physical range of limitation beyond that of the host polymer and enables the 

capabilities of material for clear-cut applications. The band structure was observed from the 

Raman spectra, which show the    
 

 peak at 384.80 cm
-1

 and 410.03 cm
-1 

respectively in MoS2-

Polyacrylamide. The X-ray diffraction (XRD) pattern revealed the crystallinity of as prepared 

metallopolymer and Fourier-transform infrared (FTIR) spectroscopy confirmed the presence of a 

surface functional group attached to the metallopolymer. UV-Visible spectra of the 

metallopolymer nanomaterial exhibited the broad range absorption of the spectrum by 

metallopolymer. Thermal properties of functionalized metallopolymer were investigated using 

Thermogravimetric (TG) - Differential thermal analysis (DTA) analysis. Current-voltage (I-V) 

and time-dependent photoresponse characteristics of MoS2-Polyacrylamide were carried out 

under constant exposure to UV light and I-V characteristics and transient photoresponse of the 

materials are presented in Fig. 2. As prepared metallopolymeric nanomaterial showed enhanced 

photoconversion performance under ambient conditions. Responsivity and detectivity were 

found at 60.09 mA/W and 4.96×10
11

 Jones. Rise and decay times were observed as 0.77 s and 

0.38 s with the LDR of 60.09 dB at a very low power of 40 μW/ cm
2
. 
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Fig. 2. (a) Time-dependent photoresponse of polyacrylamide (b) I-V characteristics of 

polyacrylamide (c) Time-dependent photoresponse of MoS2 nanoflakes (d) I-V characteristics of 

MoS2 nanoflakes (e) Time-dependent photoresponse of MoS2-polyacrylamide (f) I-V 

characteristics of MoS2-polyacrylamide. 

Chapter 3 deals with the photoconduction and photodetection mechanism of the WS2 embedded 

in the polyvinyl alcohol matrix. Exfoliated nanosheets of WS2 were embedded in polyvinyl 
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alcohol (PVOH) matrix by the solution method. The SEM micrographs show a clear indication 

of the incorporation of WS2 nanosheets in the PVOH matrix. Because of their intrinsic 

flexibility, solution processability, large-area preparation, and designable molecular structure, 

polymer materials are prospective materials for a new generation of photodetectors. Different 

molecular design approaches and innovative device designs are used to achieve it [30]. To 

achieve high detectivity in all-polymer photodetectors (all-PPDs), thick-film photoactive layers 

are chosen since they can effectively lower the dark current density. The responsivity of the 

device is decreased by increased recombination loss, which occurs when the photoactive layer is 

excessively thick [31, 32]. Because the exciton binding energy of organic semiconductor 

materials is approximately 0.1-1.4 eV, which is three orders higher than that of inorganic 

semiconductor materials, so that impact ionization cannot occur in organic photodetectors such 

as found in inorganic avalanche photodiodes [31] and trap-assisted carrier tunnelling effects have 

been primarily responsible for helping to identify the working mechanism of organic 

photodetectors [33]. XRD results show the hexagonal-type crystal structure of WS2 nanosheets 

with the space group of P63/mmc. Tauc plot of the UV-Visible absorption spectrum of WS2 

PVOH matrix shows the optical band gap energy of 3.51 eV which is intermediated between the 

WS2 nanosheets and PVOH matrix. Zeta potential of the WS2 nanosheets, PVOH and WS2 

PVOH were found to be -10.60 mV, -4.14 mV and -1.12 mV. Electrical measurements suggest 

the hopping mechanism of the charge conduction and the photoelectrical response of the 

materials are shown in Fig. 3. Response and detectivity were determined to be 369.130 mA/W 

and 5.25×1011 Jones, respectively, in the photoconduction measurement. 
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Fig. 3. Current-voltage characteristics of (a) WS2 nanosheets (b) PVOH (c) WS2 PVOH (d) 

Comparison in photocurrent in WS2, PVOH and WS2 PVOH at 10 V under illumination intensity 

of 50 μW/cm
2
. 

Chapter 4 deals with the two-dimensional WS2-polyacrylamide metal-organic frameworks 

(MOFs) which are prepared via an energy-efficient solvent-free frontal polymerization method 

and further used as a biocompatible, flexible and low threshold high-performance 

photoconduction. The real images of the frontal polymerization are presented in Fig. 4. In the 

current study, a biocompatible, flexible, and low-threshold metal-organic framework (MOF) for 

high-performance photodetection was created using two-dimensional WS2-polyacrylamide 

nanocomposites that were created using the solvent-free frontal polymerization process. 

Compared to other conventional methods, frontal polymerization has various advantages, 

including low energy consumption, no waste production, and a slower reaction time. After 

delivering the first input of heat, no additional heat is needed for the reaction because of its self-
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propagating nature. For fabricating biocompatible and flexible photoconversion devices, these 

MOFs are coated on the normal paper substrate and carbon nanotubes are used as the electrodes. 

Scanning and Tunnelling electron microscopic (SEM and TEM) images exhibit the nanosheets-

like structure and clear incorporation of WS2 nanosheets in polyacrylamide matrix. X-ray 

photoelectron spectroscopy (XPS) analysis shows the peaks of W 5p3/2, W 4f3/2 and W 4f7/2 at the 

binding energies of 38.48, 34.98 and 32.88 eV confirms the presence of W with a valance of +4. 

Further investigations on MOFs were carried out by UV- Visible spectroscopy, Raman 

spectroscopy, Fourier transform infrared spectroscopy (FTIR), Dynamic light scattering (DLS) 

and Differential scanning calorimetric (DSC) analysis. This environmentally acceptable device 

shows the very appreciable responsivity and detectivity of 1.37 AW
-1

 and 1.52×10
12

 Jones 

respectively. The highest external quantum efficiency (EQE) and linear dynamic range (LDR) 

were found to be 465.93 % and 28.67 dB respectively with the noise equivalent power (NEP) of 

3.68×10
-8 

W.  

 

Fig. 4. A synthesis procedure for the preparation of MOFs by frontal polymerization. 
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Chapter 5 demonstrates the paper electronics-based device of the Bi2S3 nanorods (NRs) 

incorporated in chemically oxidized p-TSA conjugated polyaniline matrix for a high external 

quantum efficient device. These Bi2S3 NRs incorporated in the polyaniline matrix for making 

interconnected micro-level p-n junctions between these materials. It is generally known that a 

photomultiplication mechanism can considerably boost the photocurrent, producing high EQE 

and detectivity but requiring complicated device processing technologies. Hiramoto et al. used 

the photomultiplication phenomena to report an extraordinarily high EQE of 10000%. Guo et al. 

[34] reported the nanocomposite of ultraviolet based on interfacial trap-controlled charge 

injection by ZnO nanoparticles doped into P3HT:PC61BM. The highest EQEs reached up to 

245300% and 340600% for the PVK:ZnO and P3HT:ZnO devices respectively [35]. The major 

goal of this study is to achieve photomultiplication for high EQE in the polyaniline matrix 

incorporated with Bi2S3 NRs at very low applied bias potential. The role of the Bi2S3-polyaniline 

and Ag electrodes at the interface as well as the interaction between the Bi2S3 NRs and 

polyaniline matrix has both been thoroughly investigated. The flexible, biodegradable cellulose 

paper was used to create the device. According to XPS data, the levels Bi 4f7/2 and Bi 4f5/2, which 

were discovered with binding energies of 156.88 eV and 161.98 eV, respectively, correlate to the 

doublet splitting of Bi. UV-Visible exhibited the optical band gap of Bi2S3-polyaniline found to 

be 2.64 eV. The metal-semiconductor-metal (MSM) device is fabricated on cellulose paper, 

which gave flexibility to the device structure. The light-to-photocurrent conversion capability of 

the device is presented in Fig. 5. This metallopolymeric energy device shows a large 

photoresponsivity of 16.85 A/W with sufficiently high external quantum efficiency (EQE) of 

3.93×103% at extremely low drift potential of 0.1 V and extremely small optical power of 50 

μW/cm
2
. Additionally, the device exhibits notable responsiveness when flexible without the use 

of a binder. Capacitance measurements with frequency and trap depth energy measurements with 

trap density were also carried out to better substantiate the photoconduction phenomenon. 
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Fig. 5. (a) Transient photodetection measurement at different bias potentials (b) Responsivity 

and detectivity at different drift potentials (c) Transient photodetection measurement at different 

light intensities (d) Responsivity and detectivity at different light intensities. 

Chapter 6 reports the functionalization of p-TSA (poly-toluenesulfonic acid) doped polyaniline 

matrix by ZnS nanosheets. Paper and cotton are the most suitable candidates among the several 

substrate types for flexible device technology because of their flexibility, affordability, and 

environmental friendliness [36]. According to prior research, paper-based devices are the most 

suitable photoconductors out of all the others due to their simple construction method [37]. 

When transition metals are added to polymers, they can change the system between states of 

comparatively high and low conductivity because, unlike carbon, they can quickly change their 

coordination number or oxidation state. This kind of reaction makes metallopolymers suitable for 

both sensors and switches [8, 38]. The self-powered/nearly self-powered devices are typically 

designed in the form of p-n junctions, Schottky junctions, and organic-inorganic 
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metallopolymers, due to the built-in potential electron-hole pair being quickly separated. This 

makes the devices operated at very low voltages different from the traditional devices [39]. The 

structural analysis has been performed by X-ray diffraction (XRD) studies and X-ray 

photoelectron spectroscopy (XPS). The Rietveld refinement confirms the cubic phase of ZnS as 

well as the binding energies of Zn 2p1/2 and Zn 2p3/2 at 1045.85 and 1022.83 eV respectively, 

confirming the Zn
2+

 state. The scanning electron microscopy (SEM) of the ZnS-polyaniline 

exhibits different-size mist-like morphology on both paper and cotton substrates. The tunnelling 

electron microscopy images revealed the ZnS nanosheets with an interplanar spacing of 0.31 nm 

incorporated in the polyaniline matrix. Further analysis was carried out through UV-Visible 

spectroscopy, Fourier transform infrared (FTIR) spectroscopy, Raman spectroscopy and 

Dynamic light scattering. The metal-metallopolymer nanohybrid-metal device of this metal-

polymer framework is fabricated on flexible and eco-friendly cellulose paper and cotton 

substrates. Ohmic as well as space charge limited behaviour of current is responsible for the 

current-voltage characteristics. The photocurrent conversion properties as well as current-voltage 

characteristics are presented in Fig. 6. This flexible device exhibited the ultrahigh 

photoresponsivity of 396.47 AW
-1

 and giant external quantum efficiency (EQE) of 1.344×10
5
 %. 

Paper and cotton substrate-based devices show significant Responsivities of 3.67 and 1.74 

mA/W with the detectivity of 3.09×10
10

 and 3.47×10
10

 Jones even at 0 V.  
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Fig. 6. (a) Current-Voltage (I-V) characteristics of ZnS (b) Current-Voltage (I-V) characteristics 

of polyaniline (c) Current-Voltage (I-V) characteristics on paper substrate (d) Current-Voltage 

(I-V) characteristics on cotton substrate (e) Current power measurements for paper substrate (f) 

Current power measurements for cotton substrate (g) Experimental and exponentially fitted rise 

and decay time constants for paper substrate (h) Experimental and exponentially fitted rise and 

decay time constants for cotton substrate.  
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Scope of further research 

 Metallopolymers have demonstrated a great potential as materials for use in battery, fuel 

cell, and solar cell technologies for renewable energy sources. These were found 

appropriate for many kinds of devices because of their distinctive electrical and optical 

characteristics.  

 As metallopolymers may create powerful chemical connections with other substances, 

which can improve their performance in certain applications.  

 The creation of more effective solar cells is one potential use for metallopolymers in 

renewable energy. Electronic and optical characteristics of these materials can be 

adjusted to improve the solar cell's performance and efficiency. The use of 

metallopolymers as catalysts in fuel cells have a very good scope for a different area of 

study.  

 Overall, there is a lot of promise for metallopolymers to be used in renewable energy, and 

work is being done to investigate and create new uses for these materials. 

Metallopolymers offer the potential for usage in various renewable energy technologies, 

such as thermoelectric generators, which turn heat into electricity. Performance and 

efficiency of these generators can be improved by making use of their special electronic 

features.  

 Future applications for metallopolymers can include catalysts, sensors, drug delivery 

systems, and water filtering. A variety of applications benefit greatly from 

metallopolymers because of their unique properties. Because their potential has not yet 

been fully realized, metallopolymers present numerous exciting options for future 

research and development.  

 By changing the structure of the metallopolymer, the ability to adjust the composition of 

the metal and polymer components may enable the development of new and improved 

materials. 
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