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A B S T R A C T   

Solar energy is a sustainable option in the provision of affordable and clean energy. Conversion of 
solar energy to electricity requires the development of materials and technologies that are not 
only efficient but also cost-effective. Polymer solar cells (PSCs) and dye sensitized solar cells 
(DSSCs) are some of the cost-effective technologies for solar energy conversion. However, PSCs 
suffer from poor optical absorption and charge carrier mobility, while the major drawback to high 
efficiencies in DSSCs is charge carrier recombination. This article examines the potency of plas-
monic metallic nanoparticles (MNPs) and hybrids of MNPs/graphene nanomaterials (GNMs) in 
mitigating these challenges. MNPs and MNPs/GNMs incorporated in these devices enhance light 
harvesting to extended wavelengths and improve charge transport. MNPs in the photoanode of 
DSSCs serve as cosensitizers to offer complementary optical absorption, while MNPs/GNMs as 
counter electrode yield high catalytic activity comparable to Pt. Simultaneous application of 
MNPs and/or MNPs/GNMs in PSCs’ interfacial and active layers yield enhanced broadband op-
tical absorption and effective charge transport. The mechanisms by which these nanomaterials 
enhance light harvesting in these devices are discussed in detail. The material characteristics that 
influence the performance of MNPs and MNPs/GNMs modified devices, such as MNPs size, shape, 
and morphology, are highlighted. Hence, this article presents perspectives and strategies on 
successful utilization of plasmonic MNPs and hybrids of MNPs/GNMs to mitigate the challenges 
of poor optical absorption and charge transport of PSCs and DSSCs for high efficiencies.   

1. Introduction 

Nanoscale science and technology, known as nanotechnology, has technologically revolutionized the world. This science entails the 
preparation, characterization, and manipulation of structures of particles/materials in the nanometre scale, typically in the range of 
1–100 nm. Nanoscale research field is evolving fast, fuelled by the desire for functional materials with novel/improved properties. 
These properties include electronic transport, optical response, mechanical strength, elasticity, and thermal conductivity. Such 
functional nanomaterials find application in various fields including biomedicine, electronics, optoelectronics, energy conversion and 
storage, and magnetic applications. For example, in microelectronics, the use of nanomaterials has led to the evolution of miniatur-
ization trends i.e., the fabrication of integrated circuits and storage media in the nanoscale has resulted in ‘smaller’ computers with 
high computational power. These functional materials include carbon-based nanomaterials, nanoparticles, nanocomposites, and 

E-mail addresses: tebymg@gmail.com, tamollo@egerton.ac.ke.  

Contents lists available at ScienceDirect 

Heliyon 

journal homepage: www.cell.com/heliyon 

https://doi.org/10.1016/j.heliyon.2024.e26401 
Received 23 November 2023; Received in revised form 12 February 2024; Accepted 13 February 2024   

mailto:tebymg@gmail.com
mailto:tamollo@egerton.ac.ke
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e26401
https://doi.org/10.1016/j.heliyon.2024.e26401
https://doi.org/10.1016/j.heliyon.2024.e26401
http://creativecommons.org/licenses/by-nc/4.0/


Heliyon 10 (2024) e26401

2

quantum dots. 
Nanotechnology has revolutionized the development of solar cells from the second to the current fourth generation. This is because 

an improvement in the performance of solar cells requires materials development and device engineering. The second-generation solar 
cells are constituted by thin-film technology that utilizes inorganic compounds like amorphous silicon (a-Si:H), gallium arsenide 
(GaAs) and cadmium telluride (CdTe). Polymer solar cells (PSCs) and dye sensitized solar cells (DSSCs), together with quantum dot and 
multijunction solar cells, form the third-generation solar cells. The fourth generation comprises perovskite solar cells (PVSCs) and a 
class of PSCs with a polymer: nanoparticle blend in the photoactive layer. The solution processable PSCs, DSSCs, and PVSCs are ad-
vantageous in terms of cost-effectiveness i.e., they can be produced from readily available and/or cheap materials using simple 
techniques, mechanical flexibility, lightweight, large area applications, and environmental friendliness. These have advanced the 
prospects for the provision of clean and affordable energy needed to meet the requirements of energy security and environmental 
safety, for a technologically fast-paced world. The third and fourth-generation solar cells are under intensive research to achieve high 
solar energy conversion efficiencies (PCEs). To this end, developing functional energy materials and device engineering is imperative. 
Graphene nanomaterials and metallic nanoparticles are among the materials under extensive research, for application in these solar 
cells. 

Graphene, a monolayer of carbon atoms packed in a honeycomb hexagonal structure, is characterized by unique properties, 
including high specific surface area, carrier mobility, optical transparency, thermal conductivity and material strength and flexibility 
[1]. These properties suit it for application in energy conversion and storage, sensors for biomedical applications, photodetectors, and 
nanoelectronics [1]. Pristine graphene, though characterized with ballistic charge carriers transport resulting in excellent electronic 
transport i.e. charge carrier mobility as high as 200,000 cm2V− 1s− 1, [2] and electrical resistivity of 10− 6Ωcm, [3] has no energy band 
gap thus, is limited in optoelectronics and nanoelectronics applications. Besides being hydrophobic, pristine graphene is neither 
compatible with cost-effective solution phase synthesis nor solution-based device processing. For these reasons, functionalized forms 
of graphene come in handy for practical applications. Functionalized graphene includes graphene oxide (GO) and nitrogen-doped 
graphene (NGr). GO extends the functionality of graphene as its oxygen-functionalized groups including the epoxy, carboxylic and 
hydroxyl, provide nucleation sites for further functionalization [4]. This way graphene can be combined with other materials like 
metallic nanoparticles (MNPs) and polymers for synergy of the unique properties for specific applications. Additionally, GO being 
hydrophilic is compatible with solution-based device processing. 

Nanoparticles are characterized by unique morphological properties, particle size distribution, and size quantization effects such as 
quantum confinement and tunnelling of charge carriers. Further, these class of materials have high surface reactivity which originates 
from their inherent high specific surface area to volume ratio (aspect ratio) [5]. MNPs are formed from noble metals like gold, copper, 
silver, iron, and platinum or their compounds like sulphides, oxides, fluorides, and phosphates. These find application in biomedicine, 
photocatalysis, sensors, optics [6] and solar cells [7]. Furthermore, the MNPs in combination with other materials like carbon-based 
materials or polymers can be synthesized into nanocomposites with tailored properties for specific applications. Hybrids of MNPs and 
graphene nanomaterials (GNMs) like GO, graphene quantum dots (GQDs) and reduced graphene oxide (rGO), because of their syn-
ergistic properties, find application in sensors [8,9], electronics [10], biomedicine [10], energy conversion [11], catalysis [10], and in 
removal of environmental pollutants [12], depending on the MNPs composition. For example, hybrids of GO and plasmonics have 
unique properties including high specific surface area, chemical and electrochemical inertness which suit them for use in biosensors 
and surface enhanced Raman spectroscopy (SERS) for early stage medical conditions diagnosis [13]. This review focuses on applying 
MNPs and hybrids of MNPs/(GNMs) in PSCs and DSSCs. MNPs exhibit plasmonic effects, one of their main desirable properties for 
application in solar energy conversion devices. 

2. Localized surface plasmon resonance in metallic nanoparticles 

Surface plasmon resonance (SPR) is a coherent oscillation of metal conduction electrons produced upon excitation by an incident 
electromagnetic radiation at a metal-dielectric interface. These oscillations yield a short-lived electric field within the dielectric 
extending from the metal surface to a hundred nanometres length scale [14]. There are two types of SPRs, viz. Surface plasmon 
polaritons (SPPs) which are propagating, and localized SPRs which are non-propagating. The SPPs propagate tens to hundreds of 
micrometres along a MNPs surface with an exponentially decaying electric field. Excitation of SPPs can be achieved by utilizing prism 
couplers or gratings [15]. Local surface plasmons are produced when the wavelength of the incident light is greater than the metal 
particle size [16]. This give rise to a non-propagating plasmon that oscillates within the MNPs vicinity with a frequency of localized 
surface plasmon resonance (LSPR) [17]. Equation (1) gives the energy of this plasmon according to the free electron model [18]. 

Ep =ℏ

̅̅̅̅̅̅̅̅

ne2

mεo

√

= ℏωp (1)  

Where n is the density of electrons, e is the electron charge, m is the electron mass, εo is the permittivity of free space, ℏ is Planck 
constant and ωp the bulk plasmon frequency. 

Typically, MNPs exhibit LSPRs when the frequency of the incident photon is resonant with the cumulative oscillation of the 
conduction electrons within the nanoparticle volume. Silver and gold nanoparticles manifest strong LSPR within the visible region of 
the electromagnetic spectrum [19]. The magnitude and spectral position of LSPR is dependent on the local dielectric medium and the 
nanoparticle’s size, shape, aspect ratio and composition [6]. 

Dipole LSPR, the simplest LSPR occurs in the limit where the particle’s diameter is smaller than the incident photon’s wavelength. 
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The conduction electrons in the MNPs will oscillate in phase upon the plane wave excitation. This produces a build-up of polarization 
charges on the particle’s surface, which causes a resonance to appear at a particular frequency referred to as particle dipole plasmon 
frequency [20,21] This frequency is determined by the density of electrons, the size and shape of charge distribution and the effective 
mass of the electron [22]. Consequently, a homogenous resonant electric field builds up within the nanoparticle, and a dipolar field 
builds up outside of it. This yields strong surface plasmon absorption bands, intense light scattering and an enhanced electric field near 
the particle surface [19,21]. Thus, MNPs can be used to guide and focus light, and alter the absorption or emission of light to the 
nanometre scale in a nearby optically active medium within its vicinity. As such, MNPs come in handy in improving photon harvesting 
in solar cells. The plasmonic effects viz. The wavelength at which maximum absorption occurs, and the peak height and bandwidth are 
dependent on the NPs size, geometry, composition, and dielectric environment. For example, for larger MNPs higher order LSPRs such 
as quadrupole whereby the motion of half of the electron cloud is parallel and the other half antiparallel, are excited thus modifying the 
spectroscopic responses [22]. MNPs find application in solution-processable thin film solar cells (TFSCs), including PSCs, PVSCs and 
DSSCs. 

Table 1 
Metallic nanoparticles synthesis methods.  

Method Examples Advantages Disadvantages References 

Bottom-up methods 
Solid-state 

synthesis 
methods 

Chemical vapour 
deposition 

Allows for control of nanoparticle 
structure. 
Produces durable thin films. 
Scalable 

Is toxic. 
Is complex 

[25] 

Physical vapour 
deposition 

Simple Costly 
Not suitable for large-scale production 

[26] 
[27] 

Solution-phase 
synthesis 

Sol-gel method Very simple 
Allows for control of nanoparticle size 
and morphology  

[28] 
[29] 

Solvothermal method Produces high-quality crystallized 
nanoparticles of narrow size 
distribution  

[30] 

Chemical reduction 
method 

Very simple 
Shortcomings associated with reducing 
agents, e.g., toxicity, impurities, and 
high costs  

[31] 
[32] 

Hydrothermal 
method 

Allows for control of nanoparticles size 
and shape. 
Produces highly crystalline 
nanoparticles 

Difficulty in controlling the process. 
Difficult to reproduce 

[33] 

Gas phase 
synthesis 
methods 

Laser pyrolysis Produces nanoparticles of uniform size 
distribution 
Allows for control of nanoparticles size. 
Suitable for large scale production  

[34] 
[35] 

Spray pyrolysis Simple 
Cheap 
Allows for control of nanoparticles size  

[36] 
[37] 

Top-down methods 
Mechanical 

methods 
Ball milling Capable of large-scale production 

Produces high purity nanoparticles 
Utilizes high energy. 
Time-consuming 
Possible contamination of samples by the steel balls 

[38] 
[39] 

Mechanochemical 
method 

Simple and efficient Possible contamination of samples 
Time-consuming 

[40] 
[41] 

Ion sputtering  Associated with less impurities in 
comparison to chemical methods. 
Versatile for preparation of ionic 
nanoparticles of various sizes 
Allows for control of nanoparticles size, 
composition, and ion charge 

The morphology, composition and optical properties of 
produced nanoparticles can be affected by the nature of 
the sputtering gas 

[42] 
[43] 

Laser ablation  Simple 
Allows for control of nanoparticles 
properties by selecting appropriate laser 
parameters. 
Capable of large-scale production 

Not efficient as large number of nanoparticles block the 
laser path and absorb laser energy 

[44] 
[45] 
[46] 

Scanning beam 
lithography  

Allows for the control of size and 
structure of the nanoparticles  

[47] 
[48]  
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3. Preparation methods for metallic nanoparticles and hybrids of metallic nanoparticles/graphene materials 

3.1. Preparation techniques for metallic nanoparticles 

Physical and chemical methods are commonly employed for the preparation of MNPs. These are broadly classified into two cat-
egories: top town and bottom-up methods as listed in Table 1. The starting material is the major difference between these two synthesis 
approaches. The starting material for the top-down methods is in bulk form which is then reduced to nanoparticles by physical, 
mechanical or chemical process while atoms/molecules form the starting material for bottom-up approaches [23]. The preparation 
technique used directly influences the nanoparticle’s size, shape, morphology, and physicochemical properties through the different 
kinetic and adsorption processes involved [24]. In turn, the size, morphology and composition influence nanoparticles’ optoelectronic 
and catalytic properties [6]. Thus, choosing an appropriate methodology is important in producing MNPs for specific applications. For 
example, the Au nanoparticles shown in Fig. 1 were prepared by a seed-based method. The nanoparticles sensitivity for plasmonic 
sensing applications, was found to be mainly dependent on their aspect ratio. 

3.2. Preparation techniques for hybrids of metallic nanoparticles/graphene nanomaterials 

The synthesis methods for the hybrids of MNPs and GNMs can generally be classified into two categories viz. ex situ and in situ. 
Preformed MNPs are utilized in the ex situ methods whereas GNMs forms the substrate on which MNPs are grown in the in situ methods. 
The ex situ approach is advantageous in terms of uniformity in the preformed nanoparticles size, shape and morphology, consistency in 
materials properties and elimination of incompatibility that may arise during material growth [49]. Mostly, the in situ methods 
produce polydisperse nanoparticles with varied shapes [50]. MNPs/GNMs hybrids can be synthesized successfully in liquid-phase 
using preformed MNPs and graphene derivatives as the substrates. The liquid-phase synthesis route is simple, does not require 
expensive equipment and is capable of large-scale production. The major components in this synthesis method are the preformed 
metallic nanoparticles, solvent system, ligand stabilizers and the graphene substrates. The graphene derivatives GO and rGO form an 
excellent platform for loading MNPs because of their high specific surface area and rich oxygen functional groups as highlighted in 
section 1. The methods used for immobilization of MNPs on GO sheets include chemical reduction method, microwave or light 
irradiation method and thermal assisted method. Of these, chemical reduction is the commonly used method because it is cost-effective 
and simple. This method involves the reduction of metal ion salts in solution form to MNPs on GO sheets using reducing agents such as 
hydrazine, ascorbic acid, and sodium borohydride. Typically, the noble metal salt solution is first thoroughly mixed with the GO 
dispersion. In this process, the noble metals ions would adsorb on the GO sheets. Finally, the reducing agents reduces the noble metals 
ions adsorbed onto the GO nanosheets to MNPs [51]. Immobilization of MNPs on GO sheets by the light irradiation method is 
eco-friendly and allows for the control of MNPs size and distribution by varying the intensity and time of irradiation as shown in Fig. 2 
(A-J) [52]. Similarly, microwave irradiation method allows for control of the MNPs size and distribution and is environmentally 
friendly [53]. Nonetheless, the light or microwave irradiation methods are not cost-effective as they utilize equipment that requires 
energy input. The thermal-assisted method, though simple, requires energy input for heating the precursors at elevated temperatures 
[54]. Both the thermal assisted and chemical reduction methods do not allow for the control of MNPs size and distribution as they are 
rapid processes. Moreover, some of the reducing agents like hydrazine used in these processes are harmful to the environmental. 

Fig. 1. TEM image of Au nanoparticles. (Reprinted with permission from (Khan et al.) Copyright (2016), American Chemical Society) [6].  
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4. 4.Application of metallic nanoparticles and hybrids of metallic nanoparticles/graphene nanomaterials in polymer 
solar cells 

PSCs are mostly fabricated in bulk-heterojunction (BHJ) device structure. This structure has five components namely: electrodes 
(anode and cathode), active layer, hole transport layer (HTL) and electron transport layer (ETL) which can be fabricated in the 
conventional or inverted device structures as shown in Fig. 3(a) and (b), respectively. The active layer consists of donor and acceptor 
materials. Upon photoirradiation of the device, excitons are generated in the active layer. These are transported via charge percolation 
pathways to the donor-acceptor interphase where charge separation occurs. The charge carriers i.e. electrons and holes are then 
transported through the ETL and HTL to the cathode and anode, respectively. The active layer materials should be characterized by 
high optical absorption and charge carrier mobility. On the other hand, the interfacial layers (ETL and HTL) materials should exhibit 
good charge transport properties, form an ohmic contact and offer charge selectivity at the active layer-electrodes interfaces. The 

Fig. 2. (A) Schematic diagram of light irradiation synthesis of Ag/GO nanocomposite showing control of MNPs size by varying the irradiation time 
(B) TEM image (C) HR-TEM image and (D) histogram showing the size distribution of the nanocomposite synthesized by irradiation for 30 min. 
(E–G) and (H–J) show the corresponding images and size histograms of the nanocomposites synthesized by irradiation for 5 h and 5 min, 
respectively [52]. 
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photovoltaic performance of solar cells is characterized by short-circuit current density, Jsc, open-circuit voltage, Voc, fill-factor, FF, 
and the ultimate power conversion efficiency, PCE. The PSCs discussed herein are of the conventional BHJ structure unless stated 
otherwise. 

4.1. Application of metallic nanoparticles in polymer solar cells 

MNPs exhibiting LSPR are suited for use in the interfacial and photoactive layers of PSCs. 

Fig. 3. Schematic diagram of (a) conventional and (b) inverted bulk -heterojunction PSCs.  

Fig. 4. Mechanisms of plasmon-induced photon harvesting in solar cells [71].  
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4.1.1. Active layer 
In the photoactive medium, MNPs promote light harvesting via enhanced light scattering (far-field scattering), near-field effect, 

plasmon-induced charge separation and creation of strong optical absorption bands. These processes classified as radiative (far-field 
scattering and near-field effect) and non-radiative (plasmon resonant and hot electron energy transfer) are highlighted in Fig. 4. An 
enhanced light scattering increases the optical path length thereby allowing for more photon absorption. The scattering (Cscat) and 
absorption (Cabs) cross-sections for NPs with wavelengths much less than the incident light wavelength, λ, are given in equations (2) 
and (3), respectively [20]. 

Cscat =

(
1

6π

)(
2π
λ

)4

|α|2 (2)  

Cabs =
2π
λ

Im[α] (3)  

where α = 3V
[ εp

εm − 1
εp
εm+2

]
is the polarizability of the particle, V is the particle volume, εp and εm. 

are the dielectric function of the particle and the surrounding media, respectively. εp = − 2εm is the condition necessary for 
inducing LSPR as the particle polarizability becomes very large [55]. Also, Cscat should be greater than Cabs for effective light trapping 
[56]. The scattering efficiency is given by equation (4) [19]. 

Qscat =
Cscat

Cscat + Cabs
(4) 

The nanoparticles composition, size, shape, and position in the PSCs affect the light trapping efficiency. For example, Ag produces 
better path length enhancement than Au [57]. Nanospheres are the most utilized for light scattering though, cylindrical and hemi-
spherical MNPs are more effective in enhancing the optical path length as shown in Fig. 5 [58]. The nanospheres are advantageous in 
terms of ease in production. Fig. 5 also shows that 100 nm sized NPs are more effective in light scattering than 150 nm sized ones. Baek 
et al. [59] investigated the influence of Ag NPs size on scattering efficiency by utilizing Ag NPs sized between 13 and 94 nm in the HTL 
of PSCs. The highest optical absorption of the devices was observed at 67 nm. Beyond this size, the NPs exhibited lower optical ab-
sorption due to increased back reflection. For the optical absorption enhancement by NPs scattering, it is important to consider not 
only the scattering power but also the scattering direction. This is because back scattering does not usually contribute to enhanced 
optical absorption enhancement, though, it is predominant in larger sized NPS. Thus, the NPS size should be optimized to promote 
forward scattering. The light scattering effect produced in the active layer requires the MNPs to be placed not directly in the active 
layer, as this would promote charge carrier recombination. On the other hand, placing the NPs on the rear side of the devices allows for 
light absorption within a wide range of wavelength. The semiconductor material would absorb the short wavelength light. At the same 
time, the NPs would promote absorption of the long wavelength light, i.e. the infrared and red light reaching the rear of the solar cells 
would be scattered and trapped within the device [60]. Also, the position of the MNPs should be such as to allow for a match of the 
wavelength range to the dipole oscillation [61]. 

MNPs mixed in the active layer blend or embedded in the active layer promote light trapping by creation of strong electromagnetic 
field within their vicinity. This way, the optical absorption of the active layer materials is enhanced by the high density of states (DOS) 
of phonons and by the excitation of charge carriers by the MNPs [62]. The near-field effect is pronounced in small-sized MNPs. The 
small size and small interspacing distance between the NPs inherently enhance the near-field effect. This effect is compatible and 
suitable for active layer materials with a short charge carrier diffusion length such as in PSCs. It is also compatible with solution-based 

Fig. 5. The effect of Ag NPs size and shape on light scattering [58].  
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device processing. Optimizing the use of this effect requires the absorption rate of the active layer materials to be greater than the 
reciprocal of the decay time of the plasmon [58]. This prevents the dissipation of absorbed solar energy by ohmic damping. None-
theless, the MNPs can also jeopardize the carrier mobility of the active layer thus counteract the benefits of near-field effect [63]. It is 
therefore imperative to carefully choose the NPs size, shape, and position such that the optoelectronic benefits accrued from the 
near-field effect out ways the adverse effects of degraded carrier mobility and light absorption by the MNPs. Nonetheless, the light 
trapping of the near-field effect has been shown to out way light absorption of the MNPs in PSCs [64]. Further, the MNPs can be 
coupled with high carrier mobility GNMs to simultaneously improve charge transport in the solar cells. 

MNPs promote light energy conversion through plasmon-induced charge separation. This results from excitation of electron-hole 
pairs of the metals through interband and intraband transitions that cause transfer of energy to the primary hot charge carriers [65,66]. 
The hot electrons thereby multiply through electron-electron scattering accompanied by energy redistribution typical of Fermi-Dirac 
distribution [67–69]. The timescale for the e-e scattering is a few hundreds of femtoseconds while that for the energy redistribution is 
from few hundreds of femtoseconds to picoseconds. Of these processes, plasmon-induced charge separation takes relatively longer time 
due to the secondary excitation of electron-hole pairs [55]. The hot electron transfer is usually manifested in n-type semiconductor (e. 
g. TiO2)-MNPs Schottky barrier. This gives rise to a charge separation between the conduction band of the semiconductor and the metal 
resulting in light energy conversion [66,70]. The interband and intraband transition of electrons get injected from the MNPs to the 
conduction band of the semiconductor via tunnelling or overcoming the Schottky barrier. The exquisite feature of this approach is in 
harvesting of energy of the electrons ejected from the MNPs thus, circumventing band-gap limitation to energy absorption of the 
semiconductor [55]. Thus, the charge separation results from primary and secondary excitation of electron-hole pairs via Landau 
damping and e-e scattering, respectively. Plasmon-induced charge separation is usually observed in PSCs when a HTL is deposited on 
an n-type semiconductor loaded with MNPs. 

Silver sulphide NPs prepared by wet chemical method was employed in the active layer of inverted poly 3-hexylthiophene (P3HT) 
[6,6]:-phenyl-C61-butyric acid methyl ester (PC61BM) based solar cells [72]. At an optimum concentration of Ag2S, the devices pro-
duced a PCE of 5.15% which was a significant improvement in comparison to the reference device with a PCE of 2.33%. The devices 
manifested improved optical absorption and electrical properties. This was attributed to excitation of SPPs and light scattering in the 
photoactive medium by Ag2S NPs. Similarly, ZnS NPs employed in the photoactive medium of P3HT:PCBM based solar cells improved 
the PCE from 1.9 % in the reference device to 4 % at the optimum concentration of the NPs [73]. The improved performance accrued 
from the creation of a near-field along the MNPs thereby promoting charge separation and transport. Also, ZnS in the active layer 
produced a light scattering effect which improved photon harvesting. 

Poly[[2,5- bis(2- hexyldecyl-2,3,5,6- tetrahydro-3,6-dioxopyrrolo[3,4-c]pyrrole- 1,4- diyl]- alt- [3′,3″-dimethyl-2,2′:5′,2″- terthio-
phene]- 5,5″- diyl] (PMDPP3T):PC71BM solar cells were fabricated with Ag and Au nanostars in the active layer [74]. A maximum Jsc of 
21.58 and 23.39 mA cm− 2 was achieved in the devices with Au and Ag nanostars, respectively. This was an improvement in com-
parison to the reference device with a maximum Jsc of 19.6 mA cm− 2. The improved Jsc was attributed to enhanced light absorption. 
The nanostars effected in-plane light scattering in the active layer which increased the optical path length thereby promoting light 
absorption. Poly{[4,8-bis-(2-ethyl-hexyl-thiophene-5-yl)-benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl]-alt-[2-(2′-ethyl-hexanoyl)-thieno 
[3,4-b]thi-ophen-4,6-diyl]}(PBDTTT-C-T): PC71BM were fabricated with Ag NPs in the HTL and active layer [75]. The devices with Ag 
NPs in both the HTL and active layer realized better Jsc, FF and PCE of 21.3 mA cm− 2, 55% and 9.2%, respectively. Devices with Ag NPs 
in the active layer yielded Jsc, FF and PCE of 20 mA cm− 2, 55% and 8.41%, respectively, while the device with Ag NPs in the HTL 
yielded Jsc, FF and PCE of 20.6 mA cm− 2, 52% and 8.26%, respectively. The reference device realized Jsc, FF and PCE of 19.5 mA cm− 2, 
52% and 7.56%, respectively. The enhanced Jsc and FF was attributed to enhanced broadband absorption and good charge transport, 
respectively. The optimized size for the NPs for HTL was 20 nm whilst for active layer was 7 nm. This study reveals that simultaneous 
application of MNPs in the interfacial and active layers of PSCs yields better performance than in either of the layers. 

Silver doped nickel oxide nanocomposite prepared by thermal decomposition was employed in the photoactive medium of P3HT: 
PCBM-based solar cells [76]. The nanocomposite improved photon absorption and exciton generation and dissociation of the devices 

Fig. 6. Jsc of P3HT:PCBM-based solar cells with (a) silver doped nickel oxide [76] and (b) zinc doped tin sulphide in the active layer [77].  
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through near-field effect to yield enhanced Jsc (as shown in Fig. 6a) and PCE. The Jsc and PCE improved from 8.91 mA cm− 2 to 2.01% to 
19.63 mA cm− 2 and 5.13%, respectively. Zinc doped and undoped tin sulphide NPs synthesized by ultrasound method were incor-
porated in the active layer of P3HT:PCBM-solar cells [77]. In comparison to the reference device (without NPs in the active layer), the 
devices exhibited improved Jsc as shown in Fig. 6b and PCE. The devices with doped SnS and un doped SnS yielded a Jsc, Voc, FF and 
PCE of 12.65 mA cm− 2, 0.55 V, 54% and 3.75%, and 11.84 mA cm− 2,0.55 V, 55% and 3.58%, respectively. The reference device 
realized a Jsc, Voc, FF and PCE of 9.4 mA cm− 2, 0.55 V, 48% and 2.49%, respectively. The improved performance was attributed to 
improved light absorption and reduced band gap and strain of the active layer that resulted in enhanced exciton generation and charge 
transfer. The NPs also increased carrier concentration of the active layer. 

Omrani et al. [78] investigated the effect of hybrid plasmonic nanoparticles (HNPs) viz. SiO2@Ag@SiO2 on the optical-electrical 
performance of P3HT:PCBM solar cells. The HNPs were capped by a 1 nm SiO2 layer. Typically, the capping layer should be thin to 
allow for the penetration of hot electrons across the Schottky barrier (caused by the layer itself) at the Ag/active layer interface. 
Spherically and cubic shaped HNPs were prepared by electroless pre-treatment deposition and Stober methods. The HNPs incorporated 
in the active layer effected optical absorption to longer wavelengths, as shown in Fig. 7a, which translated to enhanced Jsc (Fig. 7b) 
through exciton generation. The HNPs in the active layer improved optical absorption via high light trapping, high light scattering, 
interparticle hotspots and strong near-field. The optical absorption of the cubic HNPs active layer was slightly lower than that for 
spherical HNPs active layer. This underscores the influence of NPs shape on the photon harvesting by LSPR effect. Consequently, the 
devices’ PCEs were improved from 3.47 to 6.75 and 6.50 %, for the spherical and cubic HNPS, respectively. Further, the study showed 
that the HNPs in the polymer band gap act as dopant states which provide hopping sites for hole transport thus increasing hole 
mobility. Similarly, hot electrons produced by the HNPs fill the trap states of the polymer active layer, thus improving electron 
mobility. Typically, the interactions between the inner and outer surface plasmons in HNPs give rise to enhanced LSRP properties by 
the reduction of the metallic shell thickness while boosting the plasmon interactions. Table 2 shows photovoltaic performance of 
conventional PSCs with MNPs in the active layer. It can be observed from the Table that nanorods (NRs) perform better than cubic or 
triangular-shaped MNPs. Similarly, polymer:MNPs only active layer device yield poor Voc, Jsc and PCE, thus MNPs are not suitable 
acceptor layer materials for PSCs. 

4.1.2. Interfacial layers 
Different approaches are used in the integration of MNPs into the interfacial layers. MNPs can be placed in the ETL (HTL) or at the 

ETL (HTL) -active layer interface. This helps to mitigate the charge carrier recombination that occurs when the MNPs are placed within 
the active layer. In both cases, transfer of the near-field energy of the MNPs to the active layer, and light scattering results in enhanced 
photon harvesting and charge carriers’ generation. MNPs used as optical spacers in the ETL cause maximum light intensity to fall 
within the photoactive medium by far-field scattering thereby improving light harvesting of the device [88]. The optical spacers also 
enhance the electrical properties of the devices by improving charge extraction whilst reducing the potential barrier height and charge 
recombination. 

Dkhil et al. [89] studied the effect of insertion of solution-processed ZnO optical spacer in P3HT:PC61BM and poly[[4,8-bis 
[(2-ethylhexyl)oxy] benzo[1,2-b:4,5-b′]dithiophene-2,6diyl] [3-fl uoro-2-[(2-ethylhexyl)carbonyl] thieno [3,4-b]thiophenediyl]] 
(PTB7): PC71BM based solar cells. The ZnO optical spacer enhanced all the electrical parameters of the solar cells. The ZnO layer 
improved charge extraction and lifetime at the cathode-active layer interface. This produced enhanced Jsc even without an 
improvement in the optical absorption in the photoactive medium. Further, they showed that surfactant treated ZnO (ZnO EA) pro-
duced smooth morphology which translated to higher FF and overall better device performance than the untreated one. This study 
revealed that insertion of optical spacer in PSCs not only improves light absorption of the active layer but also improves the electrical 
properties at the interface thus facilitating charge extraction. 

Notarianni et al. [90] fabricated P3HT:PCBM based PSCs with Au NPs of different layer thickness on the ITO substrate. For a 

Fig. 7. (a) Optical absorption and (b) J-V characteristics of P3HT:PCBM active layer incorporated with spherical and cubic SiO2@Ag@SiO2 [78].  
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different shape, a 1 nm layer was deposited through a mask of Au. The Jsc of the devices with Au NPs increased with decreasing layer 
thickness to a maximum value of 9.9 mA cm− 2 with a PCE of 3.64% at the lowest thickness deposited through a mask. This was a 
slightly improved performance in comparison to the reference device with Jsc of 9.45 mA cm− 2 and PCE of 3.35%. The mask increased 
the distance between the NPs, reducing reflection whilst increasing the forward scattering of light for enhanced performance. This 
study reveals the effect of distance and MNP size on the performance of PSCs, i.e., NPs of thin layers yield better performance. 

Hybrids of Au–Ag NPs were employed in the PEDOT: PSS HTL of P3HT: PC61BM-based solar cells [91]. At an optimum concen-
tration of the NPs hybrid in the HTL, a Jsc, Voc, FF and PCE of 12.87 mA cm− 2, 0.54 V, 58% and 4.03%, respectively, was realized. This 
was an improved performance in comparison to the P3HT: PC61BM reference device with PEDOT: PSS HTL, which exhibited a Jsc, Voc, 
FF and PCE of 10.6 mA cm-2, 0.57 V, 55% and 3.3%, respectively. The enhanced performance originated from improved light 
absorbance due to light scattering caused by the NPs. Also, the hybrid NPs modified HTL devices outperformed those modified by 
either Au NPs or Ag NPs. PEDOT: PSS + Ag NPS and PEDOT: PSS + Au NPS HTL devices yielded a PCE of 3.45 and 3.96%, respectively. 
Hence, this study reveals that the utilization of MNP hybrids is yet another strategy in the optimization of device performance. The 
study further revealed that small-sized NPs do not adversely affect the morphology of the HTL. 

4.2. Application of hybrids of metallic nanoparticles/graphene nanomaterials in polymer solar cells 

Given the outstanding properties of graphene and MNPs, as discussed in sections (1) and (2), a nanocomposite of these materials 
would possess unique properties arising from the atomic-scale mixing of the component’s properties. For example, synergy in the high 
carrier mobility and specific surface area of graphene and the high optical absorption of MNPs would yield a nanocomposite char-
acterized by high optical absorption and charge carrier mobility. Thus, such a hybrid nanomaterial is suitable for enhancing the 
performance of PSCs. Nonetheless, interaction between the GNMs and MNPs at the graphene-metallic interface is crucial in tailoring 
the physico-chemical properties of the nanocomposite. For example, the electronic property of graphene is influenced by the inter-
action with metallic atoms [4]. These nanocomposites can be utilized in the active and interfacial layers of PSCs. 

4.2.1. Interfacial layers 
GO sheets decorated with Au NPs and Au NRs were used as HTL in PTB7:PCBM solar cells [92]. As shown in Table 3, the 

nanocomposite-modified devices realized significant improvement in the electrical parameters to yield improved PCE compared to GO 
HTL device. The Au NPs were of different sizes, i.e. NPs 1, 2 and 3 measured 5, 20 and 40 nm, respectively, while the NRs measured 40 
nm in length and 15 nm in diameter. The improved Voc in the NP devices was attributed to complete coverage of the ITO substrate. 
Conversely, the reduced Voc in the NRs device was due to inhomogeneous morphology caused by incomplete coverage of the sub-
strates. The improved Jsc values in all the devices with Au nanostructures (NSs) originated from the light trapping effect of the 
plasmonic structures. This work demonstrated the impact of size and shape of the plasmonic NPs on light harvesting, whereby the 
devices’ optical absorption increased with decreased NP size while the NRs manifested the best absorption. This corroborated with the 
Jsc values. The improved FF in the nanocomposite modified devices was attributed to reduced resistivity at the HTL-active layer 
interface, leading to effective charge extraction to the anode. 

Table 2 
Photovoltaic performance of PSCs with MNPs in the active layer.  

Active layer material Voc (volts) Jsc (mA cm¡2) FF (%) PCE (%) Ref 

p-DTS(FBTTh2)2: PC70BM: AuNR 0.78 12.58 70 6.9 [79] 
p-DTS(FBTTh2)2:PC70BM:Au–SiO2NR 0.77 15.40 70 8.2 [79] 
P3HT:PC61BM:AuRD 0.61 10.39 65 4.14 [80] 
P3HT:PC61BM:Au cube 0.60 9.95 63 3.75 [80] 
P3HT:PC61BM:Au triangle 0.60 9.57 63 3.62 [80] 
P3HT:PC61BM:Ag:Cu 0.57 11.40 53 4.7 [81] 
P3HT:PCBM:Ag@SiO2 0.61 9.72 67 3.94 [82] 
P3HT:PC61BM:ZnO 0.57 7.27 46 1.91 [83] 
P3HT:PCBM:ZnO NW + NP 0.57 11.8 57 4.10 [84] 
P3HT-CuO 0.39 2.18 54 0.47 [85] 
P3HT-CuO:Fe 0.36 2.01 56 0.41 [85] 
P3HT:PCBM:CuO 0.67 6.48 68 2.96 [86] 
P3HT:PC70BM:CuO 0.61 9.14 67 3.70 [87]  

Table 3 
Electrical parameters of PTB7:PCBM solar cells with GO: Au NSs as HTL [92].  

HTL material Voc (volts) Jsc (mA cm¡2) FF (%) PCE (%) 

GO 0.74 10.51 52 4.11 
GO: Au NP1 0.78 12.04 59 5.5 
GO: Au NP2 0.75 11.55 68 5.88 
GO: Au NP 3 0.73 11.50 61 5.10 
GO: Au NR 0.65 12.83 57 4.80  
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Gollu et al. [93] fabricated inverted P3HT:PCBM solar cells with rGO/ZnO as the ETL. As shown in Fig. 8a, the optimum con-
centration of rGO in the rGO/ZnO ETL devices led to improved Jsc values. The optimal rGO concentration viz. 0.4 mg/mL in the ETL 
resulted in a Jsc, Voc, FF and PCE of 9.46 mA cm− 2, 0.63 V, 64% and 3.81%, respectively. This was a slightly improved performance 
compared to ZnO ETL device, which yielded a Jsc, Voc, FF and PCE of 0.61 V, 8.05 mA cm− 2, 63% and 3.13%, respectively. The 
improved performance was attributed to reduced charge recombination, thus better electron collection efficiency effected by rGO. 
With the optimum rGO concentration in rGO/ZnO ETL, the group fabricated devices with Au and Ag NPs/NRs in the active layer. The 
average diameter of the spherically shaped NPs was 50 nm, while the NR’s average length and width were 50 nm and 10 nm, 
respectively. The Au and Ag NSs in the active layer gave rise to improved Jsc and PCE with a maximum of 12.21 mA cm− 2 and 4.85%, 
respectively, in comparison to P3HT: PCBM only devices with Jsc and PCE of 9.49 mA cm− 2 and 3.77%, respectively (Fig. 8b). Further, 
they performed Mie scattering calculations for the system of P3HT: PCBM embedded with either Au or Ag NSs using the finite dif-
ference time domain (FDTD) simulation technique to elucidate the light absorption mechanism of the active layer. They observed 
near-field enhancement from LSPR at the NSs/active layer interfaces. This gave rise to increased optical absorption of the active layer. 
The maximum scattering cross-section for the NPs and NRs occurred in the wavelength range of 400–650 nm and 450–650 nm, 
respectively. Overall, the absorption and scattering cross-sections of the NRs were larger than for the NPs, leading to better light 
absorption in the former. This resulted in better Jsc and PCEs in the NRs devices than those with NPs. The NSs in the active layer also 
improved charge transport with the best carrier mobility, μ of 4.64 × 10− 3 cm3V− 1s− 1 exhibited by device with Au NRs while the P3HT: 
PCBM only device exhibited μ of 3.36× 10− 3 cm3V− 1s− 1. This study underscores the effect of the metallic plasmonics size and shape on 
the optical absorption and charge transfer in PSCs. It also shows that simultaneous use of hybrids of MNPs/GNMs in the interfacial 
layer and MNPs in the active layer of PSCs remarkabky improves the device performance because of the synergistic effect of the 
material’s properties. 

4.2.2. Active layer 
ZnO decorated graphene nanocomposite (Z@G) was synthesized by microwave-assisted hydrothermal process and employed in the 

active layer of PSCs with the architecture of ITO/PEDOT: PSS/PCPDTBT:PCBM: Z@G/Al [94]. The devices realized a Jsc, Voc, FF and 
PCE of 17.45 mA cm− 2, 0.66 V, 32% and 3.65%, respectively. This was an improvement compared to ZnO modified active layer device 
with a Jsc, Voc, FF and PCE of, 9.53 mA cm− 2, 0.59 V, 31% and 1.76%. The significant enhancement in Jsc was attributed to the uniform 
flake-shaped structure of the active layer film formed with the Z@G. This unique pattern originated from the hybridization of C-60 
compound and graphene sheet, favouring charge carrier transportation, thus suppressing charge carrier losses. It should be noted that 
there is not much literature on the use of hybrids of MNPs and GNMs in the active layer of PSCs. 

As aforementioned, the size, shape and composition of the MNPs influence their performance in PSCs. Small-sized MNPs yield 
better PCE through enhanced optical absorption by forward light scattering and better morphology when incorporated in the active or 
interfacial layers. On the other hand, large-sized MNPs promote backscattering, which doesn’t necessarily yield better optical ab-
sorption. Similarly, improvement in light harvesting by near-field effect is more pronounced in small-sized MNPs. During device 
fabrication, it is easier to achieve a homogenous active layer solution, yielding a good film morphology with small-sized MNPs than 
large ones. A good film morphology implies better charge transport because of reduced charge recombination centres. The shape and 
structure of the MNPs directly influence their plasmonic effect in PSCs. For example, spherical-shaped MNPs yield better light ab-
sorption than cube-shaped ones. Similarly, a core-shell structure of the MNPs delivers good performance provided that the capping 
layer is kept low to avoid minimizing the benefits of the near-field effect. Using hybrids of different MNPs has a better impact on PCE 
than the individual components because of the synergistic LSPR effect, yielding better light absorption. The simultaneous use of the 
hybrids of MNPs/GNMs and MNPs in the interfacial and active layers of PSCs improves the devices’ light harvesting and charge 
transport, which translates to enhanced PCE. 

Fig. 8. Jsc of (a) rGO/ZnO ETL and P3HT:PCBM solar cells (b) rGO/ZnO ETL and P3HT:PCBM: Ag(Au) solar cells [93].  
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5. 5.Application of metallic nanoparticles and hybrids of metallic nanoparticles/graphene nanomaterials in dye 
sensitized solar cells 

DSSCs are one of the most promising low-cost solar energy conversion technologies. As shown in Fig. 9, DSSCs comprise five main 
parts. A transparent conductive oxide (TCO), usually of fluorine-doped tin oxide (FTO) which serves as the cathode, a dye which is the 
light absorber, a photoanode which is made of a wide band gap semiconductor like mesoporous TiO2; this serves as a support for 
loading of dye and the medium for electron transport, an electrolyte of redox couple such as iodide/triiodide, and a counter electrode 
(CE) usually made of platinum. Upon solar irradiation, the dye molecules absorb photons and generate electron-hole pairs. Charge 
separation occurs at the dye-TiO2 interface. This is followed by the transfer of the photoexcited electrons to the conduction band of the 
semiconductor and the subsequent transportation of the electrons to the cathode. The electrolyte transports the hole from the dye 
(regenerates the dye) to the counter electrode. Meanwhile, the electrons from the external circuit get to the CE and regenerate the 
electrolyte. The CE catalyses the reduction reaction of the redox couple. Thus, it should be characterized by high catalytic activity and 
surface area. A major drawback to high efficiencies in DSSCs is charge carrier recombination in the photoanode. Hence, the photo-
anode material should have a high electron mobility. Standard dyes like N719, N19, N3, and N749 absorb light in the 300–700 nm 
wavelength range [95]. Broadening of absorption wavelength of the natural dyes can be achieved by using co-sensitizers with different 
spectral responses [96]. MNPs have shown potency in increasing the sensitizer’s molar absorption coefficient. MNPs used as photo-
anode additives enhance light absorption through LSPR. This allows for the reduction of TiO2 thickness without compromising light 
absorption. A thin TiO2 layer implies reduced travel distance of charges to the external circuit, thus reduced charge recombination. 
GNMs incorporated in the photoanode create charge percolation pathways for electron transport and increase the surface area of TiO2 
for dye loading. Therefore, hybrids of MNPs and GNMs used as photoanode additives would synergistically enhance light absorption 
and electron transport for high photovoltaic performance. Similarly, owing to the high surface area and electrical conductivity of 
GNMs, and the high catalytic activity of MNPs, hybrids of these nanomaterials in the CE would yield high electocatalytic activity. 

5.1. Application of metallic nanoparticles in dye sensitized solar cells 

5.1.1. Photoanode additive 
Bhullar et al. [97] fabricated DSSCs with Ag ion implanted TiO2 NPs-(nanofibers)NFs photoanode. Typically, TiO2 NFs are char-

acterized by low number of grain boundaries and thus exhibit better charge transport. Nonetheless, the NFs, given their low surface 
area to volume ratio (because of their 1D nature) would result in low dye loading. In preparation of the photoanodes, TiO2 NFs were 
mixed in TiO2 NPs at a ratio of 3:7 to rip the benefits of the different NSs. This was followed by implanting Ag ion beams at different 
fluences. It was observed that substitutional and interstitial Ag doping occurred at lower and higher Ag fluence, respectively. At 
optimum Ag fluence, the photoanode-modified device yielded a Jsc, Voc, FF and PCE of 13.93 mA cm− 2, 0.74 V, 73% and 7.47%, 
respectively. On the other hand, the device with TiO2 NPs-NFs only photoanode realized a Jsc, Voc, FF and PCE of 13.36 mA cm− 2, 0.72 
V, 61% and 6.13%, respectively. The enhanced performance after Ag implantation was attributed to hot electron generation and the 
creation of electron states beneath the conduction band of TiO2. Also, the inclusion of Ag promotes charge separation at the photo-
anode/electrolyte interface thus, limits charge carrier recombination. The Ag implanted photoanode devices manifested the maximum 
electron lifetime ca 21.75 ms compared to the TiO2 NPs-NFs device with 9 ms, implying reduced charge recombination. However, 
beyond the optimum Ag fluence, the photovoltaic performance decreased due to low dye loading and a higher band gap originating 
from distorted TiO2 film. Using Density Functional Theory (DFT) simulations, it was observed that new impurity levels, a decrease in 
TiO2 band gap and an upward shift in Fermi level occurred with substitutional Ag doping. These resulted in improved light absorption 
and increased Voc. Further, the ion implantation method produced a protective layer over the Ag atoms, increasing device stability. 

Multi-shaped (spherical, oval, rods and triangle) Ag NPs prepared by chemical reduction method and incorporated in the TiO2 

Fig. 9. Schematic diagram of DSSC.  

T.A. Amollo                                                                                                                                                                                                             



Heliyon 10 (2024) e26401

13

photoanode resulted in improved photovoltaic performance of N719 DSSCs [98]. The best-performing device (with uniform spherical-, 
triangle- and rod-shaped Ag) realized a Jsc, Voc, FF and PCE of 15.75 mA cm− 2, 0.77 V, 63% and 7.64%, respectively, compared to the 
bare TiO2 device with a Jsc, Voc, FF and PCE of 10.51 mA cm− 2, 0.74 V, 68% and 5.28%, respectively. The Ag NPs improved light 
absorption by the overlap of its SPR bands to the absorption maximum of the dye and extending the absorption wavelength of the dye. 
The Ag Nps in the TiO2 matrix enhanced charge transport, reducing charge recombination. The increased Voc was attributed to a 
negative potential shift of the Fermi level due to the charging of Ag/TiO2. On the other hand, the increased Jsc was attributed to light 
trapping by the NPs, charge generation, separation and interfacial charge transport. 

Ag NPs of size 29 nm prepared by solvothermal method were employed as a photoanode additive in N719 DSSCs [99]. The NPs 
were prepared at different sizes ca. 23, 25, 29 and 36 nm but the 29 nm sized ones exhibited the best optical absorbance and 
agglomeration status. At an optimum concentration of the Ag NPs, the devices realized Jsc, Voc, FF and PCE of 10 mA cm− 2, 0.70 V, 67% 
and 4.69%, respectively. This was a better performance compared to the TiO2 photoanode device with Jsc, Voc, FF and PCE of 5.15 mA 
cm− 2, 0.75 V, 61% and 2.35%, respectively. The improved performance was attributed to improved light harvesting and electron 
injection by Ag NPs. However, at higher loading, Ag NPs not only sapped the LSPR effect by irregular coverage of TiO2 but also formed 
agglomerate which acted as charge trap sites in the photoanode, thus limiting the PCE. 

Layer-by-layer assembled TiO2–Ag–TiO2 photoanodes used in N719 DSSCs produced over 65% enhancement in PCE [100]. The 
plasmonic photoanode device yielded Jsc, Voc, FF and PCE of 19.39 mA cm− 2, 0.82 V, 69% and 11.00%, respectively, while the TiO2 
device realized Jsc, Voc, FF and PCE of 15.02 mA cm− 2, 0.72 V, 61% and 6.67%, respectively. The improved Jsc was attributed to 
increased dye loading, while the enhanced Voc originated from a negative shift in the Fermi level occasioned by the Ag NPs. Charge 
carrier recombination was reduced in this device with an electron lifetime of 25.3, implying better charge collection. Further, the 
plasmonic photoanode device retained 91.5% of PCE after five days. 

Ran et al. [101] incorporated Au and Ag NPs and nanowires (NWs) into a hybrid (2D nanosheets, 3D microspheres, 3D hollow 
spheres and P25 NPs) TiO2 prepared by hydrothermal method to function as the photoanode of N719 DSSCs. Ag NPs and Au NPs had 
diameters of ~10 nm and <10 nm, respectively, while the Ag NWs and Au NWs had diameter <3 nm, length ~ 0.9–10 μm and diameter 
~ 30 nm, length ~ 100–200 μm, respectively. The photovoltaic performance of devices fabricated with these photoanodes is shown in 
Table 4. The improved performance upon incorporating the different metal NSs was attributed to enhanced light harvesting and 
improved charge transport. The superior performance of Ag NWs modified photoanode originated from increased dye loading, 
enhanced light scattering due to its larger size and enhanced electromagnetic field. This study shows the effect of shape on the LSPR 
effect in DSSCs. 

Salimi et al. [102] prepared mesoporous TiO2 microspheres by a solvothermal treatment method and functionalized these with a 
primary amine (-NH2) group. The microspheres were loaded with Au NPs (seed) before coating with an Ag shell to form Ag–Au@TiO2 
nanocomposites. This nanocomposite was used as a photoanode in N719 DSSCs, which exhibited Jsc, Voc, FF and PCE of 17.18 mA 
cm− 2, 0.66 V, 66% and 7.41%. This was an improvement in comparison to bare TiO2 and Au@TiO2 photoanode devices with Jsc, Voc, 
FF, and PCE of 13.41 mA cm− 2, 0.68 V, 65%, 5.91%, respectively, and 17.20 mA cm− 2, 0.64 V, 62%, 6.86%. Even though both 
Au@TiO2 and Ag–Au@TiO2 photoanodes exhibited enhanced optical absorption by LSPR effect compared to bare TiO2, the intensity 
for the latter was greater than for the former. The enhanced optical absorption was the origin of the remarkably improved Jsc. Further, 
the accumulation of electrons around the Ag shell caused a shift in the Fermi level near the conduction band of TiO2, promoting charge 
separation. 

Sheehan et al. [103] synthesized Au@SiO2@TiO2 with Au and SiO2 thickness of 9 and 1.6 nm, respectively, and Au@SiO2@TiO2 
aggregates, by simple solution-phase methods. The TiO2 shell thickness was 2.5 (thin) and 7 nm (thick). The core-shell-shell NSs with 
different thicknesses were used as the photoanode in N719-DSSCs. The devices’ performance is shown in Table 5. The enhanced 
performance due to thin Au@SiO2@TiO2 was attributed to the near-field effect owing to the proximity of TiO2 to the Au core shell. On 
the other hand, the slightly improved performance of thick Au@SiO2@TiO2 was attributed to minimal far-field scattering. The highest 
enhancement observed for the aggregates was attributed to coupled plasmonic modes (with more prominent dipole moments), which 
give rise to high electromagnetic fields. The aggregates exhibited broadband absorption in the entire visible light region owing to vast 
interparticle distribution among the aggregated NPs. Au@Ag@Ag2S NRs prepared in two steps, i.e., Au@Ag heterogenous NRs syn-
thesized by one-pot polyol reaction followed by coating with a thin shell of Ag2S was incorporated in TiO2 photoanode of N719 DSSCs 
[104]. The NRs-modified photoanode exhibited better optical absorption in the broader wavelength range by plasmonic effects than 
bare TiO2, leading to increased Jsc and PCE. The modified and bare TiO2 devices showed Jsc, Voc, and PCE of 13.21 mA cm− 2, 0.743 V, 
6.51% and 10.18 mA cm− 2, 0.717 V, 4.65%, respectively. The slight enhancement of Voc was attributed to the up-shift of the con-
duction band of TiO2. 

Glutathione-capped gold nanoclusters (NCs) Aux-GSH NCs, with metal core and thiolated shell, utilized as cosensitizers in N719 

Table 4 
Electrical parameters of N719-based DSSSs with Au and Ag NPs and NWs modified photoanode [101].  

Photoanode Voc (volts) Jsc (mA cm¡2) FF (%) PCE (%) Dye loading ( × 10− 7 mol cm− 2) 

TiO2 0.70 11.83 72 4.58 1.86 
Au NP- TiO2 0.67 10.65 67 4.76 1.98 
Ag NP-TiO2 0.67 10.74 67 4.81 1.99 
Au NW- TiO2 0.65 12.12 64 5.10 1.98 
Ag NW- TiO2 0.68 13.02 65 5.74 3.25  
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and squaraine (SQ) DSSCs resulted in improved photovoltaic performance [105]. The cosensitized SQ and N719 DSSCs realized a Jsc, 
Voc, FF and PCE of 6.7 mA cm− 2, 0.9 V, 66% and 4.0% and 5.34 mA cm− 2, 0.87 V, 69% and 3.2%, respectively. On the other hand, 
DSSCs with SQ and N719 single sensitizers yielded a Jsc, Voc, FF and PCE of 5.12 mA cm− 2, 0.66 V, 70% and 2.4% and 5.24 mA cm− 2, 
0.73 V, 52% and 2.0%, respectively. The improved performances accrued from complementary optical absorption of the two sensi-
tizers in the visible region and suppressed back electron transfer. Incident photon to current conversion efficiency (IPCE) measurement 
for SQ dye and NCs cosensitized device showed a photoresponse in the red (550–800 nm) and blue (below 500 nm) regions of the solar 
spectrum. The high values of Voc originated from accumulation of electrons (because of suppressed back electron transfer) at the TiO2 
photoelectrode which shifts the Fermi level to more negative potentials. Also, the metal core accepts and stores electrons (behaves as a 
nanocapacitor), thus maintaining a more negative Fermi level at the TiO2 photoanode. 

Hierarchical structured TiO2 synthesized by hydrothermal route were employed as photoanodes in N719-based DSSCs [106]. This 
study showed the influence of growth time on the TiO2 morphology whereby nanorods and microflowers (composed of numerous 
nanothorns) were obtained at 12 and 18 h growth duration, respectively. When utilized as a photoanode, the microflowered TiO2 
exhibited better electrical parameters and PCE ca. 1.2% than the nanorod with PCE of 0.51%. The numerous open structured nano-
thorns in the microflowered morphology TiO2 enhanced dye adsorption and thus light harvesting. In another study, N719 DSSCs 
fabricated with spherically shaped Mn–TiO2 NPs, prepared by hydrothermal method, as photoanode produced Jsc, Voc, FF and PCE of 
5.56 mA cm− 2, 0.64 V, 66% and 1.84%, respectively [107]. This was an inferior performance compared to bare TiO2 photoanode 
device, which exhibited a Jsc, Voc, FF and PCE of 8.72 mA cm− 2, 0.71 V, 75% and 5.27%, respectively. The inferior performance was 
attributed to charge recombination and reduced charge collection. 

Ag/La0.6Sr0.4CoO3 nanoparticles were used as a photoanode additive in N719 DSSCs [108]. The La0.6Sr0.4CoO3 perovskite NPs were 
first prepared by sol-gel method followed by Ag loading by solution phase method. The Ag NPs were observed to be of spherical shape. 
The plasmonic photoanode exhibited superior performance with Jsc, Voc, FF and PCE of 17.32 mA cm− 2, 0.75 V, 46% and 6.04%, 
respectively, while TiO2 photoanode yielded Jsc, Voc, FF and PCE of 10.54 mA cm− 2, 0.69 V, 42% and 3.04%, respectively. The 
significantly improved performance was attributed to enhanced optical absorption, charge transport and charge separation. The Ag 
NPs and the porous nature and high surface area of La0.6Sr0.4CoO3 NPs promoted dye loading, increasing light harvesting. Also, Ag NPs 
improved light absorption by the LSPR effect. Electron lifetime was observed to be longest in Ag/La0.6Sr0.4CoO3 photoanode devices, 
implying reduced charge recombination because of better charge transport. 

Table 5 
Electrical parameters of DSSCs with Au@SiO2@TiO2 photoanode [103].  

Photoanode 
Nanostructures 

Voc (volts) Jsc (mA cm¡2) FF (%) PCE (%) 

None 0.75 6.64 57 2.81 
Ag@SiO2 (1.6 nm) 0.75 7.78 60 3.52 
Au@SiO2@TiO2 (4.1 nm) 0.77 9.37 57 4.02 
Au@SiO2@TiO2 (8.6 nm) 0.75 6.81 58 2.99 
Aggregates 0.80 11.59 59 5.52  

Table 6 
Electrical parameters of N719 DSSCs with various MNPs modified photoanode.  

Photoanode material Method Voc (volts) Joc (mA cm¡2) FF (%) PCE (%) Ref 

TiO2+Au@SiO2 (spherical) Chemical reduction and hydrolysis 0.73 20.31 69 10.21 [109] 
TiO2+Au@TiO2 (spherical) Chemical reduction and hydrolysis 0.77 18.28 69 9.78 [109] 
TiO2+Au@SiO2 (spherical) Turkevish 0.72 13.28 60 5.74 [110] 
TiO2+Au NPs (spherical) Turkevish 0.72 6.41 57 2.3 [110] 
Au@TiO2 (octahedral) Solution phase synthesis 0.72 14.75 70 7.30 [111] 
SWNTs@(TiO2/Ag/Au) 

(wire-like) 
Solution phase synthesis 0.72 16.80 70 8.30 [112] 

SWNTs@(TiO2/Ag) wire-like) Solution phase synthesis 0.72 15.40 70 7.80 [112] 
Ag@TiO2 (spherical) Sol gel 0.75 18.70 64 8.90 [113] 
Ag@TiO2 (spherical) Sol process 0.74 8.93 59 5.00 [114] 
Ag–TiO2 (cube) Hydrothermal 0.67 17.20 57 6.44 [115] 
Ag–TiO2 (nanorods) Green synthesis 0.67 14.20 67 6.42 [116] 
Au–TiO2 (spherical) Turkevish 0.61 9.81 45 2.72 [117] 
Ag/AgBr/TiO2 (varied shapes) Sol-gel 0.71 18.78 63 8.46 [118] 
Ag–TiO2 (cauliflower)- Hydrothermal 0.77 10.80 50 4.15 [119] 
Ag–TiO2 (not well defined) Green synthesis 0.69 11.00 48 4.09 [120] 
Au–TiO2–Ag (spherical) Electro-hydrodynamic 0.74 15.20 63 7.51 [121] 
Au–Ag NPs/TiO2 (spherical) Pulsed laser ablation 0.76 11.67 65 5.81 [122] 
Ag–TiO2 nanospheres Sol-gel 0.69 11.90 64 5.24 [123] 
TiO2–Ag nanowires Hydrothermal 0.68 13.02 65 5.74  
TiO2–Ag NPs (spherical) Chemical reduction 0.67 18.13 66 8.39 [124] 
TiO2þAg nanoplate (triangular) Solution phase 0.70 12.47 44 3.84 [125] 

@refers to core-shell structured MNPs. 
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The photovoltaic performance of DSSCs with TiO2 photoanode modified by various MNPs is shown in Table 6. This 
Table underscores the influence of MNPs’ composition, shape and preparation method on the photovoltaic performance of plasmonic 
DSSCs. For example, photoanodes of spherically shaped TiO2+Au@SiO2 prepared by the chemical reduction method perform better 
than those produced by Turkevish, i.e., holding other factors constant. Similarly, nanowire-shaped Ag–TiO2 photoanodes performs 
better than cauliflower-shaped ones even though both are prepared by the hydrothermal method. Doctor blade, screen printing, drop 
casting, spin coating ion implantation and laser ablation are the commonly used techniques for photoanode preparation. Of these, the 
doctor blade is the most widely used method. 

5.1.2. Counter eletrode 
ZnO@WO3 core-shell nanoparticles (shown in Fig. 10 a) were synthesized by sol-gel method and drop cast on ITO substrate to form 

CE in DSSCs [126]. The WO3 shell reduced the energy band gap of ZnO. Also, the ZnO@WO3 exhibited decreased photoluminescence 
emission attributed to photogenerated charge carrier separation. As shown in Fig. 10b, the DSSCs with ZnO@WO3 as CE exhibited 
higher Jsc and better performance ca. Jsc, Voc, FF and PCE of 12.1 mA cm− 2, 0.89 V, 60% and 5.73%, respectively, than the Pt device ca. 
Jsc, Voc, FF and PCE of 11.4 mA cm− 2, 0.62 V, 52% and 4.51%. The improvement in FF and Voc was attributed to higher electrical 
conductivity, while the enhanced Jsc was attributed to better light harvesting by the photoanodes stacked on the ZnO@WO3 CE. 
Similarly, the ZnO@WO3 and Pt devices exhibited charge transfer resistance (Rct) values of 18.56 and 30.05 Ω, respectively, implying a 
better electrocatalytic activity by the plasmonic CE. This study heightens the potential of plasmonic electrodes for DSSCs, given the 
better performance of Pt CE. 

5.2. Application of hybrids of metallic nanoparticles/graphene nanomaterials in dye sensitized solar cells 

5.2.1. Photoanode additive 
Synergy in the outstanding properties of graphene and LSPR of MNPs uniquely fits the hybrids of these nanomaterials for appli-

cation in DSSCs. Dhonde et al. [127] prepared Cu-doped TiO2/graphene (CuTGR) by sol-gel assisted hydrothermal method and 
employed the nanocomposite in the photoanode of N719-based DSSCs. Fig. 11(a) and (b) show the J-V and IPCE curves of the devices, 
respectively. The CuTGR photoanode device realized significant improvement in the electrical parameters with a Jsc, Voc, FF and PCE of 
19.93 mA cm− 2, 0.75 V, 66% and 9.81%, respectively, in comparison with the TiO2 photoanode device with Jsc, Voc, FF and PCE of 
16.60 mA cm− 2, 0.63 V, 65% and 6.66%. Graphene increased the surface area of TiO2 for dye adsorption, leading to high Jsc, while the 
Cu NPs improved the Voc. IPCE measurement showed high conversion efficiency for the CuTGR device in the spectrum’s 400–800 nm 
region. 

Ethylenediamine functionalized TiO2 nanowires graphene oxide (TiO2 NW-NH2/GO) loaded with Ag NPs were employed as 
photoanodes in N719 DSSCs [128]. To prepare the nanocomposite, TiO2 NWs were first synthesized by solvothermal method followed 
by solution phase functionalization by the amine and Ag loading. The diffuse reflectance spectra of the nanomaterials showed an 
absorption peak at 200–400 nm for the TiO2 NWs, which was broadened to the visible region upon amine functionalization. Also, Ag 
loading increased the absorption in the visible region (400–650 nm) through the surface plasmon resonance effect. Calculations of dye 
loading for TiO2 NW, TiO2 NW-NH2, TiO2 NW-NH2/GO and TiO2 NW-NH2/GO/Ag gave 0.67 × 10− 7, 1.01 × 10− 7, 1.12 × 10− 7 and 
1.45 × 10− 7 mol cm− 2, respectively. The –NH2 group was observed to promote dye anchoring on TiO2. As shown in Table 7, the 
nanocomposite photoanode device exhibited superior performance to the other photoanodes. This was attributed to various factors: (i) 
increased light harvesting by enhanced dye loading and surface plasmon resonance effect, (ii) the presence of GO which enhanced 
charge transport, thus limiting charge recombination and (iii) improved charge separation. The TiO2 NW, TiO2 NW/GO, and TiO2 
NW-NH2/GO/Ag photoanodes exhibited electron lifetimes of 1.32, 2.08 and 13.36 ms, respectively. Further, of all the photoanodes, 
TiO2 NW-NH2/GO/Ag exhibited the lowest Rct. These imply better charge transport. 

Fig. 10. (a) TEM image of ZnO@WO3 nanoparticles and (b) J-V plot of DSSCs with ZnO@WO3 and the reference counter electrode [126].  
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A hybrid of NiS2 microspheres/graphene prepared by hydrothermal treatment was used aa s photoanode in N719 DSSCs [129]. The 
hybrid NiS/graphene photoanode devices produced a Jsc, Voc, FF and PCE of 23.13 mA cm− 2, 0.89 V, 85% and 12.56%, respectively, 
which was more than a double improvement in comparison to NiS photoanode device with Jsc, Voc, FF and PCE of 11.56 mA cm− 2, 0.63 
V, 63% and 5.02%, respectively. The NiS and NiS/graphene photoanode devices exhibited Rct values of 8.9 and 3.9 Ω and charge 
lifetime values of 21.3 and 13.2 s, respectively. The remarkable improvement was attributed to the fast reduction of I−3 ions, increased 
injection of charge and faster charge transport. The same group synthesized a hybrid of MoS/graphene by the hydrothermal route and 
utilized it as a photoanode in N719 DSSCs [130]. The hybrid and MoS-modified photoanode devices yielded a Jsc, Voc, FF, PCE of 15.82 
mA cm− 2, 0.82 V, 71%, 8.92% and 9.32 mA cm− 2, 0.67 V, 52%,3.36%, respectively. Again, they recorded a more than double per-
formance enhancement attributed to increased optical absorption, light trapping, increased charge injection and decreased charge 
recombination. The Rct values were 10.5 and 7.5 Ω for MoS and MoS/graphene photoanode devices, respectively. 

5.2.2. Counter electrode 
Ag NPs doped graphene- Ba2GaInO6 (G-BGI@Ag) synthesized by hydrothermal method was used as CE in N719-based DSSCs [131]. 

Atomic percentages of the Ag solution were varied between 2 and 6%. The G-BGI@Ag CE at optimum concentration yielded better 
performance (ca. Jsc, Voc, FF, PCE of 18.10 mA cm− 2, 0.79 V, 69%, 9.92%, respectively) than Pt CE (ca. Jsc, Voc, FF, PCE of 17.10 mA 
cm− 2, 0.75 V, 62%, 7.99%, respectively). Ba2GaInO6 (BGI) CE device exhibited inferior performance (ca. Jsc, Voc, FF, PCE of 12.90 mA 
cm− 2, 0.64 V, 63%, 5.20%, respectively), which improved upon the incorporation of GO (G-BGI) (ca. Jsc, Voc, FF, PCE of 13.10 mA 
cm− 2, 0.68 V, 67%, 6.0%, respectively) because of the high surface area of GO, which increases the catalytic activity of the CE. The 
superior performance upon incorporating Ag was attributed to better charge transfer in the nanocomposite. G-BGI@Ag, G-BGI, BGI 
and Pt exhibited Rct of 0.35, 0.65, 0.61 and 0.49 Ω, respectively. Overall, the G-BGI@Ag CE showed superior catalytic activity. 

CoNi2S4/rGO nanohybrid synthesized by a one-step hydrothermal route was used as CE in N719-based DSSCs [132]. The nano-
hybrid CE device realized a Jsc, Voc, FF and PCE of 16.34 mA cm− 2, 0.67 V, 84% and 9.22%, respectively, which was comparable to the 
Pt CE device with Jsc, Voc, FF and PCE of 16.45 mA cm− 2, 0.68 V, 85% and 9.51%, respectively. However, rGO Pt device performance 
was inferior ca. Jsc, Voc, FF and PCE of 10.68 mA cm− 2, 0.55 V, 58% and 3.44%, respectively, while CoNi2S4 CE device yielded a Jsc, Voc, 
FF and PCE of 13.14 mA cm− 2, 0.61 V, 72% and 5.78%, respectively. The nanohybrid CE performed better in terms of all the electrical 
parameters than either the CoNi2S4 or the rGO CE devices, showing the synergistic effect of the electrical conductivity of rGO and the 
catalytic activity of CoNi2S4 nanorods. The superior performance of the nanohybrid CE was attributed to dense small-sized nanorods 
uniformly distributed and well anchored on the rGO sheets. This formed charge percolation pathways and increased surface catalytic 
sites, which synergistically improved the electrocatalytic performance of the CE. Enhanced catalytic performance implies faster redox 
reduction reaction, which in turn causes faster dye regeneration, leading to the injection of more photoelectrons for high Jsc and FF 
values. 

Mirzaei and Gholivand [11] synthesized amorphous RuS2 NPs decorated on rGO by single-step hydrothermal route and used it as 

Fig. 11. (a) J-V characteristics and (b) IPCE of DSSCs with CuTGR and TiO2 photoanode [127].  

Table 7 
Electrical parameters of N719-based DSSC with TiO2 NW-NH2/GO/Ag photoanode [128].  

Photoanode material Voc (volts) Jsc (mA cm¡2) FF (%) PCE (%) 

TiO2 NWs 0.71 8.52 57 4.05 
TiO2 NW-NH2 0.71 9.24 58 4.50 
TiO2 NW/GO 0.72 10.94 59 5.44 
TiO2 NW-NH2/GO 0.72 12.89 63 6.87 
TiO2 NW-NH2/Ag 0.74 13.05 65 7.37 
TiO2 NW/GO/Ag 0.75 13.63 65 7.81 
TiO2 NW-NH2/GO/Ag 0.76 15.09 65 8.76  
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CE in N719-DSSCs. The RuS2/rGO CE device realized a Jsc, Voc, FF and PCE of 20.64 mA cm− 2, 0.78 V, 52% and 8.37%, respectively, 
which was better than bare RuS2 with Jsc, Voc, FF and PCE of 20.41 mA cm− 2, 0.78 V, 46% and 7.32%, respectively. Incorporation of 
rGO improved the FF, implying better catalytic activity. The reference Pt CE yielded Jsc, Voc, FF and PCE of 24.12 mA cm− 2, 0.76 V, 
52% and 9.53%, respectively. 

Nickel oxide@nickel sulphide@graphene (NiO@NiS@G) of hexagonal-shaped NiO@NiS anchored on graphene sheets was syn-
thesized by hydrothermal method and used as the CE in N719 DSSCs [133]. NiO@NiS, NiO@NiS@G, and Pt CE devices yielded PCEs of 
1.68, 2.10 and 2.77%, respectively. The Rct for the NiO@NiS, NiO@NiS@G and Pt CE was 38.6, 23.2 and 15.1 Ω, respectively. 
Graphene in the nanocomposite improved its electrical conductivity, thus leading to a decreased Rct compared to NiO@NiS. Similarly, 
graphene improved the electrochemical performance of the NiO@NiS@G composite CE. 

Loading MNPs in the photoanode and CE of DSSCs comes with performance benefits. Firstly, it alters the energy levels, i. e the MNPs 
cause a negative potential shift in the Fermil level, thus improves Voc. Secondly, it improves light absorption through the LSPR effect 
and increases dye loading. Again, the shape, size and morphology of the MNPs influence their LSPR effect. Nanowires and nanorods 
yield better results than spherically shaped MNPs because of increased surface area for dye loading. Core-shell structured MNPs 
perform better than bare ones as the shell helps with the engineering of the interfacial interaction between the plasmonic NSs and the 
TiO2. Besides, it provides a protective layer on the photoanode against corrosion by electrolyte. Functionalization of the plasmonics 
with an amine group adds impetus to interfacial engineering. Further, hybrid NPs such as Au–Ag NPs provide better light harvesting 
because of complementary absorption at different wavelengths and the corporation of their plasmonic effects. Both the MNPs and 
GNMs in the photoanode increase the dye loading of TiO2 for enhanced light absorption. Hybrids of MNPs/GNMs, given graphene’s 
high surface area and 2D nature, increase the catalytic activity of CE. Furthermore, these hybrids improve charge transport of the 
photoanode, thus limits charge carrier recombination. 

6. Conclusion 

This review examined recent developments in the application of MNPs and hybrids of MNPs/GNMs in PSCs and DSSCs. Precisely, it 
has elucidated the potency of these nanomaterials in mitigating the poor optical absorption and charger carrier mobility of these 
devices for better photovoltaic performance. MNPs incorporated in PSCs promote photovoltaic performance through various mech-
anisms. In the photoactive medium, the MNPs promote light harvesting via enhanced light scattering, near-field effect, plasmon- 
induced charge separation and creation of optical solid absorption bands. MNPs embedded in the active layer promote light har-
vesting by creating strong electromagnetic fields within their vicinity, i. e, near-field effect. This effect is pronounced for small-sized 
MNPs and is compatible with solution-based device processing. MNPs promote light scattering in the active layer, increasing the 
optical path length and thus, resulting in improved light trapping and photon harvesting. Plasmon-induced charge separation by MNPs 
results from primary and secondary excitation of electron-hole pairs. For the interfacial layers of PSCs, MNPs can be incorporated in the 
ETL and HTL or placed at the HTL- ETL-active layer interface. This way, the MNPs improve light harvesting in the devices through far- 
field scattering and near-field effect. Also, the MNPs improve the charge extraction properties of the interfacial layers. Hybrids of 
MNPs/GNMs utilize the high carrier mobility and surface area of graphene, the LSPR effect of MNPs to improve the performance of 
PSCs. Using such hybrids in the interfacial layers improves charge extraction efficiency at the interface and light harvesting in the 
device by far-field scattering. Similarly, it leads to enhanced charge carrier mobility of the devices. Employing MNPs and/or hybrids of 
MNPs/GNMs simultaneously in the interfacial and active layers of PSCs leads to increased broadband optical absorption and better 
charge transport. Overall, the result of utilizing these nanomaterials in the PSCs is enhanced charge generation, separation, and 
transportation for better photovoltaic performance. Thus, this approach is fitting in circumventing the poor optical absorption and 
charge carrier mobilities in PSCs. 

Incorporation of MNPs in the photoanode results in improved photovoltaic performance of DSSCs. The primary mechanism for this 
enhancement is increased optical absorption by the creation of new absorption bands and extended absorption wavelengths in the 
solar spectrum. Using MNPs as cosensitizers in DSSCs offer a complementary spectral response to the dye, thus yield improved optical 
absorption in the device. MNPs in the photoanode improve the Voc of DSSCs through electron storage effects, which shifts the Fermi 
level to more negative potentials. MNPs promote charge separation via localized electromagnetic fields. Nonetheless, bare MNPs in the 
photoanode suffer from corrosion by the electrolyte, resulting in reduced device stability. Hence, having a thin protective layer (core- 
shell nanostructure) on the MNPs in the photoanode is imperative. Such a layer also aids in charge separation, thus reducing charge 
carrier recombination. Utilizing hybrids of MNPs/GNMs as CE or photoanode improves the photovoltaic performance of DSSCs. The 
high surface area of GNMs increases the surface area for dye adsorption and catalytic activity of the photoanode and CE, respectively. 
Synergy in the high electrical conductivity of GNMs and catalytic activity of both GNMs and MNPs leads to an enhanced electro-
catalytic performance of the DSSCs. Such nanohybrids yield comparable photovoltaic performance to the standard Pt CE thus, are 
potential replacements for the relatively costly Pt. 

7. Future perspective 

Given the impacts of MNPS and hybrids of MNPs/GNMs on the performance of PSCs and DSSCs, it is imperative to consider utilizing 
these nanomaterials in solar cells. The light-harvesting properties of MNPs combined with the good electronic transport in graphene 
make these nanomaterials stand out in improving the performance of solar cells. The MNPs produce high optical absorption in a broad 
wavelength range in both PSCs and DSSCs. Besides, these nanomaterials can be easily loaded in the active and interfacial layers of PSCs 
and photoanode of DSSCs by simple solution phase methods. In DSSCs, plasmonic CEs yield comparable performance to Pt, thus, are a 
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suitable replacement, while plasmonic photoanodes yield better photovoltaic performance than the conventional TiO2. In PSCs, these 
nanomaterials go a long way in enhancing optical absorption and charge transport. Further, these nanomaterials can be employed in 
other emerging solar conversion technologies to realize continued progress in solar energy conversion efficiencies. Nonetheless, in 
whichever solar energy conversion devices these nanomaterials are to be employed, the size and morphology of the MNPs, as well as 
their intercalation, should be tailored to maximise the LSPR effect. 
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