Optical and Quantum Electronics (2023) 55:700
https://doi.org/10.1007/511082-023-04981-9

®

Check for
updates

Poly(3-hexylthiophene) incorporated with metallic
nanoparticles: optoelectronic properties in context
of organic solar cell

Saqiba Riaz' - Muhammad Azhar Ansari? - Daim Asif Raja? - Hajira Tahir' -
Muhammad Imran Malik?

Received: 28 February 2023 / Accepted: 19 May 2023 / Published online: 8 June 2023
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2023

Abstract

Solar cells are employed to convert solar energy into electrical energy. High-cost and
inherent environmental issues associated with commercially available inorganic solar cell
production demand development of new alternatives. An obvious alternative in this con-
text is organic material-based solar cells owing to their low cost and simplicity of pro-
duction. Although, organic solar cells have achieved high conversion efficiencies (greater
than 18%), the low stability and limited lifetime have hampered their use on commercial
scale. Improvement in the optoelectronic properties of donor and acceptor materials is the
primary method for improvement in its efficiency. Herein, we report incorporation of dif-
ferent metallic nanoparticles (MNPs) such as silver (Ag), gold (Au), cobalt (Co), copper
(Cu), iron (Fe), and nickel (Ni) in poly(3-hexylthiophene), P3HT, the most widely used
donor material, and compared their optoelectronic properties. The size and morphology
of the synthesized P3BHT-MNPs were determined by atomic force microscopy, scanning
electron microscopy, and zatasizer while metal-polymer interactions were studied by FTIR
spectroscopy. Finally, the effect of incorporation of different MNPs in P3HT on the opto-
electronic properties was evaluated by UV—Vis spectrophotometry and cyclic voltammetry.
A significant change in the optoelectronic properties by incorporation of different MNPs
in P3HT opens possibilities of tuning the donor materials as per energy levels of acceptor
material.
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1 Introduction

Affordable and clean energy is 7th while climate action is 13th sustainable development
goal (SDG) out of 17 SDGs established by United Nations General Assembly in 2015.
SDG-7 targets access to sustainable, reliable, economical, and modern energy for every-
one. In this context, solar energy has the highest potential in comparison to other renew-
able energy sources (Franco et al. 2020). Photovoltaic (PV) device is a promising innova-
tion that can be used to convert solar energy into electrical energy. Solar energy is a potent
source of electricity with zero pollution rate; therefore, photovoltaic power generation has
the ability to resolve the energy issues of the next generation. Solar cells are available in
many designs and types, majorly inorganic solar cell and organic solar cell (OSC). Sili-
con-based inorganic solar cells that also contain gallium and cadmium, are energy-efficient
and have captured the major share of the current market. Nevertheless, there are certain
caveats associated with commercial inorganic solar cells for instance, manufacturing at
high temperature and limited ability to integrate with other technologies such as building
integrated photovoltaics (BIPV), greenhouse Integrated photovoltaics (GIPV), and auto-
mobiles. Hence, replacement of widely employed inorganic solar cell by eco-friendly alter-
natives is one of the targets of modern scientific research. OSCs can be an excellent alter-
native to overcome limitations of inorganic solar cell. However, OSC technology requires
substantial improvement in terms of potency, environment, greener production, and cost
adequacy (Mathews et al. 2019). Initially, OSC had very low power conversion efficiency
(PCE) compared to crystalline Si-based inorganic photovoltaic cells (Chen et al. 1995).
However, OSCs technology is improving rapidly in terms of PCE. Till date, the highest
PCE of 19.2% for single junction OSC is reported by Zhu et al. (Zhu et al. 2022) that is
high enough from commercialization perspective. However, the stability and lifetime of
OSC:s are still significantly low compared to Si-based solar cell (Xu et al. 2021). Nonethe-
less, the peculiar advantages associated with them are their light weight (Zhang et al. 2011;
Zhou et al. 2011), ambient temperature and ambient pressure manufacturing (Perepichka
and Bryce 2005; Eakins et al. 2011), and manufacturing in solution (Huang et al. 2012).
An electron donor and an electron acceptor are the two major components constituting any
OSC. Electron donor materials in this regard could be conjugated polymers such as poly(3-
hexylthiophene) (P3HT), PTQ10, and PBDB-T-SF. On the other hand, fullerene, Y6, and
ITIC are the widely employed electron acceptor materials (Ludwigs 2014; Sun et al. 2018;
Zhao et al. 2017; Ameri et al. 2013; Yang 2021). The efficiency of OSC mainly depends
upon the optoelectronic properties of these two materials (Gao et al. 2017). Low-cost, ther-
mal stability, environment friendliness, and easy processability of polythiophenes (P3HT
being the most prominent) makes them widely explored p-type donor materials for OSC
(Cheng et al. 2009). However, commercial applications of P3HT as donor material in OSC
are impeded by its high HOMO energy level and wide energy band gap (Liu et al. 2016).
The intense part of solar radiations (red and infrared region) is not efficiently absorbed by
P3HT owing to its large energy band gap. Enhancement in the absorption of the radiations
from the solar spectrum can be realized by compression of HOMO-LUMO energy levels
gap, which is possible by downshifting of LUMO or upshifting of HOMO energy levels
(Gao et al. 2017, Peet et al. 2007; Leclerc et al. 2006; Kroon et al. 2008). Reduction in
the energy band gap can also be achieved by increasing regioregularity and molar mass
(Ballantyne et al. 2008b; Schilinsky et al. 2005; Trznadel et al. 1998; Ansari et al. 2018),
and by p-doping (Jenkins et al. 2014; Ratcliff et al. 2010; Skompska and Szkurtat 2001).
Moreover, molecular level modification in the chemistry of the parent donor and acceptor
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materials may also facilitate the exciton movement (Perepichka and Bryce 2005; Huang
et al. 2012; Brédas and Heeger 1994; Zhang et al. 2021; Ansari et al. 2022). However, the
commercially feasible PCE and stability of OSC has not yet been achieved despite its huge
potential (Li et al. 2022).

The light absorption of polymeric organic semiconductors is also impeded by its low
charge carrier mobility (generally less than 107 cm?Vs) (Saeki et al. 2008) that restrict
the thickness of the organic active layer to < 100 nm (Blakesley and Neher 2011; Gan et al.
2013). The incorporation of nanostructures in the OSC may facilitate the charge carrier
mobility (Chen et al. 2019; Kango et al. 2013). Polymer nanowires provide percolation
pathways for electrons and holes that ultimately improve the device efficiency (Xin et al.
2008; Xin et al. 2010). Stuart and Hall demonstrated up to 20-fold boost in the photocur-
rent by coating of AgNPs on the surface of a silicon-on-insulator (Stuart and Hall 1998).
Metallic nanoparticles (MNPs) can disperse light and induce local surface plasmon reso-
nance (SPR) between them. This phenomenon laid the foundation of many important com-
mercial applications such as light-harvesting technologies, photocatalytic water splitting,
photovoltaic, thermoelectric and photodynamic therapy platforms etc. (Boriskina et al.
2013; Zhou et al. 2015; Warren and Thimsen 2012). MNPs help in improvement of light
absorption properties by serving as a ‘light-trapping’ agent in Organic photovoltaic (OPV)
(Mbuyise et al. 2021), where the thickness of active layer has to be below 100 nm.

MNPs of different morphologies and sizes can induce surface plasmon effects in OPV
applications. There can be three operative mechanisms based on their position in the OPV:
(1) light scattering, (2) surface plasmon polaritons (SPP), and (3) localized surface plas-
mon resonance (LSPR). The incorporation of MNPs in organic active layer can improve
the light absorption of the active layer owing to multiple light scattering by large sizes of
MNPs or by excitation of LSPR modes by tiny sizes of MNPs (Sachchidanand and Sama-
jdar 2019). The overlapping absorption bands of MNPs and conjugated polymers indicate
the synergistic nature of their combination. The coherent oscillation of free electrons,
which is exhibited as plasmon waves stimulated by the incident electromagnetic field, is
the physical cause of the higher absorption of the composite. MNPs can function as centers
for light scattering, enhancers of local field. MNPs may have dual function as scatterer and
enhancer depending on their size. Absorption predominates for tiny MNPs having a diam-
eter in a range of 5-20 nm. Due to the LSPR excitation in this scenario, the MNP behaves
like a sub-wavelength antenna. On the contrary, MNPs having relatively large diameter
(>50 nm) operate as efficient sub-wavelength scatterers that render coupling and trapping
of freely propagating plane waves of incident light into the photoactive layer (Zhang et al.
2019; Kravets et al. 2018). When photon energy excites the MNPs, the excited electrons
that are dispersed in their outer orbitals are immediately transported to the active layer
close to the MNPs (Yao et al. 2019). Hence, a careful design and optimization of MNPs is
imperative to have a net beneficial impact on PCE of OSCs. In OSCs, conjugated polymers
containing thiophene rings, such as poly(3-hexylthiophene) (P3HT), play important role
as electron donors and in charge transportation (Padinger et al. 2003; Hoppe and Sariciftci
2004; Li et al. 2007). The incorporation of MNPs with polythiophene or P3HT may induce
synergistic effect in their optoelectronic properties compared to the parent materials. For
instance, composite of MNPs (such as aluminum, copper, and silver) with polythiophene is
used for the humidity sensor owing to its high hole mobility, good stability, and better con-
ductivity (Abdullah and Ibrahim 2021). Doping of plasmonic MNPs (for example, CuNPs)
on the thin film of P3HT resulted in a 5-20 folds increase in its photoconductivity due to
better charge separation process (Szeremeta et al. 2011). On the same lines, the absorption
of AuNPs-P3HT composite shifted to longer wavelength (Bathochromic shift) compared to
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the parent materials (Jana et al. 2015). Improvement in optical properties (such as photo-
luminescence) of P3HT by incorporation of AuNPs may be attributed to structural changes
in the polymer film (Nicholson et al. 2005). P3HT can also serve as stabilizing agent for
MNPs that ultimately lead to an increase in the strength of the material. The incorporation
of MNPs in P3HT render a flexible, strong and efficient OSC (Kuila et al. 2007). Taking
the motivation from the above-mentioned studies, P3HT capped MNPs using several met-
als such as silver (Ag), gold (Au), cobalt (Co), cupper (Cu), iron (Fe), and nickel (Ni) were
prepared and analyzed in context of their characterization of nanostructure morphologies
by atomic force microscopy (AFM), scanning electron microscopy (SEM), and dynamic
light scattering (DLS). Finally, the optoelectronic properties of PAHT-MNPs are evaluated
by UV—Vis spectrophotometry and Cyclic Voltammetry (CV). The comparative analysis of
different MNPs incorporated with P3HT for optoelectronic properties is presented in the
context of OSC.

2 Experimental section
2.1 Materials

Monomer 3-hexylthiophene was purchased from Ossila limited, UK. Toluene, tetrabuty-
lammonium bromide (TBAB), tetrachloroauric (III) acid trihydrate (HAuCl,.3H,0) pro-
cured from Merck, Germany. Silver Nitrate (AgNO;), nickel (II) chloride hexahydrate
(NiCl,.6H,0), copper (II) Nitrate hydrate (Cu(NO;),.3H,0), cobalt (III) nitrate hexahy-
drate [Co(NOj3);.6H,0], iron (III) chloride hexahydrate (FeCl;.6H,0), sodium borohydride
(NaBH,) were purchased from Sigma—Aldrich, Germany, and HPLC grade methanol from
Tedia, USA. All the reagents were used as received.

2.2 Synthesis of P3HT

Synthesis of P3HT was conducted through oxidative coupling of 3-hexylthiophene (mono-
mer) in the presence of ferric chloride (FeCl;) as elaborated in detail in our recent publi-
cations (Ansari et al. 2018; Kacgus et al. 2020). Briefly, a solution of FeCl; was made by
dissolving its 3.86 g in 30 mL chloroform under nitrogen atmosphere in a 2-neck round
bottom flask. After continuous stirring of almost 30 min, 1.0 mL of 3-hexylthiophene was
added drop-wise followed by stirring for 24 h. The synthesized P3HT was then precipitated
in methanol (app. 300 mL). The purification of P3HT was done in Soxhlet assembly by
methanol. Finally precipitates of P3HT were dissolved in chloroform and dried again to get
pure P3HT.

2.3 Preparation of P3HT incorporated MNPs

Metal nanoparticles of silver (Ag), gold (Au), cobalt (Co), cupper (Cu), iron (Fe), and
nickel (Ni) were prepared by a two-phase (toluene/water) one-step method using P3HT
as capping polymer. Briefly, the solutions of 0.01 mmol of respective metal salts (AgNO;,
HAuCl,.3H,0, Co(NO;);.6H,0, Cu(NO;),.3H,0, FeCl;.6H,0, and NiCl,.6H,0) were
prepared in deionized (DI) water. In parallel, TBAB was dissolved in toluene, NaBH, was
dissolved in DI water, and P3HT was dissolved in toluene. P3BHT-MNPs were prepared as
per reported procedure (Monnaie et al. 2013; Topp et al. 2010). 8.0 mL of TBAB solution
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in toluene containing 0.05 mmol TBAB was mixed with 3.0 mL aqueous solution of metal-
lic salts under vigorous stirring in round bottom flasks. TBAB acts as a phase changer here.
When aqueous medium become transparent, the P3HT solution (1.5 mg P3HT dissolved in
3 mL toluene) was added under stirring. In this mixture, freshly prepared aqueous solution
of NaBH, (10 mmol in 2.5 mL) was added drop-wise slowly within 2 h under stirring and
the mixture was stirred overnight. Thereafter, the process was quenched by the addition of
methanol in the mixture. The resulting mixture was filtered by PTFE membrane filter fol-
lowed by washing with methanol and water to obtain P3HT-MNPs (de Freitas et al. 2012;
Lu et al. 2013; Inagaki et al. 2018b). The final molar ratio of P3HT (8500 g/mol)-metal
was 1.7/100.

2.4 Characterization

FT-IR spectroscopic analyses of P3HT and P3HT-MNPs were performed, by making KBr
disks, in the spectral range of 4000—500 cm™'. Nano-ZSP (Malvern Instruments) (zeta
sizer) was used to determine the particle size and zeta potential. Topographical images of
P3HT-MNPs in tapping mode were captured by atomic force microscope (Agilent 5500).
One drop of the sample was placed on a silicon wafer that was freeze-dried for 24 h. For
analysis of the sample, triangular nitride silicon cantilever (Veeco, model MLCT-AUHW)
was used under a constant spring value of 0.1 Nm™'. For SEM analysis, all PAHT-MNPs
samples were mounted on electrically conductive, non-porous adhesive carbon tape.
Images were recorded using a JEOL (Akishima, Tokyo, Japan), JSM-6380LV SEM micro-
scope at an acceleration voltage of 10 kV.

UV-Visible-near IR Spectra of P3HT-MNPs films made from their toluene solutions
were recorded in the wavelength range of 200-800 nm. P3BHT-MNPs were coated on the
quartz slide by drop casting method and spectra were recorded. The optical energy band

gap (eV) is calculated from Wavelength Edge (A 4q) Of the absorbance peak using formula.

A=hC/1

Where 4 is the Plank’s constant having value 6.626 x 104 Joule second, C is the speed
of light having value 3.0 x 10® m/sec, and Aeqge 1s cut-off or onset wavelength. After cal-
culating E in the unit of Joules from A4,. (nm), it is converted into eV by dividing with
1.6x107".

For cyclic voltametric studies, cell was equipped with working electrode of P3HT-
MNPs coated ITO glass slide, a counter electrode of platinum, and a double junction
reference electrode Ag/AgCl (0.1 M AgNO; in water). As supporting electrolyte, 0.1 M
solution of tetrabutylammonium hexafluorophosphate (TBAFPy) in acetonitrile was used.
Cyclic voltammograms (CVs) were recorded after purging solution with nitrogen gas using
a Potentiostat, CH Instrument, USA, Model CHI 660. Drop casting method was used to
coat P3HT-MNPs on Indium tin Oxide (ITO) glass slide which were dried at ambient con-
ditions. Finally, the CV were recorded by scanning at a rate of 100 mV/s from potential O
to+2 V,+2t0 0, 0 to —2, and finally from — 2 to 0.

edge

@ Springer



700 Page6of17 S.Riazetal.

3 Results and discussion

The most economical method for synthesis of P3HT is oxidative coupling of 3-hexylth-
iophene by using FeCl;. Although this method has comparatively less control over molar
mass and regioregularity, these can be improved significantly by choosing appropriate
reaction conditions (Ansari et al. 2018, 2022). P3HT used in this study has a comparatively
broad molar mass distribution (M,;: 8500 g/mol, Mw: 19,800 g/mol, D: 2.32) and has more
than 70% HT sequences, see Fig. 1 in our recent publication (Ansari et al. 2022). Same
sample of P3HT is used in this study throughout for a fair comparison of the optoelectronic
properties of the subsequent nanocomposites of different metals such as silver, gold, cobalt,
copper, iron and nickel.

3.1 Characterization of P3HT-MNPs

P3HT can be a good stabilizing agent for MNPs owing to presence of sulfur and thiophene
ring (Inagaki et al. 2018b). MNPs incorporated with P3HT using different metals namely
silver, gold, cobalt, copper, iron and nickel, but same P3HT sample were prepared and their
topographical AFM images are depicted in Fig. 1. MNPs of the above-mentioned metals
have fairly spherical morphology and are well-segregated from each other. However, the
sizes of P3BHT-MNPs for different metals are significantly different despite same proce-
dure was used for their preparation (Shnoudeh et al. 2019). In order to further confirm the
shape, morphology, and size of the prepared P3HT-MNPs, SEM images are depicted in
Fig. 2. P3HT-MNPs of different metals have predominantly spherical shape but differ from
each other in the size of particles, in some cases bimodality is also noticed. P3HT-AgNPs
have similar size range of 100-150 nm along with fairly low number of particles having
size approaching 200 nm. The size of P3BHT-AuNPs is small compared to P3HT-AgNPs
and most of the particles fall in range of 30—40 nm having fairly monomodal distribution.
P3HT-CoNPs have most of the particles in a size range of 100-140 nm, however small

) 05 1 15um am 0 05 1 15um am

P3HT-AuNPs

um
P3HT-CuNPs £ P3HT-FeNPs P3HT-NiNPs

Fig.1 AFM topographical images of P3BHT-MNPs
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Fig.2 SEM images of PBHT-MNPs

Fig.3 Average size and zeta
potential of P3HT-MNPs
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population of particles having size less than 100 nm can also be noticed. In case of P3HT-
CulNPs, there are many particles having size more than 400 nm while presence of another
population having size around 100 nm is also evident. The size of P3BHT-FeNPs is found be
in a range of 120-180 nm. P3HT-NiNPs have particles mostly in the range of 170-250 nm
while another population of particles having size around 100 nm is also evident.

The average particle sizes and apparent charges on the P3HT-MNPs were also deter-
mined by dynamic light scattering and zeta potential studies, Fig. 3. DLS results endorse
the size ranges of MNPs as obtained by SEM for all six P3HT-MNPs under study. Fur-
thermore, the zeta potential values in all cases were negative but not high which indicate
their low long-term stability. Nonetheless, the intended application of the synthesized
P3HT-MNPs is in the form of thin films.

The stabilization mechanism of Ag, Fe, Co, Ni, Au, and Cu nanoparticles with P3HT
is investigated through FT-IR analysis, Fig. 4. This analysis is conducted for P3HT
as well as for P3HT stabilized Ag, Fe, Co, Ni, Au, and Cu NPs. The peaks observed
between 2900 and 3446 cm™! correspond to the vibration of C—H bonds present in the
aliphatic chain of the hexyl groups. The intensity of these peaks is notably high because
the polymer contains a significant proportion of carbon-hydrogen bonds. However, the
presence of a thiophene ring can be confirmed by the peak observed at 1454.6 cm™,
while the peak at 1085 cm™! confirms the existence of C—H bonds within the aromatic
ring (Jin et al. 2014; Misra et al. 2014). The out-of-plane bending mode of the C—-H
group appeared at 816 cm™!. The behavior of peaks in the range of 2900-3446 cm™' of
P3HT changed upon interaction with Ag, Fe, Co, Ni, Au, and Cu NPs. This behavior
change is attributed to the interaction of the thiophene ring with the MNPs. Particularly,
the peak at 1454.6 cm™! in the P3HT spectrum changed its behavior in all P3HT stabi-
lized MNPs spectra, indicating the interaction of the thiophene rings with the MNPs.
Moreover, the peak at 1085 cm™' of the aromatic ring has also changed its behavior
for Ag, Fe, Co, Ni, Au, and Cu NPs which further confirmed the involvement of the
thiophene ring in the stabilization of MNPs. The change in the core environment of the

Fig.4 FTIR spectra of P3HT and
P3HT-MNPs

Transmittance (a.u.)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'l)
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thiophene ring after interaction with MNPs also led to a slight right shift of the peak at
816 cm™~! of C-H bending (Guo et al. 2014; Rezaei et al. 2019; Usman et al. 2019).

3.2 Opto-electronic properties of P3HT-MNPs

The next step and actual target of this study is the evaluation of the impact of the incor-
poration of MNPs in P3HT on its optoelectronic properties in context of OSC (Lu et al.
2013). For this purpose, the optoelectronic properties of pristine polymer have to be deter-
mined in order to fairly evaluate the effect of the incorporation of MNPs. Optical bandgap
of a semiconductor can be determined by Tauc plot or through of A4, of absorbance spec-
trum (Eom et al. 2017; Kesornsit et al. 2022). Herein, Optical bandgaps is determined by
the method reported previously in which on-set wavelength or A.g,. of absorbance spectra
is converted into eV (Acevedo-Peiia et al. 2017; Ansari et al. 2022). The A, of P3HT of
UV-vis spectrum is found to be at 675 nm which translates into optical energy bandgap
of 1.84 eV, Fig. 5A. This absorbance spectrum is quite similar in terms of shape with the
absorbance spectrum observed by Acevedo-Pefia et al. (Acevedo-Peifia et al. 2017). How-
ever, slight change in on-set wavelength may be due to different molar mass or experimen-
tal conditions (Ansari et al. 2018; Ballantyne et al. 2008a). To determine the electrical
bandgap of P3HT, on-set potentials have been evaluated from the cyclic voltammogram
using reported method (Colladet et al. 2004; Ansari et al. 2018). The cyclic voltammogram
of P3HT reveal the onset potential of oxidation at 1.03 V while onset potential of reduction
at —0.91 V versus Ag/AgCl, Fig. 5B. Electrons are released as a result of oxidation from
the © bonds of thiophene in P3HT that corresponds to HOMO level while electrons are
added as a result of reduction that corresponds to the LUMO level. However, it is pertinent
to mention here that obtained values are against Ag/AgCl which does not represent true
HOMO and LUMO energy levels. The obtained values are however closely related to real
HOMO and LUMO energy levels and are appropriate for comparison of different P3HT-
MNPs. The optical energy bandgap for the pristine P3HT was found to be 1.94 eV. The
shape of the cyclic voltammogram and onset potentials are similar to the previous reports
(Kuila et al. 2010; Heeney et al. 2007; Lu et al. 2008). Slight changes in the onset poten-
tials may be attributed to changes in molar mass, regioregularity, supporting electrolytes
and experimental conditions.

1 (A) w  (B)
1 < 40
= w8
5 [ ] 1
=] ]
EN i
S~ a0
g | ™ 3.0E
5 ..l
2 = 0
o 4 =1 1
8 | A= 675nm © ol
< | Opticalband gap = 1.84 eV !
J o] -
. —  Tuw 1 Homo
300 at'so 460 4%0 560 5%0 séo eéo 760 7%0 8(‘)0 20 46 42 08 04 0 04 08 12 16 20
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Fig.5 Optoelectronic properties of parent P3HT film A UV-visible spectrophotometry, B Cyclic voltam-
metry
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Fig.6 UV-vis spectra of thin films of P3HT-MNPs

Conjugated polymer, P3HT, possess = electrons in the thiophene ring and a lone pair
of electrons on sulfur, due to which this polymer may act as redox active polymer and a
ligand for MNPs (Tanaka et al. 2017; Wang et al. 2018). Interaction of MNPs with P3HT
can be considered in the same manner as in ligand—metal interaction (Sih and Wolf 2005;
Grubbs 2007). UV-vis spectra of thin films of P3HT-MNPs are depicted in Fig. 6. We
have noticed that absorption intensity has increased for some of the P3HT-MNPs, however,
there is not a big shift in the absorption wavelength in all cases. The A4, of PBHT-AgNPs,
P3HT-AuNPs, P3HT-CoNPs, P3HT-CuNPs, P3HT-FeNPs, and P3HT-NiNPs were found
to be 645, 640, 640, 660, 655, and 635 nm, respectively. The optical energy band gap as
calculated from Ay, through Planck’s quantum theory were 1.92, 1.94, 1.94, 1.88, 1.89,
and 1.95 eV for P3HT-AgNPs, P3HT-AuNPs, P3HT-CoNPs, P3HT-CuNPs, P3HT-FeNPs,
and P3HT-NiNPs in the same order. Slight variations in optical energy band gap might be
attributed to the overlap of absorption spectra of P3HT and MNPs (Inagaki et al. 2018b).
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Fig.7 Cyclic voltammogram of P3HT-MNPs

While incorporation of MNPs in P3HT did not induce any pronounced effect in the
optical energy band gap despite an increase in the absorption intensity, the HOMO and
LUMO energy levels have significantly shifted that induce a peculiar change in the electri-
cal energy bad gap compared to pristine P3HT, see cyclic voltammograms in Fig. 7. It is
well established fact that any electron donating or electron withdrawing functional group
or metal may influence the HOMO, LUMO energy levels and subsequently the energy
bandgap of the semiconductor (Hashemi et al. 2019; Long et al. 2017; Irfan et al. 2020). A
comparison of optoelectronic properties of P3HT and P3HT-MNPs is presented in Fig. 8.

An electrochemical study of non-crystalline polythiophene/gold nanoparticles film
showed oxidation peak of the film in a range of 0.6-0.9 V (vs. Ag/AgCl) for the differ-
ent parts of chain of the polymer (Inagaki et al. 2018a). The onset oxidation potential for
P3HT-AuNPs is observed at 0.71 (vs. Ag/AgCl) compared to 0.6 V (vs. Ag/AgCl) for pol-
ythiophene/AuNPs. The difference in the onset oxidation potential may be attributed to
presence of hexyl group which may act as an electron donating group for the backbone of
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Fig. 8 Comparison of optoelectronic properties of P3HT-MNPs with pristine P3HT

conjugated polymer (P3HT). An upward shift of HOMO energy level for all P3BHT-MNPs
is noticed compared to parent P3HT. The electron accepting nature of metals induced an
electron withdrawing effect on the conjugated system of P3HT that resulted in upshift
of the HOMO level. The lowest upshift of HOMO level was observed for P3HT-FeNPs
while highest for P3BHT-AuNPs. This higher shift for gold compared to other metals may
be attributed to its larger size and exceptional relevant properties such as relativistic effect.
The electrons are bound to higher nuclear charge while electrons in d and f orbitals are
least bound that render a resistance to oxidation. A clear trend of more upshifting with an
increase in atomic size along a group (Cu, Ag, Au) can be noticed as also reported previ-
ously (Bartlett 1998). However, LUMO energy levels shift in both directions by incorpora-
tion of MNPs compared to parent P3HT. LUMO energy level is downshifted to —0.79 V
for P3BHT-AgNPs while upshifted to 1.0 V for P3HT-NiNPs from 0.91 V for P3HT.This
different behavior may be attributed to the nature of the metal, its atomic size, and stability
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of the electronic configuration. The effect of incorporation of transition metals (such as
titanium, chromium, iron, and nickel) on HOMO-LUMO energy levels was significant that
resulted in lowering of energy band gap (Lu et al. 2008).

Taking both the upshift of HOMO and downshift of LUMO into account reveal that
electrical energy bandgap is compressed to highest extent for PZHT-AgNPs (1.58 eV) while
lowest compression of electrical energy band gap is found for NiNPs-P3HT (1.72 eV).
Hence, optoelectronic properties of P3HT-AgNPs are improved significantly compared to
incorporation of other metals in P3HT. P3BHT-AgNPs may be taken as the best composite
material in context of OSC from the P3HT-MNPs explored in this study, as discussed in a
recent review article (Meng et al. 2022).

Nonetheless, an appropriate alignment of energy levels of donor and acceptor materi-
als is crucial for effective exciton mobility after light absorption. Incorporation of MNPs
in P3HT donor material resulted in significant variations in the optoelectronic properties
(such as energy levels and energy band gap). The strategy opens possibility of tailoring the
energy levels and band gap as per energy levels of the acceptor material.

4 Conclusion

In the present study, incorporation of different MNPs based on Silver (Ag), Gold (Au),
Cobalt (Co), Cupper (Cu), Iron (Fe), and Nickel (Ni) in P3HT is demonstrated. P3HT
served as a good ligand for stabilization of these P3HT-MNPs. Size, shape, and morphol-
ogy of P3BHT-MNPs based on different metals vary significantly from each other. Although
the wavelength of absorption of the solar spectrum is not affected to large extent by incor-
poration of different metallic ions in P3HT, electrical energy levels have significantly
shifted. HOMO energy level is upshifted maximum for PRHT-AuNPs while LUMO energy
level is maximum downshifted for P3BHT-AgNPs. Overall, maximum electrical energy
band gap reduction is achieved for PAHT-AgNPs. The study reveals the method for better
alignment of energy levels of donor for any acceptor by incorporation of metals in donor
materials (P3HT in this case).
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