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Abstract: Scientists have embraced the green synthesis method for nanoparticle synthesis because of
its many advantages over physical and chemical methods. It does not release harmful chemicals and is
an economically cheap process. As a result, the present study synthesized copper nanoparticles (CuNPSs)
from siam leaf (Chromolaena odorata) extract. The synthesized CuNPs were used to prepare
polyaniline/copper nanocomposites (PANI/CuNPs) which were then used as a photoanode in the solar
cell. The structural, morphological, and optical properties of the synthesized CuNPs were characterized
by Fourier Transform Infrared Spectroscopy (FTIR), Atomic Force Microscopy (AFM), UV-Visible
spectroscopy, Scanning Electron Microscopy (SEM), and X-Ray Diffraction (XRD). The XRD pattern
revealed a crystalline nature for CuNPs, with the average diameter of particles being 20 pm. SEM
analysis revealed a spherical shape with a size ranging from 10 to 30 um. The solar cell fabricated with
PANI/40%CuNP as a photoactive anode layer designates an overall efficiency of 19.2 % with a sheet
resistance of 0.248 Q. This performance was higher than PANI-based solar cells, with an efficiency of
16.5 % and sheat resistance of 5.07 Q under similar conditions. The synthesized CuNPs show
commendable potential for application in solar cell fabrication. Thus, this work provides further insight
into improvement in the efficiency of organic solar cells.

Keywords: green synthesis; copper nanoparticles; polyaniline; X-ray diffraction; photoanode.

© 2022 by the authors. This article is an open-access article distributed under the terms and conditions of the Creative
Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).

1. Introduction

Conventional energy sources, including fossil fuels, have associated drawbacks,
including environmental pollution and depletion of resources. Consequently, in order to reach
sustainable development and a clean environment, it is often advised to use renewable energies.
Due to its wide availability worldwide [1-3], solar energy is the most interesting type of
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renewable energy commonly considered. Developing efficient and cost-effective solar cells is
one of the most important challenges in solar technology and research.

Generally, photovoltaic solar cells are often classified as either organic solar cells or
thin-film organic solar cells. Inorganic (commonly known as Silicon (Si)) solar cells is still the
most common in the photovoltaic market owing to a combination of high stability, long
lifespan, and higher efficiency (15-20 %) [4,5]. The foremost inadequacies associated with Si
solar cells include inflexibility, purity of Si, high energy processing, and loss of efficiency at
elevated temperatures [6]. Owing to these, researchers are now developing new light-sensitive
organic materials for solar cell applications. Organic light-sensitive materials have been
classified into perovskites, donor/acceptor polymers, and photo-sensitizers. By varying the
synthesis conditions, these light-sensitive materials’ electronic and optical properties can easily
be altered [7]. From previous studies, Perovskite solar cells (PVSCs) have the highest power
conversion efficiency (PCE). For example, a PCE of 21.3 % has been recorded for single-
junction architecture PVSCs [8]. However, the commercialization of PVSCs is facing several
obstacles: poor stability against oxygen and humidity [9-11] and the complex fabrication
process [12]. Contrastingly, dye-sensitized solar cells (DSSCs) have the advantage of ease of
fabrication and have efficiency as high as 14 % [13-17]. DSSCs, unlike others, can work in
dispersed sunlight and dull environments [18]. In spite of all these advantages, the major
shortcoming is that the lifetime and PCE of DSSCs are far less than Si solar cells [19-27].
Hence, to improve and make this technology more viable, there is a need for further research
and development.

Several methods are used to synthesize nanoparticles [28—31]. The problem associated
with these physical methods is that, in addition to requiring a lot of time to achieve thermal
stability, they consume a lot of energy while raising the environmental temperature around the
source material [32]. Chemical synthesis, which is an advantage of producing high PCEs, is
limited by its use of toxic solvents and chemicals harmful to our already toxic and suffering
environment [33,34]. Owing to these highlighted shortcomings, biological synthesis is a better
alternative for generating nanoparticles and is usually preferred over physical and chemical
synthesis methods [35].

This work used plant-assisted reduction to synthesize polyaniline/copper nanoparticles
(PANI/CuNP) composites. Here, we studied and investigated the morphological, structural,
optical, and electrical characteristics of PANiI/CuNP composites. The synthesized materials
were employed as photoactive anode materials for photovoltaic applications. The results of this
study suggest that PANiI/CuNP composites could be used as an alternative to pure PANi
material for the large-scale production of solar cells.

2. Materials and Methods

2.1. Materials.

Chromolaena odorata plants (siam flowers) were collected around the campus of the
Kwara State University (KWASU), Malete, Kwara State, Nigeria. Copper Sulphate
Pentahydrate (99 % purity) was purchased from Malaysia. As a result, these chemicals were
used without further purification. Before usage, all glasswares were initially washed with a
freshly prepared Piranha etch, followed by deionized water of 18.2 MQ.cm resistivities, after
which they were dried in the oven. For the collection of extract, Whatman filter paper grade-I
was used. Deionized distilled water was used for the entire duration of the experiment.
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2.2. Methods.
2.2.1. Preparation Chromolaena odorata leaf extract.

Chromolaena odorata leaves (siam flowers) were collected around the campus of
Kwara State University, Malete. The leaves were rinsed and washed with deionized water to
remove impurities and then sun-dried to remove all the moisture. 35 g of the dried leaves was
grinded in a pestle and mortar to obtain a fine powder. The powdered leaf was boiled in 100
ml deionized water for about 2 hr at 60 °C until the water turned green and continuously until
the green color changed to brown, as shown in Figure 1a. it was then allowed to cool for 10-15
mins at room temperature. While the residue was discarded, the plant extract was collected as
filtrate in a beaker through Whatman filter paper. Pending subsequent usage, the aqueous
extract was stored at room temperature (Figure 1b).

Figure 1. Chromolaena odorata leaf extract.

2.2.2. Green synthesis of copper nanoparticles.

A solution of 0.1 M Copper Sulphate (CuSO4.5H.0) was prepared in deionized water.
The mixture was stirred on a magnetic stirrer at room temperature to dissolve the zinc nitrate
powder completely. Afterward, 30 mL of the aqueous leaf extract was gradually added to 100
mL of the prepared copper sulfate solution. The mixture was then heated and stirred on a hot
plate for 3-4 hrs at 60 °C until a jelly paste was formed. The jelly product was calcinated in a
furnace at 400 °C for 3-4 hrs. After calcination, Copper Nanoparticles (CuNPs) were obtained
in brownish powder form, as shown in Figure 2.

oy S 1N i
Figure 2. Precipitated CuNPs and CuNPs in powdered form.
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2.2.3. Preparation of copper/polymer nanocomposite.

A weighed amount of Copper nanoparticles were dispersed in 5 mL of deionized water,
and 0.5 g of polyaniline (PANI) was added. The mixture was diffused for 1 hr using a sonicator
at room temperature. In this way, Copper-Polyaniline nanocomposite was prepared. However,
this preparation was repeated for different ratios of the weighed amount of copper nanoparticles
that is 1:1, 1:0.8, 1:0.6, 1:0.4, and 1:0.2, respectively, to select the best mixing ratio. The
obtained polymer composite was filtered and washed with deionized water.

2.2.4. Characterisation of copper nanoparticles.

The prepared nanoparticles were characterized structurally, optically and
morphologically via X-ray Diffraction, UV-Visible Spectrophotometer, Fourier transform
infrared spectroscopy (FTIR, Bruker vertex 70, Germany), and Scanning Electron Microscopy
(SEM), respectively. Finally, the prepared PANi/CuNPs were studied for photovoltaic
applications.

3. Results and Discussion

3.1. X-ray diffraction analysis.

The CuNPs were characterized using XRD-D8 Advance Bruker AXS. Figure 3 shows
the x-ray diffraction analysis pattern of the CuNPs in powder form. The analysis was done for
angles ranging from 25° to 75°. Three conspicuous diffraction peaks occurred at Bragg’s angles
43.37°, 53.53°, and 74.12°, corresponding to the planes (111), (200), and (220), respectively.
The XRD pattern revealed the orientation and crystalline structure of CuNPs. For phase
speciation, the XRD pattern was compared with ICDD reference data for Copper. This
confirms a successful synthesis of CUNPs by the green synthesis method and the formation of
crystalline and wurtzite hexagonal structures. The crystallite size (D) of the CuNPs was
calculated from the highest peak (111) in the XRD graph using the Scherrer equation [36,37]:

0.91

~ Bcosd 1)
where A is the x-ray wavelength, 6 = the Bragg diffraction angle, g = the FWHM of the

peak appearing at the diffraction angle.
The average particle diameter of CuNPs was found to be 20 um. The phase purity of
CuNPs is confirmed as no diffraction peaks of other phases are detected.

(1)

Intensity (a.u)

20 30 40 so &0 70 80
Two theta (20)

Figure 3. XRD spectrum of PANi/CuNP composites.
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3.2. SEM analysis.

The particle dimensions and morphology of the synthesized CuNP, PANI, and
PANI/CuNP composites were examined by scanning electron Microscope (SEM) MIRA3-
TESCAN. Figure 4 (a, b, and ¢) show the SEM images of these materials. These images showed
clearly that the particles are in nanostructure form. In Figure 4 (a), it was revealed that copper
nanoparticle powders are composed of non-agglomerated random-shaped particles, which tend
to build and aggregate to form a flower-shaped structure. In Figure 4 (b), the SEM image of
PANI shows a crystalline structure and cluster each other. Lastly, in Figure 4 (c), PANi/CuNP
composite show a higher tendency of agglomerations owing to the close relation interface
movement of electron and holes, which are very important for high efficiency in hybrid solar
cells. The average particle diameter was estimated as 20 um, which corresponds to the XRD
result. These results confirmed the strong incorporation of copper metal in the polymer matrix,
which is proof of good photovoltaic performance properties, as reported by [38].
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Figure 4. SEM images of (a) CuNP (b) PANI, and (c) PANi/CuNP.

3.3. AFM analysis.

In this examination, the assessment of PANi, CuNPs, and PANi/CuNPs were done
through AFM strategy. The particles of the materials were broken down by Atomic Force
Microscopy (AFM) for point-by-point size and morphology analysis. The three-dimensional
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(3D) surface morphology and size examinations obtained from AFM are shown in Figure 5. In
Figure 5(a), CuNPs show a gravel-like structure with the dimension of scanning area 3.12 um
x 3.12 um. An infinitesimal-like structure with a dimension of 12.6 um x 12.6 was observed in
PANi material, as presented in Figure 5(b). Meanwhile, the morphology of PANi/CuNPs
nanocomposite in Figure 4.8(c) shows layer by layer arrangement

Figure 5. AFM images of (a) Copper nanoparticle, (b) Polymer, and (c) Copper/Polymer.

3.4. FT-IR analysis.

FT-IR spectrum of green synthesized CuNPs done using a Bruker Alpha FTIR
spectrometer is shown in Figure 6. The spectral peaks at 1056 cm™* were attributed to N-H
stretching. The peak around 2936 cm™* was adjudged to be due to C—H stretch. The peak at
835cmt and 613 cm? is indicative of alkynes and alkyl halides. The strong vibrational bands
at 3500 cm™* were assigned to the stretching modes for forming CuNPs.
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Figure 6. FT-IR Spectrum of synthesized CuNPs.

3.4. Optical properties.

The optical properties of PANi/CuNP film-based-photoactive anode layer devices were
studied considering the effect of copper/polyaniline mixing ratio, spin coating speed (film
thickness), annealing temperature, and time.

A photon wavelength range of 350-1100 nm was considered in this work. As shown in
Figure 7, the absorption spectrum revealed intense absorption in the ultraviolet band of about
300 - 350 nm for all samples of the different materials. The highest absorbance was recorded
for PANI/CuNP with a mixing ratio of 1:0.4 at a spin coating speed of 1000 rpm. The
absorption spectrum revealed a shift in the absorption peak due to charge transfer transitions
within PANi/CuNP nanocomposites.

For the best mixing ratio, the annealing temperature was varied with time to determine
the optimal annealing temperature for the fabricated copper/polymer composite film
photoactive layer device. The leverage of thermal annealing temperature on the UV-Vis
absorption was investigated at different temperatures ranging from 100°Cto 400°C. Generally,
the thermal annealing gives the device high-quality film and enhances the crystallinity of
PANI/CuNP composite based-photoactive layer. This, in turn, improves the performance
conversion efficiency by increasing the photogenerated electrons transmitted to the photoactive
layer, thereby improving the performance of the polymer solar cell.

As shown in Figure 8, it was deduced that the annealing temperature for the maximum
absorbance and good conversion performance is 400°C for 30 minutes. The film annealed at
400°C gave better optical properties due to the high refractive index [39].

The absorption coefficient (o) and the optical band gap (Eg) were determined by
equations [40-42]

a= 2.303@) @)
(ehv)=D(hw-E, ) ®)

where;

A: absorbance, t: thickness of the sample, D: is a constant. (n): exponent that is dependent on
the type of optical transition.
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Figure 7. Absorbance Spectra of PANi/CuNP composites at a spin coating speed of (a) 1000 rpm (b) 2000 rpm,
and (c) 3000 rpm.
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Figure 8. Absorbance Spectra of PANi/CuNP composites at different temperatures for (a) 30 Mins (b) 60
Mins.

From Figure 9, the value of the band gap was estimated by extrapolating the straight
line at (ohv)" = 0, with n being the band gap transition-dependent exponent, allowed or
forbidden, and either direct or indirect [43]. The band gap was calculated by plotting photon
energy (hv) versus (ahv)? (Figure 9). For the direct band gap transition of CUNP, n was taken
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as 0.5 [44]. The band gap was obtained as 3.3 eV, which is in close agreement with that
observed in previous studies [45-49]. The observed band gap value would greatly improve the
photocatalytic behavior of this material.
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Figure 9. Plot of (chv) ? versus photon energy (hv).

3.5. Photovoltaic performance.

The solar simulator measured the photovoltaic performance of the copper/Polymer
fabricated solar cells (Agilent 4155C). The intensity of light during the measurement was 100
mW/cm?. Figure 10 shows the I-V characteristics of the solar cells. The corresponding PV
parameters, PCE (1), fill factor (FF), open-circuit voltage (Voc), and current—density (Jsc), are
listed in Table 1. These results showed that the PCE of the nanocomposites depends strongly
on the amounts of CuNPs. PANI/CuNP(1:0.4) gives PCE of 19.201 %, which is higher than
others and compares well with Si solar cells. This enhancement in efficiency could be attributed
to an enhancement in the electrochemical activity at this mixing ratio.

20 -

Current density (mA/cm”)
=)
T

8l ‘.1;}
- -PANi v
6 - - ~ PAN/CUNP (1:1) i
- - - PANI/CUNP (1:0.6)
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- - - PANI/CuNP (1:0.8)
2 - = = PANI/CuNP (1:0.4
0 M 1 i 1 i 1 M ]
0.0 0.2 0.4 0.6 0.8

Voltage (Volt)
Figure 10. J-V characteristics of DSSCs based on PANi and PANi/CuNP composites.

Table 1. Photovoltaic performance of solar cell based on different Photo anodes.

Sample CE Jsc (MA/ecm™?) Voc(V) FF PCE %
S1 PANI/CuNP(1:1) 12.72 0.635 0.858 17.921
S2 PANI/CuNP(1:0.8) 16.50 0.693 0.897 18.970
S3 PANI/CuNP(1:0.6) 15.60 0.684 0.890 18.910
Sa PANI/CuNP(1:0.4) 17.80 0.695 0.904 19.201
Ss PANI/CuNP(1:02) 14.20 0.658 0.892 18.950
Se PANI 9.61 0.662 0.871 16.501
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4. Conclusions

In this work, CuNPs were successfully synthesized. A simple approach using Siam Leaf

extract as the reducing agent for synthesizing CuNPs has been reported. This approach
eliminated the use of toxic chemicals for the synthesis of NPs. The synthesized CuNPs were
characterized using various characterization techniques and further used to prepare
nanocomposites for photovoltaic application. The I-V characteristics of the nanocomposites
showed improved power conversion efficiency of 19.20 % conversion efficiency for
PANI/40%CuNPs. Nanocomposite.
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