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Abstract

Green synthesis of metal oxides has attracted attention as the latest technology in synthesizing metal oxide nanoparticles due to its simplicity,
cheapness, non-toxicity and its ability for large scale production. Metal oxides find applications in dye sensitized solar cells (DSSCs) as counter
electrodes (CEs) and photo-anodes. However, applications of green synthesized metal oxides as counter electrodes have not been fully explored. In
this study, CuO nanoparticles (NPs) were synthesized from Cucurbita maxima leaf extract and applied as a CE in DSSC. Uniformly synthesized
CuO NPs were subjected to various characterization tools to obtain the crystal structure, surface morphology, particle size, optical properties,
chemical bonds and photovoltaic properties. Using a natural dye from of Cucurbita maxima as a photon absorber, a short circuit current density (
Jy.) of 4.2 uAjcm?, open circuit voltage (V,,) of 0.17 V, a maximum power (P,,,,) of 0.18 mW/cm?, and a power conversion efficiency (PCE) of
1.8 x 107 % under one-sun illumination were obtained.
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1. Introduction a third-generation photovoltaic devices which are being re-
searched as a prospective replacement to first and second gen-

o B ‘ ) erational solar cells. Their wide spread research interest is at-
it facilitates economic transformation and development. Clean  (rjbyted to their simple device architecture, easy to fabricate,

and sustainable energy is vital so as to realize the United Na-  jegs (oxicity and comparatively high power conversion effi-
tions Sustainable Development Goals (SDGs) [1]. DSSCs are  ciency. The current PCE of DSSCs is reported at 14.7% [2].
The basic components of a DSSC are a photoanode, a dye sen-
sitizer and a counter electrode (CE). Platinum (Pt) has mainly
been used as an efficient CE due to its excellent catalytic ac-

Energy is a crucial component in all sectors of countries as
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tivity and stability [3—6]. However, it is scarce and expen-
sive. Various efforts have therefore been directed towards de-
veloping Pt free CEs with equal or higher catalytic activity for
DSSCs. Such alternatives have to be affordable and should ex-
hibit all advantages of platinum characteristics for DSSC appli-
cations. The possible CE alternatives are metal composites, ni-
trides, carbides, metal oxides, 2D-Transitional metal dichalco-
genides, conducting polymers and carbon related materials such
as graphene, carbon nanotubes, reduced graphene oxide and
carbon black [7-13]. Among these alternatives, metal oxides
are simple to process and are abundant in the earth’s crust. The
metal oxides have demonstrated the PCE of similar or higher
levels compared to Pt electrodes [14—17]. Both physical and
chemical methods have conventionally been used to synthe-
size metal oxide NPs. However, the conventional techniques
are expensive and involve the use of toxic and environmen-
tally non friendly materials [18-22]. Among the oxides, CuO
has attracted research attention due to its good electrical con-
ductivity, excellent catalytic and antibacterial properties, with
diverse applications in gas sensors, batteries, catalysis, field
emission devices and photovoltaic devices [23-27]. In an effort
to find an alternative cheaper, environmentally, and non-toxic
technique for metal oxide synthesis, green synthesis is consid-
ered as the best option [28-36]. In addition, this method is
straight forward, and produces stable NPs quickly by just ad-
justing the pH and annealing temperature [21, 37-41]. CuO
NPs of different particle sizes, surface morphologies and di-
mensions have been synthesized from different plant materials
for antibacterial, antimicrobial, and photocatalytic applications
and have rarely been investigated for applications as CEs in
DSSCs [28-31, 33]. It can further be noted that different plant
materials have different bioactive compounds that can reduce
metal salts to NPs of various morphologies, size and dimen-
sions. For instance, Cucurbita maxima leaf contain phenol,
flavonoids, alkaloids, tannin, saponin, terpenoids and steroids
as bio active compounds [42]. For DSSCs applications, Sharma
et al. [36], synthesized a 20 nm spherically shaped CuO NPs
from leaf extract of Calotropis gigantea and they fabricated a
CE for DSSCs. Using a synthetic dye, a fill factor (FF) of 0.62,
a J,. of 8.13 mA/cm?, a PCE of 3.4 % and an V,, of 0.676 V
were obtained. Therefore, further research on green synthesis
of CuO by other plant materials needs to investigated. In this
article, spherically shaped CuO NPs of < 10 nm in particle size
were synthesized from Cucurbita maxima leaf extract and ap-
plied as a CE in DSSC. Using a natural dye from of Cucurbita
maxima as a photon absorber, a J,. of 4.2 uA/cmz, V,. of 0.17
V, Ppax Of 0.18 mW/cm?2, and a PCE of 1.8 x 10™* % under
one-sun illumination were obtained.

2. Materials and Methods

2.1. Materials

The materials used were; Cupric nitrate, ethanol, polyethy-
lene glycol (PEG), anhydrous titanium oxide powder, io-
dide/triiodide electrolyte, Fluorine doped tin oxide (FTO)
coated glass substrate of sheet resistance = 6.7 + 0.27 Q/square
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Figure 1. XRD pattern of CuO NPs.

cm from Ossila Ltd-UK and distilled water. TiO, powder < 25
nm (anatase phase). All chemicals were obtained from Sigma
Aldrich and were used without further purifications. Cucurbita
maxima plant leaves were obtained from Ugandan.

2.2. Plant Extract Preparation

Fresh leaves of Cucurbita maxima were cleaned twice using
distilled water and dried under the sun. The dried leaves were
ground using a mortar and pestle to form a powder. 500 mL of
distilled water was mixed with 50 g of the powder, the mixture
was placed on a hot plate and heated at 70 °C for 1 hour. The
solution was then sieved twice using Whatman filter paper (Cat
No 1001 125) to eliminate any residual solids.

2.3. Synthesis of CuO nanoparticles

50 mL of the leaf extract was mixed with 2.5 g of cupric
nitrate in a beaker, the mixture was placed a hot plate at 70
°C and uniformly stirred using a magnetic stirrer for 1 hour.
A yellowish-green colored solution was observed. The resul-
tant solution was placed in an oven at 100 °C for 18 h and a
pale green powder of CuO was obtained. To crystallize CuO,
the powder was placed in a ceramic crucible and calcinated be-
tween 350 and 450 °C for 2 h. The choice of annealing temper-
ature was based on previous literature [29, 34].

2.4. Preparation of the dye solutions for use as photosensitiz-
ers.

We used a natural dye of Cucurbita maxima leaf extract,
the extraction procedures and optical absorption properties of
the dye are reported elsewhere [43, 44].
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Figure 2. (a) TEM image for CuO NPs at calcinated at 350 °C, (b) TEM image for CuO NPs calcinated at 450 °C, (c) Histogram for particle size
distribution for sample calcinated at 350 °C and (d) Histogram for particle distribution for sample calcinated at 450 °C.

2.5. Preparation of the electrodes

2.5.1. Substrate cleaning

The FTO glass substrates of dimensions 2.5 cm X 2.5 cm
were rinsed with distilled water followed by ethanol for 30 min-
utes in an ultrasonic bath. They were then dried in an oven at
60 °C for 15 minutes. The edges of the substrates were covered
with a scotch tape of thickness 0.06 mm.

2.5.2. Fabrication of counter electrode

0.2 g of CuO powder was mixed in a solution containing
0.4 g of polyethylene glycol (PEG) binder, 5 milliliters of acetic
acid and 5 milliliters distilled water. The resultant mixture was
sonicated for 2 h and then spin coated five times at 2500 rota-
tions per minute (rpm) for 10 minutes. The choice of the spin

coating speed was based on the theoretical understanding that
high spin rate of 2500 rpm results in fast drying, formation of
thinner and uniform thin film [45]. The thin film was kept in
a clean environment for 24 h and left to dry. To remove the
binder, solvent and grow the thin film on the substrate, the thin
film was annealed at 300 °C for 1 h [46]. After cooling natu-
rally, the annealed thin film was removed and kept in a clean
environment for further use.

2.5.3. Fabrication of Photoanode

1 g of TiO, powder was mixed with 0.4 g of PEG binder
in a solution containing 5 milliliters glacial acetic acid and 5
milliliters of distilled water. The resultant mixture was soni-
cated for 2 h and then spin coated five times each at 2500 rpm
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Figure 3. (a) Reflectance versus wavelength of CuO NPs at different
temperatures, (b) Absorbance versus wavelength for CuO NPs at dif-
ferent temperatures and (c¢) Tauc plot for CuO NPs at 350 and 450 °C.

for 10 minutes on a pre-cleaned FTO substrate. The thin film
was then annealed in a muffle furnace at 300 °C for 1 h. The fur-
nace was left to cool naturally to room temperature. The TiO,
thin film was removed and immersed in the dye extract for 24
hours. The soaked thin film was removed from the dye extract,
rinsed with ethanol and kept in a clean environment for further
use.

2.6. Preparation of liquid electrolyte

0.127 g of Iodine (I;) and 0.83 g of potassium iodide (KI)
were dissolved in 10 ml ethylene glycol, stirred for 30 min, kept
in glass bottle for further use as an electrolyte [44, 47].

2.7. Characterization methods

The crystal structurer of CuO nanoparticles were investi-
gated using X-ray diffractometer (XRD) (Cu-Ka radiation, A
= 1.5418 A) [48]. The surface morphology and particle size
of CuO NPs were evaluated using a Transmission Electron
Microscope (TEM) [43]. The optical properties of CuO NPs
were investigated using a UV-visible-NIR spectrophotometer
[49]. The functional groups in CuO NPs were investigated us-
ing a Fourier Transform Infrared (FTIR) Spectrophotometer (IR
Tracer 100, Equipment no. A21705601203).

2.8. Assembly of DSSC and current-voltage (I-V) measure-
ments

The TiO, photo-anode and CuO counter electrode were
sandwiched together with the conductive sides facing each
other. A few drops of the electrolyte were drawn into the space
between the electrodes by capillary action. The electrodes were
firmly held together using binder clips. The device was illumi-
nated with a solar simulator under standard conditions (AM1.5
100 mWcem™2) and the I-V characteristic were recorded using

100

= =] =]
o =] =]
L L L

Transmittance (%)

2
[e=
1

O T J\.":“.I..:I\.II T T T T T
4000 3500 3000 2500 2000 1500 1000 500

-1
Wavenumber (cm )

Figure 4. FTIR spectra for CuO nanoparticles annealed at 350 and 450
°C.

Keithley SMU-2450 [44]. The active area of the device was 4.0

cm?.

3. Results and discussion

The diffraction data was compared with standard data from
files of the Inorganic Crystal Structure Database (ICSD) of
space group C2/c (ICSD number 16025) and was indexed. Fig-
ure 1 shows the XRD pattern of CuO NPs and its corresponding
ICSD data. The extra peak at 28.3° is due to the impurity phase
of Cu (OH),. The average crystallite size (D) of the CuO NPs
was estimated according to the Debye-Scherer;

KA
= —, (H
BCoso

where, K is Scherer constant, taken as 0.9, A =1.5418 A is the
X-ray wavelength, 0 is diffraction angle and {3 is the full width
at half maximum (FWHM) intensity. The dislocation density
(8) and micro strain (¢) were evaluated using equations (2) and
(3) respectively.

1

BCoso
4 9

3

the values of D, £ and & are computed as shown in Table 1.
The average values were D = 10.8 nm, € = 0.367 % and 0
= 1.26x107* line/m? respectively. Figures 2a and 2b shows the
TEM image of CuO NPs and its histogram for particle size dis-
tribution at calcination temperatures of 350 °C. Figures 2c and
2d shows TEM image of CuO NPs and its histogram for particle
size distribution at synthesis temperature of 450 °C. The images
reveal that CuO NPs are spherically shaped and agglomerated.
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Table 1. Results for XRD analysis of CuO NPs.

Peak 20) (°) (hkl) p  (Radi- D A) & (%) d (line/m?)
ans)
1 324 110 0.564 147 0.236 4.63x107°
2 35.5 002 0.607 138 0.252 5.29x107°
3 38.7 111 0.841 100 0.346 9.95x107>
4 48.8 202 0.716 122 0.284 6.71 x107
5 53.4 020 1.115 80 0.432 1.55x107*
6 58.3 202 0.733 124 0.279 6.48x107°
7 61.6 113 0.727 127 0.272 6.16x107°
8 66.2 311 1.363 70 0.498 2.06x107*
9 68.0 113 0.952 101 0.344 9.85x107
10 72.4 311 0.901 109 0.317 8.37x1073
11 75.0 222 1.086 92 0.375 1.17x107*

The average particle size at calcination temperature of 350 and
450 °C were 6.1 + 0.1 and 9.1 = 0.1 nm respectively and are
comparable to XRD crystallite size calculated in Table 1. The
increase in particle size is thermodynamically influenced by the
increase in temperature. In general, the particle size of CuO
NPs realized in this article is smaller compared to previous re-
ports [25, 36, 38, 50].

3.1. Optical properties of CuO nanoparticles
Figure 3a shows the diffuse reflection spectra (DRS) of CuO
NPs for the as synthesized sample, calcinated sample at 350 and
450 °C. A sharp peak is observed at 536 nm for the as synthe-
sized sample. The peak disappears with the increase in calcina-
tion temperature. The disappearance of the peak is attributed to
phase transformation at 350 °C, which stabilizes at 450 °C and
forms particle sizes above the resonance frequency [51]. The
sharp peak at RT is attributed to surface Plasmon resonance ab-
sorption of metal oxide NPs, which is normally observed when
the wavelength is greater than the particle size on the material
[51, 52]. The DRS was converted to an equivalent absorption
spectrum shown in Figure 3b using the Kubelka-Munk (KM)
function [53]. The KM function is given by equation (4).
K (1-R)?
F(R)—S =g “
where F(R) is the Kubelka Munk function that is the ratio of
absorption coeflicient K, to scattering coefficient S and R is re-
flectance.
The band gap was computed by making a Tauc plot given
by equation (5):

(F(R)hv)" = A (hv), 4)

where hv is the optical energy, A is a constant and r is equal to
2 if the transition is direct or 1/2 if the transition is indirect. The
bandgap energy (E,) of CuO NPs were obtained by extrapolat-
ing the linear parts of the graphs. Figure 3c shows the Tauc plot
for CuO NPs at calcination temperatures of 350 and 450 °C.
A band gap of 1.56 eV was estimated for both samples. The
E, values are higher than that of bulk CuO (E,=1.2 eV [23]).
The increase in E, can be attributed to quantum size effects in
nanomaterials [53-56].

3.2. Fourier Transform Infrared (FTIR) analysis

Figure 4 shows the FTIR Spectra CuO NPs at two calcina-
tion temperatures. A sharp peak at 3689 cm™! is assigned to
the asymmetric stretching of the O-H bond in alcohols [50, 57].
The broad band at 2862 cm™! is due to the symmetric stretch-
ing of C—H bond [50]. The peak at 2310 cm™! is due to C=0
stretch and indicates the presence of alkanes [38]. A peak at
1646 cm™! is assigned to C-C bond and shows the presence of
alkenes [38]. The peak at 1357 cm™! is assigned to C-N bond
and indicates the presence of amine groups [50]. A peak lo-
cated at 1112 cm™'is due to Cu—OH bond [40] and the peak
at 1010 cm™! is assigned to CuO bond [57]. A vibration band
at 855 cm™! is assigned to —CH bending vibration [40]. A vi-
bration band at 706 cm™! is attributed to alcohol and phenolic
groups, C—-N stretching in amines [58]. Vibration bands at 615
cm™! and 505 cm™! in the inset of Figure 4 are assigned to the
presence of CuO vibration bonds [36, 40, 50, 59].

4. Device J-V Analysis

Figure 5a and 5b shows the J-V and P-V characteristics of
the fabricated solar cell. The power conversion efficiency (PCE)
was evaluated using equation (6).

PCE = %xloo, (6)
P in
where P, is the maximum power generated by the solar cell
and P;, is the incident power density of the solar simulator (100
mW/cm?). The solar cell yielded a PCE of 1.8 x 10™* % with a
Jse of 0.18 pA cm~2 and V,. of 0.17 V. The performance of the
fabricated solar cell is low as compared to other metal oxide
counter electrodes with Ruthenium based dye sensitizer [60-
64]. However, the performance is comparable to other non-
platinum counter electrodes with natural dye as sensitizers pho-
ton absorbers [64, 65]. Table 2 provides a summary of the per-
formance of Pt and non-Pt CEs based DSSCs with natural dyes
as photon absorbers. The efficiency of the fabricated device is 2
orders of magnitude lower than that of Pt and of the same order
as other non-Pt CEs like carbon and carbon soot. In general, so-
lar cells fabricated using natural dye sensitizers generally have
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Figure 5. (a) J-V and (b) P-V characteristic curves of the device.

Table 2. Comparison of efficiency values for some few selected DSSCs based on natural dyes.

Counter Dye PCE (%) Reference
electrode

Pt Strobilanthes cusia 1.18x1072  [68]

Pt Ocimum Gratissimum ~ 2.1x1072 [69]
Graphite Strobilanthes cusia 3.85x1072  [68]
Carbon Brassica oleracea var 5.4Ex1072  [70]
Carbon Turmeric 2.0x1073 [71]
Carbon soot  Mangifera indica 2.35x10™*  [65]
Carbon soot  Manihot esculenta 2.35%10™  [65]

CuO Pumpkin leaves 1.8x107* This study

low efficiency values, which is attributed to inefficient transfer
of electrons into the conduction band of TiO, as compared to
the commercial ruthenium based dyes sensitizers [66, 67].

5. Conclusion

In this study, CuO NPs of < 10 nm in particle size were
synthesized using a cheap, simple and eco-friendly approach.
The structural properties revealed a monoclinic phase of space
group C2/c. The optical properties revealed a band gap of 1.56
eV for the calcinated samples. The DSSC revealed a PCE
of 1.8x10™* % with an open circuit voltage of 0.17 V, short
circuit current density of 0.18 A cm~2 and maximum power
(Ppax) of 0.18 mW/cm? under standard test conditions. Al-
though this strategy for synthesizing CuO NPs using a green
synthesis technique was successful, the power conversion effi-
ciency of the solar cell was much lower as compared to con-
ventional Platinum counter electrode [44]. Further studies on
thickness control and other alternative thin film deposition tech-
nique such as dip-coating can possibly improve the efficiency

of the DSSC cell using CuO as a counter electrode. In ad-
dition, other plant materials can be investigated to synthesize
CuO nanoparticles of different dimensions. Further studies on
the use of a standard ruthenium dye sensitizer, oxidation states
of CuO using X-ray photoelectron spectroscopy, charge transfer
resistance/dynamics and band alignments at the interface can
enhance understanding of the synthesized material.
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