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Abstract
In this article, the chemical structure, optical absorption and photoluminescence properties of un/adsorbed dyes of hibiscus 
flower (H), pumpkin leaf (P), sweet potato leaf (S) and their composites (H: P & H: S) have been studied. The chemical 
structural properties revealed the O–H, C–C and C = O as the main anchoring functional groups. The optical absorption 
properties revealed two definite bands in between 450–500 nm and 600–680 nm wavelength for chlorophyll-based dyes 
and a peak at 526 nm for anthocyanin based dye extract. The composite dye extracts revealed optical absorption bands cor-
responding to chlorophyll and anthocyanin pigments with enhanced absorption of light. Five different solar cells based on 
H, P, S, H:P-3:1 and H:S-3:1 were developed and revealed an efficiency of ~ 0.08, 0.3, 0.5, 0.7 and ~ 1% respectively. The 
efficiency was reduced by half after 30 days. The composites had the highest power conversion efficiency due to more O–H, 
C–C and C = O binding sites on  TiO2 nanoparticles, reduced rate of electron–hole pair recombination and a wide range of 
optical absorption. These studies suggest that co-pigmentation can be an alternative strategy to increasing the power conver-
sion efficiency in DSSCs.
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1 Introduction

Renewable energy from sun light is an alternative to non-
renewable energy sources. It is clean, inexhaustible, easy to 
access and abundant energy resource on the surface of the 
earth [1]. Third generational solar cells like dye sensitized 
solar cells (DSSCs) have attracted attention in the research 
community because of the ease of processing and abundance 

of plant based dye extracts [2]. A DSSC has a similar work-
ing mechanism like a photo-electrochemical cell, where 
the production and movement of electrons are influenced 
by the interaction of chemical reactions and photon energy. 
The schematic diagram of a DSSC is shown in Fig. 1. The 
structure is basically comprised of four components; the 
dye (sensitizer), mesoporous photo-anode with a semi-con-
ducting layer usually  TiO2, liquid electrolyte usually (e.g. 
iodide/ triiodide, I−/I3−), and counter electrode (CE) usually 
Platinum (Pt). The thin films of semiconducting photo-anode 
and the Pt counter electrode materials are usually coated on 
transparent conductive oxide glass substrates (TCO). The 
most common substrates used are fluorine-doped glass sub-
strates (FTO) and indium doped glass substrates (ITO). The 
latter is widely used not only in DSSCs but other electronic/
optoelectronic devices[3]. The internal processes that take 
place inside a dye sensitized solar cell have been explained 
elsewhere in literature [3–5].

The efficiency of solar cells is calculated based on the 
relation [6].
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Here Voc is the open-circuit voltage, Jsc is short-circuit 
current density, FF is the fill factor, Pmax, is the maximum 
power generated by the device and Pin is the incident photon 
power [7]. In DSSCs, sensitizing dye is a crucial component. 
Dyes based on ruthenium (II) and osmium (II) complexes 
have been found to be the most efficient with an efficiency 
of over 13% [8]. Despite of that, they are costly, have heavy 
metals which have negative effects on the environment and 
are associated with complicated synthesis procedures [7]. 
Natural dyes are an alternative to the synthetic dyes due to 
their abundance, simple preparation procedures, and biodeg-
radability [9]. Plant-based dyes extracted from leaves, roots, 
tree barks, flowers and their composites (co-pigmentation) 
have been performed by various researchers, although these 
devices suffer from low levels efficiency and short-term sta-
bility as compared to synthetic dyes [3, 9–12]. Therefore, 
alternate dyes extracted from other plant based materials 
and their combinations (co-pigmentation) need to be studied 
extensively in order to improve on their photovoltaic effi-
ciency and evaluate on their long term stability for potential 
industrial production. Pumpkin leafs (chlorophyll pigment), 
sweet potato leafs (Chlorophyll pigment) and hibiscus flow-
ers (anthocyanin pigment) are non-perennial and perennial 
plants respectively, abundant and non-toxic. They are widely 
cultivated in Uganda, used as food (pumpkin leafs), bever-
ages (hibiscus flower) and animal feeds (sweet potato leafs). 
The dye extracts from these plant materials and their com-
posites have not been studied as dye sensitizers in DSSCs. 
In this article, we extracted dyes from pumpkin leafs, sweet 
potato leafs, hibiscus flowers and their composites as poten-
tial sensitizers in DSSCs. We studied their chemical struc-
tural properties, optical absorption properties, photolumines-
cence properties, fabricated the DSSCs and evaluated their 
efficiencies. It has been found that the efficiency of the com-
posite dyes is 1% higher than that of the individual dyes and 
has been attributed to more O–H, C–C and C = O binding 
sites onto  TiO2 nanoparticles, reduced rate of electron–hole 
pair recombination and a wide wavelength range of opti-
cal absorption. The enhanced efficiency has been supported 

(1)� =

V
oc
J
sc
FF

P
in

=

P
max

P
in

.

by the decrease in the photoluminescence emission spectra 
peaks for the adsorbed dyes onto  TiO2 nanoparticles. The 
device efficiencies were reduced by half of the original value 
after 30 days. These studies suggest that co-pigmentation 
can be an alternative strategy to increasing the power con-
version efficiency in DSSCs.

2  Experimental

2.1  Materials for dye extraction

The materials for dye extraction were pumpkin leafs, sweet 
potato leafs, hibiscus flowers, distilled water, Whatman filter 
paper (Cat No 1001 125) and ethanol. The plant leafs were 
collected from Uganda flora. Ethanol of 96% purity was pur-
chased from Griffchem.

2.2  Extraction of dyes from single plant materials

The plant materials were washed with distilled water and 
dried at 60 °C in an oven for 24 h. Using a mortar and pes-
tle, the plant materials were then crushed into powdered. 20 
g of pumpkin powder was dispersed in 100 ml of ethanol 
in amber bottle to give a concentration of 0.2 g/ml. Simi-
lar procedures were followed for dye extraction from sweet 
potato leaves and hibiscus powder. The solutions were kept 
in amber bottles in a dark environment at room temperature 
for 24 h. Due to the complexity of extracting dye solutions 
from hibiscus, the solution was warmed at 60 °C in an incu-
bator set at 150 rpm for 10 min and then kept in an amber 
bottle in a dark environment for a week. The solutions were 
then filtered and stored in amber bottles in a dark environ-
ment for characterization.

2.3  Extraction of dyes from composites

Denoting P as dye extract from pumpkin leaf powder, S as 
dye extract from sweet potato leaf powder and H as dye 
extract from hibiscus flower powder, the composites were 
developed using mass ratios of 3:1 where 3 is for H and 1 
is either for P or S. The choice of mass ratios was based on 
related studies from literature [9, 13]. 20 g of the mass ratio 
was dissolved in 100 ml of ethanol to give a concentration 
of 0.2 g/ml. Similar procedures in extraction of dyes from 
single plant materials discussed in the section above were 
followed for extraction of composites.

2.4  Materials for photo‑anode and counter 
electrode

The materials used for photo-anode and counter electrode 
were fluorine doped tin oxide substrates (FTO-2.5 × 2.5  cm2) 

Fig. 1  A schematic diagram of a DSSCs
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of sheet resistance = 6.7 ± 0.27 Ω/square cm from Ossila 
Ltd-UK,  TiO2 powder of particle size < 25 nm (anatase 
phase) from Sigma Aldrich, dihydrogen hexachloroplatinate 
(IV) hexahydrate (37.5% Pt, thermos scientific).

2.5  Substrate cleaning

FTO glass substrates were cleaned by soaking them in de-
ionized water followed by ethanol. It was then sonicated for 
3 h in an alcoholic solution containing de-ionized water and 
ethanol. They were then removed and allowed to dry in a 
clean environment at room temperature.

2.6  Preparation of photo‑anode and counter 
electrodes

TiO2 paste was prepared following previous procedures [2]. 
In brief, 1 g of  TiO2 nanoparticle were dissolved in 0.3 g of 
polyethylene glycol having a mixture of glacial acetic acid 
and de-ionized water of 6 ml each. The resultant mixture was 
placed in an ultrasonic bath and sonicated for 3 h. Two edges 
of FTO substrate were sealed using one layer of scotch tape 
of 0.06 mm in thickness.  TiO2 paste was drop casted five 
times using a micro-pipette on the substrate and kept at room 
temperature in a clean environment for 24 h to evaporate 
the solvent. The thickness of the scotch tape was equivalent 
to the thin film thickness and the coverage area was 2 × 2 
 cm2. The scotch tape was removed and the film annealed at 
300 °C in a muffle furnace for 1 h. The furnace was allowed 
to cool down naturally and the thin film was removed. The 
 TiO2 thin film was then immersed in the dye extracts for 
24 h. The soaked film was removed from the dye extracts, 
rinsed with ethanol and then applied as a photo-anode. The 
platinum counter electrode was prepared by dissolving 40 
mg of dihydrogen hexachloroplatinate (IV) hexahydrate in 
10 ml of ethanol and stirred on a magnetic plate for 5 min. 
Five drops were drop casted on FTO substrate using a micro-
pipette, kept for 24 h in a clean environment to evaporate the 
solvent and then annealed at 300 °C for 30 min in a muffle 
furnace. In total, five photo-anodes and counter electrodes 
were prepared following the same procedures.

2.7  Characterization of dye extracts, dye 
co‑pigments,  TiO2 nanoparticles and dyes 
adsorbed on  TiO2 nanoparticles

The chemical structural properties (functional groups) and 
optical absorption properties of dyes of pumpkin leafs, sweet 
potato leafs, hibiscus flower and their composites were char-
acterized using Fourier Transform Infrared (FTIR) spectros-
copy (SHIMADZU) using KBr pellet and GENESYS 10S 
UV–Visible spectroscopy (Thermo Scientific) respectively. 
The absorption spectra were carried out in wavelength range 

from 190 to 900 nm. The surface morphology of  TiO2 nan-
oparticles were characterized using a Scanning Electron 
Microscope (SEM) and have been reported in our previous 
publication[2], the particle size of  TiO2 nanoparticles was 
12 ± 2 nm determined using Transmission Electron Micro-
scope (TEM), Raman spectroscopy for crystal structural 
properties of  TiO2 before and after dye adsorption are simi-
larly reported in our previous studies[2]. Photoluminescence 
spectra was characterized using an FL spectrometer with an 
ocean optics system (350 nm UV light emitting diode). The 
surface morphology of the dyes adsorbed on  TiO2 nanopar-
ticles were investigated by a scanning electron microscope 
(FESEM, Jeol JSM-7400F).

2.8  Preparation of the electrolyte

Here, 0.127 g of iodine (I2) and 0.83 g of potassium iodide 
were placed into a clean beaker containing 10 ml of ethylene 
glycol, stirred for 30 min and stored in amber bottle [14].

2.9  Assembly of the DSSCs and current–voltage 
(I‑V) measurements

After dye adsorption, the photo-anode and counter elec-
trodes were sandwiched in such that conductive sides face 
each other. The electrolyte was drop casted at the edges of 
the substrates and drawn into the space between the elec-
trodes by capillary action. Using binder clips, the electrodes 
were firmly held together. Under one sun (AM1.5 100 
 mWcm−2) illumination from a solar simulator, the perfor-
mance of the solar cells was evaluated and the I-V charac-
teristic were recorded using Keithley SMU-2450. The active 
area of the device was 2  cm2.

3  Results and discussion

3.1  Optical absorption properties of individual dye 
extracts and their composite

The UV–Vis spectra was used to characterize the optical 
absorption characteristics of the extracted dyes and deter-
mine their potential to absorb and convert the suns photon 
energy into electrical power. The spectra of the extracted 
dyes at different dye concentrations from hibiscus flower, 
sweet potato leaf and pumpkin leaf are shown in Fig. 2. Fig-
ure 2a shows the UV–visible absorbance spectra of hibiscus 
flower dye extract. There was no significant change in the 
shape of the peaks with reducing dye concentrations. How-
ever, there was reduction in absorbance with reducing dye 
concentration. This can be attributed to reduction in antho-
cyanin- anthocyanin interactions. The maximum absorption 
peak is observed at 526 nm (2.35 eV). This peak signifies 
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that green and adjacent colours are absorbed and red colour 
in hibiscus is reflected hence presence of anthocyanin pig-
ment in hibiscus. The absorption peak obtained is in the 
absorption ranges for solar energy applications and in agree-
ment with earlier reports [15–17]. Figure 2b shows the opti-
cal absorption properties of sweet potato leaf dye extracts. 
Two prominent maximum absorption peaks at 466 (2.66 eV) 
and 664 nm (1.87 eV) are observed. The peak at 466 nm is 
known as the “blue” (Soret or B-) band and the peak at 664 
nm is known as the “red” (Q-) band [18, 19]. The two peaks 
indicates the presence of Chlorophyll b and a, respectively 
[2, 19, 20]. Figure 2c shows the absorption spectra of pump-
kin leaf dye extract with two major characteristic absorp-
tion bands between in the blue-visible region (450–500 nm) 
or (2.75–2.48 eV) and visible-red region (635–674 nm) or 
(1.95–1.84 eV), respectively. These two prominent absorp-
tion bands indicate the presence of carotenoids (neoxanthin) 
or chlorophyll b and chlorophyll a, respectively [2, 19–21]. 
Further, the two sharp absorption peaks at 535 nm (2.32 eV) 
and 608 nm (2.04 eV) represent the presence of π–π* elec-
tronic transitions of the porphyrin ring. The presence of the 
porphyrin ring confirms the ability of the dye to eject charge 

carriers from the excited state of pumpkin leaf sensitizer into 
the conduction band of  TiO2 photo-anode [21, 22]. Figure 2d 
and e shows the absorption spectra of the dye composites 
of sweet potato leaf and Hibiscus flower and pumpkin leaf 
and hibiscus flower, respectively. It can be observed that 
there is an increased optical absorption especially in the 
green region of the spectra which was previously reflected 
by single chlorophyll dyes, thus, widening the suns photon 
absorption spectra range for hibiscus pigment. The increased 
optical absorption is attributed to presence of anthocyanin 
pigment in the dye composites. It can also be observed that, 
there is a red shift from about 661 nm to between 663 and 
665 nm, a difference of 2–4 nm. The red shift could be due 
to anthocyanin and chlorophyll interaction. In both pump-
kin and sweet potato dye extracts and their composites and 
at higher concentrations, there was peak broadening of the 
bands between 600 and 700 nm wavelength range. This 
broadening of the bands is an indication of chlorophyll- 
chlorophyll interactions and the aggregation of pheophytin 
or the existence of two pigments [21, 22]. For lower concen-
trations, clear, sharp absorption peaks were observed in the 
spectra. It can be noted that different dilutions factors were 

Fig. 2  a–c Absorption spectra for hibiscus flower dye extract, sweet 
potato leaf dye extract and pumpkin leaf dye extract at different dye 
concentrations, d Absorption spectra of sweet potato and Hibis-
cus flower composite dye extract (S:H-1:3), e Absorption spectra of 

pumpkin leaf and Hibiscus flower composite dye extract (P:H-1:3). 
Figure c was reproduced with permission from reference [2]. NOTE: 
dilln stands for dilution of the initial concentration with ethanol
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used to optimize the concentration and eliminate the degree 
of possible dye extract aggregations in the solvent. In gen-
eral, the ability of the selected dyes and their composites to 
absorb photon energy across the entire UV–Vis–near infra-
red spectrum depicts their potential applications as photon 
absorbers in dye sensitized solar cells.

3.2  Fourier Transform Infrared (FTIR) analysis

FTIR spectroscopy is a non-destructive technique that 
is used to determine the functional groups in chemical 
compounds found in materials on the basis of peak posi-
tions. Ideal dyes are expected to have carboxyl (COOH) or 
hydroxyl (O–H) anchoring groups that enables them to be 
adsorbed onto the  TiO2 photo-electrode and are responsible 
for efficient charge transfer of electrons into the conduction 
band of the photo-anode and solar cell efficiency [21, 23]. 
The FTIR spectra of individual and mixed dyes P, S, H, PH, 
and SH were taken within the range of 4000–500  cm−1 and 
are shown in Fig. 3a. All the dyes have a broad band between 
3600 and 3200  cm−1 and is due to O–H stretching bond in 
phenolic compounds with a peak located ~ 3278  cm−1 [13, 
21, 24]. The peaks located at 2848 and 2915  cm−1 corre-
spond to the stretching vibrations of the symmetric (-CH2) 
and asymmetric (-CH3) groups, respectively [9, 25]. The 
vibration stretching at 1613  cm−1 correspond to -C = C of 
the alkene group [13, 25]. The diminished peak located at 
1381  cm−1 correspond to C–H bending vibration of  CH3 or 
alkane group [21]. The diminished vibration peak located 
at 1312  cm−1 correspond to O–H bending vibration of phe-
nols or amide III vibration and the  CH2 wagging modes 
[21]. The vibration band located at 1240  cm−1 correspond 
to C–O stretching vibration of the alkoxy groups [21]. Fur-
ther, the presence of functional groups with peaks observed 
in the dye extracts at 3278, 2915, 1613, 1381, 1312, and 
1240  cm−1 wavenumbers indicates that the dye extracts can 
bound effectively with  TiO2 nanoparticles and increase the 

electrons transfer process between the dye extracts and  TiO2 
layer, which increases short circuit current and power con-
version efficiency of the DSSC [18, 26]. It is observed that 
the transmittance intensities of the composites are higher 
as compared to the transmittance intensities of individual 
dyes. The higher intensities can be attributed to the higher 
mass percentage of anthocyanin present in the dyes. The 
high mass ratio increases the molecular weight, increas-
ing more anchoring O–H groups that increases the binding 
sites onto the photo-anode and hence expected to increase 
the efficiency of the DSSC. From the FTIR spectra of the 
selected dyes and their composites, it is observed the anchor-
ing group located at 2915  cm−1 and 2848  cm−1in S:H-1:3 
(corresponding to C–H stretching vibrations of methyl  (CH3) 
and methylene  (CH2) group) have the highest transmittance 
intensities as compared with other dyes. The high intensity 
implies more anchoring groups that can bind effectively with 
the  TiO2 nanoparticles and increase the electrons transfer 
process between the dye extracts and  TiO2 layer, which 
increases short circuit current and power conversion effi-
ciency of the DSSC [18, 26]. The extra vibrational peaks 
shown in Fig. 3b, located at ~ 2362  cm−1 in S:H-1:3 shows 
the presence of more N–H/C–O anchoring groups which 
increases the binding sites on the  TiO2 nanoparticles as com-
pared to other dyes [27] and therefore, this mass ratio can 
serve as the optimum value for the performance of DSSCs 
in this investigation.

3.3  Photoluminescence spectra (PL) of un‑adsorbed 
plant dyes

Photoluminescence is the emission of light when photons 
are absorbed by a material, in the process, the material 
absorbs a photon, generates electron–hole pairs, transi-
tions it to higher energy level, and returns it to the lower 
level by emitting a photon. It is an important tool in the 
characterization of opto-electronic devices [2].To gain 

Fig. 3  a FTIR spectra for pump-
kin leaf (P), sweet potato leaf 
(S), hibiscus flower (H), P:H-
1:3 and S:H-1:3, b Enlarged 
spectra between 3000 and 2800 
 cm-1.
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more insights between photoelectric conversion and 
photoemission, we probe the single and composite dye 
extracts with a 350 nm laser and record their photoemis-
sion properties as shown in Fig. 4. Figure 4a shows the 
PL spectra of sweet potato leaf powder. Three peaks were 
observed, a broad peak in the blue region with a maxi-
mum at 490 nm (2.53 eV), a sharp peak at 676 nm (1.83 
eV) and an arm at 723 nm (1.72 eV). The arm at 723 nm 
is the characteristic of chlorophyll [2, 9]. No green emis-
sion was observed. Figure 4b shows the PL spectra for 
pumpkin leaf. The observed peaks have been explained 
in our previous work [2]. Figure 4c show the PL spectra 
of hibiscus flower with a broad peak in the UV–Visible 
spectrum and two distinct peaks corresponding to 462 nm 
(2.7 eV) and 620 nm (2.0 eV). These energy values are 
consistent with the UV–Vis absorption spectra. Figure 4d 
shows the PL spectra for the composites. The spectra have 
similar features corresponding to the single PL peaks for 
chlorophyll and anthocyanin except with enhanced inten-
sity for SH in the red region of the spectrum. The peaks 
in the near red region of the spectrum originate from the 
recombination of a photo-generated hole with a singly 
ionized electron in the valence band and is responsible 
for red emission in materials [9].

3.4  Photoluminescence spectra (PL) of dye 
adsorbed on  TiO2 nanoparticles

To examine the photoemission of dyes adsorbed onto the 
 TiO2 nanoparticles,  TiO2 paste was deposited on soda lime 
glass substrate (SLG) by drop casting method following 
procedures reported elsewhere [2]. Figure 5 shows the PL 
spectra of individual and composite dye extracts adsorbed 
onto  TiO2 nanoparticles of particle size 12 ± 2nm [2]. For 
all the dye adsorbed on  TiO2, they have identical pattern in 
the UV region with a distinct peak positioned at ~ 450 nm. 
This peak emission positions are identical to those obtained 
from UV–visible spectroscopy. From Fig. 5a–e, generally, 
there is reduction in peak emission intensity for all the dye 
adsorbed samples and the total disappearance of the arm 
peak which was located 723 nm. Lower intensity suggests 
reduced electron–hole recombination rates and vice versa 
[9]. The composite dyes (S:H-1:3 & P:H-1:3) adsorbed on 
the  TiO2 nanoparticles have the lowest emission intensities 
suggesting lower electron–hole recombination rates and 
higher power conversion efficiencies [2, 9, 28–30].

3.5  Device J‑V characterization

Figure 6a shows the photo-image of the fabricated solar 
cell device and Fig. 6b shows the set-up used for J-V 

Fig. 4  PL spectra of powdered plant materials: a sweet potato leaf (S), b Pumpkin leaf (P), c Hibiscus flower (H) and d the composites in the 
ratios indicated (P:H-1:3 & S:H-1:3). Figure b is reproduced with permission from reference [2]
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Fig. 5  a–e PL spectra of dyes adsorbed on  TiO2 nanoparticle taken after 30 days. The thin films were deposited on soda lime glass substrate 
(SLG)

Fig. 6  a Optical image of fabricated DSSCs, b optical image of 
solar simulator, and Keithley SMU-2450, c J-V characteristics of the 
devices under 1 sun (i.e, Pincidence=100 mW/cm2), d power density 

versus bias for the plant material’s, e histogram of maximum power 
for the plant materials and f Histogram of efficiency of the different 
plant materials
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measurements. Figure 6c shows the J-V characteristics 
of the DSSCs. The summary of the short circuit cur-
rent and open circuit voltage is indicated in Table 1. 
Figure 6d shows a graph of power density against volt-
age. The material with the highest power density is the 
composite of S:H-1:3. From the table, it can be observed 
that hibiscus has the lowest short circuit current and the 
highest open circuit voltage, whereas the composite of 
S:H-1:3 has the highest short circuit current density, and 
maximum power density resulting into the highest power 
conversion efficiency of 1%. The variation of maximum 
power extracted from the devices and the power conver-
sion efficiencies are illustrated in the histogram shown in 
Fig. 6e and f respectively.

The best power conversion efficiency in sweet potato 
single dye based DSSC is attributed to higher short cir-
cuit current density and reduction of electron–hole pair 
recombination’s. Generally, as summarised in Table 1 and 
illustrated in the histograms, dye sensitized solar cells 
fabricated from dye composites have better power conver-
sion efficiencies than the individual dyes. The cell based 
on SH dye composite has a power conversion efficiency 
of 1.0% which is greater than that of PH (0.65%) com-
posite based DSSC. The highest efficiency observed in 
the S:H-1:3 composite is attributed to the wide range of 
optical absorption spectrum, reduction in defect states, 
reduced electron–hole pair recombination rates and the 
presence of a large number of C-H,  CH3,  CH2, N–H/C–O 
anchoring group that bind effectively on  TiO2 nanoparti-
cles, thus increasing the short circuit current and power 
conversion efficiency of the DSSC. The performance of 
this new family of dyes is comparable and even better 
than previous studies as summarised in Table 1 [11, 14, 
16, 19, 23–27].

3.6  Surface morphology of dye sensitized 
photo‑anodes

A scanning electron microscope was used to determine the 
distribution of adsorbed dye extracts on the photoanodes. 
Figure 7a–e shows the surface morphology of H, P, S, P:H-
1:3 and S:H-1:3 dyes adsorbed on  TiO2 nanoparticles respec-
tively. It is observed that the single and composite dyes are 
fairly uniformly distributed across the entire photoanodes. 
The dyes are adsorbed on highly macroporous homogene-
ously distributed spherically shaped  TiO2 nanoparticles. The 
macroporosity is advantageous for good percolation of the 
electrolyte through the  TiO2 matrix and promotes continuous 
charge transport across the entire device structure [39, 40].

3.7  Device J‑V stability experiments

To evaluate the stability of the device stored under ambient 
temperature conditions, the J-V measurements were carried 
after 7 and 30 days. The data were recorded and interpreted 
as shown in Figs. 8a–d and 9a–d for device J–V measure-
ments taken after 7 and 30 days respectively. The device 
efficiencies are relatively stable with no significant dye deg-
radation after 7 days. However, significant dye degradation 
occurred after 30 days which resulted into the device effi-
ciencies being reduced to almost half.

4  Correlation between UV–Vis, FTIR and PL 
spectra on the device performance

The UV–Vis spectra provide the photon absorption wave-
length range of the device. For Hibiscus, one prominent peak 
in the “blue” region of the spectrum was identified. Two 
prominent bands were identified in chlorophyll single based 

Table 1  Photovoltaic parameters of the fabricated solar cells and literature values under 1 sun illumination

S.n Plant material Jsc (mA/cm2) Voc (V) Pmax (µW/cm2) FF η (%) References

1 Pumpkin leaf (P) 0.0303 0.28 3 – 0.30 This work
2 Sweet potato leaf (S) 0.0314 0.55 5 – 0.50 This work
3 Hibiscus flower (H) 0.0044 0.67 0.8 – 0.08 This work
4 P:H-1:3 0.0296 0.41 6.5 – 0.65 This work
5 S:H-1:3 0.0603 0.47 10 – 1.0 This work
6 Chrysanthemum (violet, green and blue) 0.34—0.85 0.47–0.58 – 0.41–0.48 0.485 – 1.35 [31]
7 Prickly Pear Fruit 2.64–3.49 0.61–0.66 – 0.47–0.61 0.75–1.4 [32]
8 Coral Gerbera, orange Gerbera, Red Gerbera, 

Yellow Gerbera
0.00–1.22 0.58–0.59 – 0.51–0.56 1.12–1.54 [25]

9 Blackberry, pomegranate, and black grape 0.82–6.69 0.35–1.18 – 0.3–0.45 0.39–1.05 [33]
10 Chlorophyll and anthocyanin Co-sensitizers 0.65–2.91 0.56–0.64 – 0.40–0.61 0.18–1.14 [13]
11 Serratia marcescens 11E (prodigiosin pigment) 0.096 0.56 – 0.597 0.032 [34]
12 Cassia fistula 0.54 0.51 – 0.65 0.21 [35]
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dyes; the “blue” band and the “red” band, whereas for mixed 
dyes, the bands were across the entire spectrum with two 
prominent bands; the “blue” band and the “red” band. These 

photon peaks in the entire UV–Vis–near infrared spectrum 
are responsible for the conversion of the sun’s energy into 
electric power. The FTIR spectra provides the anchoring 

Fig. 7  SEM images of  TiO2 photo-anodes sensitized with; a P, b H, c S, d P:H-1:3 and e S:H-1:3 dye extracts. 

Fig. 8  a J-V characteristics of the devices under 1 sun (i.e, 
Pincidence=100 mW/cm2), b power density versus bias for the plant 
material’s, c histogram of maximum power for the plant materials and 

d histogram of efficiency of the different plant materials. Measure-
ments were taken after seven days
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(functional) groups that bind effectively with the  TiO2 nano-
particles. This anchoring groups enables the charge transfer 
processes between the dye and the  TiO2 nanoparticles. The 
higher the number of anchoring groups, the higher the effi-
ciency. The higher intensities observed in the FTIR spectra 
for the composites as compared to their single dye counter 
parts is due to the presence of a large number of anchor-
ing groups on the surface of  TiO2 nanoparticles. For the 
same reason, the efficiencies of the DSSC with composites 
is higher than that of single dye extracts. The PL spectra 
provides the relationship between photon emission and pho-
toelectric conversion of the dye sensitized solar cells. The 
higher the intensity of photon emission, the poor perfor-
mance of the device. In this case, it has been observed that 
single dyes adsorbed onto  TiO2 nanoparticles have higher 
PL intensities and mixed dyes have lower PL intensities and 
thus higher power conversion efficiencies.

5  Conclusions

In summary, we have extracted chlorophyll and anthocya-
nin pigments and applied them as sensitizers and co-sen-
sitizers in dye sensitized solar cells. The dyes absorb light 

in the UV–visible and near infrared region of the electro-
magnetic spectrum. Our findings show that dye composites 
have a synergetic effect on optical absorption properties 
and eventually enhancing the power conversion efficiency 
of the DSSC. In particular, five different solar cells with 
dye extract from hibiscus, pumpkin leaf, sweat potato leaf, 
and their two composites revealed a power conversion effi-
ciency of ~ 0.08, 0.3, 0.5, 0.7 and 1%, respectively. The 
enhanced efficiency has been supported by a decrease in 
the photoluminescence emission spectra intensities for the 
adsorbed dyes onto  TiO2 nanoparticles and has been attrib-
uted to more O–H, C–C and C = O binding sites onto  TiO2 
nanoparticles, reduced rate of electron–hole pair recom-
bination and a wide wavelength range of optical absorp-
tion. The device efficiencies were reduced by half of the 
original value after 30 days, which makes their industrial 
applications and long term use unrealistic. Although the 
power conversion efficiency was improved by using this 
strategy, the reported efficiency is almost 13 times lower 
than that of the synthetic dyes. Strategies on stabilizing 
the dye and increasing the power conversion efficiency to 
match or better than those of synthetic dyes are areas that 
require further research.

Fig. 9  a J-V characteristics of the devices under 1 sun (i.e, 
Pincidence=100 mW/cm2), b power density versus bias for the plant 
material’s, c histogram of maximum power for the plant materials and 

d histogram of efficiency of the different plant materials. Measure-
ments were taken after 30 days
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