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A B S T R A C T

The influence of concentration of anthocyanins in dye sensitized solar cells (DSSC) has been investigated, with
focus on how concentration influence electron transport. The influence on electron transport was then linked to
solar cell performance. Anthocyanins were extracted from fresh flowers of Acanthus pubscenes using methanol
acidified with 0.5% trifluoracetic acid, concentrated using a rotary evaporator and partitioned against ethyl ac-
etate. Concentration of the anthocyanins was determined using Keracyanin Chloride as a standard. DSSC were
fabricated using Titanium dioxide as anode, anthocyanins as sensitizers and Platinum as counter electrode ma-
terial. Titanium dioxide was deposited on Fluorine doped Tin oxide glass substrate using slot coating method.
Platinum was deposited on FTO glass substrate using a brush previously dipped in plastisol precursor, and
annealed at 4500C for 20 min to activate Platinum. Dye sensitized solar cells were assembled using anthocyanins
at varying concentrations. Performance parameters of the solar cells were measured using a solar simulator which
was fitted with digital source meter. Electron transport parameters were studied using electrochemical impedance
spectroscopy (EIS). Open circuit voltage, short circuit current and fill factor were observed to increase with
concentration of anthocyanins. The increase in solar cell performance was attributed to increase in charge density
which led more charges being available for transported to solar cell contacts. The increased charge resulted in a
negative shift in Fermi level of electrons in the conduction band of TiO2. The shift in Fermi level resulted into an
increase in open circuit voltage and the overall solar cell performance. EIS studies revealed increase in recom-
bination resistance with concentration of anthocyanins. The increase in recombination resistance was found to be
related to increase in electron density, and hence the shift in the Fermi level of electrons in the conduction band of
TiO2.
1. Introduction

The world today is facing a daunting task of mitigating the impact of
greenhouse gasses emitted mostly from fossil sources of energy [1]. The
greenhouse gasses emitted by the sources have led to global warming,
and this has adverse effects on eco systems [2]. Because of the green-
house gasses, there are now climate changes, and this coupled with
growing energy demand and depletion of fossil resources, presents need
for sustainable and environmentally friendly energy technology [3].
Fortunately, energy from the sun to the earths is about 3� 1024J per year
[3]. This amount of energy, when harvested with a suitable technology
and converted into electricity can meet all man's energy needs, while at
the same time keeping the environment clean [1, 3, 4]. In the last few
lo).
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decades, researchers have therefore embarked on research to design
technologies that can be used to harvest this energy [5]. A type of solar
cell that has drawn attention since 1991 is the dye sensitized solar cells. It
has a low cost of fabrication, and is environmentally friendly, among its'
advantages [6].

The basic structure of the dye sensitized solar cell (DSSC) consists of a
photoanode and a cathode in between which is a redox electrolyte [6, 7].
The cathode is made of Platinum, while the anode is made of mesoporous
Titanium dioxide. Both Platinum and Titanium dioxide are separately
deposited on Fluorine doped Tin Oxide (FTO) glass substrate. Titanium is
given a sense of light by loading it with a dye [8]. When illuminated,
electrons in the dye immediately move from the highest occupied mo-
lecular orbital (HOMO) to the lowest unoccupied molecular orbital
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(LUMO), and subsequently releases electrons into the conduction band of
Titanium dioxide [8, 9]. A redox electrolyte restores the dye back to its
original state by donating an electron to the dye. The redox electrolyte is
itself restored to its original state, once it receives the electron that was
injected in the condition band of Titanium. The use of Platinum at the
cathode is to catalyze the transfer of electrons from the external circuit to
the redox couple. However, the main disadvantage of the dye sensitized
solar cell is their low efficiency. A lot of efforts have been made towards
improvement of their efficiency [10]. Some of the areas that have been
looked at include; increasing the absorption of light by the solar cells
within the electromagnetic spectrum, increasing the distance covered by
light through multiple reflection in the photoanode, and many more
[11]. As a result, there has been significant increase in efficiency of DSSC,
achieving 14.1 % by 2017 [12] for DSSC based on ruthenium-based
complexes. However, the ruthenium-based dye solar cells are expensive
and secondly, ruthenium metals used in making the dyes are scarce [13].
One the other hand, dyes from natural plants are relatively cheap and are
in abundancy. Because of the comparative advantages of natural dyes
over the ruthenium-based dyes, there has been numerous researches
involving naturals dyes, the world over.

Natural dyes contain light absorbing pigments. The dyes can be
extracted from plant leaves, fruits, flowers and stems. The compounds
responsible for light absorption in the pigments are anthocyanins, chlo-
rophyll, betalines and many more. These have been variously explored
for application in dye sensitized solar cells [1, 11, 14, 15, 16].

Radin studied dye solar cells fabricated using dye extracts from fresh
fruits which included; blueberry, blackrasberry, cherry,cranberry, rasp-
berry, strawberry, red grape [17]. The choice of the fruits was based on
their total anthocyanins contents. The dyes were extracted using water as
solvent. The highest efficiency obtained was 0.17%. Compared to other
dyes in the study, this high performance of the dye was attributed to the
short distance between the anthocyanin, cyanidin skeleton and the point
of attachment to the TiO2 surface. The short distance facilitates more
efficient charge transfer to the anode. In another study, Wuletaw and
Delele studied dye solar cells using dye extracts from flowers of Acanthus
sennii chiovenda and Euphorbia cotinifolia [14]. The solar conversion ef-
ficiency of the solar cells obtained were 0.15% and 0.136% respectively.
The 0.15% efficiency was for a solar cell sensitized using ethanol acidi-
fied with 1% HCl. Torchani and colleagues, investigated the performance
of dye solar cells using dye extracts from Henna and Mallow. Dye solar
cells sensitized using extracts from Mallow had a solar conversion effi-
ciency of 0.215%. Henna based solar cell had a solar conversion effi-
ciency of 0.157% [18]. In addition, Abebe and colleagues used dye
extracts from Teclea shimperi fruits as sensitizers. The dyes were extracted
using different solvents which included water, acidified methanol,
acidified ethanol, and acidified water-ethanol mixture at room temper-
ature. The solar cell structure consisted of PEDOT coated FTO counter,
TiO2 based anode, and a qusi-solide state electrolyte. Solar cells sensi-
tized using dyes extracted using acidified ethanol produced the best ef-
ficiency of 0.340�0.012%. Raja and co-workers explored the use of dye
extracts from Opuntia dillenii and Tamarindus indica [4]. The dyes were
extracted using methanol acidified with 1% HCl. Betalain was extracted
from Opuntia dilleniid and anthocyanins were extracted from Tamarindus
indica. The betalain based solar cell had efficiency of 0.47%. Anthocya-
nins sensitized solar, had an efficiency of 0.14%. The mixture of antho-
cyanins and betalain in ratio 1:1 by volume produced the best efficiency
of 0.2%.

While it is clear that the solar conversion efficiency of solar cells
based on natural dyes are very low, we do hypothesize that, the differ-
ences in performance are due to variations in concentration of light
absorbing compounds in the dyes. The differences in concentration do
influence electron transport in different ways, and the result is the dif-
ferences in solar conversion efficiency.

Dye sensitized solar cells were fabricated based on anthocyanins as
sensitizer at varying concentrations. Electron transport was studied using
EIS. Electron transport parameters were then used to explain solar cell
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performances. It was observed that, solar cell performance improves with
increase in concentration of anthocyanins. The highest efficiency ob-
tained was 0.145% with concentration of 1.18 mg/ml. EIS studies
revealed that, the improvement in solar cell performance was due to
increase in recombination resistance at the anode as concentration of
anthocyanins increases.

2. Experimental part

2.1. Materials

Methanol, ethyl acetate, acetone,2-propanol, trifluoracetic acid, were
purchased locally and were of HPLC grade. Liquid electrolyte (Iodolyte
AN-50), platinum catalyst paste (plastisol T/SP), Fluorine doped (FTO)
oxide glass substrate (7Ω2), hot melt sealing film meltonix (60μm) were
purchased from Solaronix SA. Kerocyanin chloride, liquid detergent,
Helmanex III, TiO2 nano powder (Degussa P25) comprising of approxi-
mately 30% rutile, and 70% anatase, Triton X-100, glass wool and
polyethylene glycol (M.W 10,000) were purchased from Merck.

2.2. Materials preparation and anthocyanins extraction

Fresh flowers of Acanthus pubscenswere collected fromMatugga along
Bombo road side, in Wakiso district, in central Uganda. Confirmation of
the plant type was done at Makerere University Herbarium in the
department of Plant Science, Microbiology and Biotechnology. Fresh
flowers (200g) of Acanthus pubscensweremacerated in methanol (700ml)
acidified with 0:5% trifluoracetic acid for 24 hours. The soaked flowers
were sieved and filtered with a funnel fitted with glass wool to obtain 500
ml of crude extract. The filtrate was concentrated using a rotary evapo-
rator set at 30 �C to obtain 40mls. The reason for concentration was to
expel methanol, a polar solvent that cannot be partitioned against ethyl
acetate [19]. 40 mls were partitioned against ethyl acetate in a separating
funnel. The lower layer contained mainly anthocyanins, while the upper
layer contained mainly chlorophylls, flavanols, carotenes and poly-
phenols [20]. The two layers were separated using a separating funnel,
and the upper layer discarded. Excess ethyl acetate in the aqueous layer
was expelled by subjecting the sample to rotary evaporation for a short
time again, and 27mls was recovered. 27 ml of the concentrated sample
was divided and transferred into four amber bottles, each carrying 5mls.
The amber bottles helped to protect the anthocyanins from light degra-
dation. To each of the four samples was added 20mls, 35mls, 50mls and
65mls of methanol acidified with 0.5% trifluoracetic acid.

2.3. Preparation of calibration curve

The major anthocyanin in Acanthus pubscene is cyanidin rutinoside
[21]. To determine the concentration of anthocyanins in the dye samples,
Kercyanin Chloride standard was used. 0.114 mg, 0.226 mg, 0.329 mg,
0.467 mg and 0.569 mg of Kercyanin Chloride was measured using an
electronic balance. The different masses were each dissolved in 10ml of
deionized water. Their absorbance was determined at 530 nm using a
Jenway spectrophotometer (Model 7305, UK).

2.4. Preparation of electrodes

FTO glass substrates were dipped in a bath of helmanex III (1%) for 20
min in an ultrasonic bath and later rinsed three times with deionized
water. Finally, the electrodes were bathed in ultra-sonic bath of acetone
for 20 min and 2-propanol for 20 min.

Titanium paste was prepared by blending 4g of commercial TiO2
nanopowder, 8ml of 0.1M nitric acid solution and polyethylene glycol
and Triton X-100. The mixture was completely ground in porcelain
mortar to form a paste [15]. The prepared TiO2 paste was deposited by
slot coating [14]. Deposition was on the conducting side of the FTO glass
substrate, on an of area 36 mm2, defined by a scorch tape. The deposited



Figure 2. UV-vis spectra for dyes at varying concentrations; a:0.4 mg/ml; b:0.6
mg/ml; c:1.0 mg/ml; and d:1.18 mg/ml. The arrow represents absorbance picks
for the different concentrations at 530 nm.
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TiO2 was annealed at 450 �C in an open-air tube furnace (Labtech, model
LEEF-4025-3) for 20 min. When it had cooled to about 30 �C, the anodes
were dipped in anthocyanins at varying concentrations and left to absorb
the anthocyanins for 16 hours.

The cathode was prepared by coating FTO glass substrates with a
Platinum. An art brush was dipped in plastisol, a platinum precursor and
applied onto the FTO glass substrate. Platinum catalyst was activated by
annealing in the tube furnace for 20min. The counter electrodes were left
to cool naturally in air.

2.5. Assembly of solar cells

The anodes, loaded with the dyes were picked from their holders and
washed with ethanol. The anodes were placed with conducting side
facing up. Meltonix, cut with a hole of about 8mm by 8mm was placed
such that, the deposited TiO2 loaded with the dye was within the hole.
The prepared counter electrode, was placed on top of the anode such
that, contacts to the solar cells were sufficient for applying copper tape to
improve electrical contact, and connecting crocodile clips. Sealing was
done by use of a hot solder iron, pressed ontop of the counter electrode,
along the edges of the solar cell. The electrolyte, Iodolyte-AN 50 was
injected into two holes behind the counter electrode, and the holes sealed
with cell cups and meltonix as before.

2.6. Measurement of photovoltaic performance and electron transport

Using a solar simulator, intensity of light was set at 1000Wm-2. A
Keithley instrument (Model 2400,4066884, C32) was used to measure
open circuit voltage, short circuit current, fill factor.

Electrochemical impedance spectroscopy (EIS) was done using an
Autolab PGSTAT 204. A voltage of 0.7Vwas applied to the solar cells, and
frequency was set to vary from 1Hz to 1MHz.

3. Results and discussion

3.1. Calibration curve and absorption properties of anthocyanins

The absorbance values of standard solutions at varying concentra-
tions were measured at 530 nm.Absorbance was plotted against con-
centration (Figure 1) using matlab software.

As predicted by the Lambert-Bear law, there is a linear relationship
between absorbance and concentration [16].

Absorbance of anthocyanins were now measured at 530 nm together
with their spectra. The results were plotted using matlab as before, and
the spectra is presented in Figure 2.

Using the equation y ¼ 0:078x þ 0:039, absorbance values were used
to compute concentration of the dye samples. These were; a:0.4 mg/ml;
b:0.6 mg/ml; c:1.0 mg/ml; and d:1.18 mg/ml.
Figure 1. Absorbance-concentration curve for the Kercyanin Chloride standard
solutions. The equation inset relates absorbance to concentration. y: Absor-
bance; x: concentration (mg/ml).
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From the UV-vis spectra, Figure 2, all the absorbances peak at
approximately 530 nm. This is consistent with results obtained by
Namukobe (2006). In an acidic medium, dye extracts with mainly an-
thocyanins are known to have absorbance peaks at 530 nm [22]. This
indicates that, the dye extracts contains mainly anthocyanins. In addi-
tion, as concentration increases, the area under the spectra increases.
This means the dye is able to absorb more photons as concentration in-
creases. Furthermore, at 530 nm, the peaks increase with concentration.
This observation is consistent with the Lambert-Bear law, a linear rela-
tionship between absorbance and concentration for a given pathlength of
light [16].
3.2. Photovoltaic performance

Performance parameters, namely; open circuit voltage (Voc), short
circuit current (Isc), and fill factor (FF), were measured. Conversion ef-
ficiency (η) was computed using the relation; η ¼ Voc � Jsc � FF� 100=
Pin ; where, Jsc is current density, Pin is the power of light incident onto
the solar cells [23]. The results are presented in Figure 3 and Table 1.

Table 1 shows that except for the solar cell for which concentration of
anthocyanins was lowest; a:0.4 mg/ml, open circuit voltage, short circuit
density, fill factor and efficiency all increase with increase in concen-
tration of anthocyanins. Maximum efficiency of 0.145% is obtained at
maximum concentration, d. The corresponding; open circuit voltage is
0.468V, short circuit current density:5.333 mA/cm2, and fill factor:
0.582. Increase in fill factor is observed to be marginal, becoming better
Figure 3. Current-Voltage (I–V) curves for the dye sensitized solar cells showing
the influence of anthocyanins on solar cell performance at 1 sun. a:0.4 mg/ml;
b:0.6 mg/ml; c:1.0 mg/ml; and d:1.18 mg/ml.



A. Okello et al. Heliyon 7 (2021) e06571
at higher concentration. The marginal increase is probably due to mar-
ginal increase in short current density.

Table 2 is a summary of selected studies done on solar cells using
natural dyes and an N3 synthetic dye.

Performances in Table 2 shows that, dye sensitized solar cells based
on natural dyes are generally low. In the table, the highest efficiency of a
dye sensitized solar cell based on a natural dye is 0.301%. For N3 dye,
which is a synthetic dye, the conversion efficiency is 4.05%. The poor
performance of solar cells based on natural dyes have been attributed to
probably poor interaction of natural dyes with TiO2 surface.
3.3. Discussion of increase in solar cell performance

The increase in short current density as concentration increases can
be attributed to increased absorption of light [26]. The increased
absorbance of photons leads to increased photogenerated electrons
(charge density) resulting into more current.

Open circuit voltage increases because of a shift in Fermi level of
electrons in the conduction band of TiO2 [27]. To explain the shift in
Fermi level of electrons in the conduction band, we consider the defini-
tion of open circuit voltage given by Eq. (1) [28].
Table 1. Performance of the DSSC with varying concentrations of anthocyanins, measu
open circuit voltage; Isc(mA/cm2): short circuit current density; FF: fill factor; η (%):

Concentration (mg/ml) Voc(V)

d 0.468

c 0.465

b 0.424

a 0.380

Table 2. Summary of performance of selected dyes. Voc(V):open circuit voltage; Isc(m

Specimen Major compound present Voc(V)

Acanthus pubscens Anthocyanin (Cyanidin) 0.468

Acanthus senii chio Not known 0.507

Blueberry Anthocyanin (Cyanidin) 0.392

Canarium odontophyllum Anthocyanin (Cyanidin) 0.35

Canarium Odontophyllum Anthocyanin (Pelargonidin) 0.357

Opuntia dillenii Betalain 0.521

Tamarindus indica Anthocyanin 0.532

Red frangipani flowers Not known 0.495

- N3 dye 0.782

Figure 4. a Schematic representation of chemical structure of Cyan
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Voc ¼Ecb

e
þ kT

e
ln

n
Ncb

� Ered

e
(1)
� �

where; Ecb is the Fermi level of electrons in the conduction band of TiO2, e
is the electron charge, k is the Boltzmann constant, T is temperature of
the semiconductor material (TiO2), Ncb is the density of states, n is the
number of electrons injected in the conduction band of the conduction
band of TiO2 and Ered is the redox potential of the electrolyte. The first
two terms on the right-hand side of Eq. (1) is collectively called the quasi
Fermi level of electrons in the conduction band of TiO2. This quasi Fermi
level is influenced by the number of electrons, n injected into the con-
duction band of TiO2 [28]. Because n is always less than Ncb , when n
becomes large at high concentration of anthocyanins, the term
ðkT =eÞlnðn =NcbÞ approaches zero. The open circuit voltage is then
approximated by Eq. (2) [29].

Voc �Ecb

e
� Ered

e
(2)

There is a difference of the term ðkT =eÞlnðn =NcbÞ between Equation 1
and Equation 2. The difference is the shift in Fermi level of electrons in
the conduction band of TiO2 that results into increase in open circuit
red at 1 sun. a:0.4 mg/ml; b:0.6 mg/ml; c:1.0 mg/ml; and d:1.18 mg/ml. Voc (V):
solar conversion efficiency.

Isc(mA/cm2) FF η (%)

5.333 0.582 0.145

5.224 0.577 0.140

5.028 0.524 0.111

5.778 0.620 0.065

A/cm2): short circuit current density; FF: fill factor; η (%): efficiency.

Isc (mA/cm2) FF η (%) Reference

5.333 0.582 0.145 This work

0.491 0.604 0.150 [14]

0.96 0.47 0.17 [17]

9.74 0.546 1.43 [24]

6.57 0.484 0.87 [24]

1.09 0.69 0.47 [4]

0.35 0.67 0.14 [4]

0.94 0.65 0.301 [25]

8.31 0.62 4.05 [25]

idin-3-glucoside and b Scheme of Cyanidin-3-rutinoside [21].



Figure 5. Schematic representation of complexation between cyanidin and TiO2 surface; a: flavilium form of the anthocyanins; b:quinonoidal form; Glu:glucoside or
rutinoside (Adapted from [13] under creative commons licenses [31]).

Figure 6. Nyquist plot, a graph of imaginary impedance against real impedance
for the solar cells at varying concentrations. a:0.4 mg/ml; b:0.6 mg/ml; c:1.0
mg/ml; and d: 1.18 mg/ml.
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voltage. Eq. (2) also gives the maximum possible open circuit voltage that
can obtained from a dye sensitized solar cell. However, owing to
recombination losses, the open circuit voltage obtained is always low
[17, 27].

Other factors which affect the quasi Fermi level include; (1) the
number of anchoring groups that attached themselves to TiO2 surface
and, (2) type of anchoring group [30]. Anthocyanins extracted from
Acanthus Pubscens contains two types of anthocyanins, namely; Cyanidin
-3-rutinoside (3%) and Cyanidin-3-glucoside (97%) [21]. The structures
are shown in Figure 4.

The attachment of cyanidin 3-glucoside onto the semiconductor TiO2
surface is shown in Figure 5.

The mode of attachment is through bidentate. The adsorption of the
dye onto the semiconductor surface acts as a pathway for injecting
electrons into the conduction band of TiO2 [13]. The interaction of these
two types of anthocyanins with TiO2 too probably causes a shift in the
Fermi level of electrons in the conduction band [13, 27].

The saturation of short circuit current as well as open circuit voltage
as observed from the closeness of I–V curves as concentration increases
can be attributed to decrease in electron injection efficiency into the
conduction band of TiO2 as a result of shift in the conduction band, the
nature of materials used to construct the solar cells [27] and steric hin-
derance on the surface of TiO2 as the concentration of anthocyanins in-
crease [32]. The steric hindrance affects the attachment of dye molecules
on the TiO2 surface and therefore not only affects charge injection in the
conduction band of TiO2 [8,17], but also the Fermi level of electrons in
TiO2.

Both fill factor and solar conversion efficiency are functions of short
circuit current and open circuit voltage. Their variations are there for
influenced by changes in open circuit voltage and short circuit current.
Figure 7. Simplified transmission line model; R1: Series resistance; R2:
recombination resistance of counter electrode; R3: recombination resistance of
anode; C1: chemical capacitance of anode; C2: Helmholtz capacitance of counter
electrode; W: Warburg impendance.
3.4. Electrochemical impedance spectroscopy

Information about electron transport in the solar cells was investi-
gated using impedance spectroscopy. Figure 6 shows the impedance
spectra that was obtained.

Interpretation of the EIS spectra was done in line with the trans-
mission line model [33]. Figure 7 was proposed as the equivalent circuit
for the solar cell, and was used to interprete the EIS spectra.
5

Usually, the impedance spectra consist of three arcs [34]. The visi-
bility of the arcs depends on the applied biasing voltage to the solar cell
[33]. At some applied voltages, depending on the solar cell, the arcs may
overlap one another [35].

In Figure 6, the clearly visible arc is associated with a parallel com-
bination of resistance to recombination, R3 at the anode, and the
chemical capacitance C2 of the anode. The diameter of this arc equals R3
[36]. This was measured using EIS spectrum analyzer [37]. The



Table 3. Determined electron transport parameters from Nyquist plots. a: 0.4
mg/ml; b: 0.6 mg/ml; c: 1.0 mg/ml; and d: 1.18 mg/ml; R1: series resistance, R3;
recombination resistance at anode Rt ðΩÞ: transport resistance.
Concentration
of dye used
(mg/ml)

R1(Ω) R3ðΩÞ Rt ðΩÞ

d 13.02 200.15 213.17

c 12.41 120.19 132.60

b 13.77 81.20 94.97

a 17.51 53.83 71.34
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measurement is illustrated on Figure 6 [36, 38]. R1 is read from the first
intercept on the real axis. Transport resistance was computed through the
relation; Rt ¼ R1þ R2þ R3 [39]. R2 was set to zero because of absence of
arcs representing recombination at the counter electrode in Figure 6. The
measured and computed parameters are presented in Table 3.

It follows from Table 3, that the solar cell with the lowest concen-
tration has the lowest recombination resistance and lowest transport
resistance. The solar cell with the highest recombination resistance and
transport resistance is made from the highest concentration of anthocy-
anins. Thus, recombination resistance and transport resistance is
observed to increase with increasing concentration of anthocyanins.

The recombination resistance is defined by Eq. (3) [29].

R3¼
�
∂jrec
∂VF

��1

� R0 exp
��βeVF

kT

�
(3)

where; jrec ¼ jsc � j is the current that results from recombination,VF is
the applied voltage corrected for series resistance, β is a coefficient that
is related to non-ideality factor, m through m ¼ 1=β. It defines the loss of
charge from TiO2 to electrolyte. e is the electron charge, k is Boltzmann
constant, and R0 is a parameter which defines activation of recombina-
tion. It is defined by Eq. (4)

R0 ¼
ffiffiffiffiffiffiffiffiffiffi
πλkT

p

e2LαkrcoxNs
exp

�
α
Ecb � Ered

kT
þ λ

4kT

�
(4)

where; L is the thickness of TiO2, cox is the concentration of acceptor
species in TiO2, λ reorganization energy of acceptor species, α is a
parameter associated with electron traps below the conduction band of
TiO2, kr is the rate constant for recombination kinetics.

It follows from Eqs. (3) and (4) that, it is R0 which influences
recombination resistance, R3 [40]. We note that, R0 is its self a function
of rate constant for recombination kinetics, kr , the energy difference,
Ecb � Ered, andmany other parameters defined in Eq. (4). In a solar cell, all
the other parameters are constant except kr and Ecb � Ered which depend
mostly on the number of electrons injected in the conduction band of
TiO2 [27]. Thus, the increase in recombination resistance can be attrib-
uted to increase in R0, which is directly linked to the number of electrons
injected in the conduction band of TiO2 [29]. It is possible that, increase
in recombination resistance leads to increased electron lifetime, and
therefore fewer elections do recombine with electron acceptor species
[41].
4. Conclusion

Dye sensitized solar cells were fabricated and sensitized using an-
thocyanins at different concentrations. The concentration of the antho-
cyanins used were 1.18 mg/ml, 1.00 mg/ml,0.60 mg/ml and 0.40 mg/
ml. The solar cells had conversion efficiencies of 0.145%, 0.140%,
0.111% and 0.065% respectively. It was observed that open circuit cur-
rent density, open circuit voltage, fill factor and solar conversion increase
with increase in concentration of anthocyanins. The increase in con-
centration allows for absorption of more light, and more electrons are
6

exited and injected into the conduction band of TiO2. This avails more
charge for transportation to the solar cell contacts. The increase in charge
density is indicated by increase in short current density. The increase in
open circuit voltage was attributed to shift in Fermi level of electrons in
the conduction band of TiO2. The Fermi level begins to shift immediately
charge density begins to increase.

The shift in Fermi level also led to increase in recombination resis-
tance. The bigger recombination resistance as concentration increased,
probably led to longer electron lifetime since fewer electrons recombined
with electron acceptor species. More electrons were therefore collected
and transported to cell contacts.
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