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Abstract

This study extracted, purified and applied the extracts of H. sabdariffa as photo-sensitizers in dye-
sensitized solar cells. The chemical properties of the extracts were examined using UV, FT-IR and GC-
FID spectroscopic studies. The photoelectrochemical properties of the extracts were also reported. U-
V spectra showed significant difference in the absorbance and wavelengths of the crude and purified
samples of H. sabdariffa (HSE and HSP respectively). The former has characteristic absorptions of 1.096
at 330 nm and 0.211 at 540 nm, and the latter, 0.211 at 335 nm and 0.334 at 540 nm. Shifts in the
wavelengths of the absorption (around 330 - 350 nm) and a characteristic decrease in the absorption
between the HSE and HSP were observed. The FT-IR spectra of the HSE and HSP have similar
characteristic absorbances peculiar Yo OH, C=0, C-C double bond (both aliphatic and aromatic) and C-O
HSP has two additional absorbances at 2365 cm™ and 2075cm™. The spectra of the purified sample have
bathochromic (red) shifts on the hydroxyl group and hypsochromic (blue) shifts on the benzene. The GC-
FID chromatograms revealed the presence of six anthocyanidins and the spectra data showed the amount
of the anthocyanidins in mg per 100 g of the sample. The results showed that delphinidin was in abundance,
followed by cyanidin in both samples. The quantities of the delphinidin increased with purity of the
samples, while the others decreased with purity for both samples. The photovoltaic performances of HSE
and HSP have the fill factors of 0.254 and 0.347 and the overall efficiencies of 0.118% and 0.645%
respectively. From these data, the purified sample has higher fill factor and efficiency than the unpurified
extract.
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Introduction
The redox and optical properties of natural & Clark, 2007). Anthocyanins from Hibiscus

pigments (like anthocyanins) make them well suited ~Corresponding author: +2348054284452
for a variety of applications (Simmonds, 2003; Qin Email address: aiboldkip@gmail.com
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sabdariffa (H. sabdariffa) have been shown to have
high antioxidant activity (Fossen et al., 2004;
Ajiboye et al, 2011), indicating a relatively low
oxidation potential (Harborne & Williams, 2000; Kim
et al, 2003). Anthocyanins are water-soluble
glycosides of polyhydroxyl and polymethoxyl
derivatives of 2-phenylbenzopyrylium or flavylium
salts and an anthocyanin without sugar moiety is
referred to as an anthocyanidin (Jordheim et al.,
2006). Anthocyanins and anthocyanidins have been
widely applied in various fields such as sensitizers in
dye-sensitized solar cells (DSSCs).

Many research works have examined the
anthocyanins in parts of plants - leaves, flowers,
seeds, and others qualitatively (Boyo et al., 2013).
This study concentrated on the quantitative analysis
of the constituents of the extracts of the calyxes
of H. sabdariffa which contain composite of
anthocyanins. One of the biggest challenges ahead
the human being is to replace the fossil fuel with
renewable energy sources, while keeping pace with
worldwide thirst for energy because of increasing
population and rising demand from developing
countries (Wang et al., 2010; Adenike et al., 2013),
like Nigeria. This challenge has to be answered with
a low-cost solution using abundantly available raw
materials. Sun is an obvious source of clean and
cheap energy, already used by nature to sustain
almost all life on Earth (Grdtzel, 2004; Bisquert et
al., 2006). The dye-sensitized solar cell (DSSC)
provides a technically and economically credible
alternative concept to present day junction
photovoltaic devices (Bisquert et al., 2004; Andre et
al., 2006). In contrast to the conventional silicon
systems, where the semiconductor assumes both the
task of light absorption and charge carrier
transport, the two functions are separated here.
Light is absorbed by a sensitizer, which is anchored
to the surface of a wide band gap oxide
semiconductor; TiOz was used. Charge separation
takes place at the interface via photo-induced
electron injection from the dye into the conduction
band of the solid (Pooman & Mehran, 2007).
Transition metal coordination compounds (ruthenium
polypyridyl complexes) have been used as the
effective sensitizers, due to their intense charge-
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transfer absorption in the whole visible range and
highly efficient metal-to-ligand charge transfer
(Kelly & Meyer, 2001; Grdtzel, 2004). However
ruthenium polypyridyl complexes have a heavy metal,
which is undesirable from the environmental point of
view (Brouillard et al, 2003; Cheng et al., 2011).
Moreover, the process to synthesize the complexes
is complicated and costly (Kay & Gradtzel, 2002; Boyo
et al., 2012). The availability and low cost of the
natural dyes made them better candidates to be
used for the same purpose with an acceptable
efficiency. The ability of this molecule to convert
the light into electricity and to induce redox
reactions is very interesting fo be implemented in
artificial systems (Duthie et al., 2000; Hwan et al.,
2011).

Materials and Methods

The experimental studies for this work
involved the extraction and purification of
anthocyanins compounds in the plant materials,
structural elucidation of the samples using
spectrometry methods Ultra-violet (UV), Fourier
transformed  infra-red (FT-IR) and Gas
chromatography coupled with Flame ionization
detector (GC-FID), and photoelectrochemical
studies i.e the fabrication and testing of dye-
sensitized solar cells using the crude and purified
extracts of Hibiscus sabdariffa as the sensitizers.

Extraction and purification of anthocyanins
compounds in plant materials

Plant material and sample preparation: dried
calyxes of H. sabdariffa were purchased from
Igbonno market, Osogbo, Nigeria. The samples were
air dried under shade for ten days at room
temperature. They were pulverized mechanically
with the aid of liquidizer. Extraction of the sample
was done using solvent system that comprised of
distilled water, methanol and 1 M HNO3 in ratio 10:
9: 1 respectively.

Extraction and purification of the anthocyanin
Modified methods of Takeda et al. (1994)

which involve the use of a mixture of formic acid,

ethanol, and distilled water (1:10:9) was employed.
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The samples were completely submerged in the
solvent system and then covered in air tight glass
bottle. Extraction was allowed to proceed for 24h.
The extract was decanted and the solvent reduced
by evaporation in water bath at 50 + 5 °C to obtain
concentrated extract. The concentrated or dried
extracts were stored in dark bottles at room
temperature. About 7.32 g of dried extract of H.
sabdariffa extract (HSE) was obtained from the 50
g of the calyxes (sample) extracted. Anthocyanin
purification was done using the method of Ajiboye et
al. (2011). The filtered extract was transferred into
a separatory funnel and "washed" three times with
equal volumes of ethylacetate to remove flavones.
The third volume of the ethylacetate that was added
and the extract were mixed thoroughly in the
separatory funnel and left overnight. The
ethylacetate-free layer, containing the partially
purified anthocyanin, was obtained (Ajiboye et al.,
2011). Then, 50 mL of the ethylacetate-free extract
and 50 mL of 0.5% neutral lead acetate solution were
mixed and kept in the refrigerator at 4°C for 48 h
to ensure complete precipitation of anthocyanin.
After 48 h, blue supernatant was found and part of
it was discarded. The precipitate was re-suspended
in the remaining supernatant and transferred into
test tubes, and was centrifuged at 5,000 rpm for 5
minutes. A blue supernatant and a dark precipitate
(anthocyanidin) were obtained, and the supernatant
was discarded. About 5 mL of 0.5% solution of
sulfuric acid was added to the precipitate to remove
lead as lead sulfate (PbSO4), and the precipitate was
simultaneously re-solubilized fo give a red solution.
The mixture was filtered to remove the PbSO4 and
the filtrate. The filtrate was concentrated in a
water bath at 50 + 5 °C to obtain the purified
anthocyanin, which was stored in a dark plastic
bottle in a refrigerator until use. About 2.61 g of the
purified H. sabdariffa (HSP) sample was obtained
from 50 g.

Structural elucidation of the samples using UV,
FTIR and GC-FID.
Absorption spectroscopy

UV-visible absorbance spectra of H.
sabdariffa anthocyanin as well as the purified HSE
and HSP respectively were scanned at 300 -1,000 nm
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with a PerkinElmer UV-visible spectrometer (Lambda
EZ201; PerkinElmer, Waltham, Massachusetts,
USA).

Fourier transform infrared (FT-IR)

All experiments were performed under high
vacuum (10 mbar) conditions using Fourier
Transform infrared spectroscopy (FT-IR) over the
4000-350 cm™ spectra range at 500 cm™ resolution.

Gas Chromatography coupled with Flame Ionization
Detector (6C-FID)

Qualitative and quantitative analyses of the
six common anthocyanins were determined using gas
chromatography coupled with Flame Ionization
Detector (6C-FID) HP6890 powered with HP chem.
Station Rev. A.09.01 [1206] software.

Photoelectrochemical Studies Preparation and
deposition of titanium dioxide (TiO2) film
Titanium dioxide (TiOz) film was prepared by
the incremental addition of 20 mL of 1.0 M HNO3
solution to 12 g of colloidal TiO2 powder (obtained
from Degussa P25 TiOz, 3500 Embassy Parkway,
Akron, OH, 44333, USA) in a mortar and pestle. The
mixture was ground on each addition of the 1 mL acid
solution until when the previously mixed and
pulverized powder has produced a uniform and lump-
free paste (Boyo et al., 2013; Braun, 2006)
Glass plates coated with a conductive layer of
fluorine doped SnO: (obtained from Hartford Glass
Co. Inc., P.O. Box 613, Hartford City, IN 47348,
USA, Fax 765-348-5435) was cut into regular pieces
(2.5 cm by 2.5 cm). A volt-ohm meter was used to
check the conductive side of the glass. Four pieces
of adhesive tape were applied to the face (edge) of
the conductive glass plate in order to mask a 1-2 mm
strip at three of the four edges, and a 4-5 mm strip
was masked on the fourth side. The tape was
extended from the edge of the glass to the table at
a 450 angle to secure the glass. The tape formed 40-
50 tm deep mold or channel into which the TiO:
solution flown and masked strip edge of the
conductive glass was used as an avenue to establish
electrical contact. Three drops of the water-based
TiO2 solution was placed uniformly on the plate
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(approximately 5 pl per cm?) then a glass stirring rod
was rolled over the plate to spread and distributed
the material. The film was then allowed to dry in air
for 1 min. The tape was carefully removed and the
film was annealed and sintered in hot air stream
(furnace) at 450 °C for 30 min. The TiOz coated
conductive glass was allowed to slowly cool to room
temperature. The resulting 7-10 pm thick TiOz film
has a porous (Close et al., 2003), sponge-like
structure that enhances both the light absorption
and electron collection efficiency in a similar way as
the thylakoid membrane found in green plants
(Jordheim et al., 2006; Kalaighan, 2006)

Staining of the titanium dioxide with the dye

0.1 g each of the concentrated samples was
dissolved in 5 mL of distilled deionized water,
filtered and used as dye solution (Lee, 2002)

TiO2 coated glass plate was soaked (facing the dye
solution) for 10 min in each of the various types of
anthocyanin extracts, until the white TiO: paste
could not be seen upon viewing the stained film from
either side of the supporting glass plate.

Carbon coating the counter electrode

While the TiO: electrode was being stained
in the anthocyanin solution, the counter electrode
was made from another (2.5 cm by 2.5 cm) piece of
conductive SnO: coated glass. A graphite (carbon)
rod was used to apply a light carbon film to the
entire conductive side of the plate and the thin
carbon layer served as a catalyst for the tri-iodide
to iodide regeneration reaction, no masking tape was
applied on the counter electrode, and thus the whole
surface was catalyst coated. The carbon-coated
counter electrode was annealed (heated and allowed
to cool, to prevent internal stress) at 450 °C for
about 5 minutes (Boyo et al., 2012). The counter
electrode was carefully washed with ethanol and
gently blotted dry with tissue paper before the
device was assembled.

Assembling the solar cell device andmeasurement
of the electrical output characteristics

The anthocyanin-stained TiO: electrode was
carefully removed rinsed with ethanol and gently
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blotted dry with tissue paper. The dried electrode
was then quickly placed on the table such that the
film side was faced up, and the catalyst-coated
counter electrode was placed on the top so that
conductive side of the counter electrode faces the
TiO2. The two opposing glass plates were offset so
that it was covered by the counter electrode, and
the 4 mm strip of glass not coated by TiO. was
exposed. The two exposed sides of the device served
as the contact points for the negative and positive
electrodes through which electricity was extracted
to test the cell. Two binder clips were used to gently
hold the plates together at the other edges. Todide
electrolyte solution is 0.5 M potassium iodide mixed
with 0.05 M iodine in water-free ethylene glycol.
Two drops of the iodide/iodine electrolyte solution
was then placed at the edges of the plates and the
two binder clips were alternately opened and closed
while the clips were in place. The liquid was drawn
into the space between the electrodes by capillary
action, and was seen to wet the stained TiO: film
(Boyo et al., 2012). The completed solar cell/light
detector was taken for indoor measurements, the
cell was illuminated by a 50 W (GE 12V) Tungsten
Halogen lamp equipped with integral parabolic
reflector and UV and IR blocking filter. The indoor
light sources were calibrated by adjusting the light
infensity or distance from the cell to the light
source so that the maximum current values are
identical to the outdoor measurements. The full
current-voltage (I-V) curves were measured using a
1000 2 potentiometer as a variable load. Point by
point current and voltage data was gathered at each
incremental resistance value and plotted on graph
paper. If a cell dries out, another drop of electrolyte
was added to the edges of the plates to revive it.

Measurement of the performance of the solar
cells

The four quantities; current density (Jsc), open
circuit voltage (Voo), fill factor (FF) and the
efficiency (n) were used to characterize the
performance of the solar cells. These properties
were measured under standard lighting conditions,
which implies Air Mass 1.5 spectrum, light flux of
1000 W/m? and temperature of 25°C. The four
important quantities are measured are open circuit
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voltage (Voc), short circuit current (Is), fill factor
(FF) and efficiency (n)
FF = Jm/m

]SCVOC

The maximum power density occurs somewhere
between V = O (short circuit) and V = V.. (open
circuit) at a voltage Vm. The corresponding current
density is called Jn, and thus the maximum power
density is Pn = Jm V. In these studies Ps used was
50W throughout.

Results and Discussion

Spectroscopic data and spectra
U-V spectra:

The U-V spectra of the extracts and the
purified samples are presented in figures 1 to 2 and
table 1 for the crude extract of H. sabdariffa (HSE)
and purified extract of H. sabdariffa (HSP)
respectively. The samples were scanned between
350 - 1000 nm. There were significant difference in
the absorbance and wavelengths of the HSE and
HSP; the former has peaks with absorbance of 1.096
at 330 nm and 0.211 at 540 nm, and a valley with
absorbance of 0.116 at 450 nm and the latter, on the
other hand has peaks with absorbance of 0.211 at
335 nm and 0.334 at 540 nm, and a valley with
absorbance of 0.077 at 400 nm. There were shifts
in the wavelengths of one peak (around 330 - 350
nm) and the valley, with a characteristic decrease in
the absorbance of the peak and the valley. The
absorbance at 540 nm has no shift in the two samples
but an increase in the absorbance of HSP.

Figure 1: Absorption spectra of the crude extract of H. sabdariffa
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Figure 2: Absorption spectra of the purified extract of H. sabdariffa

Table 1: Summary of the U-V absorption peaks of HSE and HSP

Sample Absorbance Wavelength (nm) Nature of Absorbance
HSE 1.096 330 Peak
0.211 540 Peak
0.116 450 Valley
HSP 0.211 335 Peak
0.334 540 Peak
0.077 400 Valley

HSE = crude extract of H. sabdariffa.; HSP = purified extract of H. sabdariffa
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Fourier-transformed infrared spectra
The spectra obtained for the FT-IR analyses 4 respectively and the Table 2 contained the
of the HSE and HSP, are presented as Figs. 3 and  summary spectra of the samples

o HSE

4000.0 3000 2000 1500 1000 500 350.0

Figure 3: Fourier-transformed infrared spectra for the dye extract obtained from the calyxes of H.
Sabdariffa
HSE = crude extract of H. sabdariffa

HSP

2365.71

1445.42
o

3302.00 1736.42 1013.98 590.00

Al 1213.00
1638.08

-2.0

4000.0 3000 2000 1500 1000 500 350.0
cm-1

Figure 4: Fourier-transformed infrared spectra for the purified dye obtained from the calyxes of H.
Sabdariffa

HSP = purified extract of H. sabdariffa
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Table 2: Amount of anthocyanidins in the extracts and purified sample extracts

S/N Anthocyanidin HSE (mg/100g) HSP (mg/100g)
1 Pelargonidin (Pg) 4.148 2.250
2 Delphinidin (Dp) 535.313 563.365
3 Cyanidin (Cy) 72.700 43.817
4 Petunidin (Pt) 1.826 0.837
5 Peonidin (Pn) 1.223 0.121
6 Malvidin (Mv) 1.217 0.034
7 Total 616.426 610.423

HSE = crude extract of H. sabdariffa. HSP = purified extract of H. sabdariffa. The amount of HSE and HSP were expressed in mg

per 100g of the sample

The spectra of the HSE and HSP were similar
with characteristic absorption of:

. Hydroxyl (OH alcohol: 3650 - 3200 cm™);
although that of the HSP was broader

ii.  Carboxyl (C=0; 1780 - 1650 cm™)

iii.  Aliphatic C-C double bond (C=C; 1680 -
1600 cm™)

iv. Aromatic C-C double bond (benzene; ~1600
& ~ 1500-1430 cm™)

v.  Carbonyl (C-O; 1230 - 1020 cm™)

Apart from these two other absorbances were
found on the spectra of the HSP, these were
2365 cm™ and 2075cm™.

However, the spectra of the purified
samples have bathochromic (red) (Bloor & Falshaw,
2000; Braun, 2006) shifts on the hydroxyl group
and hypsochromic (blue) shifts on the benzene ring
(Doris et al., 2000; Forsen et al., 2003).

Gas chromatography-flame ionization detector
(6C-FID) chromatograms and spectra data.

The GC-FID chromatograms and analyses of
the anthocyanins in the HSE and HSP as presented
in figures 5 to 8 and table 3 showed the amount of
the anthocyanins in mg per 100 g of the sample. The
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chromatograms revealed the presence of the six
common anthocyanidins and the spectra data
showed the amount of the anthocyanidins in mg per
100 g of the sample. The results showed that
delphinidin was abundant; 92.291 % in HSP, followed
by cyanidin up to about 11.794 % in HSE. It was
observed that the quantities of the delphinidin
increased with purity of the extract, while the
amount of others decreased with purity.

Photoelectrochemical studies

The results obtained for the four quantities; current
density (Jsc), open circuit voltage (Voc), fills factor
(FF) and the efficiency (n), are presented as Table 3.
Figure 9 shows a typical current-voltage curve for
anthocyanin sensitized solar cell and Figure 10 shows
the current-voltage curves for the crude and
purified extracts of the H. sabdariffa. The
photovoltaic performance of the extracts and
purified extracts of the samples applied as
sensitizers in DSCCs, it is evident from these data
that the purified samples have higher fill factor and
efficiency than the extract. However, the general
performance of the samples (extracts and purified)
were low.
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Figure 5: Gas chromatography-flame ionization detector chromatogram of dye extract obtained from H. sabdariffa
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Figure 6: Gas chromatography-flame ionization detector spectra data of analysis of anthocyanins in the
dye extract obtained from H. sabdariffa

Pg= Pelargonidin, Dp= Delphinidin, Cy= Cyanidin, Pt= Petunidin, Pn= Peonidin, Mv= Malvidin, ACN= Anthocyanidin. RetTime= Retention
Time; Amt/Area =Amount of sample per unit Area; mg= Milligram; g= gram; Grp= Group
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Figure 7: Gas chromatography-flame ionization detector chromatogram of purified dye extract obtained
from H. sabdariffa

Pg= Pelargonidin, Dp= Delphinidin, Cy= Cyanidin, P+= Petunidin, Pn= Peonidin, Mv= Malvidin, ACN= Anthocyanidin
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Figure 8: Gas chromatography-flame ionization detector spectra data of analysis of anthocyanins in the
purified dye extract obtained from H. sabdariffa

Pg= Pelargonidin, Dp= Delphinidin, Cy= Cyanidin, Pt= Petunidin, Pn= Peonidin, Mv= Malvidin, ACN= Anthocyanidin. RetTime= Retention
Time; Amt/Area =Amount of sample per unit Area; mg= Milligram; g= gram; Grp= Group.
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Figure 9: Typical current-voltage curve for anthocyanin sensitized solar cell. (Area = 4cm?).

T = Short circuit current; I, = Maximum short circuit current; Vo= Open circuit voltage, Js.=Short circuit current density;
JTmax=Maximum Short circuit current density; FF= fill factor.

34



Fountain Journal of Natural and Applied Sciences: 2016; 5(1): 25 - 37

Table 3: Photovoltaic performance of the extracts and purified extracts of the samples

Sample ISC J sc VOC Imax J max vmax FF rl

(mA) (mA/cm?) (mV) (mA) (mA/cm2) (mV) (%)
HSE 0.048 0.0120 4830 0.014 0.0035 42 0.254 0.1176
HSP 0.035 0.0088 29.000 0.024 0.006 13.43 0.347 0.6446

I, = Short circuit current; Inw = Maximum short circuit current; Vo= Open circuit voltage, Js.=Short circuit current density;
Jmex=Maximum Short circuit current density; FF= fill factor; Vm. = Maximum Open circuit voltage; n = overall efficiency. HSE =
crude extract of H. sabdariffa. HSP = purified extract of H. sabdariffa

30.5 - HSP
HSE
lsc2 25.5 -
|max2
lsc1 _
|max1
20.5 -
15.5 -
10.5 -
5.5 -
0-5 T T T T T T T T T vmll T v 2 1
1 2 3 4 5 6 7 8 9 101 1%
1
1
Vocl Vocz

Figure 10: Current-voltage curve of solar cells fabricated using crude and purified extracts of H.

sabdariffa as sensitizers

I = Short circuit current for HSE; I = Short circuit current for HSP; I = Maximum short circuit current for HSE; I, =
Maximum short circuit current for HSP; Vo1 = Open circuit voltage for HSE; V.2 = Open circuit voltage for HSP; Vi = Maximum open
circuit voltage for HSE: vmz = Maximum open circuit voltage for HSP; HSE = crude extract of H. sabdariffa. HSP = purified extract

of H. sabdariffa

Conclusion

In conclusion we reported the analysis of six
common anthocyanins in the extract obtained from
the calyxes of H. sabdariffa, with delphinidin being
the most abundant and increased in amount as the
purity of the extract is increased, and have
prepared dye-sensitized solar cells using the crude

and purified extracts (HSE and HSP respectively)
obtained from the calyxes of Hibiscus sabdariffa.
The dyes strongly absorb visible light between 330
nm and 540 nm and maximum absorption of HSE is
about 1.096 a.u and 0.334 au for HSP. Despite
strong light absorption, the cell efficiencies are low,
with the best efficiencies of 0.645 % for HSP-

35



Fountain Journal of Natural and Applied Sciences: 2016; 5(1): 25 - 37

sensitized TiO: cell. The low efficiencies are
related fo low injection efficiencies (H-Martinez et
al., 2012), indicating that the overlap of the dye
excited states and the metal oxide conduction band
(Nilsing, 2005). The dye regeneration kinetics and
the dye excited state lifetime are not optimal; which
could be as a result of the inhibitory effects of the
composite anthocyanin molecules in the extract
molecules.
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