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Abstract

CrossMark

The exploitation of marine seaweed (Sargassum wightii) extract as a low-cost sensitizer for a
ZnO photoanode based solar cell is reported. The UV—vis absorbance spectrum of the
Sargassum wightii (S. wightii) extract has exhibited three absorption peaks at 412.5, 610 and
659.5 nm in visible region of the solar spectrum. The pigment analysis has confirmed the
presence of photosynthetic pigments such as chlorophylls, carotenoids and fucoxanthin. The
photovoltaic performance of the S. wightii extract as a sensitizer in ZnO photoanode based solar
cell is examined under simulated solar light irradiation. The solar cell sensitized with the S.
wightii extract has delivered a short-circuit photocurrent density (Ji.) of 203 uA cm™2, open-

circuit photo-voltage (V) of 0.33 V, maximum peak power (P,.x) of 31.02 uW, fill factor of
0.46 and an overall solar to electrical energy conversion efficiency (1) of 0.07%. The
sustainability of the solar cell is demonstrated through stability study. The overall results of this
study suggest that the exploration of vast marine seaweed pigment resources and their use as
sensitizer in solar cell would be a low-cost and environment friendly alternative to the expensive

ruthenium metal complexes.

Keywords: dye-sensitized solar cell, marine seaweed, Sargassum wightii, natural sensitizer,

photovoltaic performance
Classification numbers: 2.02, 4.02

1. Introduction

The population growth, rapid use of fossil fuels and related
serious climate change issues have stimulated the search for
an efficient, sustainable and eco-friendly renewable energy
resource [1, 2]. The conversion of sunlight into electricity
with the aid of low-cost photovoltaic technology is an active
and contemporary research area, being devoted to overcome
the global energy demand and environmental problems [3].
Since the first efficient dye-sensitized solar cell (DSSC)
discovery in 1991, the research interest on DSSC has
rapidly developed due to its efficiency, low-cost, simple
fabrication technology, multi-color option, short energy
payback period and flexibility [4—7]. The outcome of scien-
tific reports about DSSC is remarkable because of active
research efforts to improve the efficiency of DSSC by

2043-6262/15/035008+08%$33.00

modifying its existing components or by introducing new
materials [8].

Among the basic components of DSSC, the dye sensiti-
zer is regarded as most crucial since the performance of
DSSC mainly depends on the absorption feature of the sen-
sitizer, its charge carrier generation ability and adsorption
tendency towards semiconductor surface [9]. The most
commonly used sensitizers are ruthenium metal complexes
because of their broad absorption in the visible region of the
solar spectrum, metal-to-ligand charge transfer property and
better attachment to the semiconductor surface [10, 11].
However, the drawbacks associated with the ruthenium metal
complexes such as least availability of expensive ruthenium
metal and low molar extinction coefficient are the major
hurdles towards their application in DSSC [12]. In this
respect, metal-free organic dyes with reliable performance
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Figure 1. Photograph of Sargassum wightii seaweed collected from
the Gulf of Mannar Region, Southeast Coast of India, Tamil Nadu.

have gained significant attention as potential alternatives to
the proficient ruthenium metal complexes due to their high
molar extinction coefficient, simple synthesis and low-cost
[13—16]. Meanwhile, the natural pigments such as anthocya-
nin, chlorophylls, tannin and carotene present in plant parts
(leaves, flowers, fruits, roots and barks) have also been
increasingly investigated as organic sensitizers because of
their more striking benefits, including low-cost, easy avail-
ability, abundance in raw materials and absence of environ-
ment threat compared to synthetic organic and inorganic dyes
[17-22]. Recently, the interest on marine seaweeds has also
gained attention, owing to the fact that the abundant photo-
synthetic pigments present in the seaweeds could be
employed as alternative sensitizers [23, 24]. The seaweeds
contain major photosynthetic pigments such as c-type chlor-
ophylls, including chlorophyll ¢; and chlorophyll c,, usually
have carboxyl groups in their terminals, connected to the
porphyrin macrocycle through a conjugated double bond.
This facilitates the seaweed pigments to potentially inject
photogenerated electrons from the porphyrin macrocycle to
semiconductor electrode surface on which the seaweed pig-
ments anchored [23].

Nanocrystalline titanium dioxide (TiO,) is the widely
employed photoanode material in DSSC due to its high sur-
face area. However, equal importance is paid to nanocrys-
talline zinc oxide (ZnO), because of its similar wide band-gap
energy and physical properties as that of TiO,. The major
advantage of using ZnO as photoanode material in DSSC is
its higher electron transport property, which reduces unde-
sired charge recombination that takes place between con-
duction band electrons of the semiconductor photoanode and
oxidized dye molecules/triiodide ions in the electrolyte. The
ZnO photoanode based solar cells sensitized by metal-free
organic dyes with high molar extinction coefficient and
favorable surface attachment groups have exhibited good
photovoltaic performance [25, 26]. In light of the above facts,
in the present work, we have studied the photovoltaic per-
formance of a marine seaweed, Sargassum wightii (S. wightii)
extract in a solar cell. The S. wightii seaweed sample

(figure 1) was collected from the Gulf of Mannar Region,
Southeast Coast of India, Tamil Nadu. The seaweed extract
was characterized by UV-vis spectrophotometry and Fourier
transform infrared (FTIR) spectroscopy. The photovoltaic
performance of the S. wightii extract was evaluated by
employing it as sensitizer for a ZnO nanoparticles (ZnO NPs)
photoanode based solar cell and the results are discussed. The
scheme for the solar cell sensitized by marine seaweed S.
wightii extract is shown in figure 2.

2. Experimental details

2.1. Chemical reagents

The marine seaweed, S. wightii was collected from the Pud-
humadam coast of Gulf of Mannar, Southeast coast of India,
Tamil Nadu. Chemical reagents, such as high pure zinc
acetate dihydrate and oxalic acid dihydrate were procured
from Merck. Highly stable imidazole based liquid electrolyte
(EL-HSC) was supplied by Dyesol, Australia. Fluorine-doped
tin oxide (FTO) conducting glass (TEC-7, sheet
resistance = ~6-8 2 cm_z) was obtained from Pilkington,
Mumbai, India. All other chemicals used in this work were of
analytical grade. Unless otherwise specified, deionized double
distilled water was used for the preparation of aqueous
solutions and washings.

2.2. Preparation of S. wightii seaweed extract

The S. wightii seaweed sample was washed with fresh water
several times to remove salts and finally washed with distilled
water couple of times. The washed seaweed sample was
shade dried to remove moisture content completely. The dried
sample was ground in a mixer grinder to get a seaweed
powder. Around 1 g of the seaweed powder was soaked in
60 mL of absolute ethanol and kept in a refrigerator for 24 h.
The ethanolic solution of S. wightii seaweed extract was used
for further studies.

2.83. Synthesis of ZnO NPs

The ZnO NPs were synthesized by following the previously
reported procedure [27]. In brief, equal volume of zinc acetate
dihydrate (0.1 M) and oxalic acid dihydrate (0.1 M) aqueous
solutions were mixed together by stirring for 12h at room
temperature. The obtained white precipitate was filtered,
washed sequentially with acetone and distilled water several
times to remove impurities. Then, the precipitate was dried in
a vacuum oven at 120 °C for 6 h to remove water molecules
completely. Finally, the formed ZnO NPs were calcinated at
450 °C for 2 h in a muffle furnace.

2.4. Characterization studies

Absorption spectrum of S. wightii seaweed extract was
recorded in a UV-vis spectrophotometer (UV-2550, Shi-
madzu). FTIR spectrum was recorded in the region between
4000 and 400cm™" using a Shimadzu FTIR spectrometer
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Figure 2. Scheme for the solar cell sensitized by marine seaweed Sargassum wightii extract.

(Model 8400S). The pigments present in the ethanol extract of
S. wightii seaweed were analyzed according to the previous
reports [28-31]. Scanning electron microscopy (SEM) images
of the ZnO NPs were taken in a VEGA 3 TESCAN SEM
instrument. Elemental composition of the ZnO NPs was
subsequently analyzed after the SEM analysis by using the
same instrument. Oriel class-A solar simulator (M—91195A,
Newport) containing ozone-free 450 W xenon lamp was used
as a light source for testing the solar cell. A computer-con-
trolled Autolab PGSTAT302N electrochemical workstation
was employed for photocurrent—voltage (/~V) and photo-
current—time (/-7T) measurements.

2.5. Fabrication of DSSC and its performance evaluation

1 g of the synthesized ZnO NPs were ground in a porcelain
mortar with 0.35 mL of distilled water and 33.5 uLL of acet-
ylacetone until get a viscous paste. Then, 1.35 mL of distilled
water was gradually added under continuous grinding fol-
lowed by the addition of 15 uL triton X-100. The obtained
paste was used to form a thin film on conducting side of a
FTO glass with an active surface area of 1 cm? [32]. The
addition of acetylacetone prevents reaggregation of ZnO NPs
and triton X-100 facilitates spreading of ZnO colloidal paste
on the surface of FTO conducting glass. The thin film was
dried in air for 15 min, kept at 400 °C in a muffle furnace for
5 min and the same procedure was repeated three times to get
an optimum thick (~10 ym) film. Then, the film was calci-
nated at 450 °C for 30 min and allowed to cool down to
80°C. The hot film at 80°C was immersed in ethanolic
solution of S. wightii seaweed extract and kept in a refrig-
erator for 24h. The dye-adsorbed ZnO photoanode was
withdrawn from the ethanolic extract solution under a stream
of nitrogen gas which was immediately sandwiched with the
platinum deposited counter electrode by using alligator clips.
The platinum counter electrode was prepared on FTO con-
ducting glass substrates using 7x 10 M H,PtCle.6H,0
solution in 2-propanol, where Pt** ions were thermally
reduced at 400 °C. Finally, few drops of imidazole based

liquid electrolyte was dropped sideways in the gap between
the two electrods through which the electrolyte was occupied
the space between them with an aid of surface tension. The fill
factor (FF) and efficiency () of the DSSC was evaluated by
using the following equations:

Imaxvmax
FF = T I
ISC‘/OC
I Vo FF
n(%) = = — x 100,

in

where I is the short-circuit photocurrent, V. is the open-
circuit photovoltage, P;, is the power of incident light

(45 mW cem™), Iy and Vi are the photocurrent and
photovoltage delivered at maximum power point,
respectively.

3. Results and discussion

3.1. UV-vis absorption analysis of S. wightii extract

The UV-vis absorption spectrum was recorded to elucidate
the potency of S. wightii seaweed extract to be used as a
sensitizer in solar cell. The UV-vis absorption spectrum of
the S. wightii seaweed extract is shown in figure 3(a) and its
transmittance spectrum is given in figure 3(b). One of the
essential requirements for a best performing sensitizer is
broad and intense absorption in the visible and near-IR region
of the solar spectrum [33]. The absorption spectrum of the S.
wightii seaweed extract showed a broad absorbance in the
wavelength range between 300 and 700 nm, with absorption
peaks at 412.5, 610 and 659.5 nm in visible region of the solar
spectrum. These absorption peaks can be associated with the
characteristic absorption of chlorophylls [34, 35].

Generally, the chlorophylls exhibit strong absorption in
the blue and red regions of the solar spectrum. However, they
show poor absorption in the green region, which is consistent
with our result. The absorption wavelength of each peak and
their intensity exhibited by the S. wightii seaweed extract can



Adv. Nat. Sci.: Nanosci. Nanotechnol. 6 (2015) 035008

M Anand and S Suresh

1.2 ;
(a) 4125nm
;f' 0.9 1
L
o
c 06
[\ ] 659.5nm
e
o
W
< 03
610m
0-0 T L) T T 1
300 400 500 600 700 800

Wavelength (nm)

100 -
(b)

80 -
60 |

40 -

20 -

Transmittance (%)

0 T ' T T
300 400 500 600 700

Wavelength (nm)

800

Figure 3. UV-vis absorption (a) and transmittance (b) spectra of S. wightii extract in ethanol. Inset of figure 3(a) shows the S. wightii extract

adsorbed ZnO nanoparticles thin film photoanode.
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Figure 4. FTIR spectrum of S. wightii seaweed extract.

be ascribed to the transition energies and transition—dipole
moments in transition from ground state to the Soret, Q and
Q, singlet-excited states [24]. The broad absorption of S.
wightii seaweed extract in the visible region can result in
absorption of higher photon energy which leads to generate
more photoelectrons. Moreover, this broad absorption can
facilitate a higher number of delocalized z-electrons in the
molecular system for the improved photocurrent genera-
tion [36].

3.2. FTIR analysis of S. wightii extract

FTIR spectroscopy can be employed for the qualitative
determination of organic constituents and functional groups
present in plant and seaweed species and hence, the FTIR
spectrum of S. wightii extract was recorded (figure 4). The
absorption bands situated in the region between 1100 and

1000 cm™ are corresponding to the C—H bending or C-O or
C-C stretching vibrations of carbohydrates [37] and poly-
saccharides [38] present in the S. wightii extract. The band
observed around 881 cm™" is due to the aromatic C—H out-of-
plane vibration, which indicates the existence of aromatic ring
pigment compound [39]. The weak absorption band centered
at 669 cm™" can be ascribed to the C—H bending vibration,
which is also confirmed the presence of carbohydrates. The
strong and broad absorption band positioned at 3371 cm™" can
be attributed to the free O—H and N-H stretching vibrations of
the amino acids [40]. The existence of chlorophyll groups are
confirmed through the C-H stretching vibrations at 2976,
2928 and 2895cm™' [41]. The weak absorption bands
observed between 2344 and 2365cm™' correspond to the
C-O stretching which are the characteristic peaks of car-
boxylic group [42]. The absorption band centered at
1654 cm™" is due to the C—O stretching and N-O asymmetric
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Figure 5. SEM images of ZnO NPs (a) higher magnified image and (b) lower magnified image.

stretching of the ester group [43]. The bands around 1452 and
1410 cm™" are due to the C—C stretching vibration of aromatic
ring compound. The medium absorption band at 1273 cm™" is
indicating the C-N stretching vibration of chlorophyll. The
FTIR results suggest that carbohydrate and chlorophyll are

the major constituents of the S. wightii seaweed extract.

3.3. SEM and EDX analysis of ZnO NPs

The SEM images of ZnO NPs were recorded and are shown
in figure 5. It is obvious that particle size and surface potential
of the semiconductor nanoparticles could control the amount
of dye adsorbed on their surface that determines the number
of photogenerated charge carriers generation and hence
overall efficiency of the DSSC [44]. The higher magnified
SEM image clearly exhibits the presence of spherical and
uniform ZnO NPs with size range between 40 and 50 nm
(figure 5(a)). The ZnO NPs consist of clusters of small grains.
The ZnO NPs are highly interconnected with each other
which could facilitate fast diffusion of photogenerated elec-
trons and considerable voids between the nanoparticles could
favor the better interfacial charge transfer. The lower mag-
nified SEM image shows the presence of coarse ZnO
nanostructures with undefined morphology, which are made
up of combination of several spherical ZnO NPs (figure 5(b)).
The EDX analysis was subsequently performed during SEM
analysis (figure 6). The EDX spectrum clearly discloses the
existence of Zn and O elements alone. The absence of any
other impurities in the EDX spectrum reveals that ZnO only
formed through our synthesis procedure.

3.4. X-ray diffraction (XRD) analysis of ZnO NPs

The purity and crystalline nature of the ZnO NPs were ana-
lyzed through powder XRD analysis (figure 7).

The ZnO sample must be annealed to improve its crys-
tallinity and hence the ZnO sample was calcinated in a muffle
furnace under oxygen atmosphere. The typical furnace

Zn

2 3 a 5 6 7 8 9 10
Energy (keV)

Figure 6. EDX spectrum of ZnO NPs.
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Figure 7. XRD pattern of ZnO NPs calcinated at 450 °C.

annealing was carried out at 450 °C to improve the char-
acteristics of ZnO sample. The well resolved diffraction peaks
noticed at 20 values of 31.7, 34.4,36.4,47.5,57.1,63.2, 66.7,
67.8, 69, 72.6 and 76.8° are matched well those to Bragg’s
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Figure 8. Photocurrent—photovoltage (/-V) characteristics of DSSC
sensitized with S. wightii seaweed extract.

reflection of the standard wurtzite structure hexagonal ZnO
with lattice constants a and ¢ of 3.25 and 5.20 A, respectively
(JCPDS file no. 36-1451). The observed diffraction plane (0 0
2) intensity is corresponding to 260 value of 34.4° and its
diffraction planes intensity ratio (Roo2y101)) value is 0.44,
which suggests that the formed ZnO NPs are hexagonal in
shape [45]. The diffraction peaks of the annealed samples
become more intense and sharper and this discloses that the
crystal quality of ZnO has improved as a consequence of high
temperature annealing. The full width at half maximum of
ZnO sample has decreased while increasing the temperature.

3.5. Photocurrent—-photovoltage (I-V) characteristics of DSSC

The photocurrent—photovoltage (I-V) curve of the solar cell
sensitized with S. wightii seaweed extract is given in figure 8
and its corresponding power curve is shown in figure 9. The
short-circuit photocurrent and open-circuit photovoltage are
the most crucial parameters, which decide the efficiency of
the cell. In our case, the solar cell sensitized with S. wightii
seaweed extract exhibited a short-circuit photocurrent density
(Jse) of 203 uA cm™2, open-circuit photovoltage (V,.) of
0.33 V, maximum peak power (Pp,.x) of 31.02 uW, FF of 0.46
and an overall solar to electrical energy conversion efficiency
(n) of 0.07%. Generally, the natural dyes employed as sen-
sitizers in solar cell deliver very low efficiencies when com-
pared to synthetic organic and inorganic dyes, due to the
absence of specific functional attachment groups and low
absorption in the visible region of the solar spectrum [8]. The
significant photocurrent generated in our work can be ascri-
bed to the broad absorption of the S. wightii seaweed extract
in visible region of the solar spectrum, owing to the presence
of basic photosynthetic pigments. The pigment analysis of the
S. wightii seaweed extract showed the presence of chlorophyll
a (0.16 mg g™"), chlorophyll b (0.19 mg g™"), chlorophyll ¢,
and ¢, (0.17 mg gfl), carotenoids (0.003 mg gfl) and fucox-
anthin (0.036 mg g™"). These pigments effectively capture the
incoming photons and generate higher number of

35.00
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Figure 9. Power curve of DSSC sensitized with S. wightii seaweed
extract.

photogenerated electrons, which lead to the significant current
production in the DSSC. In terms of ZnO NPs photoanode,
the photovoltaic parameters obtained in our work can be
comparable with the previous reports [24, 46] of TiO, pho-
toanode based DSSCs sensitized with seaweed and green
algae extracts (table 1). Therefore, the use of seaweed pho-
tosynthetic pigments as sensitizers in solar cell could be an
appropriate solution for the production of low-cost DSSCs by
eliminating the high-cost ruthenium metal complexes.
Moreover, the exploitation of seaweeds for energy conversion
through solar cell would facilitate transformation of natural
seaweed resources into valuable biomass. Further optimiza-
tion studies and ways to improve the efficiency of the present
DSSC are under progress.

3.6. Transient photocurrent—time (I-T) profile of DSSC

The stability and photocurrent generation nature of the solar
cell sensitized with S. wightii seaweed extract were analyzed
by chronoamperometry technique for a total time of 600 s and
the obtained transient photocurrent-time (/-7) profile is
shown in figure 10. The transient photocurrent—time profile
observed for the DSSC is well accordance with its corre-
sponding [-V profile character. During the chron-
oamperometry experiment, when the light in the solar
simulator was switched ‘ON’ to illuminate the solar cell, a
sharp rise in the photocurrent was observed. When the light
was switched ‘OFF’ after a specified time interval of 40 s by
closing the mechanical shutter in the solar simulator, the
photocurrent was suddenly dropped down to zero. It can be
inferred from these results that the dye regeneration of oxi-
dized dye was fast enough to keep pace with the charge
carrier injection rate from the excited dye molecules. The
highest photocurrent observed was almost remained the same
in the absence of any considerable decay after several ‘ON—
OFF’ cycles during the whole period of light illumination,
which reveals good stability of the solar cell. Moreover, the
stability test indicates good stability of the S. wightii seaweed
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Table 1. Photovoltaic parameters of solar cells sensitized with different seaweeds and green algae extracts.

Sensitizer Photoanode material  Jg. (1A em™?) Vo (V) FF n (%) Reference

S. wightii seaweed extract ZnO NPs 203 0.33 0.46 0.07  Present work
Green algae extract TiO, NPs 397 0.56 044  0.10 [46]

U. pinnatifida seaweed extract TiO, NPs 800 0.36 0.69 0.18 [24]
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Figure 10. Photocurrent—time (/-7) profile of DSSC sensitized with
S. wightii seaweed extract.

extract as sensitizer over the ZnO NPs thin film photoanode
and hence it can be used as a stable sensitizer for DSSC.

4. Summary

The marine seaweed, Sargassum wightii extract was used as a
low-cost sensitizer for ZnO NPs photoanode based solar cell.
The UV-vis absorbance spectrum of the S. wightii extract
showed three absorption peaks at 412.5, 610 and 659.5 nm in
visible region of the solar spectrum. The FTIR spectrum
revealed the presence of carbohydrate and chlorophylls in the
S. wightii extract and its pigment analysis confirmed the
existence of photosynthetic pigments such as chlorophylls,
carotenoids and fucoxanthin. The photovoltaic performance
of the S. wightii extract as sensitizer in a ZnO NPs photo-
anode based solar cell was evaluated under simulated solar
light irradiation. The solar cell sensitized with S. wightii
extract delivered a short-circuit photocurrent density (Js.) of
203 uA cm™2, open-circuit photovoltage (V,.) of 0.33 V, FF
of 0.46 and an overall solar to electrical energy conversion
efficiency () of 0.07%. The stability test of the solar cell
sensitized with S. wightii seaweed extract disclosed con-
sistency in the photocurrent production for a light irradiation
period of 600 s. The overall results of the study suggest that
the exploitation of marine seaweed pigments as natural sen-
sitizer could be a possible alternative for the production of
low-cost and environment friendly DSSCs.
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