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Abstract - Co-sensitization of natural dyes on TiOzfor dye-sensitized solar cell (DSSC) was proposed between chlorophyllin (C) and
xanthophyll (X at various volume ratios of C/X. Chlorophyllin is chlorophyll derivative providing -COOH groups essential for binding to
TiO2. The chlorophyll was extracted from dried spinach (Amaranthusviridis) leaves in a mixture ofmethanol-acetone (70%:30%).
Chlorophyll extract dye was obtained after partition of the crude extracts in diethyl ether solution. Then, it was hydrolyzed under alkaline
condition to get chlorophyllin. Xanthophyll was extracted from fresh petal of chrysanthemum (Chrysanthemum indicum) flowers.
Blending of chlorophyllin and xanthophyll was carried out at various volume ratios of C to X (1:0, 5:1, 1:1, 1:5, 0:1). Titania solar cells
were constructed in sandwich system of conducting glass-titania/dyes as the photoanode and conducting glass-platinum as the
photocathode. Electrolyte solution containing I'/Is was inserted between the electrodes by capillary action. All dye extracts and blending
solutions were analyzed by UV-Vis spectrophotometer. It is shown that the absorption spectra of blending dyes are complimentary in the
visible region resulted in a panchromatic response of the dyes. From the cyclic voltammogram of the dyes and blended-dyes, it is found
that the energy level of xanthophyll is the lowest. Thel-V test at 100 mw/cm? irradiation confirmed that the energy conversion efficiency
(1) of the blended dyes of xanthophyll and chlorophyllin-sensitized solar cell resulted in significant improvement than those of the single
dye. Beneficially, the mixed dyes can be adsorbed from solution blend using single dipping step.
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I. INTRODUCTION natural dyes resources that have potential as dgsitzer

Dye-sensitized solar cells (DSSCs) have becomeadne (Te€nnakoneet al., 1997;Dai and Rabani, 2002; Hsaal.,
the most promising alternatives for solar cell desi as 2006; Kartingt al., 2007; Kartinét al., 2010). Research on the

compared to the conventional p-n junction photaiolt Use of natural sensitizer for DSSCs has been gfight
devices. The conversion of solar light into thectleity is Overlooked. Yet the efficiencies of DSSCs usingureit
based on sensitization of a wide band-gap semiatadsuch Sensitizers are also much lower than that of Ru-ogsed
as titania (TiQ) by the charge-transfer dyes, usuallysolar cells, as well as their stability. Therefofer, further

Ruthenium complex (O'Regan and Gratzel, 1991). Wewe development of highly efficient and stable natudye
the ruthenium dyes are facing environmental issrescost Sensitizers, the dyes must be designed to absosb ofidhe
problem that will limit the large scale applicatioh DSSC. Sunlight radiation in visible and near-IR regiordao have
Currently, development on solar cell system mofitused Suitable electronic energy levels. The later rezrint can be
in silicon-based solar cells. Instead, there haaentplentiful Viewed to be suitable position of the HOMO-LUMO iats
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matching the redox potential and the conductiordtedge of Il. MATERIAL AND METHOD
TiO, and or suitable electronic energy levels to pmseg/laterialsused
synergism in capturing non-injected electron, thu '
suppressing recombination (Gratzel, 2001). Hendgs t Diethyl ether, potassium hydroxide, petroleum ethbsolute
configuration will increase stability and cell pamhances. ethanol, absolute methanol, acetone, nitric ackb,@siton X-
One of strategies to fulfil those requirementsnplying 100, and ethylene glycol. They were purchased fthene-
the co-sensitization approach for natural dyes (Kan et al., Merck Co., while potassium iodide and iodine werenf
2003; Sayanms al., 2003). The presence of high variabilityKimia Farma. The FTO glass (F-doped SnO2Q/@) was
on molecular structure of available natural dyesbéss them provided by Hartford Glass Co. Titanium(lV) oxid®256
to be mixed synergistically by appropriate selectiBecent TiO,) were from Degussa. All chemicals were used as
efforts have been focused on increasing efficiendya received without further purification. The spinach
lowering manufacturing costs by using Ru-free oigayes.  (Amaranthusviridis) leaves were obtained from local market
Natural dyes as photosensitizer offer advantaged) as in Yogyakarta. The vyellow chrysanthemum flowers
having large absorption coefficients, high lightsresting (Chrysanthemum indicum) were from local flower shop in
efficiency,easily prepared, no resource limitaticessd no Yogyakarta.
harm tothe environment, due to intramolecularT*
transitions and containing no noblemetals suchutigenium Dyes preparations. Chlorophyll was extracted from 30 g of
(Sayamat al., 2003).Sayama group (Sayaenal., 2003) has dried spinach leaves soaked in 150 mL of mixed esalhof
studied the light capture efficiency of the cellg Usingred, methanol to acetone of 70/30 v/v (Kusmita and Litaga
yellow and blue dyes for co-sensitizing solar ¢ells2009). The filtrate of crude chlorophyll extractssen used
however,the increase in global efficiency was mobarkable for partition with diethyl ether solution. Derivatition of
compared with singledye sensitizing. chlorophyll into chlorophyllin was carried out bylding 1
Naturally, in photosynthesis, excitation of pigmentmL of KOH 7% in absolute methanol. The chlorophylli
(chlorophylls and carotenoids) leads efficiently dofree- obtained was then stored in the dark at cold place.
energy stabilizing charge separation (Peteretaal., 1995). Xanthophyll was extracted from the clean and frestals of
In the primary energy conversion process of phatth®sis, Yyellow chrysanthemum. Five grams of the petals vgeoeind
the quantum efficiency is nearly 100%. It is sumgbthat the in a mortar after 20 mL of mixed solvent (60% ofalnte
process is co-performed by photosystem | (PSI) arethanol and 40% of petroleum ether) was added.r&$dted
photosystem Il (PSIl) which are linked like a ‘Zy bniddle  solution was filtered and diluted into 20 mL usithgeg same
electron transport. This model electron transpodailled zig- mixed solvent. The xanthophylls extract was thesrest in
zag chain (LiLet al., 2008). Xanthophyll is one of carotenoidsthe dark at cold place. The chlorophyllin and xapthyll
present naturally in thylakoid membrane. Xanthofshgre were each diluted with appropriate solvent and thiemded
efficient quenchers of chlorophyll triplets thatncariginate at various volume ratio of chlorophyllin to xanttyti (C:X)
on chlorophylla molecules. This natural system providef 1:0, 5:1, 1:1, 1:5, and 0:1. The absorption Bpefr each
interesting solution to the drawback of natural @SS mixture were analyzed using UV-Vis spectrophotomete
Chlorophyll obtained from spinach leaves are mizraed
combined with natural xanthophyll to obtain seamsiti Dyes adsorption for sensitization study. The slurry paste of
blending with antenna effect. Chlorophylls, the keyerials TiO, powder (P25) was made by adding nitric acid at4oH
for natural photosynthesis, are the most abundalitey and one drop of triton X-100 until no lumps observ&he
tetrapyrrole-based molecules on the Earth. It is pooduced slurries were slip-casted on pre-cleaned fluorioped tin
in large quantitiesfrom higher plants and seaweedsxide (FTO) glasses. The resulted films of Ti®ere then
Chlorophylls also have been used extensively in foml sintered at 450 °C for 30 min. After sintering, tharm TiG,
industry. However, chlorophyll is lack of bindingtes to thin films were soaked in each dye solutions forl24The
TiO,. Thus, molecular engineering is necessary to apen absorption spectra of the dyed-Tifiims were recorded using
phytil group of chlorophyll into the useful freerbaxylic UV-Vis spectrophotometer equipped with specular-
functional groups (Kay and Gratzel, 1993) resultied reflectance accessories (Pharmaspec).
chlorophyllin. For estimation of oxidation potential of the dyegclic
Another requirement for the ideal dye structurd®SCs voltammetry (CV) experiments were carried out imeth
is the dyeshould haveseveral carbonyl or hydroxgugs electrodes consisting of an FTO-Ti@yes working electrode,
capable of chelating tothe "fisites on the titanium dioxide a platinum counter electrode, and an Ag/AgCl refeee
surface (O'Regan and Gratzel, 1991).From an ecanonglectrode with scan rate 0.1V/s (VoltameterMetrohm
pointof view, the best choice proposed is to faitecDSSCs Autolab). The electrolyte used in this experimeetravl and
with dye sensitizers that can be produced bysimplg from Kl and L with concentration 0.005 M : 0.0005 M
derivatization of natural chlorophyll molecules amgbly co- respectively in ethylene glycol solution. While thend gap
sensitization. Therefore, this proposed work fodusen energy was measured from the absorption spectrume. T
fundamental studies on the natural sensitizers dilgn HOMO-LUMO determination of the resulted dyes
composition of such synergistic blending dyes s&mess composition was described separately (Dwitasati, 2013).
(chlorophyllin and xanthophyll). Electrochemicaudy was
introduced to predict the HOM-LUMO energy level the Cell assembling and characterizations. The resulted dyed-
blended dyes system in DSSC. TiO, films on FTO were used as photoanodes in DSSC. The
photoanode was sandwiched with Pt-coated counter
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electrodes obtained from Dyesol. The active arethefcell
was 0.5 x 1.0 cm. The internal space of the ceb Wikked
with liquid electrolyte (0.83 g Kl and 0.13 ¢) ldissolved in
10 ml ethylene glycol by capillary action. The pbairrent-
voltage (I-V) curves were measured under irradmatimf
Xenon lamp (100 mW/cfh using Keithley 1200 source
measurement unit.

Xanthophyll extract displayed absorption peakintlue band,
since it has strong yellow color. Absorption peak#15, 435,
and 465 nm are characteristics for xanthophyllagttd from
fresh petals of yellow chrysanthemum flowers (&ial., 2008).

Spectra addition of those two dyes is clearly oleskr The
absorption peaks of chlorophyllin are prominentwaere the
amount of chlorophyllin is dominant (C:X=5:1), amde versa.
All absorption peaks of chlorophyllin and xantholigare still

obvious at C to X ratio of 1:1. Similar observatibas been
reported for chlorophyll and xanthophyll blende@slyl iuet al.,

2008). It is also confirmed that there is no newoabtion peaks,
neither is a peak shift. It is likely that the tisi light absorption

Ill. RESULTSAND DISCUSSIONS

Chlorophyll extract and chlorophyllin. Figure 1 shows the
electronic absorption spectra of chlorophyll extrand its > ! NIREL !  C
derivative (chlorophyllin). Dyes extract of chlotgfi a was ©f the mixed dyes in solution is the linear supsiun of the
identified by absorption peaks at 400-450 nm of Soeet 410 WO single dyes.
and 429 nm, as well as thg bsorption at 535, 575, and 615 50
nm and the Qabsorption at 662 nm (Kay and Gratzel, 1993;
Milenkovicet al., 2012). The principal bands of chlorophyll a at
429 and 660 nm are shifted to 418 and 642 nm forabhyllina.

The shoulder of chlorophydl centered at 410 nm is absent in the

B
S

w
o

chlorophylliraspectra. Similar observation on the disappearance

of shoulder in the blue band has also been rep¢ikeg and
Gratzel, 1993; Calogero et. al., 2014). It is presioly due to the
loss of cyclopentanone ring as observed in themalt@zed

chlorophyll where the ring has been transformedgOst. al.,
1964). Saponification of phytil ester groups by K@sulted in
the opening of cyclopentanone ring to form two toldal

carboxyl groups. The later groups are importanbfoding with

TiO,.

———- chlorophyll extract
—— chlorophyllin

Absorbance (a.u)

550
Wavelength (nm)

400 500 600

Figure 1.Absorption spectra of chlorophyll extrantl its
derivative (chlorophyllin)

The corresponding infrared spectra are illustrateBig. 2.
They have in common broad bands at ~3408afnenol form of
cyclopentanone ring (Oster et. al., 1964). Thisdbiarobserved
only at porphyrin containing cyclopentanone ringalkFand
Willis, 1951 in Ostekt al., 1964). The band at 1740 Cipresent
in chlorophyll extract can be ascribed to esteugsowhich is
absent in chlorophyllin, while the formation of loarylates for
chlorophyllin were confirmed by peaks at 1566 a#@4lcn'.

Co-sensitizer s absor ption spectra. In order to mimic nature for
photosynthesis in which chlorophyll and xanthophglie
synergized to obtain 100% quantum efficiency, karghophyll
is coupled to co-sensitize chlorophyllin dye-sereit titania
solar cell. Figure 3 shows the absorption spedtchlorophyllin
(C) derived from chlorophyll extract, xanthophyttract (X) and
the mixtures (C:X) in volume fraction of those twatural dyes.

Transmittance (%)

—==- Chlorophyll
—— Chlorophyllin

4000 3000 2000 1000

Wavenumber (cm'1)

Figure 2.Infrared spectra of chlorophyll extractl ds
derivative (chlorophyllin)

xanthophyl extract (X)
chlorophyllin (C)
C:X=1:1

C:X=1:5

C:X=5:1

Absorbance (a.u)

550

500
Wavelength (nm)

600

Figure 3.Absorption spectra of the single dyesaettand the
mixed dyes

Sensitizationstudies. Figure 4 and 5 show the visible light
absorption characteristics of chlorophyllin, xamthgll and a
mixture of chlorophyllin and xanthophyll on TiCfilms.
Spectra of the dyes in the solution are inserted¢donparison.
It can be seen that the spectra of the dyes orn, Thigve
different pattern from those in the solution. THes@ption
spectrum of the dyes has been extended in thelevisggion.
The curves are also much smoother than those isalgion.
No clear absorption peaks are observed. SecondlyiO,,
the absorption spectra of the dyes are obviousbnger than
those in the solution. These phenomena may béuattd to
the strong interactions between Tiénd the dyes molecules
(Sayameet al., 2003; Wuet al., 2010). The interactions are
likely formed utilizing the carboxylate and hydrdxyroups
of chlorophyllin and xanthophyll, respectively.
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The strong interaction between TGiCand the dyes Kartiniet al., 2010; Kartingt al., 2014). Then, the
molecules may induce the dye aggregation (Kama&3)1l9t photoelectrochemical behavior of the dyes was studn
can be determined by examining the peak maximarshibn sandwich cell of titania-based solar cell. Thenidaused was
the spectra of the dyes solution to the correspandpectra commercial TiQ (P25) which has typically 80% of anatase
of the dyes on Ti@ The peak maxima and the peak shiftingand 20% rutile polymorphs. It is believed that asatdomain

are identified in Table 1. is preferred for the solar cell due to its higharface area
compared to rutile, ensuring high amount of the otayer
_____ Henthophyl exract (X) loading dyes on the surface. Dyes will act as tightl|
_ caror harvesting materials, so the higher the monolaysoded
| TR T " Pt dyes, the higher the photon converted into curres
E generating more electricity.
(-3
£ Table 2.Photoelectrochemical properties of chloptiph
é “““““““““““ xanthophyll dyes on titania solar cell
Dyes Voc I Jsc Ffzizltlor Efficiency,
: ‘ V) (mA) (A et (%)
400 450 500 550 600 650 700 .
Wavelenath Chlorophyllin 0.27 0.032 0.036 23 2.23x710
avelongti fom) Xanthophyll 031 0080  0.091 26 7.30 X°10
C:X=15 0.36  0.068 0.077 38 10.50 x*10

Figure 4.Absorption spectra of single dyes extaact the

adsorbed dyes on TiGilms Table 2 shows the parameters of the photoelectroiciad

solar cell using chlorophyllin, xanthophyll, anctmixture as

iy ————%m the sensitizer. Tha-V curves of the corresponding cells are
e - displayed in Figure 6. The light driven electrocfieah

e o process in the dye-sensitized solar cells (DSSC) is
,,,,,,,,,, Cxe15onTiO) regenerative and the working voltage produced bydivice

is the difference between chemical potential of ;la@d the
redox potential of the mediator/(}). We used the same TiO
(P25) films for all tested cells, therefore the mércuit
voltage (M) of the cells were almost the same of about 300
mV. This value is somewhat lower than those replofte
nanotube Ti@ (Kartiniet al., 2014). Then, differences on the
tested cell construction should only arise fronfedént dyes
Wavelength (nm) used as the sensitizers. From Table 2, it is gleankerved
) ) ) that xanthophyll-sensitized solar cell resultedttie highest
Figure 5.Absorption spectra of mixed dyes extractthe  current densiyJy), indicating efficient electron transfer from
adsorbed dyes on Tidilms the dye into conduction band of titania. In cortirabe
highest overall efficiency is generated from thexX£l:5
sensitized solar cell. This may be ascribed dubdownork of
xanthophyll dyes which has large blue-shift in vigiregion.

Absorbance (a.u)

400 450 500 550 600 650 700

Table 1.Peak maxima of the dyes in solution andhen
surface of TiQ

Ama (NM) N In general, the constructed titania solar cellsegated too
Dyes in on TiC, Shifting (nm)* low overall cell efficiency.
solution surface

Chlorophyllin 418 423 5

Xanthophyll 436 431 -5

C:X=51 418 415 -3

C:X=11 416 423 7

C:X=15 435 416 -19 _V(mv)

"The negative sign indicates a blue shifting 400 500

J (mA/cm?) x 107

L L y .
o \\»} & [\CR- o) N

—o— Chlorophyllin (C)
—a— Xanthophyll (X)
—o— C:X=1:5

It is envisaged that the adsorbed chlorophyllin & (1:1)
dye solution on Ti@ resulted in red-shift, indicating the
formation of J-type dye aggregates, while the others gave
blue-shift, suggesting the formationldftype dye aggregates
(Kamat, 1993; Sayamsa al., 2003). No dyes adsorbed as
monomeric molecule on T Aggregate type interaction is
beneficial for sensitization since the dyes arédih to the
semiconductor by chemical bonding. It is believedttsuch
bonding facilitates the electron transfer, thusréasing the
photon to current conversion efficiency (Sayatral., 2003;

Figure 6.The I-V curves of titania solar cells wéihgle and
mixed dyes

To get an efficient charge separation, the dyed osetitania
solar cell must conform to the thermodynamic respuents:
theHOMOlIlevel of the dye has to be sufficiently piesi in
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the redox potentialfor efficient regeneration oé tbxidized reach high efficient natural dye sensitized solell, cthe
dye by the holetransportmaterial, and the LUMOt# tlye present study is expected to contribute in devatppa
has to be sufficientlymore negative than the cotidndand colorful solar cell for stained-glass window or ¢gngoods
edge of the Ti@ (Ecb). Figure 7 exhibits energy levelsuch as clock and toys. The light intensity is wéaik the
diagram of chlorophyllin-xanthophyll dyes extraensitized indoor applications, thus problems such as sealiegt and
solar cells. Based on cyclic voltammogram of thesjythe stability can be avoided.can be concluded that roghuct of
HOMO values were determined. The calculation of HOM palm oil plantation and mill had good nutritionahlwe.
LUMO was presented elsewhere (Dwitagiaal., 2013). Therefore, this feedstuff can be used to formutaimplete

feed for sheep. It also proved that this effortcassfully

20, increased the nutrient digestibility.
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