CHAPTER IV
STUDY OF NATURAL DYESFOR DYE-SENSITIZED SOLAR CELLS

4.1 Abstract

This work aims to study natural dyes which were used as the sensitizers for
dye-sensitized solar cells (DSSCs). The optical properties of dyes solutions, mixed
dyes solution and dyes on ZnO semiconductor were determined. Furthermore,
adsorption studies which are kinetic adsorption and isothermal adsorption were

died. Four natural dyes which were yellow cotton flower, red orchid, spirulina and
indigo, were investigated. The optical properties, kinetic and isothermal adsorption
of natural dyes were measured using UV -Visible spectrometer. ZnO which was used
as a semiconductor and fabricated by the doctor blade method was characterized
using X-ray diffractometer. It was found that the maximum absorption wavelength of
dyes in deionized water showed different wavelength which was 519, 620, 626 and
488 nm for red orchid, spirulina, indigo and yellow cotton, respectively. The
maximum absorption wavelength of each dye on ZnO was shifted to higher
wavelength (bathochromic shift) when compared with dyes solutions. For kinetic
adsorption, the results showed that experimental data fitted with pseudo-second-
order model. It indicated that dyes had chemical interaction with ZnO. Moreover,
adsorption was promoted by both Langmuir model and Freundlich models. This can
be explained that dyes adsorbed on ZnO using homogeneous monolayer and also
heterogeneous multilayers.

4.2 Introduction

Dye sensitized solar cell (DSSC) is an attractive photovoltaic device due to
low cost and relatively simple fabrication process. The semiconductors are one of
components that used in DSSC photoanode. ZnO is one of the semiconductors and it
is an attractive material in solar energy conversion due to its stability against photo
corrosion and photochemical properties similar to Ti02, having a band gap similar to
Til2 at 3.2 e'v and having higher electron mobility 115- 155 cm2v  2than that of
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TiCs2 (Chou etal, 2007). In addition, dye or the sensitizer is an essential component
of DSSC that is used to enlarge the spectral absorbance. The sensitizer can be
divided into two kinds, synthetic dyes and natural dyes. The synthetic dyes as
ruthenium polypyridyl complexes are mostly used, and the result was obtained with
the maximum conversion efficiency of 11% (Gratzel, 2005). However, the cost of
synthetic dyes and environment effect are concerned, natural dyes have been applied
to DSSC. The natural dyes that found in plant, fruits and other natural products show
various colors and contain several pigments that can be easily extracted and then
employed in DSSC. Chang and co-workers prepared TiCs2 DSSC by using
pomegranate leafand mulberry fruits as dye-sensitizers and the conversion efficiency
of fabricated DSSC were 0.597% and 0.548%, respectively (Chang €t al, 2010).

ongeharee and co-workers have fabricated solar cells using natural dyes extracted
from rosella, blue pea and a mixture of the extracts and has reported the efficiency of
0.37%, 0.05% and 0.15%, respectively (Wongeharee et al, 2007). Therefore, study
of adsorption mechanism of natural dyes on ZnO is an approach to understand their
effect on efficiency in DSSC.

Inorder to study adsorption mechanism of dye that enhances the efficiency of
solar cell, the natural dyes that extracted from red orchid, spirulina, indigo and
yellow cotton were investigated. The optical properties of dyes and dyes on ZnO
were determined using UV-Visible spectrophotometer. Moreover, the adsorption
mechanism was studied that can be divided into two sessions: kinetics adsorption and
isothermal adsorption. Finally, the conversion efficiency of DSSC was measured
using Digital Keithley 2400 multimeter.

4.3 Experimental

43.1 Material
Red orchid was purchased from Pak-Khlong market, Bangkok,
Thailand. Spirulina powder was purchased from Phu-Fah store in Jatujak market,
Thailand. Indigo powder was purchased from Baan Tum-Tao, Sakonnakhon,
Thailand. Yellow cotton flower was collected from Nakhon Nayok, Thailand. A
commercial ZnO nanoparticle (ZoNoP®, 99.93% Zn0) was purchase from Nano
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Materials Technology Co., Ltd.,, in Thailand. Acetylacetone (> 99.5%) was
purchased from Fluka. Triton X-100 (laboratory grade) was purchased from Acros
Organics. Polyethylene glycol (PEG, MW 20,000), Lithium iodide beads (99%), 4-
tert-butyl pyridine (96%) and hydrogen hexachloroplatinate (IV) hydrate (-38% Pt
basis) were purchased from Aldrich. lodine was purchase from Suksapan parut,
Thailand. Fluorine-doped Sn02 (FTO) glass (sheet resistance of 8 Q/cm2) was
purchased from Dyesol Company.

4.3.2 Preparation of Natural Dye Sensitizers
spirulina powder and indigo powder were used as received. Yellow
cotton flower and red orchid were cut into small pieces and extracted by using
deionized water. The solutions were freezed and dried via freeze-drying process.
Then solid dyes were crushed and sieved before used. Finally, each dye powder was
dissolved in water to obtain concentration of 10 g/L before used.

4.3.3 Preparation of ZnO for Doctor-hlade Method

In order to prepare electrodes, tile fluorine-doped 02 (FTO) glass
plates were washed with water and ethanol, respectively. The FTO-glass plates were
fixed area by using transparent tape (size 1.0 cm x 1.0 c¢m). 1.0 g of ZnO
nanoparticles was added into the 5.0 ml of PEG aqueous solution (0.1 g/ml) mixed
with 0.1 ml of acetylacetone and 0.4 m| of triton X-100. The mixture was stirred for
1 day then it was extended onto the marked FTO-glass plates and calcined at 550 °¢
for 1 h to obtain the photoanode film. Then 1 ml of natural dye solutions was
dropped on the cooled ZnO film at room temperature for 3 h. The excess dye
molecules were washed out with water.

4.3.4 Preparation of Pt Electrode
Tire Pt electrode was prepared by doctor blade method. The 7 ffIM of
hexachloroplatinic acid in 2-propanol were dropped and spread on FTO-glass which
was marked area by using transparent tape (size 0.5 ¢cm x 1.5 cm). Finally, it was
calcined at 450 °c for 30 min.
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4.3.5 Fabrication of DSSC
In order to fabricate the DSSC, the 127 pm-thick transparent
parafilm® was inserted between photoanode and cathode to prevent the short circuit
current by attaching on four edges of photoanode film and the Pt electrode was
covered on the top. The redox electrolyte solution contained with 0.025 M of iodine
(I2), 0.5 M of lithium iodide (Lil) and 0.2 M of tert-butyl pyridine that was dissolved _
in acetonitrile. Then, the electrolyte was injected in between two electrodes,

4.3.6 Batch Adsorption Studies

For adsorption kinetics studies, 0.1 g of ZnO as absorbent was added
to tubes containing I mL of dyes in deionized water with initial concentration at 100
rng/L. The concentrations of dye were monitored at different time intervals (from 60
to 600 min). For adsorption isotherms, the different initial concentrations of dye in
deionized water were prepared (10-1200 mg/L). ZnO absorbentwas immersed in dye
solution until equilibrium was reached. The concentrations of dye were determined at
the maximum wavelength using UV-Visible spectrometer.

4.3.7 Characterizations

The surface morphology and particle size of ZnO which was
fabricated by doctor blading method and calcined at 550  was examined by X-ray
diffractometer (XRD)with 2 theta (20) 20-70 degree and Field Emission Scanning
Electron Microscope (FE-SEM).

The optical absorption ofdyes in deionized water (2.5 g/L), extinction
coefficient and dyes on ZnO were measured by a UV-Visible spectrophotometer
(UV-1800) and UV-Visible spectrophotometer (UV-2500), respectively.

The batch adsorption of natural dyes was studied using UV-Visible
spectrophotometer (UV-1800) at maximum absorption wavelength ofeach dye.

The photovoltaic properties of DSSC, short circuit current (JS
mAlem2), open circuit voltage (FOC V), fill factor (FF, %) and efficiency (, %),
which were calculated from J-V characteristic curve were determined by a digital
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Keithley 2400 multimeter under an irradiation of white light from 100 mW/cm?2
halogen-tungsten lamp.

4.4 Results and discussion

4.4.1 Absorption Spectrum of Dyes Solution

Figure 4.1 showed the absorption spectrum of four natural dyes in
deionized water. The dark blue pigment of indigo dye is indigo showed the
maximum absorption wavelength at 626 nra (Jacquemin €f aI, 2006). The red
pigment of red orchid which is pelargonidin showed the maximum absorption
wavelength at 519 nni (Tatsuzawa etal, 2004). The yellow pigment of yellow cotton
flower which is quercetin showed'the absorption wavelength at 420 and 488 nm (Lu
et aI., 2011). The green pigment of spirulina dye is e-phycocyanin showed the
maximum absorption wavelength at 620 nm (Raghavarao, 2007). From the uv
spectrum, their absorption is attributed to different chemical component of natural
dyes. Furthermore, the extinction coefficient of each dye gave different value that it
is depends on type of dyes. Trie highest extinction coefficient was spirulina followed
yellow cotton, indigo and the lowest extinction coefficient was red orchid.
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Figure 4.1 V-Visible absorption spectrum of natural dyes solution: (a) indigo, (h)
yellow cotton flower, (c) red orchid and (d) spirulina.
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Figure 4.2 Photographic images of (a) indigo (http://www.indusladies.com/forums
[hair-care-and-hair-styles/175367-wants-to-know-meaning-indigo.ntml), (b) yellow
cotton flower, (c) red orchid and (d) spirulina (http://terranut.com/about/spirulina-
health-benefits/).
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Figure 4.3 Photographic images of dyes solution from left to right; yellow cotton,
spirulina, indigo and red orchid, respectively.
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Figure 4.4 Photographic images of their molecular structures; (a) indigo (indigo),
(b) yellow cotton flower (quercetin) , (c) red orchid (pelargonidin) and (d) spirulina
(c-phycocyanin).

Table 4.1 Extinction coefficient of four natural dyes in deionized water

Natural dyes Extinction coefficient (L g 1cm )
Indigo 0.078
Red orchid 0.076
Spirulina 0.107

Yellow cotton flower 0.098
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Figure 4.5 UV-Visible absorption spectra of natural dyes on ZnO. (a) Indigo, (h)
yellow cotton flower, (c) red orchid and (d) spirulina.

Figure 4.5 showed the absorption intensity of natural dyes which
absorbed on ZnO semiconductor. Maximum absorption intensity of yellow cotton,
-red orchid and spirulina was shift to higher wavelength (bathochromic shift) or called
“red shift” when compared with UV-Visible spectrum of natural dye solution. This
result can be explained that molecular interaction such as 7171 stacking, electrostatic
interaction or hydrogen bonding was occur between ZnO and natural dyes and
conjugation of the molecule was enlarged. When shift value is higher that mean the
interaction was stronger (Ye 6t aI., 2012). In case of indigo, the maximum absorption
on ZnO was about the maximum absorption of solution. Therefore, indigo dye had
notany interaction with ZnO.

4.42 FT-IR Spectroscopy
The FT-IR spectral features of dyes and dyes/ZnO in KBr pellet was
shown in-Figure 4.6 For pelargonidin of red orchid, the band at 1600 cm'Lis assigned
to 0=0 stretching. The band at 1500 cm'lis assigned to C-C stretching. For the
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higher wavenumbers, the broad band around 3400 cm™Lis assigned to O-H stretching
(Mazzaracchio et al., 2011).

For c-phycocyanin of spiruling, the bands at 1720 cm'"Land 1650 om*
lis assigned to ¢=0 stretching of carboxyiic and amide group, respectively. For the
higher wavenumbers, the broad band around 3250 cmLis assigned to O-H stretching
of carboxylic group (Chakaar et al., 2013).

For indigo, the bands at 1710 cm"land 500 cm'Lis assigned to ¢ -0
stretching and C-C stretching in aromatic rings, respectively (Fiedler et al., 2011).
For the higher wavenumbers, the broad band around 3400 cm'Lwith low intensity
appears due to the moisture.

For quercetin of yellow cotton, the bands between the wavenumbers
of 1800 and 750 cm’L(FT-IR “finger print” region) reflect die primary biochemical
and macronutrient components such as carbohydrates and lipids. The band at 1720
em'Lis assigned to C@ stretching of main structure. The band at 1650 cmL is
assigned to ring C-C stretching of phenyl ring. The band at 1030 cm"Lis assigned to
the vibrational frequency of -CH.OH groups of carbohydrates. For the higher
wavenumbers, the broad band around 3500 cm*Lis assigned to O-H stretching and
the band at 2930 cm"Lis assigned to CH. anti-symmetric stretching of methyl groups
mainly from lipids (Lu et al., 2011).

Before the experiment, we expected that the spectrum of dye and
dye/ZnO will give the divergent information due to the chemical bonding occurs
between dye and ZnO. From the experimental data, it was found that the spectrum 1
between dye and dye on ZnO were not significantly different. Therefore, IR spectra’
can be used to describe only the functional group of natural dyes but cannot give
more information about the chemical bond which occurs between ZnO and natural
dyes.
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Figure 4.6 FT-IR spectra of dyes ﬁ) and dyes on ZnO (- -) (a) red orchid, (b)
spiruling, (c) indigo and (d) yellow cotto

4.4.3 Surface Morphology and Characterization of ZnO by Doctor Blading
Method
Figure 4.7 showed the XRD pattern of ZnO on FTO glass fabricated
by doctor blade method. The XRD pattern corresponded to the hexagonal ZnO
structure ( rzite) with the diffraction peaks of (100), (002), (101), (102) and (110)
plane. The diffraction peaks at scattering angle 26.61, 37.85 and 51.62 degree
corresponded to FTO (fluorine doped tin oxide) glass (Liao et ai, 2005).
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Figure 4.7 XRD pattern of ZnO film fabricated by doctor blade method.

Figure 48 Cross-section FE-SEM image of ZnO film.

Figure 4.8 showed the cross section FE-SEM image of ZnO coated on
FTO glass prepared by doctor blade method. The image revealed the particle size of
Zn0 about 92 nm and showed the porous structure of ZnO film due to the
evaporation of organic solvent at high temperature, organic additive (acetyl acetong),
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binder (polyethylene glycol, PEG) and surfactant (Triton X-100). Furthermore, the
organic solvent  added into the ZnO paste for prevent the coagulation and
cracking in ZnO electrode that influences the efficiency of DSSC (Saito et a1, 2009).

4.4.4 Kingtic Adsorption Studies
The uy of kinetic adsorption, pseudo-first-order and pseudo-
second-order, were used to describe the adsorption process at the solid-solution
interface. The rate of removal of each dye by adsorption was dramatic initially and
then slowed gradually until it reached an equilibrium following the Figure 4.9
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The amount of dyes adsorbed onto ZnO semiconductor was calculated
by the following mass balance relationship (Carping eta, 2013) &:

Re = v (1)

gt = (2)
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Where CO is the initial concentration of dyes (mg/L), ¢, is the
concentration of dyes at various time / (min), m is the weight of the ZnO or adsorbent
(9) and v is the volume of dye solution (L).

In order to calculate the adsorption kinetic of dyes onto ZnO, the
reaction will be assumed that adsorption is a pseudo-chemical reaction process. The
pseudo-first-order rate expression of Lagergren and the pseudo-second-order kinetic
model (EI-Bindary et al., 2014) are given &s:

|Og(qe- qt): logge - ktt - (3)
tigt = Ukagl + 1lget (4)

Where q, is the amount of dye adsorbed on adsorbent (mg/g) at
various times /, geis the amount of dye adsorbed on adsorbent at equilibrium (mg/g),
ki is the pseudo-first-order rate constant (min') and k2 is the pseudo-second-order
rate constant (g mgr! min').

The corresponding kinetic constants which were qe, k], k2 were shown
in Table 4.2 Moreover, the correlation coefficients: = and «2 were provided as the
same table.

Table 4.2 Kinetic parameters of kinetic models for the adsorption of natural dyes
onto ZnO semiconductor

Natural dyes Models Parameters Values
Red orchid Pseudo-first-order ¢ (mg/g) 1.2272
(1 (min') 0.0090
R 0.2811

Pseudo-second-  qe (mg/g) 14,0160
orcler e (Min') 0.0621
0 0.9563

spirulina Pseudo-first-order ¢ (mg/g) 21117
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Ig (min’) 0.0190
0.2997
Pseudo-second- e (mglg) 16.7060
order Ig (min') 0.0678
R 0.7256
Indigo Pseudo-first-order  qe (mg/g) 14818
k1(min') 0.0109
R 0.0386
Pseudo-second- e (mg/g) 31.6150
order I (min’) 0.0802
R? 0.7586
Yellow cotton ~ Pseudo-first-order  ge (mglg) 14567
Ig (min’) 0.0063
*] 0.9963
Pseudo-second- ge (mglg) 36.1269
order k1(min') 0.0057 -
R 0.8501

The correlative coefficients (rf) of natural dyes for the pseudo-first-
order kinetic model were between 0.0386 and 0.9963. The correlation coefficients
(/71) of natural dyes for the pseudo-second-order kinetic model are between 0.7256
and 0.9563. The correlation coefficients of the pseudo-second-order were more than
correlation coefficients of pseudo-first-orcer. Therefore, the adsorption process of
tins study is not follow a pseudo-first-order reaction hut it follows the pseudo-
second-order kinetic model. It was noted that the process depends on both the
amount of adsorbent and the amount of dye. So it can be concluded that some
chemical interaction occurs between adsorbent and dye.



33

(ing
(moL)
s
\

q,(mgL?)
e

Figure 4.10 Experimental data (i ), pseudo-first-order (— and psetido-second-order
(- -) of () indigo, (&) yellow catton, (c) red orchid and (d) spirulina on ZnC.

4.4.5 Isothermal adsorption studies

The main factors that describe the interactions for adsorption of dye
are charge and structure of dye, adsorbent surface properties, hydrophobic and
hydrophilic nature, hydrogen bonding, electrostatic interaction, steric effect and van
der Waal forces etc. (EI-Bindary et ai, 2014). Equilibrium studies that give the
capacity of the adsorbent and adsorhate are described by adsorption isotherm. This
method is usually varying the concentration of adsorbate at fixed temperature. The
equilibrium experimental data for natural dyes on ZnO was compared using two
isotherm equations which are Langmuir and Freundlich.

Langmuir adsorption isotherm describes that the adsorption will occur
at the outer sphere of adsorbent and solute will interact with adsorbent only
homogeneous monolayer (EI-Bindary et ai, 2014). Theoretically, the adsorbent has a
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limited capacity for adsorbate. Therefore, the monolayer capacity can be represented
as linear graph of Langmuir equation.

e s DK 5

Where cg is the equilibrium concentration of dye (mg/L), qe Is the
amount of dye adsorbed on adsorbent at equilibrium (mg/g), qm IS the monolayer
capacity of dye adsorbed on adsorbent (mg/g) and kL is the Langmuir adsorption
constant (L/'mg). When the equation is formatted to get the equation below

@ QG Qn

Freundlich isotherm Is an empirical equation that describes
heterogeneous systems. To characterize, heterogeneity factor (L/rt) is determined.
Heterogeneity factor describes reversible adsorption and the formation not only
monolayer.

e = (7)

Where qe is the amount of dye adsorbed on adsorbent at equilibrium
(mgl'g), cg is the equilibrium concentration of dye (mg/L), kp is Freundlich constant
(L g'D and mn is the heterogeneity factor. Therefore, a linear form of Freundlich
equation can be obtained follow in equation 8,

logge = logkp + *logCe 8)

Therefore, the straight-line plots of equation 6 for Langmuir isotherm
and equation 8 for Freundlich isotherm will give the parameters following table 4.3
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Table 4.3 Langmuir and Freundlich parameters for the adsorption of natural dyes
onto ZnO semiconductor

Natural dyes Madels Parameters Values
Red orchid Langmuir R 18.4502
) 5.5949x1 05
RI 0.9704
Freundlich <1 Llg) 0.0580
N 0.7655
2 0.9735
spirulina Langmuir om 14.3062
3 0.0010
R 0.9591
Freundlich kr(L/0) 0.1612
V 1.0848
R 0.9581
Indigo Langmuir Rm 117821
K 0.0016
R 0.9591
Freundlich kf(L/g) 0.191
i 1.1592
R 0.9581
Yellow cotton ~ Langmuir RM 24,0384
K1 0.0005
R 0.9787
Freundlich kf(L/g) 0.1040
N 0.9229

N 0.9802
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Figure 4.11 Langmuir plots for adsorption of (a) indigo, (b) yellow cotton, (c) red

orchid and (d) spirulina on ZnQ.
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Figure 4.12 Freundlich plots for adsorption of (a) indigo, (b) yellow cotton, (c) red

orchid and (d) spirulina on ZnQ.
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Figure 4.13 Experimental data (1 ), Langmuir model (— and Freundlich model (- -)
of (a) indigo, (b) yellow cotton, (c) red orchid and (d) spirulina on ZnQ.

The experimental data showed that the correlation coefficients (rf)
values of Langmuir modei of Freundlich model were similar to the correlation
coefficients (/2!). This result indicated that all dyes had homogeneous monolayer
interaction at outer sphere worked together with heterogeneous multilayers.
Moreover, adsorption was more favorable when 1< < 10 (Satyanarayana et al,
1999) than desorption. For  value, indigo showed the higher value than other dyes.
This meant that adsorption capacity of indigo onto ZnO was highest.

4.4.6 Performance of Natural DSSCs
Figure 4.16 showed J-V characteristic curves of DSSC that sensitized
with natural dyes. Table 4.4 showed the data acquired from measuring the
photoelectric conversion efficiency of DSSC. The highest efficiency of DSSC which
was prepared by indigo dye was 0.020% with short-circuit current (3sc) of 0.426
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mAJcm?, open circuit voltage (vod) of 0.234 and fill factor of 20.1. The minimize
efficiency of DSSC prepared by red orchid is 0.0005 %. The DSSC prepared from
indigo dye showed the highest efficiency because indigo had broad absorption more
than other dyes causing produced more electron and resulted in highest Jsc value.
Moreover, this was noted that the indigo was the best electron donor when compared
with the others. In addition, indigo had the highest adsorption capacity onto ZnO
causing why the DSSC based on indigo dye had the highest conversion efficiency.
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Figure 4.14 The J-V characteristics of DSSC with natural dyes. Inset showed the
enlarged curve of red orchid dye.

Table 4.4 The efficiency parameters of DSSC with natural dyes

Natural dyes  ssc (MA/cm2) voc (V) FF (%) rlo)
Indigo 0.426 0.234 2.1 0.0200
Red orchid 0.013 0.368 148 0.0005
* Spirulina 0.039 0.507 156 0.0171

Yellow cotton

0.203 0.168 114 0.0041
flower
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45 Conclusions

In summary, the optical properties and absorption mechanism of all dyes
was studied. For optical properties, the maximum ahsorption of red orchid, spiruling,
indigo and yellow cotton in deionized water was 519, 620, 626 and 488 nm,
respectively. Furthermore, the maximum absorption of each dye on ZnO was
different when compared with dyes solution. From experimental data, the maximum
absorption was shift to higher wavelength which was called bathochromic shift or
red shift because of molecular interaction between ZnO and dyes. Moreover, kinetic
adsorption and isothermal adsorption were Studied to ensure the result in the optical
properties. The pseudo-first-order and pseudo-second-order were the model which
used to study the kinetic adsorption of dyes on ZnQ. The result showed that all dyes
were fitted to pseudo-second-order more than pseudo-first-order. It indicated that the
interaction of all dyes was chemical adsorption process. For isothermal adsorption,
the Langmuir model and Freundlich model were used to study how dyes interacted
with ZnQ. The isothermal adsorption result showed that correlation coefficient of
Langmuir plot and Freundlich plot were significantly indifferent. Therefore, dyes
interacted with ZnO homogeneous monolayer at outer sphere and also heterogeneous
multilayers. Moreover, the  values showed that indigo had the highest adsorption
capacity. This caused the conversion efficiency of DSSC based on indigo had the
highest value.
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