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Porous photoanodes of dye-sensitized solar cells (DSSCs) can adsorb specific type of natural or organic dyes. Adsorption
of the dye results in a change of the structural, morphological and optical characteristics of the photoanode. In this work, we
present a comparative study on the adsorption effect of natural dye (Curcuma Longa sp.) on the structural, morphological and
optical properties of mesoporous titanium dioxide (TiO,) photoanode on indium tin oxide (ITO) coated glass. A number of
investigations including XRD, UV-Vis spectroscopy, EDS, and SEM were carried out to observe the variations due to adsorbed
dye on TiO, surface. XRD characterization revealed the effect of dye adsorption on specific surface area (SSA), crystallite
size, and morphological index (MI). In this case, increasing SSA with decreasing particle size was found for both dye adsorbed
and dye free DSSC photoanode samples. Also, the MI and SSA were found to be directly and inversely proportional to the
crystallite size respectively. UV-Vis-NIR spectroscopy showed that dye adsorption changes the light absorption, transmittance,
and optical bandgap of the photoanode. Average atomic mass percentage of titanium (Ti) and oxygen (O) obtained from EDS
analysis proved the presence of TiO, in the mesoporous photoanode. In SEM images, significant morphological changes of
mesoporous TiO, surface appeared because of dye adsorption.
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1. Introduction has attracted extensive research focus as a novel
renewable and clean photon-to-electricity conver-
sion system. DSSCs facilitate its fabrication by
cost-effective and commercially available materials
eliminating the need of highly well-trained hands
as well as elaborative and expensive laboratory
setup [1, 7, 11].

Dye sensitized solar cell (DSSC), a promis-
ing alternative candidate to p-n junctions solar
cell [1-5], is fabricated based on sensitization of
wide band gap semiconductor materials [6, 7]. In
DSSC device, wide bandgap semiconductors such
as SnO;, TiO; or ZnO are used due to their high
chemical stability [7-9]. DSSC contributes more or
less, along with other organic and inorganic pho-
tovoltaic (PV) technologies, to meet the world’s
energy crisis, in addition to the conventional fos-
sil or natural gas based energy supplies. Since the
first invention of DSSC by O’Regan et al. [10], it

Working mechanism of DSSCs is quite differ-
ent than other conventional semiconductor PV de-
vices. Usually, sensitizer in DSSC absorbs solar en-
ergy to generate excitons [12, 13] followed by cap-
turing the exciton originated electrons by a wide
band gap semiconductor photoanode film [14, 15].
A redox couple (e.g. Is-/I in an organic solvent),
which fills the gap between the two electrodes of
*E-mail: makhan.inst@ gmail.com the DSSC, i.e. photo-electrode (photoanode) and
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counter (working) electrode [10, 16—19], transports
the charge carriers from metal oxide and oxidized
dye to electrodes [20, 21].

The acceptor materials and dye sensitizers are
the key constituents that regulate the performance
of DSSC [22, 23]. Best efficiency obtained so far
for silyl-anchor and carboxy-anchor dyes based
DSSC is 14.7 % [24], which is 12.3 % with cobalt-
based redox mediators [25, 26]. These achieve-
ments of DSSCs open manyfold doors for research-
ing on alternative dyes with some more effective
redox mediators and metal complexes in optimized
semiconductor film for the further improvement of
DSSC efficiencies.

In DSSC, using synthetic dyes as photo-
sensitizer is very challenging due to the long-time
dye preparation procedure, complexity of dye pu-
rification, and finding appropriate solvents for the
dye extraction. As a result, commercial produc-
tion of effective synthetic dyes for DSSC is still
very expensive for photoanode development [27].
TiO, based photoanode can adsorb most of the
available dyes which are commonly used as a sen-
sitizer [28-30]. Therefore, natural dyes in TiO,
based DSSC devices would be potential candi-
dates in solving current photoanode development
problems [31-33].

When dye is adsorbed on a photoanode sur-
face, changes occur between the dye and the coat-
ing layer of the photoanode. Turmeric (Curcuma
Longa sp.) has already been suggested as a promis-
ing dye to be used in DSSC by several groups [34—
37]. The impact of photovoltaic response and sen-
sitization time on photovoltaic performance of
DSSCs using solvents extracted turmeric (Cur-
cuma Longa sp.) natural dye had already been
studied [34]. However, the influence of turmeric
natural dye adsorption onto TiO, based DSSC’s
photoanode on structural, morphological and opti-
cal properties has been rarely found in the literature
surveys, to the best of our knowledge.

In this experiment, we developed natural dye
(Curcuma Longa sp.) adsorbed titanium dioxide
(TiO,) photoanode by doctor blade method using
an established recipe with different compositions

of constituent chemicals. The reason behind us-
ing Curcuma Longa sp. as a dye is that it is lo-
cally available, cost-effective and easy for dye pig-
ment separation. The developed photoanodes sur-
faces have been studied by using XRD, UV-Vis-
NIR spectroscopy, EDS and SEM to investigate
structural properties (crystallite size, morphology
index, specific surface area), optical properties (op-
tical bandgap, absorption coefficient), and surface
morphology of dye free and dye adsorbed photoan-
odes. The SEM image of the dye free photoanode
shows mesoporous properties, whereas the meso-
pores of dye adsorbed sample were found to be
filled by the dye molecules properly. Thus, the nat-
ural dye (Curcuma Longa sp.) adsorbed TiO, pho-
toanodes could be widely used for the fabrication
of efficiently improved DSSC.

2. Experimental

2.1. Materials

Materials used to produce the TiO; films for
photoanodes were TiO; nanopowder (Degussa
P25, USA), indium tin oxide (ITO) coated glass
plate (Dyesol, Australia) as substrate materials,
Triton X-100, i.e. CgH;7C¢H4(OCH;CH,)nOH
(Merck, Germany), titanium IV isopropoxide,
i.e. Ti[OCH(CHj3),]4, TTIP (Merck, Germany),
polyethylene glycol 6000, ie. HO(C,H40),H,
PEG (Merck, Germany), ethanol (BDH, UK), citric
acid (C¢H807, Merck, Germany), acetone (BDH,
UK), dye extracted from turmeric (Curcuma Longa
sp., local Bangladeshi name holud), etc.

2.2. [Extraction of natural dye sensitizers

At first, a beaker was washed using distilled wa-
ter and dried at 60 °C in an oven. Then, the beaker
was permitted to be cooled naturally to room tem-
perature (25 °C). Afterwards, 5 g of dry turmeric
was dipped in 100 mL of ethanol solvent in a dried
beaker to prepare the dye solution. After sealing
the beaker top with aluminum foil paper, the beaker
was located in a dark place for 12 hours to extract
color by self-extraction process [34, 38].
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2.3. TiO;
photoanode

film coating for DSSC

With help of a glass rod, 1 g of TiO, nanopow-
der (Degussa P25), 1 mL citric acid (0.1 M),
0.2 mL titanium (IV) isopropoxide, 0.05 mL
non-ionic surfactant Triton X-100, and 0.1 mL
polyethylene glycol were mixed together in a
beaker. Then, the mixture of TiO, paste was son-
icated using an ultrasonic bath for 20 minutes. Two
ITO glass substrates each of 1 cm x 1 cm dimen-
sion and 10 Q/cm? surface resistance were coated
applying the prepared TiO; pasted by doctor blade
method. Then, the ITO glass substrates were an-
nealed at 500 °C for 1 h [34]. Next, the glass sub-
strates were permitted to be cooled slowly for 12 h
to room temperature. The thicknesses of the devel-
oped TiO; films were 10 um. One of the substrates
used as dye free (sample without dye adsorption)
was denoted as S1 in the discussion later on. At
the next stage, to adsorb the dye molecule, another
substrate notated as S2 was immersed into turmeric
natural dye beaker for 2 h in a dark place. Then
the S2 was cleaned with water and thereafter with
ethanol for several times. To get the final phase
of the S2 (i.e. dye adsorbed sample), the substrate
was dried in natural air for few minutes at room
temperature.

2.4. XRD characterization

The structural properties and particle size
were investigated with an X-ray diffractometer
(GBC-EMMA, Australia) from Institute of Fuel
Research and Development (IFRD), Bangladesh
Council of Scientific & Industrial Research
(BCSIR), Dhaka-1205, Bangladesh. At 20 posi-
tion, X-ray diffraction technique was applied from
20° to 90°.

2.5. SEM characterization

The surface morphologies of the TiO; film of
the photoanodes were studied by scanning electron
microscope (SEM). SEM and EDS studies were
performed with a field emission scanning electron
microscope (JEOL JSM-7600F, Tokyo, Japan) at
the Department of Glass and Ceramic Engineer-
ing (GCE), Bangladesh University of Engineering

& Technology (BUET), Dhaka-1000, Bangladesh.
During FESEM imaging, the accelerating voltage
was maintained at 5 kV to 7 kV to eliminate charg-
ing effect.

2.6. EDS characterization

Energy dispersive spectroscopy (EDS) is a test
to examine the presence of elements through study-
ing the amplitude of X-ray of a wavelength emit-
ted after hitting by electrons that come from elec-
tron beam. For the emission of X-ray, the atoms
must contain at least K-shell and L-shell where the
electron is allowed to dislodge from shell to shell.
Therefore, hydrogen, being the only element in the
periodic table with only K-shell, is not detectable
by EDS. EDS was used to calculate the percentage
of various elements existing in the TiO; films.

2.7. UV-Vis-NIR characterization

The optical properties were studied by UV-Vis-
NIR spectroscopy analysis. UV-Vis-NIR spectra
of TiO, films were taken by UV-Vis-NIR spec-
trophotometer (Hitachi 4200, Japan) from Insti-
tute of Fuel Research and Development (IFRD),
Bangladesh Council of Scientific & Industrial Re-
search (BCSIR), Dhaka-1205, Bangladesh. Fresh
ITO coated glass substrate was used as a reference.

3. Results and discussion

3.1.

Using X-ray diffraction technique (from 20° to
90° at 20 position), crystalline structure of TiO;
films for dye free (without dye adsorption) (S1) and
dye adsorbed samples (S2) were studied. In XRD
spectrum, thirteen diffracted peaks for anatase
phase A and five peaks for rutile phase R were ob-
served as shown in Fig. 1.

XRD analysis (structural properties)

Crystallite size (L): Average crystallite size L of
a crystalline structure can be obtained from Scher-
rer relation [39] given by:

kA

:ﬁcose 1

where A stands for the wavelength of the incident
X-ray CuKe radiation, k for a constant (0.9), 3
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Fig. 1. XRD spectra of TiO, films of sample S1 (without dye) and S2 (with dye).

for the full width at half maximum value and © for
the Bragg angle of the respective plane peak. XRD
results found for different peaks are summarized in
Table 1.

Specific surface area (SSA): The surface area
is an important factor for nanoparticles, because of
their large surface-to-volume ratio [40]. There is an
inverse relationship between particle size and sur-
face area. The specific surface area (SSA) of the
particles, defined as the summation of the areas of
exposed surfaces of particles per unit mass [41],
derives a value that can be used to determine the
type and properties of a material. It has a particu-
lar importance in case of adsorption, heterogeneous
catalysis and reactions on surfaces [42, 43].

Zhang et al. [44] reported that, the specific
surface area and surface to volume ratio increase
dramatically as the size of material decreases.

They estimated the high surface area of TiO;
nanoparticles, which facilitates the reac-
tion/interaction between TiO, based devices
and the interacting media. Mathematically, specific
surface area (SSA) can be calculated from the crys-
tallite size L, i.e. particle size D data obtained from
XRD analysis by using the following formula [45]:

6x10°

2
oD, @)

SSA =

where p is the density of TiO, nanoparticles
(4.23 g-cm ™), D, is the size of the nanoparticle.

The variation of SSA with crystallite size for
anatase and rutile phase of TiO, is displayed in
Fig. 2, which shows the increasing SSA with de-
creasing crystallite size for both S1 and S2 sam-
ples. Therefore, as the particle sizes of the nanopar-
ticles decrease their chemical reactivity increases.
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Table 1. Experimental XRD data for anatase A and rutile R phase of nanocrystalline TiO; films developed on ITO
glass substrate for S1 (without dye) and S2 (with dye) samples.

Phase [A & R] 2(0) FWHM [°] Crystallite size, L [nm]
S1 S2 S1 S2 S1 S2
A (101) 26.46 26.56 0.46519 0.19645 17.54 41.55
R (110) 28.64 28.64 0.33672 0.43748 24.35 18.74
R (101) 37.16 38.96 0.4965 0.47626 16.88 17.69
A (103) 37.96 37.94 0.23203 0.3249 36.21 25.86
A (004) 39.02 38.94 0.5192 0.53533 16.23 15.74
A (112) 39.6 39.62 0.33593 0.20059 25.13 42.09
R (111) 42.56 43.52 0.38239 0.07733 22.29 110
A (200) 48.62 49.14 0.82494 0.33587 10.57 26.01
A (105) 54.18 54.92 0.68368 0.19483 13.05 45.95
R (211) 54.42 55.26 0.06868 0.40316 130 22.24
A (211) 55.18 56.16 0.52244 0.15978 17.16 56.35
R (220) 56.86 57.76 0.47222 0.10812 19.13 83.91
A (204) 62.84 63.72 0.40148 0.6603 23.19 14.17

The obtained specific surface area for S1 ranges
from 39 m>-g~! to 134 m?-g~!, and for S2 from
30 m?-g~! to 100 m?-g~!.

60

A A S2

- \\ . St

8
;
»”

Crystallite Size (L), nm
3 8
//
/A

I

0 T T T T T
20 40 60 80 100 120 140

Specific Surface Area (m?/g)

Fig. 2. Variation of crystal size with specific surface
area (SSA) for the sample S1 and S2.

Morphology Index (MI): TiO, nanopowder is
widely used in many diverse applications due to
its unique structural, physical and chemical prop-
erties. The specific surface area, related to particle
morphology and size, influence chemical reactivity
of the nanopowder. Morphology index (MI) is cal-
culated from FWHM (full width at half maximum)
of XRD peaks by the following equation [46]:

. FWHM,
- FWHM,,+FWHM,

3)

where MI is the morphology index, FWHMy is
the highest FWHM value obtained from peaks and
FWHMp is the particular peak’s FWHM for which
Ml is to be calculated.

The obtained morphology index MI ranges
from 0.5 to 0.71 and 0.5 to 0.8 for S1 and S2 sam-
ple, respectively. It is correlated with the crystallite
size (in the range of 10 nm to 36 nm for S1 and
14 nm to 56 nm for S2 sample) and specific surface
area (in the range of 39 m?-g~! to 134 m?.g~! for
S1 and 30 m?-g~! to 100 m?.g~! for S2 sample).
The results are presented in Fig. 2 and Fig. 3. It is
observed that MI is directly proportional to crystal-
lite size, whereas specific surface area is inversely
proportional to particle size. Fig. 3 shows the re-
lationships between MI and crystal size. The ob-
served results for MI confirm the uniformity and
fineness of the prepared nanoparticles.

3.2. UV-Vis-NIR analysis (optical proper-
ties)

Fig. 4 shows the comparison of optical trans-
mittance and absorbance properties of S1 and S2
samples. The measurements were carried out in
the wavelength range of 400 nm to 2000 nm. Sub-
strate with dye exhibits significant increase
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Fig. 3. Variation of crystal size with morphological in-
dex (MI) for the samples S1 and S2.

of absorbance and decrease of trans-
mittance within the visible and in-
frared range compared to the dye free
substrate.

3.2.1. Absorption coefficient

Absorption coefficient o, which is related to
the characteristics of respective material and wave-
length of light, determines the light absorbing
properties of a material and can be determined
by the relation [47]: o = 2.303 A/t where A
and t stand for absorbance and thickness of film,
respectively.

3.2.2. Optical bandgap
Tauc formula:

S=

(ahv)" = A(hv — E,) 4)
relates absorption coefficient o, energy band Eg
gap, frequency of radiation v, Planck constant h
and a constant A [48]. The value of n is different for
different types of transition materials. Since TiO; is
a direct transition material, hence, the value of n, in
the formula, is taken as 2. To determine the optical
band gap, («hv)? was plotted against hv as shown
in Fig. 5b. Then, extending the linear portion of the
curve to the x-axis of (ochv)? vs. hv plot, optical
band gap was estimated as 3.05 eV and 2.85 eV
for S1 and S2 sample, respectively. Both samples

(S1 and S2) show wide-bandgaps which values are
very close to the ideal bandgap of TiO, of about
3.2eV[7,9].

3.3. EDS analysis

The EDS graphs of TiO, nanoparticles for S1
are shown in Fig. 6a, Fig. 6b, Fig. 6¢ and Fig. 6d
and for S2 in Fig. 6e, Fig. 6f, Fig. 6g and Fig. 6h.
The EDS data were collected from three specified
points on the SEM image which were identified by
001, 002 and 003 as shown in Fig. 6a, Fig. 6b and
Fig. 6c, respectively, for S1 and Fig. 6f, Fig. 6g
and Fig. 6h, respectively, for S2. The atoms were
identified by measuring the kinetic energy of the
electrons emitted from atoms. The respective ki-
netic energy for oxygen O and titanium atoms are
0.525 keV and 4.508 keV. Thus, the EDS spec-
trum of titanium oxide nanoparticles indicates the
presence of oxygen and titanium atoms and it also
confirms that the produced nanoparticles in the
photoanode films are TiO;.

From studying the data in Table 2, it is seen
that, the average atomic mass percentage of TiO;
obtained from EDX analysis are 68.42 % Ti and
31.58 % O for the dye free sample (S1), and
68.31 % Ti and 31.69 % O for the dye adsorbed
sample (S2), which is in agreement with those of
the standard value 59.93 % Ti and 40.07 % O in
TiO, compound [49]. Thus, it is clear that the pro-
duced nanosized particles are TiO;.

3.4. SEM analysis (morphological proper-
ties)

SEM image is a powerful tool by which sur-
face morphology of nanoparticles can be observed
and also size of the particles can be measured.
Fig. 7 shows the SEM pictures of the produced
TiO, nanoparticles for S1 and S2 samples.

The TiO; nanoparticles that exist in the
photoanode film have spherical morphology. Al-
though some particles are found to be agglomer-
ated, most of the particles, termed as primary par-
ticles, can be identified in nanometer scale. Typ-
ically, agglomeration of nanoparticles may hap-
pen for several primary particles. The agglomer-
ation of primary particles is termed as secondary
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particle. They form when the primary particles are
held together by weak surface forces (soft agglom-
eration) such as van der Waals or capillary forces
or by strong chemical bonds (hard agglomeration).
A significant change is found for the SEM image
of the dye adsorbed sample S2. From Fig. 7b, it
is observed that most of the mesopores, which are
clearly visible in Fig. 7a for sample S1, are filled by
dye molecules, which is well agreed with previous
reports [34, 38, 50].

4. Conclusions

Since properly dye adsorbed TiO, coated
photoanode could improve the efficiency of
dye-sensitized solar cells, therefore, there is

a significant interest in extensive studies on dif-
ferent characteristics of DSSC photoanodes mod-
ified by dye adsorption. In this work, successful
analysis of various properties of natural dye ad-
sorbed (Curcuma Longa sp.) and dye free TiO,
coated photoanode layers were carried out. The
rate of change in crystallite size against morpho-
logical index was found to be lower in the case
of dye adsorbed sample. Nonlinearity in crystallite
size with specific surface area became higher with
adsorbed dye. Light absorption and transmittance
capacity changed dramatically in the dye adsorbed
sample. Moreover, optical bandgap changed from
3.05 eV to 2.85 eV. SEM investigation confirmed
the adsorption of the dye on the nanoporous sur-
face. A comparison of the dye adsorbed and dye
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Table 2. Comparison of atomic mass percentages for TiO, obtained from EDX with theoretical value for S1 and

S2 samples.

Atomic mass [%]
Point 1
S1 S2

Point 2
S1 S22

EDX calculation [%]

Theoretical value [%]
Point 3
S1 S2

Average
S1 S2

Taitanium (Ti)
Oxygen (O)

67.82 69.82 69.33 69.19 68.11 65.92 68.42 68.31
32.18 30.18 30.67 30.81 31.89 34.08 31.58 31.69
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Fig. 6. EDS spectra and distribution of elements for
TiO, film of S1 (a, b, ¢, d) and S2 (e, f, g, h)
samples.

free samples revealed that, dye affected the optical
properties significantly, thereby, slightly influenc-
ing the structural and morphological properties of
TiO; coated photoanode.

Fig. 7. High resolution SEM images of TiO, film for
the sample S1 and S2.
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