
RSC Advances

PAPER

Pu
bl

is
he

d 
on

 1
2 

Ju
ly

 2
01

6.
 D

ow
nl

oa
de

d 
by

 I
nd

ia
n 

In
st

itu
te

 o
f 

T
ec

hn
ol

og
y 

N
ew

 D
el

hi
 o

n 
21

/1
1/

20
16

 1
1:

20
:5

5.
 

View Article Online
View Journal  | View Issue
Highly efficient d
aDepartment of Physics and Nanotechnology

Kattankulathur, Chennai, 603203, Tamil N

yahoo.com
bResearch Institute of Electronics, Shizuo

Hamamatsu, Shizuoka 432-8011, Japan.

royhaya@ipc.shizuoka.ac.jp; Fax: +81-5347
cNational Physical Laboratory, Dr K. S. Kris

Cite this: RSC Adv., 2016, 6, 68092

Received 9th June 2016
Accepted 12th July 2016

DOI: 10.1039/c6ra14976f

www.rsc.org/advances

68092 | RSC Adv., 2016, 6, 68092–680
ye-sensitized solar cell
performance from template derived high surface
area mesoporous TiO2 nanospheres

J. Archana,*ab S. Harish,b M. Sabarinathan,b M. Navaneethan,*b S. Ponnusamy,a

C. Muthamizhchelvan,a M. Shimomura,b H. Ikeda,b D. K. Aswalc and Y. Hayakawa*b

High surface area mesoporous anatase TiO2 spheres are synthesized using ethylene glycol as a template by

a solvothermal method. Electron microscopy studies revealed the formation of smooth surfaced

mesoporous spheres with uniform size. A high surface area of 221.52 m2 g�1 is obtained for the titanium

tetraisopropoxide concentration of 0.5 mL. X-Ray diffraction and Raman analyses revealed the formation

of anatase phase TiO2. Uniform deposition of a mesoporous film for a photoanode was achieved by an

optimized spray deposition method. The effects of the ruthenium dye-sensitizer N719 and indoline dye-

sensitizer D205 on the dye sensitized solar cell performance are investigated. Maximum efficiencies of

8.96 and 9.02% are achieved using the sensitizers N719 and D205, respectively; from the mesoporous

anatase TiO2 sphere coated DSSC. IPCE analyses revealed that the mesoporous spheres efficiently

collected the incident photons and achieved a conversion efficiency over 80% by internal reflections and

a scattering process.
1. Introduction

Dye-sensitized solar cells (DSSCs) have attracted signicant
attention because of their potential in achieving efficient low-
cost solar energy conversion, compared with silicon and
group III–group V solar cells.1–6 DSSCs typically consist of
a uorine-doped tin oxide (FTO) layer, photoanode, dye, elec-
trolyte, and counter electrode.7–10 Wide-band gap semi-
conductors such as ZnO and TiO2 are well suited to and
frequently used as photoanode materials. TiO2 has a good
affinity for organic molecules and a similar band alignment
with common dyes. Therefore it is a preferred photoanode
material over ZnO.11–13 The highest reported DSSC energy
conversion efficiency of 13% has been achieved using a TiO2

nanoparticle lm as the photo anode material.14 Several factors
are responsible for cell performance. Increasing the light
harvesting efficiency will enhance the energy conversion effi-
ciency. Semiconductor oxides with mesoporous structures have
higher internal surface areas than the ones with nanocrystalline
structures.15–19
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Much effort has been made to modify the structure of pho-
toanode materials. Sung Hoon et al.20 prepared mesoporous
TiO2 lms using gra co-polymers as a template, achieving
a maximum efficiency of 4.6%. Satyanarayana Reddy et al.21

used a so template method for preparing mesoporous TiO2 by
employing various cationic surfactants as structure-directing
and pore-forming agents. They achieved an efficiency of 7.5%.
Hun-Gi Jung et al.22 synthesized mesoporous TiO2 spheres by
a urea-assisted hydrothermal process. The resulting meso-
porous TiO2 electrode exhibited a higher efficiency (7.54%) than
a commercial P25 TiO2 electrode (5.69%). Xiaohuan et al.23 had
prepared mesoporous anatase TiO2 microspheres by sol-
vothermal process using phenol as a solvent. The average
diameter of the synthesized spheres was 3 mm with the surface
area of 168 m2 g�1. It yielded the conversion efficiency of 7.94%.
Yuli Xiong24 and his co-workers prepared highly ordered
anatase 2D hexagonal mesoporous titania particles by ultra-
sonication method. Pluronic P123 was used as a surfactant
template and HCl, H2SO4 as an acidic catalyst. It has the surface
area of 121 m2 g�1 and the device exhibited the efficiency of
4.93%. Jia-de-peng et al.25 synthesizedmesoporous TiO2 spheres
by hydrothermal method with an average diameter of 500 � 60
nmwith the surface area of 108.1 m2 g�1. The photoanodemade
of these spheres yielded the cell efficiency of 6.18%. Juti et al.26

had synthesized the mesoporous anatase TiO2 spheres by facile
microwave assisted hydrothermal method. The average sizes of
the spheres were around 800 nm with the surface area of 222 m2

g�1. The cell yielded the efficiency of 5.72%. Peter Chen et al.27

prepared mesoporous anatase TiO2 spheres by microwave
This journal is © The Royal Society of Chemistry 2016
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assisted hydrothermal method. The size of the spheres was in
the range of 400–600 nm with the surface area of 132.49 m2 g�1.
The efficiency of the cell is 5.43%. Under the optimum condi-
tion with the scattering layer, the conversion efficiency was
increased to 6.92%. Chang Soo et al.28 prepared mesoporous
anatase TiO2 spheres by facile non hydrothermal method,
synthesizing bulk calcinations process in which polymer ethyl
cellulose were used a structure directing agent. Nanocrystalline
layer exhibits the cell efficiency of 5.0%, when the mesoporous
TiO2 spheres were used as a scattering layer the efficiency was
increased to 6.1%. Luo Tu et al.29 fabricated the DSSC using
mesoporous TiO2 microspheres. The average size of the spheres
was 1.1 mm with the surface area of 137 m2 g�1. The cell yielded
the efficiency of 6.6%. Hui Tong30 and his coworkers synthe-
sized mesoporous TiO2 microspheres by sol–gel method. The
average diameter of the spheres was about 0.5 mm. They had
investigated the surface area and pore size of the spheres
without template (123 m2 g�1, 6.2 nm), with template Pluronic
F127 as a template (148 m2 g�1, 5.4 nm) and TiO2 aggregates
(107 m2 g�1, 10.6 nm). TiO2 aggregates with higher pore size
gives good efficiency of 5.6% whereas the cell efficiency for
without and with template were reported as 3.6% and 4.1%.

Photoanodematerials consisting of mesoporous frameworks
lead to good efficiencies. Their large surface area and inter-
connected network facilitate dye loading, charge transport, and
light scattering.31 Moreover, the high surface area with inter-
connected mesoporous TiO2 spheres is required to obtain the
high efficiency in DSSC. In this study, mesoporous anatase TiO2

spheres with high surface area were solvothermally prepared
using ethylene glycol as a templating agent. The effect of the
titanium tetraisopropoxide (TTIP) precursor concentration
on the formation and functional properties was investigated.
The mesospheres were used to prepare photoanodes by
spray deposition method. The effects of the sensitizers N719
and D205 on dye-sensitized solar cells performance were
investigated.

2. Experimental method
2.1 Solvothermal growth of mesoporous TiO2 spheres

All chemicals were purchased from Wako Chemicals (Japan)
and were used without further purication. Two steps were
typically followed to prepare the TiO2 mesospheres.

2.1.1 Formation of titania glycolate spheres. Titanium tet-
raisopropoxide (0.5, 1.0, 1.5 and 2.0 mL) was added to ethylene
glycol (50 mL). The solution was stirred for 5 h at room
temperature, and then added to acetone bath (150 mL) con-
taining trace water. The solution was stirred for 2 h to form
a white suspension which was collected by centrifugation,
thoroughly washed with distilled water and ethanol to remove
impurities, and dried at 80 �C for 10 h. The samples were
termed as S1 (0.5 mL), S2 (1.0 mL), S3 (1.5 mL) and S4 (2.0 mL),
respectively.

2.1.2 Formation of mesoporous TiO2 spheres. The titania
glycolate spheres were dispersed in an equal volume of water
and ethanol (30 mL), and stirred for 2 h. The white solution was
transferred to a 100 mL Teon-lined stainless steel autoclave,
This journal is © The Royal Society of Chemistry 2016
and heated at 150 �C for 12 h. The resulting product was
collected and annealed at 300 �C for 2 h.

2.2 Characterization

Surfacemorphologies were observed by eld-emission scanning
electron microscopy (FESEM) with a JEOL JSM 7001F micro-
scope. Transmission electron microscopy (TEM) images were
recorded using a JEOL JEM 2100F microscope at an accelerating
voltage of 200 kV. Crystalline phases were determined by X-ray
diffraction (XRD), using a Rigaku diffractometer (RINT-2200,
Japan, CuKa radiation) with a 0.02� s�1 scan rate. Raman
spectra were obtained using a JASCO NR-1800 spectrometer.
Ultraviolet-visible (UV-vis) absorption spectra were measured
using a Shimadzu 3100 PC spectrophotometer (Japan). Fourier
transform infrared (FTIR) spectra were recorded using a JASCO
MFT 2000 spectrometer from KBr pellet samples. Current
density and voltage (I–V) characteristics were measured at an air
mass of AM 1.5 (100 mW cm�2 of simulated sunlight) by
a JASCO solar simulator equipped with a Keithley picoammeter.
Impedance analysis was performed using Solartron (model no.
1280C) Electrochemical Test System.

2.3 Dye-sensitized solar cell fabrication

The fabrication procedure was adopted from our previous report.31

Mesoporous TiO2 powder was dispersed in ethanol, and ground
for 30 min using an ultrasonic processor. Five drops of triton-X
were added to the solution as a binder. The solution was
sprayed on FTO glass (Nippon Sheet Glass, 8.7 U sq.�1, 80%
transparency in the visible range) at 150 �C by spray pyrolysis. The
TiO2 lms were annealed at 450 �C for 2 h. The resulting photo-
anodes were soaked in an ethanol solution containing 0.03 M di-
tetrabutylammonium cis-bis(isothiocyanato)bis(2,200-bipyridyl-4,40-
dicarboxylato)ruthenium(II) (N719) for 12 h. The photoanode was
clamped with a Pt-coated FTO counter electrode to form a sand-
wich-type cell. A redox electrolyte solution was lled between the
electrodes by capillary action to form the cell. The electrolyte
consisted of 0.6 M dimethylpropylimidazolium iodide, 0.1 M
lithium iodide, 0.01 M iodine, and 0.5 M tetrabutylpyridine in
acetonitrile (FUNCHEM, Tomiyama electrolyte company, Japan).

3. Results and discussion

Fig. 1–4 show FESEM and TEM images of the titania glycolate
and TiO2 spheres. The TTIP concentrations used in the prepa-
rations were 0.5, 1.0, 1.5 and 2.0 mL for Fig. 1–4, respectively.
Fig. 1–4(a) show typical FESEM images of the titania glycolate
spheres, which exhibited an average size of 100–200 nm and
very smooth surfaces. Porous TiO2 spheres were formed aer
solvothermal treatment, as shown in Fig. 1–4(b). TEM images of
the porous TiO2 spheres are shown in Fig. 1–4(c). The formation
of the spherical structure depended on the precursor concen-
tration. When the TTIP concentration was 0.5 mL, the resulting
TiO2 spheres exhibited good interconnectivity and dened
boundaries as shown in Fig. 1(c). As the TTIP concentration
increased to 1.0, 1.5 and 2.0 mL, the morphology of the prod-
ucts became progressively more irregular. Dened boundaries
RSC Adv., 2016, 6, 68092–68099 | 68093
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Fig. 2 FESEM images of (a) titania glycolate spheres and (b) meso-
porous TiO2 spheres, (c)–(d) TEM images of mesoporous TiO2 spheres
(inset shows a HRTEM image) of S2.
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were not observed in Fig. 2(c). High-magnication TEM images
of products prepared from TTIP concentrations of 0.5, 1.0, 1.5
and 2.0 mL are shown in Fig. 1–4(d), respectively. High-
resolution TEM (HRTEM) images are shown inset. The
prepared materials exhibited good crystallinity with an average
particle size of 5–8 nm. Thus, the TiO2 mesosphere morphology
could be tuned by the concentration of the TTIP precursor.

Brunauer–Emmett–Teller (BET) analysis was performed to
determine the surface area of the TiO2 spheres, and to better
understand their mesoporous frameworks.33 Fig. 5(a) shows N2

adsorption–desorption isotherms and pore size distributions
estimated using the Barrett–Joyner–Halenda (BJH) analysis.
Fig. 5(b) shows that all isotherms exhibited type IV behavior
with H1 hysteresis loops, which is characteristic of mesoporous
structures. The surface area of the samples prepared from
various TTIP concentrations were determined from BET anal-
ysis. A TTIP concentration of 0.5 mL resulted in a surface area of
221.52 m2 g�1. TTIP concentrations of 1.0, 1.5 and 2.0 mL
resulted in surface areas of 169.60, 166.52 and 133.68 m2 g�1,
respectively. Thus, an increasing TTIP concentration resulted in
decreased BET surface areas. This was in good agreement with
the TEM results, which showed a similar trend.

The formation process of the mesoporous TiO2 is shown in
Fig. 5(c). Titanium metal oxides contain moisture-sensitive
alkoxide groups, so TTIP tends to hydrolyze during titania
synthesis. A high hydrolysis rate leads to non-uniform products,
so it is necessary to slow this process. Branched alkoxy ligands
sterically suppress hydrolysis, so ethylene glycol was chosen to
suppress hydrolysis by the nucleophilic substitution mecha-
nism. The alkyl chain of ethylene glycol coordinates with TiO2

nuclei to form titania glycolate,32 according to:

Ti(OiPr)4 + 2HO(CH2)2OH / Ti((OCH2)2)2 + 4iPrOH (1)
Fig. 1 FESEM images of (a) titania glycolate spheres and (b) meso-
porous TiO2 spheres, (c)–(d) TEM images of mesoporous TiO2 spheres
(inset shows a HRTEM image) of S1.

68094 | RSC Adv., 2016, 6, 68092–68099
Titania glycolate was treated with acetone to enhance the
hydrolysis of the glycolate precursor, and a solvothermal
process was employed to synthesis the mesoporous anatase
TiO2 spheres. During this process, coordination between the
alkyl chain of ethylene glycolate and titania was broken.
Releasing the alkoxy group from the product resulted in the
mesoporous TiO2. TEM indicated that the increased TTIP
concentration affected the structure of the TiO2 spheres. The
number of TiO2 nuclei was proportional to the number of alkoxy
Fig. 3 FESEM images of (a) titania glycolate spheres and (b) meso-
porous TiO2 spheres, (c)–(d) TEM images of mesoporous TiO2 spheres
(inset shows a HRTEM image) of S3.

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 FESEM images of (a) titania glycolate spheres and (b) meso-
porous TiO2 spheres. (c)–(d) TEM images of mesoporous TiO2 spheres
(inset shows a HRTEM image) of S4.

Fig. 5 (a) N2 sorption isotherms and (b) BJH pore size distribution of
the mesoporous TiO2 spheres and (c) schematic formation mecha-
nism of the mesoporous TiO2 spheres.
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groups released from ethylene glycol. Increasing the TTIP
concentration from 0.5 to 2.0 mL increased the number of TiO2

nuclei in solution. The alkyl chain content of ethylene glycol
is constant, so the resulting imbalance in coordination bonds
was responsible for the formation of the different surface
morphology. Thus, the TTIP concentration played an important
role in determining the particle morphology. 0.5 mL of TTIP
evidently provided favorable coordination between TiO2 nuclei
and alkyl chains, because dened interconnected structures
were observed when comparing with higher TTIP concentration
products.

Fig. 6(a) shows XRD patterns of the samples. Peaks at
25.19, 37.8, 48.1, 53.5, 55.1, 62.3, 70.2 and 75.2� corresponded
to reections from the (101), (004), (200), (105), (204), (220)
and (215) crystal planes, respectively. All these diffraction
peaks were assigned to anatase TiO2 (JCPDS card no. 21-
1272). No peaks related to other phases such as rutile and
brookite were observed. The broadening of the diffraction
peaks indicated that the TiO2 mesoporous spheres were
composed of smaller particles. Fig. 6(b) shows the Raman
spectrum of the mesoporous TiO2 spheres. According to
factor group theory, anatase TiO2 has six Raman active modes
(A1g + 2B1g + 3Eg). Oshaka et al. reported that these six allowed
bands were consistent with the rst-order Raman spectrum.34

These bands were observed at 144 (Eg), 197 (Eg), 399 (B1g), 513
(A1g), 519 (B1g) and 639 (Eg) cm

�1.35,36 In the current study,
Raman bands of the TiO2 mesospheres at 148, 400, 518, and
640 cm�1 corresponded to the anatase phase. The observed
bands were in agreement with the bands of anatase TiO2. The
Eg and B1g bands were shied to a slightly higher wave-
number. Choi et al. attributed this shi to two main factors.
The rst was a contraction of nanoparticle volume caused by
This journal is © The Royal Society of Chemistry 2016
the radial pressure, which tends to increase the force
constant (k). The second was the effect of contraction, which
decreases the vibrational amplitude of associating neighbor
bonds, because of increased static disorder.37 The shi in
Raman peaks occurred because of the decrease in particle
size, because the TiO2 sample consisted of small particles as
shown by HRTEM.
RSC Adv., 2016, 6, 68092–68099 | 68095
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Fig. 6(c) shows UV-vis absorption spectra of the samples. All
samples exhibited a signicant absorption onset at wavelength
less than 400 nm. This is attributed to the intrinsic band gap
absorption of TiO2. An optical absorption onset in the visible
region was expected, because the mesospheres possess signi-
cant light scattering capability. The TiO2 mesospheres facili-
tated visible photon absorption by the dye, and enhanced light
Fig. 6 (a) XRD patterns, (b) Raman spectra and (c) optical absorption
spectra of the mesoporous TiO2 spheres.

68096 | RSC Adv., 2016, 6, 68092–68099
harvesting during DSSC performance. TiO2 mesospheres (0.5
mL of TTIP) exhibited higher absorbance compared to other
samples which indicated that it possessed excellent optical
properties.

The obtained TiO2 mesospheres coated photoanode (0.5 mL
TTIP) was cleaved to identify the nature of the deposition,
interface of FTO:TiO2 mesospheres and morphology of TiO2

mesospheres. Fig. 7(a) and (b) shows the FESEM images of
cross-section and top views of photoanode, respectively. The
TiO2 mesospheres were well-deposited on the FTO layers and
possessed the mesoporous sphere morphology as shown in the
inset of the gure. Top view of the photoanode revealed that the
TiO2 mesospheres were deposited uniformly without any cracks
and the good interconnectivity of the mesospheres which
enhances the dye adsorption and electron transport.

Fig. 7(c) shows I–V curves of N719 sensitized DSSCs. Their
photovoltaic parameters are summarized in Table 1. The DSSC
containing the electrode fabricated with TiO2 mesospheres (0.5
mL of TTIP) exhibited a high energy conversion efficiency of
8.96%, because of its higher Jsc value of 19.09 mA cm�2. The
DSSCs containing electrodes prepared with 1.0, 1.5 and 2.0 mL
of TTIP exhibited gradually decreasing Jsc values of 17.72, 14.77
and 12.32mA cm�2, yielding efficiencies of 8.43, 7.22 and 6.05%,
respectively. Moreover, amount of the dye adsorptions on the
photoanodes were obtained using the UV visible absorption
Fig. 7 FESEM images of (a) cross-section, (b) top views of mesoporous
TiO2 spheres (0.5 mL TTIP) coated photoanode (inset: magnified
regions), (c) J–V (N719 dye), (d) IPCE characteristic curves of DSSCs
(N719 dye), (e) J–V (D205 dye) and (f) IPCE characteristics of DSSCs
(D205 dye).

This journal is © The Royal Society of Chemistry 2016
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Table 1 Photovoltaic performance of DSSCs prepared using meso-
porous TiO2 spheres sensitized by N719 dye at AM 1.5 (100 mW cm�2)

Device S1 S2 S3 S4

Thickness (mm) 16 � 0.5 16 � 0.5 16 � 0.5 16 � 0.5
FF 0.66 0.70 0.70 0.71
Voc (V) 0.70 0.67 0.69 0.68
Jsc (mA cm�2) 19.09 17.72 14.77 12.32
EFF (%) 8.96 8.43 7.22 6.05
Amount of adsorbed dye
(10�7 mol cm�2)

1.95 1.68 1.33 1.07

BET surface area (m2 g�1) 221.52 169.60 166.52 133.68
IPCE (%) 83.13 79.68 66.87 61.68
Rp (U) 3.2 9.2 64.4 148.8
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spectrometer by soaking dye-sensitized photoanodes in 1 M
NaOH solution. The obtained results are tabulated in Table 1.
The TiO2 mesospheres (0.5 mL of TTIP) coated dye-sensitized
photoanodes exhibited a value of 1.95 � 10�7 mol cm�2 and
this is higher than that of other photoanodes. From the above
results, it is evident that the TiO2 mesospheres (0.5 mL of TTIP)
has high surface area, well-dened interconnected mesoporous
network and high dye-adsorption and thus facilitated the high
efficiency compared to other samples such as 1.0, 1.5 and 2 mL
concentration of TTIP.

The incident photon to current conversion efficiency (IPCE)
provide further evidence for the excellent electron transport
property of mesoporous TiO2. Fig. 7(d) shows the IPCE spectra
of N719 dye sensitized device prepared using 0.5, 1.0, 1.5 and
2.0 mL of TTIP as photoanode material. The wavelength of N719
sensitized devices is usually observed at a wavelength of 530–
550 nm, the IPCE values is observed as 83.13% for 0.5 mL. The
increase in the concentration of TTIP to 1.0, 1.5 and 2.0 mL led
to the decrease in IPCE value to 79.68, 66.87 and 61.68%. The
steady decrease in IPCE value is attributed to the decrease in Isc
by increased concentration of TTIP.38,39 The improved in IPCE
performance was due to enhanced charge generation efficiency,
inhibition of electron recombination and high dye loading.40,41

Metal-free D205 was also used as a sensitizer, in place of the
Ru-containing N719 dye, and the performances of the resulting
devices were studied. Fig. 7(e) shows the I–V curves of the
D205-sensitized devices and the parameters are tabulated in
Table 2. Similarly to the results for the N719-sensitized DSSCs,
a higher energy conversion efficiency was obtained for the TiO2

mesospheres (0.5 mL of TTIP) coated DSSC. The conversion and
Table 2 Photovoltaic performance of DSSCs prepared using meso-
porous TiO2 spheres sensitized by D205 dye at AM 1.5 (100 mW cm�2)

Device S1 S2 S3 S4

Thickness (mm) 16 � 0.5 16 � 0.5 16 � 0.5 16 � 0.5
FF 0.67 0.66 0.61 0.65
Voc (V) 0.67 0.68 0.67 0.68
Jsc (mA cm�2) 19.74 17.40 17.77 14.74
EFF (%) 9.02 7.92 7.43 6.44
IPCE (%) 78.70 61.67 57.26 53.71
Rp (U) 3.0 6.0 60.5 120.8

This journal is © The Royal Society of Chemistry 2016
Jsc were 9.02% and 19.74 mA cm�2, respectively. The Jsc values
were 17.77, 17.40 and 14.74 mA cm�2, and the efficiencies were
7.92, 7.43 and 6.44% for the DSSCs prepared from 1.0, 1.5 and
2.0 mL of TTIP, respectively. The highest efficiencies of 8.96%
for N719 and 9.02% for D205 were obtained when 0.5 mL of
TTIP was used to prepare the TiO2 mesospheres. 0.5 mL TTIP
concentration resulted in good interconnectivity and dened
boundaries, which enhanced dye adsorption and facilitated
electron transport, compared with the other TTIP concentra-
tions. Fig. 7(f) shows the incident photon to current conversion
efficiency (IPCE) measured was performed on the mesoporous
TiO2. D205 sensitized device has a broad absorption peak
covering almost the entire visible spectra from 450–600 nm, the
IPCE values is observed as 78.70% for 0.5 mL. With further
increase in the concentration of TTIP to 1.0, 1.5 and 2.0 mL led
to the decrease in IPCE value to 61.67, 57.26 and 53.71%. To
understand the interfacial charge transfer and the recombina-
tion process the electrochemical impedance spectra (EIS) were
taken in the range of (0–20 kHz). Fig. 8(a) and (b) shows the EIS
spectra of the device sensitized by N719 and D205 dye sensi-
tizers, respectively. The charge transfer resistance of the semi-
conductor electrolyte interface (Rp) can be calculated from the
Fig. 8 EIS spectra of DSSCs prepared using the mesoporous TiO2

spheres sensitized by (a) N719 and (b) D205 dyes.

RSC Adv., 2016, 6, 68092–68099 | 68097
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semicircles of the spectrua. Accordingly the device using N719
as a sensitizer, the Rp value is observed as 3.2 U for 0.5 mL.
Whereas, it increases with higher concentration as 9.2 U (1.0
mL), 64.4 U (1.5 mL) and 148.8 U (2.0 mL). Similarly, in the case
of D205 it is noted as 3.0 U for 0.5 mL and 6.0 U (1.0 mL), 60.5 U
(1.5 mL) and 120.8 U (2.0 mL). In general, the decrease in the Rp

value represents the enhancement in the dye adsorption.42,43

Thus it is worthy to note in both the cases of N719 and D205 as
sensitizers the Rp value is lower for the 0.5 mL. It has the good
agreement with the TEM and I–V measurements.
4. Conclusions

High surface area mesoporous anatase TiO2 nanospheres were
synthesized by solvothermal growth using ethylene glycol as
a template. The effect of the precursor TTIP concentration on
the morphology, structure, and optical properties of the meso-
porous TiO2 nanospheres was investigated. TiO2 nanospheres
were characterized by FESEM, TEM, N2 sorption measurements,
XRD, Raman spectroscopy and UV-vis absorption spectropho-
tometry. A TTIP concentration of 0.5 mL resulted in excellent
interparticle connection with well-dened boundaries,
compared with higher TTIP concentrations (1.0, 1.5 and 2.0
mL). The TiO2 mesospheres were used to prepare photoanodes,
and the performances of the resulting DSSCs were studied. The
effect of the sensitizers N719 and D205 on device performance
was investigated. A maximum efficiency of 8.96% was achieved
when using N719, and that of 9.02% was achieved when using
D205, at a TTIP concentration of 0.5 mL for a thickness of
16 mm.
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