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ABSTRACT

Nanomaterials play important role in performance of dye-sensitized solar cells.

In this paper, highly phase pure anatase TiO2 microspheres were synthesized

using a low-cost hydrothermal route. Initially, X-ray diffraction studies and

Raman spectroscopic analysis were carried out, and the formation of tetragonal

structure of TiO2 with the anatase phase was confirmed. The UV–Vis DRS

studies showed the excellent reflectance and optical band-gap energy of 3.29 eV.

The well-interconnected spherical nanoparticles with different sizes were

examined by Field Emission Scanning Electron Microscopic analysis. The fab-

ricated dye-sensitized solar cell (DSSC) composed of prepared TiO2 micro-

spheres as photoanode exhibited a higher power conversion efficiency (PCE) (g)
of 5.4% as compared to commercial P25 with PCE of 3.6%. The higher Jsc
(12.03 mA/cm2) in the fabricated DSSC due to efficient dye loading capacity and

high light-scattering property was also observed.

1 Introduction

According to Nobel laureate Richard Smalley, the big

challenge for the next 50 years is mainly in energy

conservation and developments towards it to over-

come environmental problems [1]. As compared to

other renewable energy sources, solar energy proves

to be most preferred source due to its continuous and

abundant energy supply. The ‘Golden Triangle’

issues were considered to be an important thing to

develop photovoltaic (PV) technology. The issue

contains decreasing the device cost, enhancing the

power conversion efficiency, and improving the long-

term stability [2].Among three generations of solar

cells, third-generation solar cells have the ability to

rectify the aforementioned issues. Till date, the third-

generation solar cells such as perovskite solar cells

(PSC) (g = 22%) [3], dye-sensitized solar cells (DSSC)

(g = 14%) [4], organic solar cells (OSC) (g = 18%) [5],

and quantum dot-sensitized solar cells (QDSSC)
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(g = 16%) [6] were employed due to their superior

performance and cost efficiency. More recently,

DSSCs have received great attention due to their

lower cost, easy fabrication process, lightweight, and

high efficiency. Till date, these cells have shown the

maximum power conversion efficiency of 14.3% and

14.7% under 100 mW/cm2 and 50 mW/cm2, respec-

tively [4]. The cutting edge of research mainly focuses

on all DSSCs components such as semiconductor

photoanode, highly electrocatalytic counter elec-

trodes, sensitizers, and electrolytes. To achieve an

excellent performance of photoanodes, larger surface

area, fast electron transport kinetics, and large light-

scattering effects are required [7]. TiO2 is a wide

band-gap semiconductor metal oxide and is effec-

tively used in versatile applications like photocatal-

ysis [8], Li-ion battery [9], hydrogen production [10],

antireflective coatings [11], gas sensors [12], optical

filters [13], water splitting [14], and photoelectro-

chemical solar energy conversion [15]. Due to its

unique features such as the high surface area to

absorb dye molecules, long-term stability, ease of

availability, cost-affordability, non-toxic nature,

compatible optical and electronic properties, it is

specifically used as photoanode in DSSCs [16]. As

compared to other photoanode materials like ZnO

[17], SnO2[18], WO3[19], Nb2O5 [20], SrTiO2 [21],

Zn2SnO4 [22] and BaSnO3 [23], the anatase TiO2

photoanode exhibits the highest power conversion

efficiency of about 14% [4]. Various nanostructures

like nanotubes [24], nanowires [25], nanofibers [26],

hollow spheres [27], and microspheres of TiO2

[28–30] were effectively used as photoanode material.

Among these aforementioned nanostructures,

microspheres were extensively used in DSSC due to

their larger surface area, large sphere diameter,

superior dye adsorption ability, better light-scattering

property, and efficient interconnection of nano-

spheres [31]. Several researchers have adopted vari-

ous techniques to synthesize the microspheres using

high-temperature hydro/solvothermal treatment

[32, 33], electrospray preparation [34], low-tempera-

ture copolymer synthesis [35], template-free chemi-

cally induced self-transformation [36], and

electrospun process [37].

In this investigation, the authors have synthesized

well-interconnected TiO2 microspheres (TiO2 MS) by

hydrothermal method and fabricated the DSSC using

prepared TiO2 as photoanode. The detailed structural

and morphological properties were studied using

powder X-ray diffraction (XRD) analysis, Raman

spectroscopic analysis, and field emission scanning

electron microscopic (FESEM) analysis. UV–Vis

spectroscopic analysis was carried out to study the

optical properties, and the optical band-gap energy

was found to be 3.29 eV. The fabricated DSSC per-

formance was evaluated, and the PCE (5.4%) from J-V

curves, IPCE (56%), and electron lifetime s (25.24 ms)

from EIS were obtained. It was noted that TiO2 MS-

based photoanode exhibits superior DSSC perfor-

mance than P25-based photoanode due to its better

light-scattering ability and electron transport kinetics.

2 Experimental section

2.1 Materials used

The following reagents or chemicals were used to

prepare TiO2 MS and fabrication of DSSCs without

any further purifications. Fluorine-doped tin oxide

(FTO, 8X/square) substrates, Pluronic 123 (99%),

Titanium tetraisopropoxide (99%), Acetylacetone

(99%), and Polyoxyethylene (10) octyl phenyl ether

(Triton-X-100) were purchased from Sigma Aldrich.

Titanium tetrachloride (99%) was purchased from

Spectrochem. Cis- diisothiocyanato-bis(2,2’-bipyr-

idyl-4,4’dicarboxylato) ruthenium (II) bis (tetrabuty-

lammonium) (known as N719 dye), Platisol T/SP,

and Iodolyte HI-30 were purchased from Solaronix

SA, Switzerland, Tetrabutanol, Ethanol (99%),

Hydrochloric acid (32%), and Acetonitrile were pur-

chased from Merck.

2.2 Synthesis of TiO2 microspheres

In this typical synthesis procedure, the hydrothermal

method was adopted for synthesis of TiO2 MS, and it

is as shown in Fig. 1. Initially, 3 mL of absolute

ethanol containing 0.2 g of pluronic 123 was stirred

for 15 min, and it is termed as solution A for future

reference. On the other hand, 1 mL of titanium

tetraisopropoxide was added into solution B con-

taining 0.7 mL of concentrated HCl and stirred for

15 min. Then, solution B was successively added into

solution A and stirred for 30 min. The resultant

solution was kept at ambient temperature without

any disturbance for 24 h. After that, 12 mL of ethanol

was added into the resultant mixture and transferred

into Teflon-lined stainless steel autoclave for
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hydrothermal reaction in a hot-air oven at 150 �C for

24 h. The obtained product was rinsed several times

with deionized water and ethanol to remove

unwanted impurities. The resulting material was

dried at 80 �C for 24 h in a vacuum oven. The dried

material was annealed at 500 �C for 1 h in a muffle

furnace.

2.3 Assembly of DSSC

Various steps were followed for assembly of DSSC:

Initially, 1 g of prepared TiO2 MS was mixed with

0.1 mL of acetylacetone and grounded well with the

aid of agate mortar and pestle. The grounded prod-

ucts were stirred with a solution containing a 1:1

volume ratio of ethanol and water. 0.4 mL of Triton-X

was added to the above solution to form a homoge-

nous TiO2 paste. The FTO glass substrate was cleaned

with deionized water and ethanol using an ultra-

sonication bath for 15 min. The cleaned FTO sub-

strate was soaked with 0.2 M of aqueous TiCl4

solution at 70 �C for 30 min and rinsed with ethanol

and heated at 500 �C for 30 min (Pre-TiCl4 treat-

ment). After that, the doctor blade technique was

adopted to coat TiO2 paste on FTO substrate, and the

coated FTO substrate was sintered at 500 �C for 1 h to

evaporate the binder materials in the coated films.

The thickness of the sample coated on FTO substrate

was found to be * 14 lm using a thickness pro-

filometer. The post-TiCl4 treatment on sintered TiO2

film was followed like pre-TiCl4 treatment process. A

similar process was followed to prepare commercial

P25 film on FTO substrate. The resultant films were

soaked in 0.5 mM of N719 dye in a 1:1 volume ratio

of tertbutanol (10 mL) and acetonitrile (10 mL) solu-

tion for 24 h under dark conditions. The platinum

(Pt) counter electrode was coated on another FTO

substrate by doctor blade technique with Platisol

T/SP as the platinum precursor and thermally

decomposed at 400 �C for 30 min. At last, the dye-

adsorbed photoanode and Pt counter electrodes were

Fig. 1 Schematic representation for the synthesis of TiO2 MS
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sandwiched together. To complete the device fabri-

cation, a small amount of Iodolyte HI-30 as an

aqueous electrolyte was injected in-between the two

electrodes and the active area of the cell was found to

be 0.25 cm2 [38].

2.4 Characterization techniques

The crystallographic information of prepared TiO2

MS was analyzed using a powder X-ray diffraction

(EMPYREAN X-RAY DIFFRACTOMETER, PANA-

LYTICAL, NETHERLANDS) instrument having a

Cu-Ka radiation wavelength of 1.5406 Å. Micro-Ra-

man measurements were carried out using

(RENISHAW InVia Confocal Raman microscope,

United Kingdom). Field Emission Scanning Electron

Microscope (ZEISS, RIGMA, GHBM, GERMANY)

was used to analyze the morphological properties of

the prepared TiO2 MS. The optical properties of the

prepared material were analyzed using UV-Vis DRS

(PerkinElmer, Lambda 35 spectrophotometer). The

current density–voltage characteristics of fabricated

DSSC were measured using Keithley digital source

meter 2400 under 100 mW/cm2 illumination coming

from a solar simulator (UHE-16 equipped with a

150 W Xenon Arc lamp and an AM 1.5 filter, Scien-

cetech, Canada). The light intensity was calibrated

with a standard crystalline silicon solar cell to carry

out the J-V measurements. Incident photon-to-cur-

rent conversion efficiency (IPCE) data were collected

in the wavelength from 350 to 800 nm by using QE

system (Enlitech, QE-R). The electrochemical impe-

dance measurement of the fabricated DSSC was

analyzed using an electrochemical workstation

(FRA/VERSASTAT3, V3-500, Princeton Applied

Research, USA) under the illumination at open-cir-

cuit voltage.

3 Results and discussions

3.1 X-ray diffraction analysis

Phase identification, crystalline features, and average

crystallite size of hydrothermally synthesized TiO2

MS and commercial TiO2 (P25) were examined by

powder XRD analysis, and the graphs are as shown

in Fig. 2. From Fig. 2, it is observed that TiO2 MS

possesses a tetragonal crystal structure of an anatase

phase with preferred (101) orientation at 2h = 25.32�.

All the diffraction peaks are well matched with

JCPDS No: 21–1272 (a = b = 3.785, c = 9.513) with a

crystallographic space group of I41/amd. The

diffraction peaks located at 25.31�, 37.86�, 48.07�,
53.97�, 55.09�, 62.72�, 68.85�, 70.31�, and 75.15� were

corresponding to (101), (004), (200), (105), (211), (204),

(116), (220), and (215) crystal planes, respectively. No

other additional diffraction peaks corresponding to

metallic Ti and other impurity phases like rutile and

brookite were observed. Hence, it is evident that

synthesized material has pure phase and crystalline

nature [28]. The commercial TiO2 (P25) has a mixed

phase of both anatase and rutile. In Fig. 2, the nota-

tions A and R represent anatase and rutile phase,

respectively. The average crystallite size was found to

be 18 nm with the aid of Debye–Scherrer formula,

which is as follows:

D ¼ kk
bcosh

ð1Þ

where ‘D’ is the average crystallite size (nm), ‘k’ is the

shape factor which corresponds to 0.9, ‘k’ is the

wavelength of X-ray used (1.5406 Å), ‘b’ is the full

width at half maximum of prominent diffraction

peak (degree), and ‘h’ is the Bragg diffraction angle

(degree) [39].

Fig. 2 Powder XRD pattern of TiO2 MS
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3.2 Raman analysis

Figure 3 shows the Raman spectra of synthesized

TiO2 MS. The Raman scattering peaks obtained at

144 cm-1, 197 cm-1, 397 cm-1, 516 cm-1, and

639 cm-1 were ascribed to E1g, E1g, B1g, A1g, and E1g-

active vibrational Raman modes. The peaks at

144 cm-1, 197 cm-1, and 639 cm-1correspond to E1g

mode which are attributed to the symmetric stretch-

ing mode of the O–Ti–O bond. The B1g and A1g

modes of peaks at 397 cm-1 and 516 cm-1 mainly

correspond to symmetric and antisymmetric vibra-

tion-bending modes of O–Ti–O bond, respectively.

Here, all the observed characteristics peaks belong to

the typical anatase TiO2 phase, and no other addi-

tional phases were observed from Raman spectra

which are also in good agreement with XRD results

[40–42].

3.3 UV–visible spectroscopic and dye
desorption studies

To study the optical properties of the prepared TiO2

MS, UV–Vis DRS spectroscopic measurements were

carried out. Figure 4 shows diffused reflectance

spectra of prepared TiO2 microspheres which were

recorded in the wavelength range of 300 to 1100 nm.

The prepared TiO2 microspheres exhibit excellent

reflectance which will enhance the light-scattering

property. The optical band-gap energy of prepared

TiO2 microspheres was determined using Kubelka–

Munk function method. The relation is given as

follows:.

F Rð Þ ¼ 1� Rð Þ2

2R
¼ K

S
ð2Þ

where F(R) is the Kubelka–Munk function and R is

the reflectance. F(R) is directly proportional to

absorption coefficient (K) and inversely proportional

to scattering coefficient (S) [43]. To estimate the band-

gap energy, the graph plotted between ht and

(htF(R))2 and the band-gap energy was found to be

3.29 eV which is in good agreement with bulk TiO2.

To estimate the dye loading performance of TiO2

MS and P25, N719 dye-adsorbed photoanodes were

immersed in 30 ml of solution containing 0.1 M of

NaOH solution and amount of desorbed dye mole-

cules was characterized by UV–Vis spectroscopic

analysis. Figure 5 shows the UV–Vis absorbance

spectra of N719 dye and desorbed dye solutions from

TiO2 MS and P25 in NaOH solution. From this graph,

it can be observed that the dye loaded on synthesized

Fig. 3 Raman spectrum of

TiO2 MS
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TiO2 MS is much higher than P25 which will offer

excellent current density.

3.4 FESEM analysis

The surface morphological properties of the prepared

TiO2 MS and commercial TiO2 (P25) were

characterized by field emission scanning microscopic

analysis, and the FESEM micrograph is shown in

Fig. 6a and b. From this micrograph, the TiO2 MS

exhibits smoothly well-defined interconnected nano-

spheres of various sizes. These microspheres will

provide better pathway for electron transport. There

is some variation in the size of the microspheres. This

could be due to some incomplete hydrolysis which

occurred during the hydrothermal process resulting

into the formation of irregular-shaped TiO2 micro-

spheres [44]. This can be tuned or controlled by

optimizing experimental process parameters.

3.5 Photovoltaic performance
of the fabricated dye-sensitized solar
cell

Figure 7 shows the schematic representation of DSSC

consisting of semiconductor metal oxide (TiO2 MS)

coated on FTO substrate sensitized with N719

ruthenium complex dye for absorbing visible light,

I3
-/I--based redox electrolytes for reducing oxidized

dye and boosting the redox couple regeneration, a

platinum counter electrode for collecting the elec-

trons from the external circuit. According to the

principle of DSSC, the voltage generated under the

Fig. 4 UV–Vis DRS spectrum

of TiO2 MS and inset shows

the Kubelka–Munk function

plot

Fig. 5 UV–Vis absorption spectrum of N719 dye solution (inset)

and after desorption of N719 dye from TiO2 MS and P25 films
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illumination of light radiation corresponds to the

difference between the Fermi level of the electron in

the binary semiconductor metal oxide and the redox

potential of the electrolyte.

Figure 8 demonstrates the current density–voltage

(J–V) characteristics of fabricated DSSC using pre-

pared TiO2 MS as photoanode sensitized with N719

dye for 24 h. The obtained solar cell parameters such

as open-circuit voltage (Voc), short-circuit current

density (Jsc), fill factor (FF), and power conversion

efficiency (g) are tabulated in Table 1. The fill factor

(FF) and power conversion efficiency (g) can be

expressed as follows:

Fig. 6 FESEM micrograph of TiO2 MS (a) and commercial P25 (b)

Fig. 7 Schematic diagram of

DSSC
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FF ¼ Imax � Vmax

Jsc � Voc
ð3Þ

PCE gð Þ ¼ Jsc � Voc � FF

Pin
ð4Þ

where Voc and Jsc are open-circuit voltage (V) and

short-circuit current density (mA/cm2) of DSSC,

respectively. Vmax and Imax are the maximum voltage

and current, respectively. Pin is the incident light

power (100 mW/cm2) [41].

The results obtained for the fabricated device

exhibit the short-circuit current density (Jsc) about

12.03 mA/cm2, open-circuit voltage (Voc) about

0.716 V, fill factor (FF) about 0.63, and the power

conversion efficiency (g) of 5.4%. At the same time,

the device fabricated using P25 exhibits the short-

circuit current density (Jsc) of about 9.64 mA/cm2,

open-circuit voltage (Voc) of 0.612 V, fill factor about

0.59, and the power conversion efficiency of about (g)
3.6%. Basically, the Jsc of the fabricated DSSC was

estimated by the initial number of photo-generated

electrons injected into the conduction band of TiO2

photoanode, which is significantly influenced by the

light-harvesting performance of the photoanode

including the scattering effect of the photoanode

structure and the overall dye loading amount [45]. In

DSSC, the incident light loss occurs due to the

backscattering of incident light in the FTO/TiO2

interface. The small underlayer consisting of small-

sized TiO2 nanoparticles or TiCl4 treatments (pre or

post) effectively showed the superior photocurrent

density and the power conversion efficiency because

of greater effect on electronic transport and causes

the downward shift in the band edge [45, 46].

Incident photon-to-current conversion efficiency

(IPCE) measurements were carried out to understand

the performance of photoelectrodes which is shown

in Fig. 9. The IPCE can be expressed as follows [47]

IPCE ¼ hc

e

� �
J

kIlight
ð5Þ

Fig. 8 Current density—

voltage curves of TiO2 MS

and commercial P25-based

DSSCs

Table 1 The photovoltaic parameters of the fabricated device

Voc (V) Jsc (mA/cm2) FF PCE (%)

TiO2 MS 0.716 12.03 0.63 5.4

P25 0.612 09.64 0.59 3.6
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IPCE ¼ 1240
J

kIlight
ð6Þ

where J is current density (mA/cm2), k is the incident

light wavelength (nm), and Ilight is the measured light

intensity (mA/cm2). Here, the authors have used

wavelength ranging from 350 to 800 nm and the

highest IPCE of about 56% was obtained at 520 nm

for TiO2 MS-based DSSC and about 39% was

obtained at 520 nm for commercial P25. That mainly

attributes to superior light scattering deriving from

its characteristic photonic reflection effect which

results in the higher Jsc in the fabricated device [45].

In DSSC, the electrochemical impedance spectro-

scopic analysis was used to understand the detailed

charge transport and recombination kinetics of elec-

trochemical properties. Figure 10 shows the Nyquist

plot of a fabricated device which exhibits three

semicircles corresponding to the diffusion of I3
-/I-

electrolyte in lower-frequency region, charge trans-

port at Pt/electrolyte interface in higher-frequency

region, and the electron transport kinetics at dye/

TiO2/electrolyte interface in middle-frequency region

[48]. Figure 11 demonstrates the corresponding bode

plot of the fabricated device and the maximum mid-

frequency was observed at 6.31 Hz. The electron

lifetime can be found to be 25.24 ms with the aid of

the following relation and all EIS parameters are

tabulated in Table 2.

se ¼
1

2pfmax

ð7Þ

where fmax is the peak frequency obtained from the

bode plot [48].

Table 2 shows the comparative analysis of TiO2-

based DSSC. Hun-Gi Jung et al. have used

solvothermal approach to synthesis uniform-size

TiO2 microspheres, and they achieved PCE about

4.2% and current density about 8.7 mA/cm2 using

solid-state electrolyte [49]. Dubey et al. have achieved

PCE about 1.5% and 2.1% for sol–gel and solvother-

mally derived TiO2 nanoparticles [50]. Zn-doped

TiO2 microspheres exhibit PCE of 4.6% with current

density of 14.38 mA/cm2 [51]. Fang Xu et al. pre-

pared photoanode using solvothermally derived

uniform-sized TiO2 microspheres and achieves PCE

about 5.5% and 12.36 mA/cm2 current density [52].

Mono-dispersed TiO2 microspheres exhibit excellent

current density about 14 mA/cm2 and PCE about

5.7%, which were synthesized using chemical

Fig. 9 Incident photon-to-

current conversion efficiency

(IPCE) spectra of TiO2 MS

and commercial P25-based

DSSC
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hydrolysis method [53]. In this present study, we

have achieved the power conversion efficiency of

5.4% with excellent current density of 12.03 mA/cm2

using hydrothermally synthesized irregular-sized

Fig. 10 Nyquist plot for

TiO2 MS-based DSSC

Fig. 11 Bode plot for

TiO2 MS-based DSSC
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TiO2 microspheres. Here, the microspheres have

huge impact on improvement in higher current

density, better dye loading capability, and better

pathway to movement of electrons (Table 3).

4 Conclusion

The TiO2 microspheres were successfully synthesized

using a one-step hydrothermal route. The pure ana-

tase phase formation of TiO2 MS was confirmed with

the aid of XRD and Raman analysis. The average

crystallite size was found to be 18 nm by adopting

the Debye–Scherrer formula. The UV–Vis DRS results

depict better reflectance and the optical band-gap

energy was found to be 3.29 eV using Kubelka–Munk

function plot. The DSSC was fabricated with the

structure of FTO/TiO2 MS – dye/redox couple elec-

trolyte/Pt/FTO, and its efficiency was estimated

under standard one sun illumination (100 mW/cm2).

The photoanode made up of TiO2 MS exhibits

excellent power conversion efficiency of 5.4% than

commercial P25 (3.6%). The improved PCE and Jsc
could be due to superior light-scattering properties,

electron transport properties, and pre-and post-

treatment of TiCl4 in Photoanode.
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