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Abstract Cr-doped TiO, nanoparticles were synthesized
by chemical sol-gel method. The anatase phase of TiO,
nanoparticles was proved by X-ray diffraction analysis.
Furthermore, the field emission scanning electron micro-
scopy revealed that the size of the nanoparticles was about
30nm. TiO, nanoparticles with 0.5 % Cr dopant con-
centration were selected to fabricate dye-sensitized solar
cells due to their smaller band gap. Furthermore, Cr-doped
TiO, thin films (0.5 %) with different thicknesses were
employed as blocking layer on the surface of fluorine-doped
tin oxide (FTO) substrate. The current density—voltage
measurement showed that the photovoltaic parameters of
the fabricated dye-sensitized solar cells were improved after
introducing Cr-doped TiO, blocking layer at the interface of
FTO and Cr-doped TiO, mesoporous layer. The maximum
power conversion efficiency increased more than 110 % as a
result of inserting the Cr-doped blocking layer. The elec-
trochemical impedance spectroscopy indicated that a more
efficient charge transfer process takes place at the interface
of the FTO/TiO, due to the enhanced interfacial properties
and reduction of charge recombination.
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1 Introduction

The photovoltaic technologies have attracted considerable
research attention because solar energy is a clean and lim-
itless energy resource compared to the traditional fossil
energy sources such as natural gas, coal, and oil [1, 2]. Dye-
sensitized solar cells (DSSCs) are considered as one of the
promising alternatives to conventional photovoltaic tech-
nologies due to the low-cost, easy manufacturing process,
lightweight, flexibility, and competitive power conversion
efficiency [3-5]. A typical DSSC has very simple structure
consisting of a dye-sensitized nanoporous semiconductor
photoanode fabricated on fluorine-doped tin oxide (FTO)
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substrate, a liquid electrolyte containing a redox couple
(iodine/iodide) filling the pores of the photoanode and a
platinum-coated FTO glass as counter electrode [6—8]. Until
now, different types of metal oxide semiconductors have
been used in DSSCs (such as TiO,, ZnO, SnO,, NiO,
CuCrO,) [9-14], but titanium dioxide with anatase phase
because of unique photovoltaic and photochemical proper-
ties such as high chemical stability, suitable band gap (about
3.2eV) and ideal position of the conduction band edge has
been recognized as the most appropriate metal oxide
semiconductor for DSSCs [15, 16]. The position of the TiO,
conduction band edge lies just below the LUMO level of
the N719 dye and facilitates electron injection [17].

To achieve a high efficiency DSSC, a large surface area
of the mesoporous TiO, layer is essential to load a large
amount of dye molecules [10, 18]. Beside this, good con-
nections between the TiO, nanoparticles in mesoporous
photoanode as well as a good adhesion to the FTO substrate
is required to reduce the reaction of photogenerated elec-
trons with the tri-iodide species in electrolyte [19].
Recombination of electrons in FTO conduction band with
oxidized dye molecules and the 1™ ions present in the I/1"
redox couple has a detrimental effect on the conversion
efficiency of DSSCs [20-23]. By reducing the electron
recombination reaction rate of FTO conduction band elec-
tron with oxidized dye molecules and acceptors in the
electrolyte, we can improve the efficiency of DSSCs. The
ways to minimize interfacial recombination dynamics are
employing either titanium tetrachloride (TiCly) treatment or
thin blocking layers of insulating oxides or high-band-gap
semiconductors with conduction band edges between those
of FTO and TiO, mesoporous structure [24-27]. In many
studies, TiCl, treatment was used as a chemical treatment
for improving the adhesion of the TiO, mesoporous layer to
the FTO substrate and blocking charge recombination at the
interface [24, 25]. Liu et al. reported the performance
improvement of DSSCs with using ZnO blocking layer
[28]. Jeong and Kim utilized a thin TiO, layer to decrease
the recombination of electrons at the FTO/electrolyte
interface [29]. Furthermore, Al,O5 thin film was employed
as charge-recombination barrier in DSSCs by Lin et al. [30].

In recent years, metal-doped TiO, nanoparticles were
proposed as another way to enhance the efficiency of
DSSCs through improving the electron transport in meso-
porous TiO, layer [31, 32]. The doping technique is one of
the promising approaches to improve the electrical con-
ductivity of metal oxide semiconductors. Nikolay et al. have
reported an increase in efficiency of DSSCs fabricated from
Nb-doped TiO, electrode [33]. Sn-, Cu- and Fe-doped TiO,
have also been studied as the photoanodes in DSSCs and
showed power conversion efficiency enhancement [34].
Furthermore, in order to improve the -electrochemical
properties of the DSSCs such as open-circuit voltage (Voc)
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and electron transfer rate, recently, influence of Al and Zn
co-doping in TiO, nanoparticles was studied by Jin et al.
[35]. On the other hand, Cr-doped TiO, has received much
attention because Cr ion can excellently extend the visible
light absorption and improve the photocatalytic activity of
TiO; [36]. The metal dopant incorporated into TiO, crystal
lattice can form an impurity energy level within the TiO,
band gap, which allows photons with some lower energy to
excite photocatalyst to exhibit visible light activity [37].
The presence of chromium in the structure of TiO, can also
enhance the conductivity of TiO, [38].

In this paper, we investigate the effect of Cr dopant
concentration on the structural and optical properties of
TiO, nanoparticles. The sol-gel method is used for pre-
paration of TiO, nanoparticles. Then, we will fabricate
DSSCs with Cr-doped TiO, nanoparticles. The effect of Cr-
doped TiO, barrier layer on the efficiency of the DSSCs is
also investigated. Regarding the consistency between the
physical properties of the Cr-doped layer and those of the
photoanode, it is reasonable to expect that the charge
transport mechanism is improved. On the other hand,
interfacial adhesion between FTO and the mesoporous Cr-
doped TiO, layer is enhanced by using the Cr-doped TiO,
compact layer, which increases the short-circuit current
density.

2 Experimental details

The Cr-doped TiO, nanopowders were prepared by sol-gel
method. Titanium tetraisopropoxide (TTIP) solution
(C1,H»30,4.Ti, Aldrich) and chromium nitrate (Cr
(NO3)3.9H,0, Merck) were used as the titanium and dopant
source, respectively. In order to achieve the desired amount
of dopant content in Cr-doped TiO,, initially, the stoichio-
metric amount of chromium nitrate was dissolved in 10 mL
distilled water at room temperature. In other words, the Cr
dopant value was adjusted by controlling the amount of Cr
(NO3);.9H,0. In order to keep the pH of the prepared
solution (solution A) at 2, acetic acid was used. At higher
pH values, the crystallinity of the prepared nanoparticles is
destroyed and the prepared nanoparticles get amorphous
phase. Adding acetic acid also helps in spontaneous
nucleation of a large number of very tiny TiO, particles
during the synthetizing process [39]. Then, 14 mL of TTIP
was dissolved in 40 mL of anhydrous ethanol under con-
stant stirring to obtain a homogeneous solution (B). Sub-
sequently, the solution B was added dropwise into the
solution A under vigorous stirring at room temperature. The
attained sol was stirred for 2 h and aged for 4 days at room
temperature. The obtained gels were dried for 10 h at 80 °C.
The obtained powders were crushed to fine powders and
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finally annealed at 450 °C for 2 h. The undoped TiO, was
also prepared using the same method for comparative
purposes.

Cr-doped TiO, thin film was deposited as a blocking
layer onto FTO glass by the sol—gel spin-coating technique.
Cr-doped TiO, sol was prepared by mixing the TTIP,
chromium nitrate nonahydrate, and citric acid as precursor
materials in ethylene glycol solvent. The molar ratio
between precursor materials and solvent was 1:6:0.5:24.
The prepared solution was mixed on magnetic stirrer at
90°C for 30min until the solution became clear and
transparent. The resultant sol was deposited by spin coating
onto FTO glass with different speeds (500, 3000, and 6000
rpm) to obtain various thicknesses. The Cr-doped TiO,
barrier layers were annealed at 500 °C for one hour.

For preparation of DSSCs, the Cr-doped TiO, meso-
porous layers were deposited onto the Cr-doped TiO, bar-
rier layer/FTO/glass substrate using the doctor blade
technique. The prepared photoelectrodes were annealed at
450 °C for 30 min with a programmable heating furnace.
Cr-doped TiO, photoelectrodes were cooled to 80 °C and
then immersed in 0.3 mM N719 dye in anhydrous ethanol
for 24 h. Then, the samples rinsed with ethanol to remove
excess dye and dried at room temperature. The electrolyte
was composed of 0.5 M lithium iodide (Lil), 0.05 M iodine
(I) and 0.05 M tert-butylpyridine dissolved in acetonitrile.
A platinized counter electrode was clipped onto the top of
the photoanode to create a DSSC. The effective area of the
photoelectrodes was 0.25 cm>.

The crystalline phases of the prepared Cr-doped TiO,
powders were characterized by powder X-ray diffractometer
(XRD) at room temperature using Cu Ko radiation
(4=0.154056 nm). The morphology of the synthesized
powders was examined by field-emission scanning electron
microscope (FESEM, TESCAN mira 3 xmu, Czech). The
absorption spectra of the synthesized Cr-doped TiO, pow-
ders were investigated by 3648 UV—Vis Avantes spectro-
meter. The thickness of the prepared Cr-doped TiO,
blocking layers was measured by a profilometer (Dektak
XT, Bruker). The photocurrent density—voltage (J-V)
characteristics were obtained under illumination of an
AML.5 solar simulator (SIM-1000, Sharif Solar, Iran) using
an [-V Tracer (IV-25, Sharif Solar, Iran). In order to
investigate the charge transport mechanism at the FTO/
electrolyte interface, the electrochemical impedance spec-
troscopy (EIS) measurement was performed using a
potentiostat/galvanostat  (IVIUM, Compactstat, Ivium
Technologies BV, Netherlands) under AM1.5G simulated
solar illumination at 100 mWem 2. EIS spectra were
recorded over a frequency range of 100 kHz-0.1 Hz. The
applied bias voltage and AC amplitude were fixed at
open-circuit voltage (Voc) of the cells and at 10 mV,
respectively.

3 Result and discussion

By XRD studies, we determine crystalline structure of the
Cr-doped TiO, nanoparticles. Figure 1 shows the X-ray
diffraction patterns of the Cr-doped TiO, nanoparticles
annealed at 450 °C. According to the standard XRD patterns
of TiO,, the prepared nanoparticles are single phase anatase
structure (JCPDS, No. 21-1272) without any secondary
phase or impurity oxide [36, 37]. Therefore, we can con-
clude that Cr’* (with ionic radius of 0.0755 nm) has been
successfully incorporated into the crystal lattice of TiO, due
to the nearly identical ionic radius to that of the Ti** cation
(0.0745 nm) [37]. In general, as the doping concentration
increases, the lattice parameters of the host change
according to Vegard’s law due to the generation of strain in
the crystal lattice of the host material and the diffraction
peaks shift toward higher or lower angles with regard to the
ionic radius of the dopant [40]. As a result, the presence of
the Cr impurity may deteriorate the crystal quality which
can be deduced from increase in the full width at half
maximum with doping concentration. In order to obtain the
average crystallite size of Cr-doped TiO, nanoparticles, the
Debye—Scherrer equation is used [41]. The crystallite size of
the nanoparticles is about 12.1, 10.4, 9.2, and 8.6 nm for
undoped and 0.1, 0.5, and 1.0 % Cr-doped TiO,, respec-
tively. As can be seen, the crystallite size decreases with
increasing the Cr dopant concentration. Furthermore, no
noticeable peak shift is observed for Cr-doped TiO, nano-
particles compared with undoped one, which might be due
to the low dopant concentration. These results are in good
agreement with those reported by Peng et al. [36].

Figure 2 shows the FE-SEM images of the synthesized
undoped and Cr-doped TiO, nanoparticles after annealing.
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Fig. 1 XRD patterns of the prepared TiO, nanoparticles with different
Cr-doping concentrations
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Fig. 2 SEM images of a
undoped and b 0.1 %, ¢ 0.5 %
and d 1.0 % Cr-doped TiO,
nanoparticles
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The morphology of most of the Cr-doped TiO, nano-
particles is spherical in shape. In addition, aggregation of
the nanoparticles could be obviously observed in FE-SEM
images of the samples. The size of the prepared nano-
particles obtained from FE-SEM is around 30 nm. Regard-
ing the results of XRD experiment, it can be inferred that
the size of crystallites in the nanoparticles is apparently less
than the nanoparticles size which indicates that the pro-
duced particles are in polycrystalline phase. It should be
noted that a crystallite is defined as the smallest uniform
crystallographic unit based on the disorientation to its
neighbors. A particle is often consists of more than one
crystallite which are in different orientations relative to each
other. XRD gives the average crystallite size, not the par-
ticle size. However, sometimes we find good agreement
between particle size obtained from microscopy images and
XRD analysis, especially in the case of nanoparticles [41].
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This may be the case where the nanoparticles are single
crystalline.

UV-Vis spectroscopy is employed to study the optical
properties of the prepared nanoparticles. Aqueous suspen-
sions of the nanoparticles are used for the UV-Vis
absorption studies. One milligram of synthesized nano-
particles is dispersed in 100 mL of ethanol by ultrasonic and
at least 1 ml of the prepared aqueous sample is used for
measurement in a standard quartz cuvette [42]. Figure 3
presents the optical absorption of all Cr-doped and undoped
TiO, nanoparticles. As can be seen, the absorption edge of
undoped TiO, nanoparticles appears at around 320 nm,
corresponding to the band-gap energy of 3.9 eV. The TiO,
absorption edge significantly shifts to higher wavelengths
with substitution of Cr atoms for Ti atoms. Similarly, light
absorption in the visible light region increases with Cr
concentration. The optical band gap of the synthesized
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nanoparticles is estimated by the Tauc relation. The
obtained optical band gaps are 3.9, 3.6, 3.4, and 3.8 eV for
undoped, 0.1, 0.5, and 1 % Cr-doped TiO, nanoparticles,
respectively. The optical band gap initially decreases with
Cr concentration and then increases. The decrease in the
band gap with Cr dopant concentration can be attributed to
(i) the localized states near the valence band of the TiO, and
(ii) the formation of color centers, which are associated with
the oxygen vacancies in TiO, or to the radicals in the tita-
nium dioxide lattice associated with the doping ions [43].
The increase in the value of the bandgap for 1 % Cr-doped
TiO, nanoparticles can be ascribed to hardness of the
nanoparticles. According to our experimental observation,
the hardness of the prepared nanoparticles increases at
higher value of doping concentration (>1 %). Previously,
Tse et al. studied the relationship between the hardness of a
crystal and its bandgap [44]. They found that the bandgap of
a crystal increases alongside hardness. Furthermore,
according to Chowdhury et al. report on the relation
between the hardness and absorption coefficient, the hard-
ness and absorption coefficient of the materials can be
affected by formation of the weak or strength chemical
bond between the elements [45]. In comparison with other
Cr-doped nanoparticles, the reduction in the absorbance of
the 1 % Cr-doped TiO, nanoparticles may be due to this
effect.

In the next step, TiO, nanoparticles with 0.5 % Cr dopant
concentration was chosen to fabricate the DSSCs due to
their smaller band gap. Furthermore, Cr-doped TiO, thin
films (0.5 %) with different thicknesses were employed as
blocking layer on the surface of FTO substrate. The thick-
ness of the blocking layer was controlled by speed of spin-
coating rotation. In this way, we could achieve thin films
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Fig. 3 UV-Vis absorption spectra of the synthesized Cr-doped TiO,
nanoparticles

with thicknesses of 40, 50 and 110 nm. As we expected,
after introducing Cr-doped TiO, blocking layer at the
interface of FTO and TiO, mesoporous layer, the photo-
voltaic parameters were improved. The photocurrent
density—voltage (J-V) curves of the solar cells with and
without Cr-doped TiO, blocking layers are presented in
Fig. 4. Moreover, the photovoltaic parameters of all the
cells are listed in Table 1. The short-circuit current density
(Jsc) of the fabricated DSSCs increases with increasing the
thickness of the blocking layer. In particular, in the case of
fabricated 110 nm-thick Cr-doped TiO, thin film, the device
gives a great improvement of Jsc about 8.52 mA/ecm?. Its
power conversion efficiency (1) is 3.92 %, which is 118 %
higher than that of the DSSC without a blocking layer. With
the use of the blocking layer, the recombination sites are
reduced and the charge recombination in the DSSC is
effectively suppressed [46]. The blocked FTO/electrolyte
interface efficiently prohibits injected electrons into the
conduction band of FTO from recombination with the redox
couple in electrolyte [47]. Then, the reduced recombination
reaction leads to Jsc and # enhancement.

— without blocking layer

— with 40 nm blocking layer

Current density (mA/cm?)

— with 50 nm blocking layer
with 110 nm blocking layer

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Voltage (V)

Fig. 4 Current density-voltage curves of the fabricated Cr-doped
TiO,-based DSSCs including Cr-doped TiO, thin film as blocking
layer

Table 1 Photovoltaic properties of the constructed DSSCs with
different thicknesses of blocking layer

Sample FF (%) Voc (V) Jsc (mA/ 1 (%)
cm”®)

Without blocking layer 65 0.65 3.79 1.80

With 40 nm blocking layer 70 0.68 5.37 2.56

With 50 nm blocking layer 64 0.67 7.42 3.22

With 110 nm blocking 67 0.68 8.52 3.92

layer

DSSCs: dye-sensitized solar cells
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Fig. 5 Nyquist plots of Cr-doped TiO,-based DSSCs with different
thicknesses of Cr-doped TiO, thin film as blocking layer

In order to elucidate the electron transport and recom-
bination in the constructed DSSCs, electrochemical impe-
dance spectroscopy (EIS) measurements were carried out as
a function of frequency between 0.1 Hz and 100 kHz under
one-sun illumination (AM1.5) [48]. An applied bias voltage
was set to the open-circuit voltage (Vo) of the DSSCs and
AC amplitude of 10 mV was applied. At open-circuit vol-
tage, no current passes through the external circuit and all of
the electrons injected into the conduction band react with I°~
at TiOy/electrolyte interface. In the Nyquist plots of EIS
spectra, there are two sets of semicircles, each set including
a small semicircle at high frequency and a large semicircle
at low frequency. As mentioned in the literature [49], the
small semicircle at high-frequency region (10°-10° Hz) is
attributed to the charge transport at the FTO/TiO, and Pt
counter electrode/electrolyte interfaces, and the large
semicircle in the low-frequency region (10°-10°Hz) is
related to the electron transfer at the oxide/dye/electrolyte
interface. Figure 5 shows the Nyquist plots of the fabricated
DSSCs with different thicknesses of the Cr-doped TiO,
blocking layer. As can be seen from Fig. 5 the diameter of
the second semicircle decreases with increasing the thick-
ness of the blocking layer. This indicates that a more effi-
cient charge transfer process takes place at the interface of
the FTO/TiO, because of the enhanced interfacial properties
and reduction of charge recombination [50].

4 Conclusions

In summary, Cr-doped TiO, nanoparticles were synthesized
by chemical sol-gel method. We studied the influence of Cr
dopant concentration on the structural and optical properties
of TiO, nanoparticles. The results showed that the prepared
nanoparticles had anatase phase and the size of the
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nanoparticles was about 30 nm. TiO, nanoparticles with
0.5 % Cr dopant concentration were chosen to fabricate the
DSSCs due to their small band gap. Furthermore, Cr-doped
TiO, thin films (0.5 %) with different thicknesses were
employed as blocking layer on the surface of FTO substrate.
The obtained results showed that the photovoltaic para-
meters of the constructed DSSCs were improved after
introducing blocking layer at the interface of FTO and Cr-
doped TiO, mesoporous layer. The electrochemical impe-
dance spectroscopy revealed that the recombination rate
decreases with increasing the thickness of the blocking
layers.
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