
Contents lists available at ScienceDirect

Results in Physics

journal homepage: www.elsevier.com/locate/rinp

The effect of titanium (IV) chloride surface treatment to enhance charge
transport and performance of dye-sensitized solar cell

N. Fadzilah M. Sharifa,b,⁎, Suhaidi Shafiea,c, M.Z.A. Ab. Kadird,e, W.Z. Wan Hasana,
Muhammad Norhaffis Mustafaf, Buda Samailac

a Department of Electrical and Electronics Engineering, Faculty of Engineering, Universiti Putra Malaysia, 43400 Serdang, Selangor, Malaysia
bDepartment of Electrical and Electronics Engineering, Faculty of Engineering, UPNM, Kuala Lumpur 57000, Malaysia
c Institute of Advanced Technology, Universiti Putra Malaysia, 43400 Serdang, Selangor Darul Ehsan, Malaysia
d Centre for Electromagnetic & Lightning Protection (CELP), Universiti Putra Malaysia, 43400 Serdang, Selangor, Malaysia
e Institute of Power Engineering (IPE), Universiti Tenaga Nasional, Kuala Lumpur 57000, Malaysia
fDepartment of Chemistry, Faculty of Science, Universiti Putra Malaysia (UPM), 43400 Serdang, Selangor, Malaysia

A R T I C L E I N F O

Keywords:
Charge collection efficiency (CCE)
Charge transport
DSSC surface treatment

A B S T R A C T

In this study, the photovoltaic and electrochemical characteristics of the dye-sensitised solar cell (DSSC) after
titanium (IV) chloride (TiCl4) treatment on a TiO2 photoelectrode were investigated. Photoelectrodes of un-
treated, pre-TiCl4 and post-TiCl4 treatment were prepared to form a complete DSSC. The photoelectrode was
sensitised in 40mM of TiCl4 solution at 80 °C for 30min, and then it is sintered at 500 °C. The morphology of
photoelectrodes has been studied using FESEM, and it was found that, after TiCl4 treatment, the particle necking
and particle size of TiO2 nanoparticles were increased significantly. Therefore, it improved the electron transfer
path on the TiO2 layer. Subsequently, the light absorption intensity after post-TiCl4 treatments was increased due
to strong adhesion and homogeneity of the TiO2 layer on the FTO substrate, which results in higher current
density and photon-conversion efficiency by 18.95mAcm−2 and 8.03% when compared to an untreated elec-
trode at 12.1 mAcm−2 and 4.08% (increment of 56.7% and 96.9%), respectively. Electrochemical impedance
spectroscopy used to study the internal electrochemical characteristics of DSSC after the treatment. Thus, it
proves that the treatment suppresses the charge recombination between TiO2 and the electrolyte interface by
increasing charge transfer resistance after post-TiCl4 treatment by 24.06Ω from 16.11Ω for untreated photo-
electrodes (increment of 49.39%). The electron lifetime also improved from 0.4 to 1.59ms, which results in the
enhancement of charge collection efficiency after post-treatment by 31.09% compared to the untreated elec-
trode. Improvement of charge collection efficiency indicated that the TiCl4 treatment had played an important
role in charge separation and charge collection on the TiO2 and electrolyte interface of DSSC.

Introduction

The dye-sensitised solar cell (DSSC) is a third-generation solar cell
that offers several advantages over silicon cells due to economical and
environmentally friendly device, which the DSSCs has shown its po-
tential for future renewable solar electricity generation device [1–4]. It
was first developed in 1991 by O'Regan and Gratzel. Recently the same
group is announced the power conversion efficiency (PCE) is reached
14.1% [5]. However, despite the DSSC advantages, the PCE is still less
than half compared to a crystal silicon solar cell. If the PCE of DSSCs
can be enhanced, these cells could significantly reduce the fabrication
cost compared to first and second-generation photovoltaic devices. To
tackle this issue, designing a novel DSSC elements are crucial to

generate better PCE.
DSSC consists of Fluorine-tin oxide (FTO) transparent electrode,

electrolyte, counter, and photoelectrode elements. Photoelectrode
contains dye sensitiser and the TiO2 semiconductor layer. The TiO2

layer is an essential part of DSSC since it will hold and transport excited
electrons from the sensitiser to the external load [6,7]. TiO2 semi-
conductor material is widely used in DSSC because it is abundant, low
cost, and offers high photostability [8]. However, the use of TiO2 in
DSSC exposes random electron transport and high electron re-
combination between the TiO2/dye/electrolyte interface, which slow
electron diffusion and reduce the current density amount. To overcome
this issue, chemical treatment using different precursor such as titanium
(IV), indium (III) and zirconium (IV) oxide [9], titanium (III) chloride
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(TiCl3) [10], and titanium tetrachloride (TiCl4) [11–15] on photoelec-
trode elements have been done by many researchers. However, TiCl4
treatment is widely chosen to enhance the performance of DSSC due to
its availability and low cost among precursors. From past research, the
post-TiCl4 treatment is proven to improve the morphology of TiO2

structure and suppress the recombination rate of electrons between the
TiO2/dye/electrolyte interface. Many works prove the advantages of
TiCl4 treatments on the morphology and performance on DSSC, which
enhanced charge transport [15], surface area [16], dye adsorption [17],
and TiO2 film purity [18]. Moreover, the treatments also improve the
adhesion of the TiO2 growth onto FTO glass, which enhances the con-
ductivity of the TiO2 semiconductor layer.

Although research on the TiCl4 treatment was reported more than a
decade ago, which generated better DSSC performance, little attention
has been paid to the advantage of TiCl4 treatments on prior and after
TiO2 paste deposition on photoelectrodes known as post-TiCl4 at a
concentration of 40mM. Hence, this study investigates the enhance-
ment of PCE and charge transport at concentration of 40mM TiCl4
where previous research used different parameters such as concentra-
tion and TiCl4 immersing temperature during the treatment [15,20]. A
concentration of the 40mM of TiCl4 solution chosen based on com-
patibility of materials used in previous work by Eunwoo et al. [20]
where similar material namely graphene quantum dots will be in-
corporated in photoelectrodes for light harvesting enhancement [21].

A TiO2 paste deposition method on photoelectrodes by screen
printing is chosen in this work because it is a well-applied method for
producing homogenous, thickness controllable, excellent printing
characteristics, and porous film [22]. Furthermore, an enhancement of
solar cell performance of PCE after post-TiCl4 treatment have been
studied by factors of TiO2 nanoparticle necking, absorption intensity
after sensitising dye, and TiO2 growth on FTO surface in order to
achieve better performance of DSSC.

Experimental method

Material

Titania powder (anatase) and titanium tetrachloride (TiCl4) solution
were purchased from Sigma Aldrich. Afterwards FTO glass with sheet
resistance<15Ω/sq and T ∼90% were purchased from Kaivo optoe-
lectronic Technology. Also, the N-719 Dye, electrolyte, and polymer
spacer of 25 μm were obtained from Solaronix Switzerland. Lastly, the
platinum solution was added to the counter electrode. The platinum
solution consists of isopropyl alcohol (IPA), and hexachloroplanitic acid
hexahydrate was prepared in our lab. Ethanol, acetone, and IPA were
obtained from Merck and used without purification. In this study, the
morphology and thickness of untreated and treated photoelectrodes
were studied using FESEM (FEI, NovaNanoSem230, Holland). The ab-
sorption intensity was measured by Ultraviolet spectroscopy of
(Lambda 25, PerkinElmer, USA) to study the impact of the treatment on
dye adsorption before and after the treatment. Electrochemical im-
pedance spectroscopy (EIS) study was obtained by using Autolab
PGSTAT204, Current-voltage performance of complete DSSC was ob-
tained using (Keithley 2601, USA) solar simulator under the illumina-
tion of AM 1.5 simulated light with an intensity of 100mW cm−2.

Synthesis of TiO2 paste

Initially, solution A consisting of 6 g of TiO2 powder with 0.5ml
acetic acid and DI water was ground for 5min. Then 21ml of ethanol
was added and continued the grinding for 20min. Next, 100ml of
ethanol was added to the mixture. The mixture was sonicated for 1 h to
disperse the nanoparticles. Another mixture called solution B, which
consisted of 38ml ethanol and 3 g of ethyl cellulose, was stirred for 2 h
to form a binder solution. Then both solutions A and B were stirred for
12 h, and both mixtures evaporated to reach about 1/10th the size from

the initial volume.

TiCl4 treatment

The TiCl4 treatment applied in this study was modified from Ref.
[19]. At first, the FTO glass of 2 cm×2 cm were washed properly using
acetone and IPA for 15min to get rid of dust and other contamination,
which resulted in better PV performance of DSSC. Then the FTO glass
was dried and placed in the closed container to avoid contamination.
The conductive side of the FTO glass was placed on top of the petri dish
and immersed in a 40mM TiCl4 solution at 80 °C for 30min. The con-
centration of TiCl4 chosen in this work was based on Ref. [20] where
similar material will be added in the future for light-harvesting en-
hancement. During the immersing process, TiCl4 solution covered the
whole FTO glass to make sure the coating process was homogeneous.
Then the FTO glass was sintered at 500 °C for 30min and cooled at
room temperature. It was coated with ∼10 ± 2 μm TiO2 paste by
screen-printing technique with an active area of 1 cm2. The TiO2 coated
glass was kept for 5–10min to make sure the TiO2 layer was homo-
genous. Then the FTO glass was sintered at 500 °C for 30min. After
cooling, the post-TiCl4 treatment was done by immersing the FTO glass
in 40mM TiCl4 solution. Finally, the FTO glass was sintered at 500 °C
for 30min and then cooled to 80 °C. The photoelectrode sintering
temperature is chosen at 500 °C to evaporate the organic binder in TiO2

paste to improve electrical conductivity between TiO2 particles [23].
Thus, increase electron diffusion through the photoelectrode.

Preparation of DSSC photoelectrode and device assembly

After TiO2 coating and post TiCl4 treatment, the photoelectrode was
subjected to dye adsorption using N-719 dye for 24 h. Ethanol was used
to clean the TiO2 film and remove any loose dye particle. To make a
counter electrode, a 2mM hexachloroplanitic acid hexahydrate and
isopropyl alcohol (IPA) was mixed. Then the mixture was deposited on
the FTO substrate. The substrate was sintered at 500 °C for 30min to
evaporate the solvent and lastly formed the platinum layer on the
counter electrode by decomposing the acid at a high temperature. To
make a complete cell of DSSC, an electrolyte was dropped between the
FTO glass of the photoelectrode and the counter electrode, which were
attached by a 25 μm polymer spacer to form a sandwich structure of the
solar cell. The complete TiCl4 treatment and DSSC fabrication process
are depicted in Fig. 1.

Results

Field emission scanning electron microscopy (FESEM)

The morphology of untreated and TiCl4 treated photoelectrodes was
studied using FESEM. Fig. 2 (a,b,c) shows the cross-sectional SEM
images of the incremental thickness of 8.98 μm, 9.05 μm, and 10.73 μm
of untreated TiO2 film, which includes pre-TiCl4 and Post-TiCl4 treat-
ment on photoelectrodes respectively. A multilayer TiCl4 treatment
caused thickness increased from 8.98 μm to 10.73 μm (19.5% incre-
ment) due to the formation of another TiO2 layer during hydrolysis of
TiCl4 treatment [14]. The method chosen to deposit the TiO2 layer for
photoelectrodes is vital in order to provide a porous structure. In this
study, the screen-printing technique was applied to prepare a porous
structure of TiO2 thin film. Fig. 3(a)–(f) shows the photoelectrode
morphology using FESEM and particle size distribution of TiO2 films
with the Gaussian fitting curve. Fig. 3(a) shows the nonhomogeneous
and weak attachment of TiO2 particles for untreated photoelectrode,
which may reduce electrical conductivity and resulting low electron
transfer within TiO2 particles to external circuits. In this work, TiCl4 is
proven to enhance the morphology of the TiO2 layer because another
layer of TiO2 nanocrystal was grown before and after TiO2 paste de-
position. Thus, after TiCl4 treatment, the growth of the TiO2 film on the
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FTO substrate is improved and the films show surface homogeneity as
shown in Fig. 3(c) and (e). The impact of the treatment was shown
clearly in both treated films due to the improvement of particle necking
of the TiO2 film and the distribution of TiO2 nanoparticles size. Fig. 3(f)
shows the best improvement after post-TiCl4 treatment because the
necking and TiO2 nanoparticle became larger and reached sizes of
60–70 nm when compared to the untreated film at 20–24 nm and pre-
TiCl4 layer at 40–50 nm. The improvement of necking and larger par-
ticle sizes between one to another will help accelerate the diffusion of
electrons in TiO2 film [19]. Therefore, it suppresses the electron re-
combination from TiO2 to the HOMO of the dye molecule. The lack of
particle necking on untreated TiO2 film makes the electron diffusion
harder, which reduces in short-circuit current density.

Ultraviolet–Visible spectroscopy (UV–Vis)

UV–Vis was used to study the dye adsorption ability of untreated
and treated photoelectrodes at a 200 nm to 800 nm wavelength. The
dye adsorption study is vital because it is related to thickness and can
enhance the generation of photocurrent in DSSC. Since the TiO2 film
was increased after the TiCl4 treatment, the dye loading also increase

and result in higher photon absorption at peaks of 3.8 for post-TiCl4
treatment when compared to 2.8 and 1.6 for pre-TiCl4 and untreated
electrodes, respectively, at 290 nm in the UV region, which is shown in
Fig. 4. However, the absorption spectra only slightly improved after
TiCl4 treatment when compared to untreated film in the visible region
because TiO2 is known as a UV-absorber material. Therefore, the ab-
sorption spectra improved in UV-region after the treatment may be due
to strong adhesion and homogeneity of the TiO2 layer on the film before
TiO2 coating, which will produce higher short-circuit current density
and improve photon-current conversion efficiency in DSSC [24].

Electrochemical impedance spectroscopy (EIS)

EIS has been used extensively in DSSC research to investigate the
charge transfer process in DSSC. The Nyquist and Bode plots generated
on EIS measurements explained the electrochemical behaviour in DSSC.
The Nyquist plot generated the impedance values of DSSCs, which
generally consist of two or three semicircles [24–26]. The first semi-
circle typically represents the sheet resistance (Rs) of the photoelec-
trode, while a second semicircle is related to the impedance of the dye/
TiO2/electrolyte interface, which is shown in Fig. 5. EIS also generated

Fig. 1. TiCl4 treatment and DSSC fabrication process.

Fig. 2. Cross-sectional SEM images of thickness on (a) untreated (c) pre-TiCl4 treatment and (e) post-TiCl4 treatment on photoelectrodes.
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(a) (b)

(c) (d)

(e) (f)

Fig. 3. FESEM morphology of particle necking and distribution of TiO2 nanoparticle with the Gaussian fitting curve (orange line) of (a)(b): Untreated electrode, (c)
(d): pre-TiCl4 treatment, and (e)(f): Post-TiCl4 treatment photoelectrode, respectively. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 4. Absorption spectra of untreated, pre-TiCl4, and post-TiCl4 treatment on
TiO2 film after N-719 dye sensitising.

Fig. 5. Nyquist plot of treated, pre-TiCl4, and post TiCl4 treatment with the
equivalent circuit (inlet) represent the impedance of the cell; sheet resistance
Rs, electrochemical capacitance Cpe and charge transfer resistance Rct.
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a bode plot to represent electrochemical behaviour by presenting the
relationship of frequency on the x-axis and a phase on the y-axis. The
maximum angular frequency (ωmax) can be obtained from the Bode plot
and the electron lifetime (τn) can be calculated from Eq. (1) [26]. For
this measurement, EIS was set-up in the frequency range from 0.01 Hz
to 100 kHz to study the interfacial charge transfer process of DSSC.

=τ πω1/2n max (1)

Using τn and Rct value from the Nyquist plot, the chemical capaci-
tance was calculated from Eq. (2).

=τ R Cn ct u (2)

Therefore, electron transport time τs is given in Eq. (3).

=τ R Cs s u (3)

Lastly, the charge collection efficiency ηc is calculated below in Eq.
(4).

= +
−η (1 Rs/Rct)c

1 (4)

The Nyquist plot in Fig. 5 shows that the value of sheet resistance
(Rs) on the post-treatment electrode was decreased to 28.38Ω from
29.91Ω. In this case, the Rs reduction is possibly due to photoelectrode
surface enhancement after TiCl4 treatment. However, the value of
charge-transfer resistance (Rct) of dye/TiO2/electrolyte interface was
increased after TiCl4 treatment from 16.18Ω, 19.81Ω, and 24.06Ω for
untreated, pre-TiCl4 and post TiCl4, respectively. Thus, after post-TiCl4
treatment, the Rct was increased by 49.39% when compared to the
untreated electrode due to suppression of a recombination electron
between the TiO2/electrolyte interface [27]. Table 1 and Fig. 7 sum-
marise the EIS parameter to represent electron lifetime Ʈn, electron
transport time Ʈs, and charge collection efficiency Ƞc of the cell. Fig. 6
shows the bode plot of untreated and treated electrodes where the
maximum frequency was shifted from 398.11 Hz to 100 Hz after the
TiCl4 treatment. The reduction of frequency in the EIS measurement
generated a higher electron lifetime, which is explained in Eq. (1) [28].
In this scenario, the relationship is inversely proportional to the max-
imum frequency. After the treatment, the electron lifetime was in-
creased due to suppression of electron recombination at the TiO2/
electrolyte interface, which resulted in the enhancement of charge
collection efficiency after post-treatment by 31.09% when compared to
the untreated electrode, which is shown in Table 1. An improvement
charge collection efficiency indicated that the chemical treatment
played an important role in charge separation and charge collection on
the TiO2 and electrolyte interface of DSSC. An equivalent circuit is
shown in the inset of Fig. 5 to represent electrochemical impedance,
which consists of electrical components of sheet resistance Rs, charge
transfer resistance Rct1 and Rct2, and electrochemical capacitance Cpe
for first and second semicircle of the Nyquist plot. It can be seen clearly
in Fig. 7, the EIS parameters were enhanced after the TiCl4 treatment
which shown an improvement of electron lifetime Ʈn, electron trans-
port time Ʈs, and charge collection efficiency Ƞc for untreated, pre-
TiCl4, and post-TiCl4 photoelectrode of DSSC.

Current density-voltage measurement (Jsc-Voc) characteristic

The J–V measurement of DSSC was measured under simulated solar
illumination of 1.5 AM (Keithley model 2601) with a power density of

100mW/cm−2. The parameters of the J–V measurement of untreated
and TiCl4 treated DSSC are shown in Table 2 and the relationship of
short-circuit current density against open-circuit voltage of untreated
and post-TiCl4 of complete DSSC was depicted in Fig. 8. Table 2 in-
dicated the improvement in short-circuit current density, Jsc of pre-
TiCl4 treatment, and post TiCl4 treatment when compared to an un-
treated TiO2 working electrode were 17.06mA/cm2 and 18.95mA/
cm2, respectively, from 12.10mA/cm2. Jsc was increased after pre-
treatment because the adhesion of TiO2 onto FTO was improved, which
caused the TiO2 surface homogeneity and resulted in an enhancement
of TiO2 interconnection [19]. Therefore, the diffusion of electrons oc-
curred efficiently, and the recombination of the electron was sig-
nificantly suppressed. Post-treatment also increased Jsc, possibly due to

Table 1
Comparison of EIS parameters on untreated and TiCl4-treated DSSC.

Working
electrode

Rs (Ω) Rct2 (Ω) ωmax (Hz) Ʈn (ms) Cu (μF) Ʈs (ms) Ƞc (%)

Untreated 29.91 16.11 398.11 0.40 25 0.74 35.00
Pre-TiCl4 24.00 19.81 158.49 1.00 51 1.22 45.22
Post-TiCl4 28.38 24.06 100.00 1.59 66 1.88 45.88

Fig. 6. Bode plot of treated, pre-TiCl4 and post-TiCl4.

Fig. 7. Comparison of electron lifetime Ʈn, electron transport time Ʈs, and
charge collection efficiency Ƞc for untreated, pre-TiCl4, and post-TiCl4 photo-
electrode of DSSC.

Table 2
J–V characteristic on untreated and TiCl4-treated DSSC.

Working electrode Jsc (mA) Voc (V) Fill Factor Ƞ (%)

Untreated 12.10 ± 0.02 0.60 ± 0.01 0.56 ± 0.01 4.08

Pre-TiCl4 17.06 ± 0.02 0.70 ± 0.01 0.54 ± 0.01 6.50

Post-TiCl4 18.95 ± 0.02 0.75 ± 0.01 0.56 ± 0.01 8.03
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the enhancement of TiO2 nanoparticles necking on the working elec-
trode, which is shown in Fig. 3c. Both pre-TiCl4 and post-TiCl4 treat-
ments are resulting in easy electron diffusion and higher electron life-
time based on the enhancement of Jsc and PCE in DSSC. Also, post-
treatment improved the photon absorption intensity, which resulted in
the increasing of open-circuit voltage, Voc. The Voc was increased by
25% after treatment from 0.6 V to 0.75 V. Therefore, with the en-
hancement of Jsc and Voc, the photon to current conversion efficiency
was improved by 96.9% after post-treatment compared to an untreated
electrode of DSSC.

Conclusions

We have studied the impact of TiCl4 treatment on DSSC perfor-
mance by using a 40mM titanium tetrachloride (TiCl4) solution. The
pre-treatment and post-treatment improved adhesion of TiO2 onto FTO
glass and also increased particle necking, which resulted in faster
electron diffusion and a higher electron lifetime. Photoelectrode of
post-treated TiCl4 shown enhancement of photon absorption intensity,
which increased the current density. Moreover, the EIS study indicated
device resistance Rs, which were reduced due to the surface enhance-
ment and Rct was increased due to the suppression of electron re-
combination between the dye/TiO2/electrolyte interface. This resulted
in the enhancement of charge collection efficiency of treated working
electrodes by 31.09% when compared to the untreated electrode. An
improvement in the electrochemical characteristics was reflected in the
photovoltaic property since power conversion efficiency (PCE) was
improved by 96.9% compared to the untreated electrode DSSC. In
summary, this study proved that TiCl4 treatments help to enhance
power conversion efficiency and charge transport for DSSC.
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