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Abstract— Blocking layer holds a crucial function in dye-sensitized solar cells (DSSC). It essentially prevents recombination from
occurring between electrons in the photoanode and the oxidized dye molecules within the electrolyte. Furthermore, this layer could
strengthen the connection between the conductive substrate and the photoanode layer. Herein, titanium dioxide (TiO,) nanorods were
applied as a blocking layer in DSSC, and the solar cell performance was subsequently compared with the cells containing
conventional TiO, nanoparticles blocking layer. The TiO, nanorods were grown from titanium isopropoxide (TTIP) solution via the
hydr other mal method for variousdurations, i.e., 30, 60, and 120 min. M eanwhile, the TiO, nanoparticles blocking layer was deposited
via the wet chemistry method by hydrolyzing titanium (1V) chloride (TiCly). The morphology and structure of both types of blocking
layers were compar ed, whereas the electrical properties of the solar cells were analyzed using incident photon-to-current conversion
efficiency (IPCE) and current-voltage (I-V) characterization. It wasfound that different hydrother mal time resulted in TiO, nanorods
with different morphologies. The application of TiO, nanorods blocking layer that was grown for 120 min led to a photoconversion
efficiency of 3.29%, which was 8.2% and 4.4% higher than the photoconversion efficiency of cellswithout the blocking layer and with
TiO, nanoparticles blocking layer, respectively. Our results indicated that the blocking layer with a TiO, nanorods structure could
facilitate better electronstransfer than that of nanoparticles.
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and dye sensitizer, while the other substrate is coated with
I. INTRODUCTION catalyst layer. Electrolyte containing redox mediator
(typically I'/13) is then filled between the two electrodes to
regenerate the charge via reduction-oxidation reaction.
A high-efficiency DSSC typically employs mesoporous
TiO, as a photoanode as it provides high surface area for
optimized dye adsorption [3]. However, the sintered ,TiO

Research on dye-sensitized solar cells (DSSC) has
resulted in numerous publications since its first discovery by
O’'Regan and Graetzel in 1991 [1]. One of the reasons
behind the emerging interest in this type of solar cell is

because it is a low cost, yet it is highly potential as a new . _ . : i
generation commercial solar cells, substituting the silicon- nanoparticles usually lead to grain boundaries and interfacial

; : tact, which consequently produced surface states near the
based photovoltaic technology. Despite able to produce overton ) ; ;
14% of photoconversion efficiency [2], many attempts are c?ndufctlon band Of T'Q[?']' Th% pl;esence qf a h'?{;‘ ?umberh
still required to increase the efficiency of DSSC in order to O Surface states is unfavored because it could lower the

compete with the performance of silicon-based solar cells. Inphotoqonversmn efficiency of DSSC. First, the charge
contrast to the p-n junction based solar cells, Chargecollec'uon could be suppressed due to the trapping and de-

generation and transfer in DSSC occur separately intrapping of electrons from the surface states and the

different materials rather than in a single bulk semiconductor.Conducuon band of TiQduring the electron transport.

DSSC is typically constructed using two transparent Secondly, electrons that occupy the surface states could

conducting substrates as electrodes, where one substrate [ﬁcomblne with either the oxidized dye or tgeidns within

: : - : : the electrolyte. To prevent the latter phenomenon, a blocking
ted with wide band ductor (t lly ;JiO
coated with wide bandgap semiconductor (typically i layer could be added as an interfacial layer between the
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transparent conducting oxide (TCO) substrate and theB. TiO, Nanoparticle Blocking Layer

mesoporous Ti@layer. The addition of a blocking layer 7o substrates were initially cut into smaller pieces with
could prevent the electrolyte directly in contact with the 3 gjze of 1.5 x 1 cfnThe FTO glass substrates were cleaned
TCO substrate so that the electrons that already reach TCG, Teepol™, deionized (DI) water, and then isopropy!
can be transferred to the external circuit without suffering ziconol (IPA) consecutively by ultrasonication for 10 min
from a back reaction to the electrolyte [5]. The blocking tor each step. To prepare a reference sample, the cleaned
layer could also strengthen the connection between TCOpTQ glasses were treated on 40 mmdITLCl, solutions at
substrate and the photoanode layer [6]. Furthermore, a thinzg ¢ for 30 min, followed by sintering at 450 °C for 15 min.
layer of a blocking layer with a thickness of less than 100 another set of the control sample was also prepared without

nm has been reported to gain a small valuesgfi7]. the addition of any blocking layers.
A Dblocking layer is typically composed of dense

nanosized Ti@ A common method used to deposit such a C. TiO, Nanorods Blocking Layer

blocking layer is carried out by hydrolyzing a titanium salt, ~ The FTO glass substrates were cleaned following the
namely titanium tetrachloride (TIQ'[B-].O] The deposition procedure_ Ti@ nanorods were prepared according to
is performed via chemical bath deposition in i@ jueous  methods reported on registered pate60201910454 [20].
solution at elevated temperature for at least 30 min. The thina mixture solution of TTIP with a certain volume was
layer of TiQ, produced by this method has been shown to sjowly poured into a mixture of HCI and DI water within a
prevent electron-hole recombination and thereby increasingTeflon-lined chamber and then stirred. The Teflon-lined
the performance of DSSC [8]. More specifically, 7iO chamber was subsequently placed in a hydrothermal
blocking layer from TiC{ treatment has been reported to autoclave reactor and heated at 200 °C for various time. The
increase the photocurrent activity of DSSC by 30% [6]. samples were labeled &tx min, wherex represents the
Another precursor material that also can be used to producgydrothermal reaction time. Following the hydrothermal

a blocking layer is titanium isopropoxide (TTIP) [7]. Overall, process, all samples were rinsed copiously with DI water
the precursor selection usually affects the morphology of theand then dried naturally in the air.

blocking layer particles and, in turn, determines the overall
cell performance_ D. Solar Cell Fabrication

In this research, we propose a novel blocking layer The FTO glass that has been pre-coated with a blocking
configuration to enhance the performance of DSSC by layer was then coated with Tidanoparticle in the form of
employing TiQ nanorods. Photoanodes made from one- commercial paste via a screen-printing method, followed by
dimensional nanostructured oxides nanorods, such as TiOsintering at 500 °C for 45 minutes. The purpose of this step
and ZnO, have been reported to improve the chargeis to obtain a stacked structure, as illustrated in Fig. 1.
collection efficiency in DSSCs [11]-[15]. The various Following the screen-printing of the photoanodes, all
method could be used to obtain such structure, for examplesamples were then immersed in a dye solution that has been
using anodic oxidation, electrochemical etching, or template dissolved in ethanol and maintained in the dark at room
synthesis, to name a few [16]-[19]. Herein, hydrothermal temperature for 24 hours. Once completed, the samples were
synthesis was employed to grow vertically aligned ,TiO rinsed in ethanol and then dried in air.
nanorods due to its versatility. The Gi®anorods were Platinum was used as catalyst material and coated using a
employed as a blocking layer and subsequently stacked withscreen-printing technique on another FTO substrate, which
mesoporous Tifilms. To the best of our knowledge, such was designated as a counter electrode. Following the screen-
a proposed structure has never been reported to date singsrinting, the counter electrodes were annealed at 450 °C for
most reports have been made on Ji@norods as a single 30 min. The assembly process was performed according to
photoanode layer instead of a blocking layer. The previous works [21], [22]. The photoanode and counter
performance of DSSC with the Ti®locking layer will be electrode were constructed in a sandwich-like structure by
compared with that of widely reported DSSC containing a attaching thermoplastic sealant and pressed at elevated
blocking layer made from the TiCprecursor. The effect of  temperature to strengthen the bond between the substrates.
the blocking layer deposition method on the physical, optical,Electrolyte (Dyesol, EL-HPE) was subsequently filled into

and electrical properties of DSSC will be discussed. the DSSC cell via injection. Lastly, the remaining gap in the
constructed cells was encapsulated with silicone rubber
II. MATERIALS AND METHODS (Dexton).
A. Materials |
. . . . TiO2 od [Be2 Soe= 2 [ >> TiO2 nanoparti
De-ionized (DI) water with a resistivity ~5 Mwas used D nanored e opamee
throughout the experiment. The following materials were FTO glass
purchased from Great cell Solar, Australia: fluorine-doped
tin oxide (FTO) glass with a sheet resistance of(48q, Fig. 1 Schematic illustration of DSSC photoanode comprising, TiO

TiO, nanoparticle paste (DSL 18 NR-AO), platinum paste nanorods as blocking layer.
(PT1), iodide-triiodide based liquid electrolyte (EL-HPE),

Ru-based dye 7907, and thermoplastic sealant (SurlynTM).E' Characterization

Titanium tetrachloride, titanium isopropoxide (97%), TiCl The morphology, structure, and dimension of the ,TiO
ethanol (97% p.a.), and hydrochloric acid (37%) were Nanorods were analyzed using scanning electron microscope
purchased from Merck. (SEM) Jeol JSM-IT 300. Crystal phase was characterized
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used XRD on Rigaku, RINT 2200 VK/PC diffractometer, obtained under the hydrothermal condition for 120 min (Fig
and radiation of copper &(0=1.54056 A), 40 kV 30 mA. 2(c)). Meanwhile, the SEM images in Fig. 3 highlight the
The light-harvesting efficiency of DSSC cell was difference between the TOmorphologies grown under
characterized by measuring the external quantum efficiencydifferent synthesis routes. One-dimensional ;Ti@norods
via incident photon-to-current conversion efficiency (IPCE) were obtained under hydrothermal synthesis, while
measurement technique. The current-voltage (I-V) propertieshydrolysis of TiC} at atmospheric pressure led to the
of the solar cells were characterized under Oriel 91192 solarproduction of TiQ nanoparticles.

simulator with AM 1.5 filter and measured using the
National Instrument |-V measurement system. The
photoconversion efficiency, is calculated using the

following equation: .

n= ’SC‘;M x 100% (1)

mn

whereJg is the short circuit current density (mA/SmMVoc

is the open circuit current (VIFF is the fill factor, andP;, is

the input power (W). The active area of the DSSC cell was
0.25 cm. For I-V characterization purposes, samples were
prepared in triplicates, and the results were presented as the
average value.

Hydro-
thermal
reaction

time

(b)

I1l. RESULTS ANDDISCUSSION (c)

A. Structural Properties Analysis

The formation of TiQ nanorods structure is known to be
affected by the hydrothermal conditions. Thus, a preliminary Fig. 2 Photograph and top-view SEM images of ;Tf@norods blocking
experiment was conducted to analyze factors that affect théﬁ?’fgﬁ&e&"’)‘rfgo”;?ﬁr hydrothermal reaction at 200 °C for () 30 min, (b) 60
formation of TiQ nanorods, i.e., precursor concentration '
and hydrothermal time. Regarding precursor concentration,
the TTIP volume was initially varied to see the influence on (a) :
the nanorods morphology. From our previous results, we
discovered that Ti@nanorods that were synthesized using 2
mL of TTIP were too dense. When used as a single
photoanode layer in DSSC, Ti@anorods produced using 2
mL of TTIP produced lower photoconversion efficiency s
than the ones produced using 1 mL of TTIP [23]. Therefore, @& o T A e :
we used 1 mL of TTIP to grow the blocking layer for the Fig. 3 SEM images of the blocking layer in the form of (a) ;TiO
remaining experiments hereafter. nanoparticles from hydrolyzed TiCland (b) TiO, nanorods from the

In addition to precursor concentration, the duration of the nydrothermal reaction at 200 “C for 120 min.
hydrothermal reaction is also influential to the growth of

TiO, nanorods. For instance, different hydrothermal reaction  Fig- 4 shows the X-ray diffraction patterns of FiO .
time causes different layer thickness formed on the FTO Nanorods arrays grown on top of the FTO substrate at 200 'C

surface [24]. To see the effect of reaction time, the for 120 min. The XRD spectrum was analyzed using an
hydrothermal reaction was carried out at ZD@or 30, 60 inorganic cryst_ali structure datapase (ICSD_). Herein, two
and 120 min, whereas the TTIP volume during the samples containing Tpnanoparur_:les and TiOnanorods
hydrothermal reaction was kept at 1 mL. The morphology of Were compared. The Tihanoparticle sample represents a
the TiO, nanorods formed under various reaction time is Standard type of Ti© photoanode without any blocking
shown in Fig. 2. It can be observed in Fig. 2 that the Iayers_. It should be noyed that a direct comparison with TiO
nanorods morphology appeared when the reaction wasdblocking layer synthesized from hydrolyzed Tj€buld not

carried out for at least 120 min. Fig. 2(a) shows unevenP® made due to insufficient layer thickness. The XRD
lumps that were formed at the FTO surface during the earlySPectra from both samples show distinguished peaks that
stage of hydrothermal reaction, possibly due to the mainly correspond to_Tlpand FTO. The diffraction peaks
sedimentation of hydrolyzed TTIP material that has not been®f FTO could be assigned to the tetragonal phase 05.SnO
deposited as nanorods structure [25]. Fig. 2(b) implies thatThe TiG, nanopartlcl_es only shoyv anatase peaks as indicated
nanofibers started to nucleate after 60 min of reaction, PY the sharp diffraction a®2- 25" that corresponds to (101)
although the formation was not perfect as suggested by th&ystal planes (JCPDS 21-1272). Meanwhile, the diffraction
scarcity of the fibers and the fact that the fibers were mostly Pattern of the sample containing FiGanorods indicates a
still overlapped horizontally to each other. It is also obvious Mixture of both anatase and rutile phase (JCPDS 21-1276).
from the visual appearance of the photographs that the FTof\natase phase is typically preferred as a photoanode in
was mostly transparent after 30 and 60 min of reaction, PSSC due to a higher surface area [26]. However, since the
suggesting the absence of FiBanorods. Perfectly formed TiO, nanorods were employed solely as a blocking layer, the

TiO, nanorods with a diameter of less than 80 nm were futile phase may become favorable to improve the
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photovoltaic cell performance as it could accelerate the B. Electrical Properties Analysis
charge transfer rate from the photoanode towards the FTO Fig. 6(a) shows the comparison of the current-voltage (I-
[14]. . ) ~ V) characteristics generated by DSSC with the various
The transmittance spectra of FTO substrates with variousp|ocking layer. The output parameters of the solar cells, such
blocking layers and without any coating (i.e., bare FTO) are 35 short circuit current densitys), open circuit current
shown in Fig. 5(a). 'I_'he transmitt.ance spectroscopy of the(Voc)' maximum power R..), fill factor (FF), parasitic
substrate coated with a blocking layer derived from resistancesR,andRy,), and efficiencywere shown in Table
hydrolyzed TiC} slightly resembles that of FTO, particularly 1 The addition of blocking layer could improve the overall
within the visible range, because the sample itself appearecberformance of DSSC, resulting in higher photoconversion
mostly transparent. Lower transmittance level below 500 nm efficiency (PCE). The highest performance was shown by
for all samples with a blocking layer was attributed to the e psSC sample containing Ti@anorods blocking layer
TiO, absorption as TiQis known to absorb ultraviolet (UV)  \ith Js of 0.99 mA/cr, Voc of 0.69 V, Py, of 0.41 mW,
light. Precisely, the absorption peak at ~370 nm corresponds=f of 0.62, and PCE of 3.29%. As a result, the PCE of the
to the optimum absorption of TiCs it coincides with the  ¢e|ls  with TiO, nanorods blocking layer was in
characteristic bandgap energy of Jid'he increase in the  approximately 8.2% and 4.4% higher than the PCE of the
UV light absorbance with the increase in hydrothermal cejls without and with TiGl blocking layer, respectively.
reaction time is clearly visible for samples with 3iO  Ajthough the PCE was only marginally improved, it can be
nanorods blocking layer. This phenomenon was attributed togjscerned that the distinct enhancement was contributed by

the increase in blocking layer thickness, as indicated by theihe 3o This is also confirmed from the IPCE result shown
decrease in sample transparency. Longer hydrothermaly Fig. 5(p).

reaction time led to a thicker blocking layer, thereby
lowering the light transmission. In order to estimate the
energy gap characteristic, the diffused reflectance of, TiO
nanorods blocking layer was measured, and the absorbance LV o
was then calculated using Kubelka-Munk formula. The 801 A o ogpffegert At
bandgap energy was determined using the following ¥
modified Kubelka-Munk E(R)) equation [27]:

a) 100

(1_R)2 1/n
2R ]

F(R) = (2)
whereR is the diffused reflectance, andvas determined by
the type of semiconductor. Hereimyalue of 2 was used as
TiO, is an indirect bandgap semiconductor. Fig. 5(b) shows
the modified Kubelka-MunkR(R)) equation plotted versus 0 R A LA S S B
the energy of light lp). The bandgap energyg, of 200 WD E00 WG 700 80 800 7000
approximately 3.28 eV was determined from the intercept of Wavelength (nm)

the x-axis and the tangential line IBfR) as represented by b) 7 %g
the dashed line. This value indicated that the optical 254 //%T
properties of TiQ nanorods blocking layer is like the typical Lo %ﬁ
characteristics of Ti@nanoparticles. ] _i% ”ﬁ
2.0 4 @ " m%

o
o
il .
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© TiO, nanoparticles (TiCl,)
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Fig. 5 UV-Vis (a) transmittance and (b) modified Kubelka-Munk from the
diffused reflectance of TiOnanorods grown via hydrothermal reaction for

120 min.
TABLE |
20 30 40 50 60 70 80 PHOTOVOLTAIC CHARACTERISTICS OFDSSCWITH VARIOUS BLOCKING
2 theta (degree) : LAYER
) ) ] Type of blocking | Ppax Jsc Voc FF n
Fig. 4 XRD patterns of TiPnanoparticles and nanorods were grown and layer (mW) | (mA/ | (volt) (%)
measured on top of FTO glass substrates. The A and R symbol represent sz)
anatase and rutile peak, respectively. The diffraction pattern of TiO r
nanorods was offset along the y-axis for clarity purposes. — i 0.38 3.77 0.69 0.59 3.04
TiO, nanoparticle | 0.40 4.32] 0.69 0.52 3.15
TiO, nanorods 0.41 4,73 0.69 0.62 3.29
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The external quantum efficiency (EQE) represents the nanorods blocking layer was therefore presumed to be
ability of photons in certain wavelength ranges to excite significant enough to compensate for the loss of light
electrons to become electrical energy. Fig. 6(b) provides theabsorption toward the photoanode. It is believed that higher
EQE spectra of DSSC with various blocking layer, showing photoconversion efficiency could be achieved by adjusting

peak efficiency between 500-550 nm that could be attributed
to the absorption peak of Z-907 dye.

a) as
1004000
4'0':'0-000:::;;‘0’”“” *o,
2000000000 *,
354 888808999.3 “\0
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Fig. 6 (a) I-V characteristics and (b) IPCE spectra of DSSC without and
with blocking layer in the form of Ti©@nanoparticles (from hydrolyzed
TiCly) and TiQ nanorods (from hydrothermal for 12 min).

Overall, the presence of the blocking layer enhanced the
photon-to-current conversion efficiency in DSSC, as
indicated by the higher broader IPCE spectra. Fig. 6(b) also
shows that the highest quantum efficiency was achieved by
the DSSC sample with the TiGhanorods blocking layer.
This trend agrees with the current-voltage measuremen
results, wherein the sample with the Fi@norods blocking
layer produced the highesf. Since all samples had the
same photoanode layer and thus presumably have simila
dye adsorption, the highely, and EQE suggest that the
presence of the blocking layer had a significant influence on
the charge collection. It is likely that higher photoconversion
efficiency and EQE of DSSC with the blocking layer were
attributed by the reduced recombination rate [28], [29]. As
illustrated in Fig. 7, electrons transport from Ti@wards
FTO occurred faster due to shorter transfer path whea TiO
nanorods were applied as a blocking layer, thereby further

t

preventing charge recombination, and increasing the chargdi]

collection. Despite having compromised optical transmission
(see Fig. 5(a)), the effect of fast charge transport by the TiO
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the transparency of the TiOnanorods layer via further
morphological modification.

FTO glass

FTO glass ‘

(a) (b)

Q =TiO, photoanode

Fig. 7 Schematic illustration comparing the proposed mechanism of electron
injection via (a) TiQ nanoparticles blocking layer and (b) Fi®anorods
blocking layer.

® =dye

IV. CONCLUSIONS

The blocking layer in the form of the TjGhanorods
structure was grown directly on top of the FTO conductive
substrate using a hydrothermal technique and applied in
DSSC. The effect of Ti©@nanorods blocking layer on the
cell performance was systematically compared with the cells
featuring the TiQ nanoparticles blocking layer. TiO
nanorods produced a thicker blocking layer than ,TiO
nanoparticles and thus resulting in lower optical
transmission property. Nevertheless, the DSSC with, TiO
nanorods blocking layer prepared using hydrothermal
synthesis for 120 min generated 3.29% of efficiency, higher
than that of the Ti® nanoparticles blocking layer that
produced 3.15% of efficiency. The improvement was
attributed to the enhanced charge transfer by the, TiO
nanorods. The application of Ti®@anorods has been shown
to be highly viable as a blocking layer in improving the
photoconversion efficiency and external quantum efficiency
of DSSC.
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