Acta Metall. Sin. (Engl. Lett.), 2015, 28(3), 354-361
DOI 10.1007/s40195-015-0205-0

Performance Enhancement in Dye-Sensitized Solar Cells
with Composite Mixtures of TiO, Nanoparticles and TiO,
Nanotubes

D. Maheswari - P. Venkatachalam

Received: 23 May 2014 /Revised: 17 October 2014 /Published online: 15 January 2015
© The Chinese Society for Metals and Springer-Verlag Berlin Heidelberg 2015

Abstract In the present investigation, a new composite nanostructured photoanodes were prepared using TiO, nanotubes
(TNTs) with TiO, nanoparticles (TNPs). TNPs were synthesized by sol-gel method, and TNTs were prepared through
alkali hydrothermal method. Dye-sensitized solar cells (DSSCs) were fabricated with different photoanodes comprising of
various ratios of TNTs 4 TNPs, synthetic indigo dye as photosensitizer, PMII (1-propyl-3-methylimidazolium iodide) as
ionic liquid electrolyte and cobalt sulfide as counter electrode. The structures and morphologies of TNPs and TNTs were
analyzed through X-ray diffractometer, transmission electron microscope and scanning electron microscopes. The results
of the investigation showed that the DSSC-4 made with composite photoanode structure (TNTs/TNPs) (90% of
TNPs + 10% of TNTs) had improved photocurrent efficiency (2.11%) than pure TNPs (1.00%) and TNT film (0.78%).
Electrochemical impedance spectra revealed that the composite TNTs/TNPs film-based DSSCs possessed the lowest
charge-transfer resistances and longest electron lifetime. Hence, it could be concluded that the composite TNTs/TNPs
photoanode facilitates the charge transport rate and enhances the efficiencies of DSSCs.

KEY WORDS: TNPs/TNTs composite mixtures; Charge recombination; Electron transport; Photovoltaic
parameters; EIS analysis

1 Introduction

Dye-sensitized solar cell (DSSC) has attracted great inter-
est in academic research and in industrial applications
owing to their high conversion efficiency and potentially
low cost compared to traditional silicon solar cell [1-4].
There are many semiconducting metal oxides such as
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Sn0O,, ZnO, CeO, and TiO,; among these, TiO, is widely
used in solar cells, because of the faster electron injection
rate compared to other metal oxides [5]. Intense research
has been undertaken on the textural properties of nano-
crystalline TiO, film, since they play a key role in light-
harvesting solar cells [6-8]. Photoanode is the most
important part of DSSC; many investigations are carried
out with great enthusiasm and with more excellent struc-
ture to improve the efficiency of DSSC [9, 10]. The key
parameter that determines the efficiency of light harvesting
in DSSC is the surface area of TiO, material and charge
carrier transport in semiconductor electrode. Due to
recombination in TiO, semiconductor electrode, the col-
lection of photoinjected electrons compete with recombi-
nation, so a high charge collection efficiency is required
and that must be faster than recombination rate. In this
sense, crystalline nanotubes (NTs)- and nanowires (NWs)-
based photoelectrodes have been investigated to improve
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electron collection efficiencies [11-13]. The reported effi-
ciency of pure TNTs DSSCs is 2.61%, which is much
lower than that of pure TNPs DSSCs of 5.2% [14, 15]. The
main reason is the internal surface area of TNT-based
photoanode is much smaller than that of TNP-based pho-
toanode resulting in lower dye absorption and lower photon
absorption. But mesoporous TNPs can provide a large
surface area for dye loading, but electron loss is huge,
whereas TNTs provide higher electron transport capability
and stronger light scattering propagation [16, 17]. There-
fore, the composite film of TNTs and TNPs could be
applied in the fabrication of photoelectrode, which is
expected to increase the electron collection efficiency, the
amount of dye loading, as well as to reduce the electron
recombination rate [18-20]. Ohsaki et al. [21] reported the
electron lifetime of TNTs is three times larger than TNPs
resulting in improvement of diffusion length. Kuang et al.
[22] showed template-assisted TNTs enrolled 2.7% effi-
ciency and TNPs/TNTs enrolled 3.2% efficiency.

In DSSCs, the sensitizing dye is one of the key com-
ponents for high-power conversion efficiency and the Ru
(II) complex is the most efficient heterogeneous charge-
transfer sensitizer that is widely used in the nanocrystalline
TiO,-based DSSCs [23]. However, the main drawback of
the Ru (II) complex sensitizer is expensive and requires
careful synthesis and tricky purification steps. The use of
natural pigments as sensitizing dyes for the conversion of
solar energy into electricity represents a very attractive
alternative, due to significant benefits such as low cost,
easy processing, environmental friendliness and low
human toxicity. The sensitizing dye should be cheaper,
more environmentally friendly than metal-complex dyes
and must have narrow absorption spectra. In addition, for
efficient regeneration of dye, the oxidized state of dye must
be more positive potential than that of the redox electrolyte
[24]. Moreover, the photosensitizer species should not form
aggregates, should be stable chemically, thermally and
must be photostable [25]. Abdullah et al. [26] reported that
the absorption spectrum of indigo lies near-infrared region
and visible region, which can be observed as a wide band
of spectrum. In this work, we prepared an indigo dye,
which is an organic compound with a distinctive blue
color. Historically, indigo is a natural dye extracted from
plants and this process was economically important
because blue dyes were once rare [27]. The maximum
absorption wavelength is 602 nm.

The use of ionic liquid electrolyte is advantageous due
to the high degree of wetting obtained on the fused nano-
porous metal oxide electrode as well as its high ionic
conductivity. Several imidazolium iodide compounds have
been utilized as electrolytes in DSSCs, and impressive
photoconversion efficiency was reported [28]. For long-
term operation of DSSCs, the usage of liquid electrolytes

containing organic solvents is sensitive to negative stability
effects, caused by evaporation or decomposition. Desirable
features such as a high electrical conductivity, non-vola-
tility, good ionic mobility and electrochemical stability
make them preferable to organic solvent-based electrolytes
[29, 30]. Wang et al. [31, 32] reported that the efficiencies
of 7% with pure ionic liquid electrolytes and an improved
efficiency of 6.6% with binary ionic liquid electrolytes.

In the present investigation, TNPs and TNTs were
synthesized by sol-gel method and hydrothermal tech-
nique, respectively. Six different working photoanodes
were prepared using five pastes of TNTs concentrations of
0, 10, 50, 90 and 100 wt% with TNPs by doctor bladding
method and labeled as (DSSC-2 to DSSC-6). Bulk TiO,
photoanode is used for comparison and labeled as DSSC-1.
Dye-sensitized solar cells (DSSCs) were fabricated using
synthetic indigo dye as sensitizer with ionic liquid elec-
trolyte PMII (1-propyl-3-methylimidazolium iodide) and
cobalt sulfide as counter electrode which is far less
expensive, more efficient, more stable and easier to pro-
duce in the laboratory [33, 34]. The photovoltaic perfor-
mance and charge transport properties of various DSSCs
were studied.

2 Experimental
2.1 Materials

All chemicals used in this study are of high purity, pur-
chased from Sigma-Aldrich, India, and were used without
further purification unless or otherwise stated.

2.2 Preparation of TiO, NPs Through Sol-gel Process

TNPs were synthesized using titanium (IV) isopropoxide
[TTIP], nitric acid, ethyl alcohol and distilled water. The
TTIP was mixed with ethanol, and distilled water was
added drop by drop under vigorous stirring for 1 h. This
solution was then peptized using nitric acid and heated
under reflux at 80 °C for 8 h. After this period, a TiO, sol
was prepared. The prepared solution was dried and cal-
cined at 450 °C for 1 h in a furnace. TiO, nanoparticles
were obtained [35].

2.3 Preparation of TiO, NTs Through Hydrothermal
Process

TNTs were prepared through the hydrothermal process.
Two grams of TNPs as prepared by the sol-gel method was
mixed with 100 mL of a 10 mol/L NaOH aqueous solution,
followed by hydrothermal treatment at 150 °C in a Teflon-
lined autoclave for 12 h. After the hydrothermal reaction,
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the treated sample was washed thoroughly with distilled
water and 0.1 mol/LL HC] and subsequently filtered and
dried at 80 °C for 1 day. The sample was calcined at
450 °C for 1 h, and TNT is obtained [20, 36].

2.4 Fabrication of Dye-Sensitized Solar Cells

The TiO, pastes with various ratios of TNPs/TNTs were
prepared by mixing ultrasonically for 2 h. The indium tin
oxide-coated glass plate (ITO) was cleaned ultrasonically
in deionised water and acetone for 10 min. The as-prepared
pastes were deposited by doctor blade technique on ITO
glass plate with an active area of 1 cm”. Six different
photoanodes were prepared, one with 0% TNTs, second
with 100% of TNTs, third with 10% of TNTs, fourth with
50% of TNTs and fifth with 90% of TNTs and TNPs which
were, respectively, labeled as DSSC-2, DSSC-3, DSSC-4,
DSSC-5 and DSSC-6. One more DSSC was fabricated
using bulk TiO, particles and represented as DSSC-1.
These photoanodes were then heated at a rate of 15 °C/min
and kept at 500 °C for 30 min. After cooling to 80 °C,
these photoanodes were immersed overnight in a solution
of synthetic indigo dye for 24 h. One drop of iodine-con-
taining electrolyte (0.6 M 1-methyl-3-propylimidazolium
iodide (PMII), 0.1 mol/L Lil, 0.05 mol/L I,, 0.5 mol/L
tert-butylpyridine in acetonitrile) was dropped onto the
surface of the photoanodes. The cobalt sulfide-coated ITO
counter electrode clipped on top of the TiO, photoelec-
trodes to form a photovoltaic device.

2.5 Characterization of Dye-Sensitized Solar Cells

The photovoltaic properties of the DSSCs were character-
ized by recording the photocurrent—voltage (I-V) curves
under the illumination of A.M. 1.5 G (100 mW/cmz). TNPs
and TNTs were characterized by X-ray diffraction (X’ Pert
PRO-PANalytical X-ray powder diffractometer). Micro-
graphs of the samples were observed by TEM (PHILIPS
TECNAI 10) and SEM (VEGA3 SB). Specific surface
areas of the TiO, samples were determined by nitrogen
adsorption apparatus (Micromeritics ASAP 2020). PEC-
S20 solar cell spectral response system was used to mea-
sure incident photon-to-current conversion efficiency
(IPCE) of the DSSCs. UV—Visible absorption spectrum of
the indigo dye was recorded using a Systronics-104 spec-
trophotometer. Electron impedance spectra of DSSCs were
recorded with potentiostat/galvanostat (Gamry 300). The
applied bias voltage and AC amplitude were set at an open-
circuit voltage of the DSSCs; 10 mV is set between the
ITO/counter electrode and the ITO/TiO,/dye photoanode,
respectively, and the frequency range explored was 1 mHz
to 10° Hz. The impedance spectra were analyzed by an
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equivalent circuit model, interpreting the characteristics of
the DSSCs through Zsimpwin software.

3 Results and Discussion
3.1 XRD, SEM and TEM Analysis

The structures and morphologies of TNPs and TNTs were
characterized by X-ray diffractometer (XRD), transmission
electron microscope (TEM) and scanning electron micro-
scope (SEM). Figure 1 shows the XRD patterns of TNPs
and TNTs after annealing at 450 °C. The peaks (101),
(004), (200), (105) and (211) are typical peaks of anatase
TNPs. From this figure, it could be noticed that the TNPs
and TNTs exhibit highly crystallized anatase structure.
Figure 2a shows the TEM image of the TNPs, grown at
450 °C having uniform spherical structure and with mean
diameter of ~20 nm. Figure 2b shows the TEM image of
TNTs with tube-like uniform structure with an outer
diameter of ~ 10 nm, inner diameter of 4-6 nm and the
length of 50-100 nm. Figure 3 shows the SEM image of
TNPs and TNT, respectively. The size of the TNP is
20 nm. SEM image of the sample anatase TNTs exhibits a
tube-like structure. The length of the TNTs is several
nanometers, their diameter is approximately 10 nm, and
they are very uniform, quite clean and smooth-surfaced. It
can be seen that the starting material exhibits nanoparticle
type and the mean diameter is about 20 nm. After hydro-
thermal synthesis, the particles were completely converted
to TiO, nanotubes. Most of the TNTs are straight and
vertical, though occasionally a few non-vertical TNTSs can
also be observed. The texture of the TNTs is uniform and
reasonably dense, though there are ample voids between
the tubes. From the SEM, it could be observed that the
external tube diameters fall in 8-10 nm, the internal
diameters are between 4-6 nm, and the lengths of nano-
tubes are up to 100 nm. The dye adsorption depends on the
surface area of TNTs (surface area of one
TNT = 2nrh + wr°, where ris radius and £ is height of the
TNT). The Brunauer—-Emmett-Teller (BET) surface area of
the TNTs is 60 m*/g shown in Fig. 4. This value is much
higher than that of TNPs nanoparticles (20 m%/g).

IPCE spectrum is a plot of a ratio of the number of
output electrons (current) and input photons (irradiance)
against wavelengths. The maximum incident photon-to-
current conversion efficiency (IPCE) based on indigo was
80% for DSSC-4, 60% for DSSC-5, 50% for DSSC-6, 30%
for DSSC-2 and 15% for DSSC-3 (Fig. 5) whose absorp-
tion is almost equal to the efficiency obtained with the N3
dye system [37]. The IPCE performance of DSSCs based
on indigo dye depends remarkably on the LUMO levels of
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Fig. 1 XRD patterns for TNP a, TNT b annealed at 450 °C

Fig. 3 SEM images for TNPs a and TNTs b
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Fig. 5 IPCE of photoanodes

the dyes, which are estimated from the oxidation potential
and 0-0 energy of the dye.

3.2 EIS Analysis

Electron transport properties were studied using electro-
chemical impedance spectroscopy (EIS). Figs. 6 and 7
show the Nyquist and frequency-phase plots of DSSCs,
respectively. Figure 6 shows the Nyquist plots corre-
sponding to the DSSCs based on the indigo-sensitized
photoanode film under the light intensity of 100 mW/cm?.
In general, the Nyquist plots exhibit three semicircles,
which are attributed to the redox reaction at the cobalt
sulfide counter electrode in the high-frequency region, the
electron transfer at the TiO,/dye/electrolyte interface in the
middle-frequency region and carrier transport by ions
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Fig. 7 Frequency-phase plot of DSSCs

within the electrolytes in the low-frequency region [38,
39]. The other useful electrochemical parameters of DSSCs
were calculated from the following equations and pre-
sented in Table 1.

Tetf = ReCets (1)
kett = é’ (2)
= () () ®
Ly, = (l'effDeff)l/Z ; (4)
= ((?(:;)) — 38.9 Dy, (5)
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Table 1 EIS parameters of DSSCs
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where 7. is effective electron life time, s; kg is rate of
recombination of the electrons in the film, s~ !; Des i
effective diffusion coefficient, cmz/s; L, is electron diffu-
sion length, um; p is electron mobility, cmz/(V S); o is
electron conductivity, mS/cm; #.. is electron collection
efficiency; Conc. is concentration of electrons in the TiO,/
dye/electrolyte interface, Q cm/s; Ly is the film thickness
of the photoanode (12 pm), active area of the DSSCs
(1 cm?); P is porosity of the photoanode film (0.6);
Tqg = R Crec 18 electron transport time; e is charge of an
electron; Ky is Boltzmann constant; and 7 is room tem-
perature [40].

From the Nyquist plot, it can be seen that the first and
third semicircles are weak when compared to the second
semicircle. This largest semicircle represents interfacial
charge-transfer resistance R, of the injected charges to the
direct transfer from the photoanode to I3~ ions at the TiO,/
dye/electrolyte interface. From the Fig. 6, the decrease in
middle circles is in the order of DSSC-1 > DSSC-
3 > DSSC-2 > DSSC-6 > DSSC-5 > DSSC-4, indicating
highest charge-transfer resistance at the TiO,/dye/electro-
lyte interface for DSSC-1. It can be found from Table 1,
the R.. value decreases for composite photoanode (90%
NP + 10% NT) when compared to pure TNTs and TNPs
suggesting high surface area of TNPs/TNTs and more
adequate pore size for facile transport of the redox couple
in the TNPs interface, thereby reduces corresponding
resistance at the interface. The chemical capacitance value
Crec and Tpec, Ly, Detr, U, 0, e at the TiOo/dye/electrolyte
interface increases for TNTs/TNPs photoanode DSSC [41].
In the composite photoanode, the lower R,.. suggests that
each nanotubule makes more difficult for an electron to
jump outside the nanostructure than to stay within the
structure during diffusion; this explains the high collection
efficiencies and thus high short-circuits photocurrents. The
hole transport to electrolyte via the different channels can
prevent the charge recombination at the TiO,/redox elec-
trolyte interface and leads to the electron diffusion, and
transport becomes easy. Therefore, the DSSCs based on the
composite TNTs/TNPs film have the lower values of R,
R, and the longer electron lifetime, and consequently, this
leads to an enhanced conversion efficiency of the cell [20].
Figure 7 shows the frequency-phase plots of EIS spectra
for the DSSCs, made with different photoelectrodes. Two
characteristic peaks, associated with the transfer of the
photogenerated electrons at the surface of composite
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TNTs/TNPs and the conducting electrodes, are clearly
observed. The frequency peak in the high-frequency region
can be ascribed to the charge transfer at the interfaces of
the electrolyte/counter electrode, and the other low-fre-
quency region to the accumulation/transport of the injected
electrons with TNPs/TNTs porous film and the charge
transfer at the interfaces of electrolyte, respectively. From
the frequency-phase plots in the lower- and higher-fre-
quency regimes, it can be seen that the frequency peak of
DSSC-4 (90% NP + 10% NT) is shifted to lower fre-
quency when compared with other DSSCs. The peak
shifted to a lower frequency indicates an increased lifetime
in PMIl-containing electrolytes. The longest lifetime
implies a lower recombination rate and enhanced electron
collection efficiency. Therefore, the interface charge
recombination of TNPs between the photoinjected electron
and electrolyte materials is reduced after the TNTs deco-
ration [42].

3.3 Current—Voltage Characteristics

The current—voltage characteristics of various DSSCs are
presented in Fig. 8, and the parameters are given in the
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Fig. 8 Current—voltage characteristics of DSSCs

Table 2 Current—voltage characteristics of various DSSCs

Table 2. From the Table 2, it could be observed that DSSC-4
showed highest efficiency when compared to other DSSCs,
the parameters are V,. = 700 mV J, = 12.8 mA/cm?,
Vinax = 640 mV, FF =81.54, n =2.11%, and the
improved Js. of the DSSC-4 (90% NP + 10% NT) was
attributed to ultrafast and directional electron movement,
curtail electron diffusion length, and the light scattering
effect. This is because of TNPs/TNTs film has large surface
area and more scattering centers, so more dye absorption is
obtained. Such a behavior in photocurrent density with
TNPs/TNTs film was observed in previous reports as well
[43]. TNPs meet the requirement of absorbing dye; it brings
about, at the same time, many opportunities for the recom-
bination of photoinjected electrons and the oxidized dye and/
or the electron acceptors in the electrolyte. TNTs can
enhance the light-harvesting, straight pathway electron
transport and also have no serious light loss due to back
scattering. Therefore, the design of the (90% TNPs + TNTs
10%) film balances the surface area and the light scattering;
thus, the performance of DSSC with TNTs/TNPs electrode is
higher than those with pure TNPs or TNTs electrode.

Iy XV,
FF = u’ (9)
ISC X VOC
where FF is the fill factor, I is short-circuit current, V. is
the open-circuit voltage, I, is the maximum current, and
Vi 1s the maximum voltage

~ Voe X Jye X FF
= Pin ’

By incorporation of TNTs (10%) into the TNPs film, the
Vo value changes dramatically from 630 to 700 mV as the
concentration of TNTs increases. Meanwhile, the J,. and
FF values of the cell also increased from 9.1 to 14.8
mA/cm® and 69.77 to 81.54 when the TNTs were
employed. The FF and efficiency were calculated using
Egs. (9) and (10). The enhancement of the photocurrent
efficiency is observed in composite DSSCs—4, 5 and 6
when compared to bare DSSC—I1, 2 and 3. It can be
attributed to the closely packed structure of TNTs/TNPs in
the photoanodes of DSSCs—4, 5 and 6 and loosely packed
structure in DSSC—1, 2 and 3, which leads to larger

(10)

Photoelectrode Voe (mV) Jse (mNcmz) Vinax (mV) Jmax (mA/cmz) FF (%) n (%)
DSSC-1 (bulk TiO,) 450 2.0 310 1.0 34 0.30
DSSC-2 (100% TNPs) 480 5.0 335 3.0 42 1.00
DSSC-3 (100% TNTs) 460 3.0 350 1.5 38 0.52
DSSC-4 (90% TNPs + 10% TNTs) 540 7.5 440 4.5 50 2.03
DSSC-5 (50% TNPs + 50% TNTs) 530 6.5 420 4.0 49 1.69
DSSC-6 (10% TNPs + 10% TNTs) 520 5.5 380 3.5 47 1.34
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specific surface area of TNTs/TNPs composite when
compared to TNPs and TNTs [20].

4 Conclusions

DSSCs were fabricated with TiO, working electrode made
of different weight ratios of TNTs with TNPs, and the
corresponding photocurrent efficiencies and impedance
spectra were measured. It is observed that DSSC made with
composite mixtures of 90% TNPs + 10% TNTs showed
higher efficiency (2.11%) compared to TNPs (~1.00%),
TNTs (~0.78%), (10% TNP + 90% TNT) 1.37% and
(50% TNT 4+ 50% TNP) 1.72%. From EIS data, it can be
concluded that for the cell containing TNTs, formation of a
space charge layer at the surface of the electrode effec-
tively promotes the separation of photogenerated charge
carriers and prevents recombination of the electron with the
hole carriers. Therefore, the TNPs layer with the 10% of
TNTs serves as the active photolayer. In the present
investigation, with an optimized ratio of (10%
TNTs + 90% TNPs) in the photoelectrode, an enhance-
ment of the maximum energy conversion of ~ 170% has
been increased in DSSC-4 when compared to other DSSCs.
It is hopeful that the composite structure electrode will play
larger potential superiority compared to single structure
electrode and can be extended to other composite structure
for improving the efficiency of DSSC.
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