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ABSTRACT

Titanate nanotubes (TiNTs) with the chemical composition Na, Ti;O7.nH,O (NaTiNT) were obtained through
a hydrothermal method in highly alkaline medium. Protonated titanates nanotubes (H-TiNTs), with the com-
position H,Ti;0;.nH,O, were prepared by ion exchange reaction through a suspension of Na,Ti;O;-nH,O
nanotubes in HCI medium, promoting the exchange of Na" ions by H*. Both Na,Ti;0;.nH,O and
H,Ti;0,.nH,0 products, as well the TiO, used as raw material for the nanotubes processing, were used as
starting material for the solar cells photoelectrodes sensitized using mesoporphyrin extracted from a precur-
sor of cashew nut shell. Exposing the NaTiNT sample to solar radiation of 1258 W/m?, a short-circuit current
density (lIsc) of 13 pA/cm? and an open-circuit voltage (Voc) of 370 mV were registered and, a current densi-
ty of 7.6 nA/cm? and a voltage of 256 mV for the prototype cell based on H-TiNTs. A current density of 1.1
pA/cm? and an open-circuit voltage of 1.6 mV were obtained for the cell using TiO, as electrode.

Keywords: Titanate Nanotubes. lonic exchange. Mesoporphyrin. Dye-sensitized solar cell.

1. INTRODUCTION

In the last years a large number of scientific reports about new materials for dye sensitized solar cells
(DSSCs) have been published. Among these materials, unidimensional nanostructures have received particu-
lar attention due to their ability of creating shortcut-paths for the electrons, promoting the electron diffusion
process [1-4].

YE et al. [5] recently showed the efficiency analysis of DSSC with electrodes formed by TiO, nano-
tubes, which were prepared from Ti anodized sheets. It presents a 7.75% of efficiency, using N719 as sensi-
tizer [5]. KUANG et al. [6] revealed a efficiency value of 7.92% in solar cells based on double layers of TiO,
nanoribbons. LAW et al. [7] showed that ZnO nanoribbons, with a diameter of approximately 130 nm, used
as photoelectrode on a DSSC present an electronic diffusion coefficient almost three orders of magnitude
higher than the TiO, nanoribbons. For the titanate nanotubes with higher dye adsorption area and higher
nanostructure organization, the electron diffusion coefficient was 0.05-0.5 cm?s. This coefficient for the
TiO, film was 5x10”° cm%s [7,8].

In addition to those nanostructures, titanate nanotubes have been widely reported in the literature. The
combination of the elongated morphology with the mesoporous structure of the titanate nanotubes, which
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presents a high specific surface area, the efficient properties of ion exchange and relatively good proton and
electron conductivity, make these nanostructures promising materials for various applications [9-12].

The use of titanate nanotubes in the construction of electrodes for dye-sensitized solar cells presents
the advantage of larger cation absorption capacity of the dyes on the surface. For this, it is estimated that the
colorant layer can have, in minimum, about 1000 molecules along the surface of each titanate nanotube. This
dye monolayer will improve the effectiveness of radiation absorption which, combined with the elongated
morphology of TiNTs should promote greater efficiency in the transportation and storage of electrons in
DSSC [13,14].

The titanates may undergo structural changes by ion exchange (eg: H-TiNTSs), doping or through
combination with elements which absorb in the visible range resulting in nanomaterials with improved per-
formance [13-15].

In general, all of these nanomaterials showing different morphologies can be synthesized by various
methods such as the sol-gel [16], combustion [17], electrochemical deposition [18], chemical vapor deposi-
tion (CVD), physical vapour deposition (PVD), anodization, hydrothermal [19-22], through ultrasonication
based method [11], among others. From these methods, in 1998, KASUGA et al [23] demonstrated a simple
and efficient alternative route for the production of 1D nanostructures based on a hydrothermal treatment of
TiO; in a strongly alkaline solution (NaOH). The resulting material presented nanostructures with an average
out-diameter of 10 nm and average internal diameter of 5 nm, and length higher than 100 nm [19, 24, 25].

Nowadays, in the DSSC, the photo-sensitizers dyes that show better results in terms of conversion and
long-term stability in nanostructures are compounds based on Ruthenium (I1) complexes [26, 27]. However,
the photovoltaic effect is also observed in several important biological molecules such as carotenes, chloro-
phylls and other porphyrins, phthalocyanines, etc [27-31]. DSSC cells, in laboratory conditions, can already
generate about 20 mA/cm?, which is related with maximum efficiencies between 11 [32] and 12.3 % [33].
These cells present therefore an exceptional ratio between energy conversion efficiency and production costs.
It must be mention that in those experimental conditions, the maximum open-circuit voltage (Voc) generated
by TiO, cell is around 0.7 V.

In the present work, sodium titanate (Na,TisO;-nH,0) and hydrogen titanate (H,Ti;O;-nH,0) nano-
tubes powders were prepared, respectively, from the following synthesis methods: i) hydrothermal in a highly
alkaline medium (NaTiNT); ii) ion exchange process (H-TiNTs). Both materials were developed in film form
and used as parts of DSSC cells. In addition, the samples were characterized by transmission electron mi-
croscopy (TEM), scanning electron microscopy (SEM), Raman spectroscopy, X-ray diffraction (XRD) and
ultraviolet-visible spectroscopy (UV-VIS). The electrical resistance was measured by four-point probe meth-
od, at room temperature. The results lead us to assume that this strategy can be very useful to increase the
efficiency of DSSC cells or even for other photocatalytic processes.

2. MATERIALS AND METHODS

2.1 Synthesis of titanate nanotubes

The titanate nanotubes synthesis performed in this work was based on the method described by FERREIRA
et al. [19], where the TiNTs preparation process differs from KASUGA method [23], by modifying the pa-
rameters time, temperature, precursor mass and washing process.

Typically, the NaTiNT, with chemical composition Na,Ti;0;.nH,O, were obtained from TiO, (ana-
tase) by hydrothermal method in highly alkaline medium [19]. 1.5 g TiO, anatase spherical powder ( 99.8%
purity and 68 nm of diameter) from the manufacturer (Vetec) was suspended in a concentrated solution of
NaOH (10 mol/L) and transferred to an autoclave where it remained for 24 hours at a temperature of 160 £+ 5
°C. After, the white solid was washed with deionized water until pH of the supernatant reaches a value be-
tween 11 and 12. The protonated nanotubes (H-TiNTSs), with chemical composition H,Ti3O;.nH,0, were ob-
tained from the suspension of NaTiNT in HCI solution (0.1 mol/L). This suspension was magnetically stirred
for 24 h to improve the ionic exchange reaction between Na and H ions. The last step was the washing of the
result suspension, controlling the pH (pH= 7) using deionized water. All chemicals (reagent grade: Sigma-
Aldrich, Dynamics and Vetec) were used as received, without further purification processes. All solutions
were prepared with deionized water.
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2.2 Fabrication of the photovoltaic cell

The synthetized TiNTs powders, presented in the form of a white power lightweight compared to its precur-
sor, Anatase. For the preparation of the pastes containing these nanostructures it was weighed 0.1921 g,
0.1416 g and 0.3518 g of NaTiNT, H-TiNTs and TiO,, respectively. At the same time it was weighed silver
powder in a quantity equivalent to 10% of the weighted value for TiNTs and TiO,. Silver will improve the
adherence of the paste to the FTO (F-SnO,) cell substrate, due to the different charge polarities. Silver was
blended to the TiNTs and TiO, followed by addition of 0.623 ml, 0.465 ml and 0.357 ml of acetic acid (PA
glacial) and 0.168 ml, 0.168 ml and 0.168 ml of Triton-x (Vetec), respectively for the samples NaTiNT, H-
TiNTs and TiO,. The resulting folders acquired a viscous grayish. Once the three mixtures were prepared it
was necessary that the application area in glasses conductors was demarcated. For this we used tape for de-
marcating the desired region (~ 1cm?) and used a glass rod to spread the mixture over the marked surface.
After deposition of the layers, the sample remain in a heater plate for 30 minutes at 100 °C, in order to evapo-
rate the excess of liquid, avoiding undesirable formations on the film surface and contribute to the film adhe-
sion.

The NaTiNT, H-TiNTs and TiO, nanostructures were separately deposited via doctor blading in non-
conductive glass substrates, which were previously prepared with fluorine donated tin oxide layer, FTO, by
spray-pyrolysis, forming the bottom electrode. The average sheet resistances of these FTO layers were 6.47 £
142 Q/sq. Each nanostructure received 0.201 g of mesoporphyrin (5,10,15,20-tetra-[4-(2-(3-
pentadecyl)phenoxy)ethoxy]phenylporphyrin). Mesoporphyrin was synthesized from an isolated precursor
(cardanol) of the cashew nut shell liquid [34-36], in powder form and solubilized in 2.5 ml of chloroform.
The dye regenerator electrolyte was prepared by dissolving, in distilled water 0.5 mol/L, of potassium iodide
(K1) and 0.05 mol/L of iodine (I,). As counter-electrode cell, a FTO glass with a graphite layer was used.
Figure 1 shows, schematically, the entire PV cell.

. Dye -
s +
~Q/ Electrolyte

s

Figura 1: Solar cell diagram: (1) — Optical glass blades; (2) — FTO layer; (3) — Titanates nanotubes on the organic dye
and electrolyte; (4) — Graphite layer; (5) — Electrical contacts.

2.3 Structural and optical measurements

X-ray diffraction measurements were made in the nanotubes and TiO, samples by using a XRD diffractome-
ter, model D8 Advanced - Bruker with angular variation (26) between 5 and 70°, a step size of 0.02°, a step
time of 10 s, input and output slots of 0.2 mm, and a current and voltage of 40 mA and 40 kV, respectively,
applied in the copper ampoule (Cu-Ka, 0.15406 nm). Raman spectroscopy was also performed on the Na-
TINT and TiO, samples, using a LabRAM HR equipment - Horiba Scientific. The spectra was obtained in
backscattering, using as excitation sources the 633 nm line of a He-Ne laser and the 785 nm line of a diode
laser. For the samples H-TiNTs a 532 nm laser line was used. The Raman spectra were collected using a 600
gr/mm diffraction grating. Reflectance measurements were performed on a spectrophotometer Ocean optics
USB 2000+ brand in reflection mode.
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2.4 Morphological measurements

For the morphological characterization of the powder samples NaTiNT and H-TiNTs, the powders were at-
tached to a carbon tape and after covered by a gold-platinum sputtered film for the scanning electron micros-
copy (SEM) measurements on a Mark Phillips microscope. The measurement conditions were: working dis-
tance (WD) of 11.0 mm and accelerating voltage of 20 kV. Transmission electron microscopy (TEM) images
were obtained using a FEI-Tecnai 200 setup operating with a 200 kV. The TEM samples were prepared by
dropping an aqueous suspension of sample powder on a holey carbon-coated copper grid and letting the wa-
ter evaporate at room temperature. For the morphological characterization of the NaTiNT, H-TiNTs and TiO,
layers deposited on the FTO conductive glass besides SEM analysis measurements on a Mark Phillips micro-
scope.

2.5 Electrical measurements

For the three different cells the short-circuit currents density (Isc) and the open-circuit voltages (Voc) were
collected in the presence of light and in dark conditions. For the measurements in the presence of light, it was
been used the natural sun light, which incident radiation (Pinc) presents an average value of 1258 W/m? (ta-
ble 1), measured by a solar power meter RIGOL SP-2000.

3. RESULTS AND DISCUSSION

3.1 X-Ray Diffraction and Raman Spectroscopy

The structural analysis of the TiO, and TiNTs samples was performed on dry powder form, by XRD. Figure
2(a) shows the results, confirming the anatase phase (ICDS 024276) for TiO, and the formation of TiNTs
with the orientations of crystalline planes [19], respectively. The XRD pattern of the H-TiNTs sample is very
similar to the one of NaTiNT because there is no structural change in the ion exchange but only approxima-
tions between the walls of the tubes [19].
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Figure 2: (a) XRD patterns of the TiO, and NaTiNT powders; (b) Raman spectra of the NaTiNT, H-TiNTs and TiO,
powders samples.

Figure 2(b) shows the Raman spectra of both TiO, and TiNTs samples. Comparing those spectra
with the one of the staring material (anatase), it is suggested a complete conversion of the starting TiO, into
NaTiNT and to H-TiNTs phases. Several studies about the vibrational properties of titanate nanotubes [24, 25,
37] have helped authors to adopt the trititanate phase as the forming structure of these nanomaterials, howev-
er with the addition of water in the interlayer region, and therefore presenting the general chemical formula
of Na, xH,Ti307.nH,0. To confirm the purity and homogeneity degree of the titanate nanotubes, Raman spec-
troscopy was performed in four different regions (R1, R2, R3 and R4) and the result is shown in Figure 3. As
it can be seen there is no difference among the spectra indicating a homogeneous morphological distribution.
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Figure 3: Raman spectra of the NaTiNT sample in 4 different regions.

3.2 SEM and TEM of TiNTs in the form of powder

These TiNTs of the powder samples were analyzed by SEM for detection of tubular morphologies, as shown in Figures
4(a) and 4(b). Figure 5 shows the TEM image of sodium titanate nanotubes (NaTiNT) as synthesized. From SEM and
TEM images it is possible to confirm that these nanostructures have a tubular morphology, with an out-diameter close to
10 nm and average inner diameter close to 5 nm. The maximum length is about 100 nm [24, 25]. From figure 4(a), it can
be seen that the NaTiNT tubes tend to agglomerate in random directions. Between these clusters there are air gaps which
make these nanostructures very porous, which is an important feature for application in DSSC.

(b)

Figure 4: SEM micrograph of the powder samples: (a) NaTiNT; (b) H-TiNTs.

Figure 5: Transmission electron micrograph of NaTiNT.
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3.3 Characterization of the layers by Reflectance and SEM

Reflectance measurements of the conductive glass in the ultraviolet-visible (UV-vis) and near infrared (300
nm - 900 nm) region were made and result is presented in Figure 6. For wavelengths of 430 and 560 nm, the
glass with FTO presented reflectance values of 12% and 10%, respectively. The non-conductive glass re-
flected 5.2%, at 430 nm, and 5.0% at 560 nm. This result suggests the use of sensitizers that absorb in this
spectral region, considering that there will be a greater transmission of visible light in these regions. Figure 7
shows the SEM image of the FTO conductive film, with a thickness of ~250 nm.
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Figure 6: Reflectance spectra of the glass substrate, with and without the conductive FTO layer.
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Figure 7: Surface SEM micrograph of the glass substrate with the FTO layer. Inset shows the film thickness.

Figure 8(a) shows the SEM images of the NaTiNT layer. It can be seen that the layer has a high
roughness is irregular and with open porosity. The low regularity is due to the manual form of deposition
which contributed to the formation of agglomerates. The thickness of the NaTiNT layer was about 18.4 um.
Figure 8(b) shows the surface micrographs of the TiO, sample. It can be observed a compact and less porous
layer when compared to the NaTiNT, but with some gaps and cracks. Thus, this TiO, layer will have a lower
dye adsorption capacity when compared with the titanate nanotubes. The TiO, layer thickness is about 10.4
um. Figure 9 shows the reflectance curves of the NaTiNT and TiO, samples with and without mesoporphy-
rin, extracted from a precursor of cashew nut shell. From Figure 9(a) it can be noted that all reflectance peaks
of the NaTiNT sample with mesoporphyrin are less intense than the peaks of the same sample but without
mesoporphyrin. This proves that mesoporphyrin acts as a sensitizing dye, causing an improvement of the
NaTiNT layer to absorb the radiation in the 400-650 nm region [19, 20]. From figure 9(b) it can be noticed
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that all the reflectance peaks of the TiO, layer with mesoporphyrin are less intense than the peaks of the TiO,
layer without mesoporphyrin. The large reductions in the reflectance peaks near 430 nm, 550 nm and 620 nm
are therefore related with a higher radiation absorption in those regions.

SFA..- ‘ . ' f‘b‘ 2.
e e o o i
Det WD Exp 100 pm Bl AccV  Spot Magn
SE 92 1 NANO TUBO - - W 200kV60 5
- >y EY W B - ; 3 :

L

Figure 8: Surface SEM micrographs of the layers: (a) NaTiNT sample; (b) TiO, sample.
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Figure 9: Reflectance of the layers: (a) NaTiNT sample with and without mesoporphyrin; (b) TiO, sample with and
without mesoporphyrin.

3.4 Electrical characterization of solar cells

The photoelectric results, at room temperature, are presented in table 1. As one can see the photocurrent
measurement in the presence and absence of light, shows the photovoltaic effect. In the presence of light,
with an incident radiation of 1258 W/m?, it was verified that NaTiNT is the sample with the maximum energy
conversion efficiency due to the higher values of Isc and Voc. The higher conversion of the solar radiation in
the NaTiNT sample can be associated with the high porosity level, which promotes a better dye absorption
and possibly a larger collection of electrons.
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Table 1: Electrical characteristics of the cells samples.

ELECTRICAL SAMPLE WITH SAMPLE WITH SAMPLE WITH
PARAMETER NaTiNT H-TiNTs TiO,
Resistance 36 kQ 53 kQ 430 Q

Isc (Light) 13 pAlcm? 7.6 pA/cm? 1.1 pAlem?
Isc (Dark) 0.1 pA/lcm? 0.0 pA/cm? 0.0 pA/cm?
Voo (Light) 370 mV 256 mV 1.6 mV

Ve (Dark) 0.2 mV 1.1mv 0.3mV

Pine 1258 W/m? 1258 W/m? 1258 W/m?
FF (Fill Factor) 0.38 0.38 0.36

1)(%) Efficiency |1.45x107 5.88x10° 5.04x107

4. CONCLUSIONS

The nanotubes synthesized showed highly porous characteristics, which make them strong candidates for
application in DSSC. There was a low homogeneity and adherence of the NaTiNT, H-TiNTs and TiO, to the
FTO substrate, which is explained by the deposition technique used. In the reflectance analysis, the layers
with mesoporphyrin began to absorb more radiation in the visible region. This is due to the presence of the
dye that photosensitizes the nanostructures in the visible spectrum. The cell whose photoelectrode is com-
posed of NaTiNT showed, under natural light, better short-circuit current density and open-circuit voltage
values. The results lead to believe that the more porous NaTiNT layer is, better is the adsorption of the dye
and hence a larger photoelectrochemical effect. In spite of the higher electrical resistances for the devices
containing TiNTs, these were the ones that had better photovoltaic performance. This suggests that the high
porosity of these materials contribute strongly to the adsorption of the dye and favors the production of elec-
tric current.
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