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Abstract

In this work, we report the preparation of TiO, nanoparticles with a high surface area, from 120 to 168 m? g~! by the hydro-
thermal-microemulsion route and hydrothermal temperature effect over particle size, porosity, and photovoltaic parameter.
The TiO, samples were characterized by Raman, BET, TEM, SEM-FE, I-V curves, and EIS. The increase of hydrothermal
temperature correlates with particle and pore size. Although when the synthesis temperature was 250 °C, the surface area
presents an unexpected decrease of c.a. 28%. TiO, samples were employed as thin-film photo-anodes for dye-sensitized
solar cell (DSSC) solar cells. Photovoltaic results showed that the sample prepared at 250 °C presented the more suitable
textural properties for the DSSC application. The prepared TiO, materials with a particle size of 6.93 +0.59 nm and anatase
crystalline phase favor electron transport and diffusion of electrolyte species, which directly impact in solar cell efficiency.
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Introduction

The development of clean alternatives to current power gen-
eration is imperative to preserve the global environment.
Photovoltaic devices generated electricity directly from sun-
light without any emission that could contribute to global
warming. Photovoltaic systems are classified based on their
components: silicon, semiconductor thin films, organic, pol-
ymeric, hybrid, and dye or QD sensitized. A dye-sensitized
solar cell (DSSC) is constituted by mesoporous TiO, thick
film, dye, redox electrolyte, and a counter electrode. Each

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s40243-020-00173-7) contains
supplementary material, which is available to authorized users.

< E. A. Reynoso-Soto
edgar.alonso @tectijuana.mx

Centro de Graduados E Investigacion en Quimica,
Tecnolégico Nacional de México, Instituto Tecnolégico de
Tijuana, Apdo. Postal 1166, 22000 Tijuana, BC, México

Centro de Nanociencia Y Nanotecnologia, Universidad
Nacional Auténoma de México, Apdo. Postal 14,
22800 Ensenada, BC, México

Centro de Graduados E Investigacién en Quimica,
CONACyT-Tecnolégico Nacional de México, Instituto
Tecnoldgico Tijuana, Apdo. Postal 1166, 22000 Tijuana, BC,
México

component plays a role in electron transport and diffusion
[1]. TiO, acts as a scaffold to adsorbed dye molecule and
transports the electron photogenerated by light absorption
and dye regeneration. Several attempts are made to improve
TiO, transport properties to increase solar energy conversion
in DSSC. The morphology, particle, and pore size of TiO,
play critical roles in photoelectron diffusion and conversion
efficiency of DSSC [2]. TiO, nanomaterial with different
morphologies spherical [3], tubes [4], wire [5], rhombic
and squares [6] have been synthesized by various method-
ologies, differences in morphology promote change in the
crystallize size, band-gap energy, and surface area [7]. Mate-
rials properties can be modulated by synthesis conditions
to decrease the material size, produce different shapes, or
increase the surface to volume ration [8]. Since its com-
mercial production TiO, has been subjecting of extensive
research work to improve its properties, many methods are
being employed in the synthesis of nano-crystalline TiO,
with pure phase and specific shape as sol—gel [9], micelle
and inverse micelle [10], sol, [11], direct oxidation [12],
chemical vapor deposition [13], sonochemical-assisted [14],
microwave-assisted [15], and hydrothermal and solvother-
mal method [16]. Hydrothermal and solvothermal methods
present the advantage of simple operation conditions and the
ability to produce TiO, nanomaterial with different shapes,
high surface area, and controlled porosity.
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In this work, we report a set of experiments to synthesize
nano-crystalline TiO, with a modulated surface area and
porosity to evaluate the effect of being employed as a photo-
anode in the DSSC.

Experimental
Materials

Titanium (IV) isopropoxide (Ti[OCH(CHj;),l,, 97%).
polyethylene glycol fert-octylphenyl ether (Triton X100),
heptane (C;H,¢, 99%), 1-hexanol (CH,,O, 98%), di-tetra-
butylammonium-cis-bis(isothiocyanato)bis(2,2'-bypyridyl-
4,4'-dicarboxylato) ruthenium (II) (Cs3HggNgOgRuS,,
95%), terpineol (C,oH,30, 95%), 5-15 mPa-s ethyl cellulose
(48.0-49.5% w/w ethoxyl basis), 30-70 mPa-s ethyl cellulose
(48.0-49.5% w/w ethoxyl basis), acetic acid (C,H,0,, 99%),
ethanol (C,H40, 98%), tert-butanol (C,H,,0, 99%), 3-meth-
oxypropionitrile (C,H,NO, 98%), acetonitrile (C,H;N, 99%),
tetra-butylammonium hydroxide (C16H36NOH, 98%), tetra-
butylammonium iodide (C,¢H;,NI, 98%) lithium iodide (Lil,
99%), iodine (I,, 99%), and 4-tert-butylpyridine (CoH 3N,
96%) were obtained from Sigma-Aldrich and use without
further purification. All aqueous solutions were prepared
with Milli-Q water (18 m€Q.). Ti-Nanoxide T/SP, Platisol
T/SP as platinum precursor for photo-cathode, and 25 pm
thermoplastic and conductive glass TCO30-8 with 8 Q/sq
were acquired from Solaronix.

Synthesis of mesoporous TiO, particles

Mesoporous TiO, was prepared according to the proce-
dure reported by Xiangcun with slight modifications [17].
Typically, in a Teflon-line autoclave of 125 mL were added
0.97 mL of heptane and 0.33 mL of hexane with 0.015 mol
of TritonX-100 mixing with 0.48 mol of H,O and stirred
for some minutes. Then, 1 mL of titanium isopropoxide
was added for every 10 mL of the reaction mixture. Sub-
sequently, the reaction mixture was put into an oven for
hydrothermal treatment at a different temperature from 120
to 250 °C for 13 h. After that, the autoclave was cooled down
naturally to room temperature, and then, the white solid was
filtered under vacuum pressure and washed with water and
ethanol several times before drying in air at 100 °C. After
drying, the solid was thermally treated at 200 °C to remove
organic compounds.

Characterization of synthesized materials
Several techniques were used in the characterization of

mesoporous TiO,; Raman spectra were recorded on a
DXR 2 Smart Raman spectrometer (Thermo Scientific)
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equipped with a diode laser of 738 nm wavelength. N2
adsorption—desorption isotherms determined the textural
properties of the materials at -196 °C on a TriStar II 2020
Micromeritics equipment. Before the experiments, the
materials were degassed at 125 °C in vacuum for 5 h. The
volume of the adsorbed N, was normalized to the standard
temperature and pressure. Specific surface area (Sgpy) was
calculated by the Brunauer—Emmet-Teller (BET) equation
applied to the range of relative pressures 0.1 < P/P,<0.3.
The average pore diameter (P,) was calculated by applying
the Barret-Joyner—Halenda method (BJH) to the adsorption
branches of the N, isotherms. The total pore volume (P,)
was obtained from the saturation point (P/P;~0.99).

TEM micrographs were obtained from a JEOL JEM-2010
(200 kV of accelerating voltage) instrument to determine the
morphology and particle size. The sample was ultrasonically
dispersed in ethanol, and a drop was placed on a copper grid
coated with a holey carbon film.

SEM micrographs have been acquired in a JEOL JSM-
7800F Schottky FE-SEM instrument to evaluate the mes-
oporosity of the TiO, sample, using accelerating voltage a
3.0kV.

The photovoltaic measurements and electrochemical
impedance spectroscopy under illumination were done using
a light source AM 1.5 solar simulator ABB (Oriel LCS-100)
coupled with a potentiostat/galvanostat (Bio-Logic VMP-
300). The incident light intensity was 100 mW cm™ cali-
brated with a standard Si solar cell.

Dye-sensitized solar cell fabrication

The photo-anode and cathode were prepared using fluorine-
doped tin oxide (FTO)-coated glass slides of 8 €2/sq (Solaro-
nix TCO30-8). For cathodes, a 1 mm-diameter holes were
drilled to introduce the electrolyte. Before solar cell fabri-
cation, FTO glass slides were cleaned by sonication with
a detergent solution and deionized water, and rinsed with
Milli-Q water and ethanol, followed by H,O, at 1% treat-
ment under UV light. At first, the cleaned FTO glass slides
were treated with 40 mM TiCl, aqueous solution at 70 °C
for 40 min and then rinsed with water and ethanol [18]. The
preparation of TiO, pastes was carried out as reported by
Gratzel et al. [19]; 0.006 mol of TiO, was mixed with acetic
acid in a mortar for 5 min, following the addition of H,O and
ethanol; after that were added 0.012 mol of terpineol mixed
in the mortar and added to an ethanolic solution of ethyl
cellulose at 20%. Finally, ethanol was evaporated to obtain
the corresponding TiO, paste.

The active layer (i.e., the photo-anodes) was deposited
by the doctor blade method with an active area of 0.2 cm?.
TiO, pastes were coated onto the TiCl, pre-treated FTO
glass slides and thermally annealed at 375 °C for 5 min,
450 °C for 15 min, and 500 °C for 15 min. After that, the
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photo-anodes were treated a second time with 40 mM TiCl,
aqueous solution at 70 °C for 30 min and then rinsed with
distilled water and ethanol. Finally, thermal treatment of
450 °C for 30 min was applied to photo-anodes. After ther-
mal treatment, when the temperature cooled to about 100 °C,
the photo-anodes were sensitized immersing in the N719
dye solution in acetonitrile/tert-butanol mixture (50:50) at
3x 10~ mol L~! for 24 h; the dye excess was rinsed with
ethanol.

The counter electrodes were prepared with a Pt catalyzer
(T/SP SOLARONIX) using the doctor blade method, and
then treated at 500 °C for 30 min. The anode and counter
electrode were then sealed together using a 25 pm thermo-
plastic (SOLARONIX DuPont Surlyn®). The cell was filled
with I7/I;~ redox couple. The redox electrolyte was consti-
tuted by 7, 0.05 mol L™!, L1 0.1 mol L™!, 4-tert-butylpyridine
0.5mol L7, and tetra-butylammonium iodide 0.6 mol L'in
a mixture of acetonitrile and 3-methoxypropionitrile (50:50).

N719 dye charge analysis

Dye desorption was accomplished by immersing the dye-
sensitized TiO, anodes into 0.1 M TBAOH (tetra-butyl-
ammonium hydroxide) in ethanol for 24 h and then rinsing
for 10 to 20 min with ethanol, and measured by UV-Vis
spectroscopy.

Results and discussion
Raman spectroscopy

Raman spectra of TiO, samples synthesized at different
temperatures are given in Fig. 1. The spectra of all samples
show the bands that are assigned to Raman active mode of
the anatase crystal; typically, TiO, bands are reported at 144
(Ey), 197 (E,), 399 (B,,), 519 (B,,), and 639 em™! (E,) [20].
In our case, temperature variation shows a shift to higher
Raman frequencies and decrease the intensity of all bands,
as shown in Fig. 1, the results of displacement and full width
at half maximum (FWHM) are resumed in Table 1. This
change in the shape, intensity, or displacement of Raman
bands is attributed to change in crystal dimensions (i.e., a
behavior according to the phonon confinement model), pres-
sure effect on the grains, or surface tension producing a high
frequency [21].

Textural characterization

Textural properties of the nanomaterial are a measure of
available space, or total volume that would be occupied by
molecules in reactions and mass transfer processes in the
specific case of the DSSC dyes could occupy this space.

CPS

200
Raman Shift [cm'l]

400 600

Fig. 1 Raman spectra of mesoporous titanium oxide samples

Nitrogen adsorption/desorption isotherms of mesoporous
TiO, samples synthesized at varying hydrothermal tempera-
ture are provided in Fig. 2.

Adsorption—desorption isotherms type IV resulted in
all materials; this type is characteristic of materials with
mesoporosity and high molecular adsorption energy. As
we can observe in Table 2, the total surface area for sam-
ples seems to be the same as the general trend within the
incertitude of the technique (+6 m? g~'). Nevertheless, the
sample calcined at the highest temperature (250 °C) pre-
sented a contraction c.a. 32%. Samples prepared at 120 °C,
150 °C, 200 °C, and 250 °C showed H1 hysteresis loops
displaying nearly vertical and parallel adsorption and des-
orption branches, and this behavior could be related to the
arrangement of cavities between spherical particles or to
well-defined cylindrical pores [22]. Differences are more
likely observed in the total pore volume (Pv), in the aver-
age pore size (Dgjy) or the pore size distribution plots.
In this case, the P, seems to be constant for all samples.
However, the Dyy; presented the most significant value
among series (provided as supplementary information)
due to a general increase in the size of mesopores. These
results suggested us that the material’s textural proper-
ties are suitable for the intended use of this work (photo-
anodes in DSSC). As we can observe in Table 2, from
the sample synthesized at 150 °C, the decay in surface
area is accompanied by a rise in the average pore size
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Table 1 Raman displacements of mesoporous TiO, samples

Sample Raman E, Shift FWHM Raman B, g shift FWHM Raman B, g Ssift FWHM Raman B, g shift FWHM
(em™) E, (em™) Big (em™) Big (em™ Bg
(cm™) (cm™) (cm™) (cm™)
TiO,-120  150.04 22.85 401.48 30.03 521.19 38.96 643.28 36.56
TiO,-150  148.24 22.64 400.00 33.79 517.27 27.72 641.89 54.05
TiO,-200  146.94 20.69 399.15 34.36 518.37 33.27 641.23 46.28
TiO0,-250  144.68 18.44 ND ND ND ND ND D
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Fig.2 N, adsorption—desorption spectra of mesoporous TiO, samples

Table 2 Textural properties of TiO, samples from N, adsorption/des-
orption analysis

Sample* SBET P, DDBJH
(m*g™") Virpp=095 A)
(em’ g™")
TiO,-120 167 0.29 57.83
TiO,-150 170 0.29 57.51
TiO0,-200 164 0.32 64.70
TiO0,-250 125 0.30 81.22

*All samples were thermally treated at 200 °C for 3 h

(Dgjp), this is due to the increase in the nanoparticle size
as a function of synthesis conditions (i.e., temperature
and pressure inside the vessel), in which arrangement, an
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increment in diameter involves larger space of the cavities
that form between them, and a higher mass contained in
each particle.

Electron microscopy TEM and FE-SEM

Once the crystalline phase and porosity of the TiO, samples
prepared by the hydrothermal method were identified, the
morphology was investigated by TEM (Fig. 3). The mor-
phology of mesoporous TiO, samples calcinated at 200 °C
has a spherical and semi-spherical shape, as can be shown
in the high magnification image (supplementary mate-
rial). The particle-size distribution is y=4.42+0.53 nm,
1=529+0.79 nm, y=5.42+1.27, and y=6.93 £0.59 nm,
for TiO, samples prepared at 120, 150, 200, and 250 °C
respectively. These results suggest that mesoporosity is
due to the interconnection of particles, and Triton X100
molecules stabilize this during microemulsion synthesis.
However, when temperature increase during hydrothermal
treatment, the microemulsion system becomes unstable or
more flexible, increasing the micelle exchange promoting a
particle-size increment as reported by Xiangcu et al. [17].

It can be seen, the FE-SEM images in Fig. 4, the mate-
rial shape structure, and possibly the porosity are the result
of the TiO, nano-crystalline particle aggregation when the
thermal treatment removed surfactant Triton X100 mole-
cules. These particles present homogenous spherical form,
and the aggregate becomes visible particles with mentioned
porosity. Also was carried out the analysis of photo-anodes
thermally treated by FE-SEM, the image (supplementary
material) does not show any modification in the material
shape structure or aggregates that generate the porosity of
the material.

Current-voltage measurement

The photocurrent density—voltage curves of DSSC fab-
ricated with the TiO, samples are shown in Fig. 5, with
the detailed photovoltaic parameter listed in Table 3. The
highest efficiency was achieved by the cell fabricated was
with the sample TiO, at 150 °C, with open-circuit volt-
age (V,.) of 729 mV, short circuit current density (J,.) of
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Fig.3 TEM image of TiO, samples prepared by hydrothermal at a 120 °C, b 150 °C, ¢ 200 °C, and d 250 °C

18.59 mA cm™2, fill factor (FF) of 47.4%, dye loading of
1.91 x 10® mol cm™2, and energy conversion efficiency
(1) of 6.43%. The samples with average pore size around
5.7-6.5 nm present similar dye loading approximately 1.7
to 1.9 x 107° mol cm™2; this similarity between the sam-
ples is attributed to the surface area (160 m? g=!). The
solar cell assembled with the sample prepared at 250 °C
that reaches dye adsorption of only 0.67 x 10—5 mol cm™2
shows an energy conversion efficiency of 5.76% with FF of
61.5%. This behavior may be due to multiple factors such
as low charge-transfer resistance at the counter electrode,
an improvement of electron transport on TiO, mesoporous
film, and better diffusion of electrolyte species due to al
larger pore and particle size of TiO,-250 compared with

TiO,-150 sample, consistent with reports by Cheng et al.
[23].

Electrochemical impedance spectroscopy
of dye-sensitized solar cell

To elucidate the charge-transfer kinetics on the DSSC based
on TiO, mesoporous samples, electrochemical impedance
spectroscopy (EIS) was employed. Within the frequency
range analyzed by EIS (100 kHz-1 Hz), three-time constants
are represented by two distinct semicircles in the complex
plane plot (Fig. 6). To decrease the frequency, the first semi-
circle is related to the charge to the charge-transfer processes
at Pt/electrolyte interface (wcg), and the second corresponds
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Fig.4 FE-SEM image of TiO, sample synthesized at 150 °C and thermally treated at 200 °C

current density [mA cm_z]

Fig.5 J-V measurement solar cells with

mesoporous TiO, samples

of dye-sensitized

Table 3 Photovoltaic parameters of DSSC fabricated with the TiO,
samples

Sample Jo oc n FF Dye loading
(mAcm™) (mV) (%) (x107° mol cm™?)

TiO,-120  11.96 737 472 535 191

TiO,-150  18.59 729 643 474 191

TiO,-200  11.20 719 402 499 174

TiO,-250  12.73 736 576 615 0.67
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Fig.6 EIS analysis of dye-sensitized solar cells with mesoporous
TiO, samples

to the electron diffusion in the TiO, mesoporous film and
electron back reaction with oxidized redox species at the
TiO,/electrolyte interface, the time constant for electron
transport diffusion appears at the high-frequency region of
the second semicircle (w,4), while the peak frequency of that
semicircle corresponds to the electron back reaction (w,),
[24]. Nyquist complex plane pots were fitted using EC-Lab®
software, and obtained parameters are presented in Table 4.

Based on the parameters obtained from the adjustment
of the Nyquist plots, it is possible to observe a significant
variation in the charge-transfer resistance in the Pt/electro-
lyte interface (R,), due to the non-homogeneity between the
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Table4 EIS parameters of the dye-sensitized solar cells with
mesoporous TiO, samples

Sample R, R; Keip Togp C

u3

(©®) Q) ™ (s) (mF cm™
TiO,-120 20.19 45.01 1.009 0.991 5.37
TiO,-150 29.32 59.46 31.62 0.031 3.62
TiO0,-200 40.27 65.64 21.55 0.046 2.47
TiO0,-250 11.13 24.24 6.81 147 7.82

counter electrodes used in the analyzed DSSCs. The vari-
ation in this resistance is reflected in an increase of series
resistance in cells and, consequently, a variation in the fill
factor for each cell, it is then observed that the cell based on
the TiO,-250 sample has the lowest R, (11.13 €2) and present
the best FF (61.5) compared to the TiO,-200 sample with
R, (40.27 Q) and FF (49.9). From the second semicircle of
the complex plane analysis, the value of the sum of elec-
tron transport resistance in TiO, (R,,) and charge-transfer
resistance related to recombination of the electron (R)) at
the TiO,/electrolyte interface (R;), chemical capacitance
(C,;3), the effective rate constant for recombination (k.g),
and effective lifetime of electrons (z.;) were calculated;
again the TiO,-250 sample has the lowest R; (24.24 Q), 7 4
of 0.147 s, and the highest C,, (7.82 mF cm™?), indicating a
lower ability to release the electrons that are confined into
the TiO, conduction band, decreasing the efficiency in the
charge transport through the mesoscopic film and reducing
the DSSC efficiency. The chemical capacitance (C ;) meas-
ured in DSSC is related only to the variation of the electron
chemical potential in TiO, electrode, and reflects the capa-
bility of a system to accept or release additional carriers by
the change of electron concentration in the TiO, conduc-
tion band with respect to thermal equilibrium [25]. On the
other hand, the TiO,-150 sample has a high R;, the lowest
T and low Cp value, (0.031 s and 3.62 mF cm_z, respec-
tively), which means a better charge collection in the photo-
anode and, consequently, the best  (6.43%). For all sam-
ples, the shape of the semicircle indicates that R, is much
greater than R, ; therefore, a high value of R; also means
low recombination and better transport of the charge carri-
ers [26]. A compelling case is the TiO,-200 sample which
has the highest R; value, low 74 and the lowest C, value
(0.046 s and 2.37 mF cm ™2 respectively), which would rep-
resent a good charge transport through the photoelectrode;
however, the high value of R, limits the process of reduction
of the oxidized species in the electrolyte, this reduces the
amount the species responsible for extracting holes from the
photo-anode generating more substantial recombination and,
therefore, the lowest 1 (4.02%). Then, we can affirm that the
efficiency of a DSSC depends on the sum of multiple fac-
tors such as the low resistance to the charge transfer in the

counter electrode, the low useful lifetime of the electron, and
the functional capacity of TiO, to release the photogenerated
electrons.

Conclusion

Mesoporous TiO, nanoparticles with controlled pore size
and high surface area were successfully synthesized using
the Triton X100 surfactant and hydrothermal method vary-
ing synthesis temperature. Results indicated that pore size
modulation improve electrolyte species diffusion around
TiO, film and the decrease of surface area reduces electron
transit time through the film, increasing the number of trap-
ping sites which promotes high photocurrent and efficiency
of the solar cell by a better electron transport as Helmholtz
capacitance shows.
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