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A B S T R A C T

The existent research literature of Dye Sensitized Solar Cells (DSSC) is mainly focused on the dye but there are
very few studies focused in the semiconductor. Here, we present the performance of hydrogen titanate nanotubes
(HTNT), showing an enhancement of the solar cell efficiency from 5.95% to 7.63%, respect to anatase as
photoelectrode. This enhancement could be explained in terms of open-circuit voltage, directly associated to the
value of the HTNT band gap (Eg= 3.3 eV), the relative position of the edge conduction band; and the increase of
the short-circuit current, directly associated to the enhancement of the specific area of the photoelectrode. All
these characteristics are in very good concordance with our theoretical modelling of the system, based on First
Principles calculations. We expect that this system could be further characterized, utilizing different dyes or
absorbers, in order to evaluate the potential use of hydrogen titanate nanotubes for solar cell applications.

1. Introduction

Since first introduced by Grätzel and O’Reagan in earliest 90’ [1],
dye-sensitized solar cells (DSSCs) have been intensively studied due to
their interesting optical properties and that they are comparatively
cheaper than silicon photovoltaic solar cells. Additionally, it has a high
photon to electrical energy conversion, reaching a maximum overall
efficiency of ̴̴13% [2]. The DSSC essentially consists of a semiconductor
based photoanode covered with a monolayer of dye, an electrolyte and
counter electrode. Photoexcitation of the dye promotes the injection of
an electron from the LUMO of the dye to the conduction band of the
semiconductor. The dye is regenerated by the donation of an electron
from the redox electrolyte and the reduction of the electrolyte by the
counter electrode completes the process. Electrolyte that contains
triiodide/iodide as a redox pair is commonly used. The open circuit
voltage is determined by the difference between the Fermi level of the
semiconductor and the redox potential of the electrolyte. Due to the
large interest and the volume of work regarding the optimization of
each component and assembly procedures, several reviews are focused
on recent improvements and developments of DSSC [3–5]. One ex-
ample, is the novel use of hybrid organic/inorganic compounds

involving metal oxide mixed with organic polymer nanocomposites [6].
Among the semiconductors chosen for photoanode construction,

TiO2 has been widely preferred. It presents a wide bandgap, in which
the conduction band (CB) edge, is principally contributed from O-2p
orbitals, while the valence band (VB) edge is majorly contributed from
Ti-3d orbitals. The difference in parity between states in the CB and VB
lead to differences in the symmetry of electron and hole states, resulting
in a reduction of the recombination probability [7]. Among the options
of TiO2 polymorphs and particle morphologies, one-dimensional na-
nostructure have attracted the attention due the attempt to improve
electron diffusion coefficients due to directional electron mobility as
well as shrinking inter-crystallite contacts, lowering the recombination
probability and accelerating electron transport [8].

In reference to one-dimensional structures, major efforts have been
done to grow self-organized TiO2 nanotube layers by anodic oxidation
of a Ti-metal sheet finding overall solar cells efficiencies of 2–3% under
AM 1.5 illumination [9–15]. When the tubes are decorated with TiO2

nanoparticles using a TiCl4 treatment [16–20], [21], in order to in-
crease surface area, efficiencies up to 5% have been reached [8]. Effi-
ciency of 9.1% was reported by Lin et al [22] using transparent elec-
trode of open-ended TiNT (Titania Nanotubes) film that was strongly
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interconnected onto FTO (Fluorine doped Tin Oxide) glass by a TiO2

nanoparticle (NP-TiO2) under layer. Multidirectional orientation of
TiO2 nanotubes obtained by chemical methods such as hydrothermal
methods reached comparably high efficiency solar cells, despite the fact
that they do not necessarily lead to unidirectional electron flow to the
back contact. However, using these methods it is possible to obtain
nanotubes with smaller diameters increasing the surface area and
consequently the dye loading.

In this work, we employ hydrogen trititanate nanotubes (HTNT)
obtained by hydrothermal methods as materials for anode of DSSC
reaching comparatively larger overall cell efficiency than using anatase
nanoparticles.

The manuscript is organized as follows. Section 2 describes de
methodology for the preparation of HTNT (2.1) and then the prepara-
tion of the corresponding photoanode (2.2), next we describe the
structural and physical characterization (2.3).In the case of the struc-
tural characterization we discuss: X-ray diffraction (2.3.1), Raman Mi-
croscopy (2.3.2), AFM/TEM/SEM (2.3.3). The idea is to demonstrate
that the HTNT keeps their structure and functionality after the photo-
anode treatment. The physical and optical characterization is presented
in Section (2.4). Results and discussion are presented in the Section 3,
with an analogous structure of the precedent Section 2. Finally, Section
4 presents the main conclusions.

2. Methods

2.1. Synthesis of HTNT

Titanate nanotubes were synthesized via hydrothermal method,
following the procedure previously informed by some authors of this
work [23] using commercial TiO2 anatase nano powder from Sigma-
Aldrich® [Titanium(IV) oxide, anatase (External ID: 232033_AL-
DRICH)] as the precursor material. Briefly, 1.25 g r of TiO2 nanopowder
was dispersed using ultrasonication on 75mL of NaOH 10M in a Teflon
lined autoclave using a 2/3 fill factor for the reactor. The reactor was
kept at 145 °C for 24 h s with slight constant stirring of 120rev.min−1

and then, air cooled to ambient temperature. The solid was separated
through centrifugation, fractioned and then thoroughly washed with
HCl 0.1 M and distilled water reaching a final pH∼4. Finally, the
sample was dried at 50 °C, for more details please see L. Fernández-
Werner et al [23].

2.2. Prototype preparation

Photoelectrodes were composed of two layers of semiconductors on
top of a FTO conductive glass. The first layer, for both cells, consist of a
compact layer of anatase nanoparticles deposited by spin coating using
the commercially available “Titanium(IV) oxide nanopowder” (External
ID: 718467_ALDRICH) suspended in distilled water. These films were
sintered at 400 °C during 2 h. The second layer, for both cases,was
applied using “Doctor Blade” method [24] with small quantities of
ethylene glycol as surfactant, utilizing 62.5 μm “3M Scotch Magic
Tape” as separator. For the case of anatase photoelectrode, Sigma-Al-
drich® Titanium(IV) oxide, anatase (External ID: 232033_ALDRICH)
was used for the second layer and it was sintered at 400 °C during 3 h.
In the case of HTNT photoelectrode, the obtained HTNT was used for
this second layer and the film was sintered at 110 °C during 3 h. After
that, in both cases, the photoelectrodes were dipped into a solution
containing 10mg of “DyeSol N719″ dye in 25ml of absolute ethanol for
12 h s in darkness.

Counter electrodes consist of a thin film of gold made by Sputtering
deposition on FTO conductive glass. At the interface between both
electrodes, we use a solution of I−/I3- in absolute ethanol (“DyeSol EL-
141″) as electrolyte and the obtained sandwiched solar cells showed an
active area of 3.25cm2.

2.3. Structural and physical characterization

2.3.1. X-ray powder diffraction (XRPD)
X-ray Powder diffraction (XRPD) measurements were taken using a

Rigaku Ultima IV diffraction system operating with CuKα radiation.
The XRPD scans were performed in the range 2θ=5.00–80.00°, angle
step of 0.02° and time step of 40 s per step.

2.3.2. Confocal Raman microscopy
Confocal Raman Microscopy was performed using WITec Alpha

300-RA confocal Raman Imaging system. The excitation laser wave-
length corresponds to λ=532 nm and the power was adjusted to
45mW to avoid sample decomposition and dehydration. Raman spectra
were obtained by calculating the average of a set of 22,500 spectra with
0.053 s integration time for each spectrum. The spectrometer operating
with a grating of 600 lines per mm allowed us to obtain a resolution of
∼4 cm−1 in the range of 70 cm−1 to 4000 cm−1. All the confocal
Raman images were collected at the resolution optical limit down to
300 nm.

2.3.3. Atomic force microscopy (AFM), transmission electron miscroscopy
(TEM) and scanning electron microscopy (SEM)

AFM images were obtained using Confocal Raman Microscopy with
Atomic Force Microscopy equipment WITec Alpha 300 RA, operating in
a non-contact AC mode. All the presented figures correspond to 2 μm x
2 μm utilizing a grid of 150×150 grid points.

TEM images were obtained using a JEOL JEM 1010 with 100 kV of
acceleration voltage and high resolution images were obtained using a
JEOL JEM-2010 with 200 kV of acceleration voltage. For the acquisi-
tion of images, the sample was dispersed in ethanol and dropping onto a
carbon film supported by a copper grid. SEM images were collected in a
JEOL JCM 6000 plus, taken from the as prepared photoanodes.

2.3.4. Photovoltaic characterization
UV-VIS spectra were measured by a Lambda-750 (Perkin-Elmer).

Current-voltage curves (I–V) of solar cells were obtained using a source
meter (Keithley 2400). A SOLAR LIGHT LS1000-4S-005 solar simulator,
with a Xe lamp and an AM1.5 filter, was used as the light source.

Electrochemical Impedance Spectroscopy (EIS) studies were ob-
tained utilizing a Reference 3000 Gamry equipment operating in the
range of 1mHz to 10 kHz, with an AC amplitude of 10mV, working in
dark and 0.1 W⋅cm−2 illumination conditions.

2.4. Computational simulations

We simulated the electronic structure of anatase and HTNT elec-
trodes by performing ab initio calculations within the Density
Functional Theory (DFT) [25,26]. The calculations were made utilizing
the VASP code (Vienna ab initio Simulation Package) [27–31]. The
projector augmented wave (PAW) method[32,33] was employed to
account for the electron–ion core interaction, utilizing the GGA (Gen-
eralized Gradient Approximations) exchange-correlation functional
with the PBE parameterization (Perdew-Burke-Ernzerhof) [34,35]. We
used the PAW-PBE potentials with the following valence electrons: Ti
(3s23p6 4s2 3d2), O (2s2 2p4) and H (1s1). In order to treat the strong on-
site Coulomb interaction of localized electrons in transition metal
oxides, which is not properly described by the GGA (and LDA) approach
and affects the electronic structure, the GGA+U method proposed by
Dudarev et al.[36] was used. Setting a U-parameter of 4 eV for 3d level
of Ti for anatase and a U-parameter of 5 eV in hydrogen titanate, the
multiple occupation of d-orbitals is penalized, and thus, the band gap
width takes values closer than the experimental ones, attenuating the
underestimation of this width, as well as the electron delocalization
according to early works from our group[37,38]. The k-space grid of
4×4x1 was selected in all the calculations and also a cut-off energy for
the plane wave expansion of 400 eV. The structures were optimized
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until the forces in all the atoms were lower than 0.01 eV.Å−1, and the
unit cell was optimized until the components of the stress tensor were
lower than 1 kBar. In all the cases, for the simulation of the slabs, a
vacuum space of 15 Å was selected in concordance with early works
[37,38]. In the case of anatase (101) the periodic cell parameters cor-
respond to a=3.805 Å, b= 10.511 Å and c=18.247 Å; in the case of
the H-TNT the cell parameters correspond to a=3.820 Å, b=9.404 Å
and c= 30.505 Å; in all the cases de c-axis correspond to the direction
in the vacuum region.

3. Results and discussion

3.1. Structural characterization of the HTNTs

We followed the same steps for the preparation of hydrogen titanate
nanotubes, according to Fernández-Werner et al [23]. We obtained,
almost in one step, the nanotubes with the following chemical formula:
H2Ti3O7. 1

2
H2O (HTNT). In reference to microstructure and mor-

phology the HTNT presents open endings with ∼100 to 200 nm length,
with an inner and outer diameter of 6(1) and 12(2) nm, see Fig. 1 (a)
and (b),see Fig. 1 for TEM images. These results were confirmed by
XRPD, TEM, and Small Angle X-ray Scattering (SAXS)and were in very
good agreement with the surface area analysis determined by BET of
286 m2 gr−1 [23].

Fig. 1(c) shows the Tauc plot for the HTNT, demonstrating that the
nanotubes present a direct band gap of Eg= 3.3 eV. This value is in
principle very good, since it is very close for the anatase nanoparticles
that are usually used for the preparation of DSSC’s photoelectrodes.
Although it is an important parameter, it is not the only relevant one as
we will discuss further in detail when discussing about the electronic
structure of the HTNT.

As stated before, the aim of this work is to demonstrate the en-
hancement of the solar cell efficiency by changing anatase TiO2 nano-
particles for HTNT as the second layer of the photoelectrode. The first
step consists in demonstrating that the photoelectrode keeps the HTNT
structure after the sintering and sensitization processes. Fig. 2(a) pre-
sents the XRPD data for the sintered photoelectrode. As stated before,
this pattern could be associated to the HTNT, in concordance with a
ours previously discussed methodology [23]. Applying the full pattern
profile fitting we obtained the following structural parameters:
dint∼6(1)nm, dext∼12(1)nm and e∼3(1)nm, corresponding to internal
diameter, external diameter and width respectively [23].Here it is im-
portant to mention, that fitting is reasonably, taking into account small
differences between experimental (Iexp.) and calculated intensities
(Iteo.), see Fig. 2(a).

Fig. 2(b), presents the Raman spectra for both the as prepared and
the sintered photoelectrode based on HTNT. In the spectra, the presence
of bands located at: 200, 283, 465, 678, 705, 846 and 935 cm−1, can be
seen. As demonstrated before [23], these peaks could be associated to
HTNT, and they remain after the thermal treatment, confirming that the
photoelectrode is based on the HTNT.

In order to confirm the homogeneity of the sample, we obtained
several confocal Raman images of selected areas of 10 μmx 10 μm uti-
lizing a grid of 80× 80 points. Then we proceeded with a Principal
Component Analysis (PCA) in order to search for minor but statistically
relevant differences in the sample. As observed in Fig. 3, only one
component contributes with more than 95% of the variance in the
sample. This PCA component can be represented with almost all the
selected area. This is a confirmation of the homogeneity of the sample.
The rest of the image, marked in blue, can be attributed to the PCA
component #2, and the corresponding average spectra corresponds to a
Raman spectrum analogous to component #1. The difference arises
from the absolute intensities, which are generated for the variations in
height in the sample (focal plane) due to the porosity of the pellet
prepared for the analysis. This is a demonstration of the structural
homogeneity of the HTNT photoelectrode.

The AFM and SEM images for both photoelectrodes are presented in
Fig. 4 for comparison. As observed, the topography of both photo-
electrodes is quite different. The anatase-photoelectrode is character-
ized by the sintering of uniform nanoparticles; this characteristic fea-
ture is more evident from the phase contrast image, Fig. 4(b) and 4(d).
When analyzing the HTNT-photoelectrode, the situation is different,
since there is no evident presence of large nanoparticles as in the case of
anatase. After a surface roughness analysis, the true surface is de-
termined as 50% and 78% higher for anatase and HTNT, respectively,
expressed in terms of the reference surface originally selected for the
AFM measurement. These results, were further confirmed by SEM
analysis on the photoelectrodes, see Fig. 4(f) and 4(g), showing a
rougher surface for HTNT in comparison to anatase. This fact demon-
strates how the use of the HTNT allows us to obtain a highly porous
photoelectrode, in reference to the one based on anatase, that could be
good for increasing the coverage surface when sensitizing with the
N719 dye.

3.2. Electrical and electrochemical characterization

Fig. 5 presents the I–V curves for anatase and HTNT DSSCs, in-
cluding the corresponding equivalent circuit fittings on each case and
Table 1 summarize the final results, see Fig. 5(f) and (g) for the utilized
circuit models. In all the cases, we include the comparison of the HTNT
cell with the corresponding one utilizing anatase, to demonstrate that
we are using the same conditions. In the case of anatase photoanode,
the DSSC showed an efficiency of ∼6%, and with the utilization of
HTNT as photoelectrode the efficiency yields ∼ 7.6% together with an
enhancement of all the relevant photovoltaic cell efficiency parameters,
as summarized in Table I. It is observed that the HTNT-DSSC shows an
enhancement on maximum voltage (Vmax), open-circuit voltage (Voc),
short-circuit current density (Jsc) and maximum current density (Jmax),
the only parameter that shows a decrease is the fill factor (FF). Based on
these results, we can explain this enhancement mainly on the high
specific area of the HTNT. Additionally, the increase of the Voc is not
obvious at first instance, since the HTNT band gap is very similar to

Fig. 1. - TEM images for HTNT at two different magnification (a) and (b), showing the tubular structure and the main distances. (c) The Tauc plot for the HTNT
confirming direct band gap of Eg= 3.3 eV.
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anatase, this is showed in Fig. 6. This issue will be addressed and dis-
cussed again in the theoretical section of this work. Table 1 also in-
cludes the effect of series and shunt resistance (Rs and Rsh). The series
resistance should be as low as possible, and the shunt resistance(Rsh) it
is expected to be very high, in order to reduce the alternative electronic
path in the photoelectrode. According to the parameters obtained from
the equivalent circuit fitting (Fig. 4(f)), the series resistance for anatase
and HTNTs are very similar (Table 1), even slightly better for HTNT. On
the other hand, the shunt resistance for HTNT is approximately ∼47%
lower than anatase, the obtained values correspond to 2.73(10) kΩ and
1.27(2) kΩ for anatase and HTNT respectively. It does not seem to be
the ideal situation, in terms of the resistance, explaining the reason why
the FF obtained for HTNT is lower in comparison to the one for anatase.
Nevertheless, the improvement in the value of Voc and Jsc are high
enough so that the efficiency of HTNT are still greater than anatase,
even though the FF is somewhat lower.

Electrochemical impedance spectroscopy (EIS) was performed in
order to further characterize the electrochemical behavior of the
(Anatase or HTNT)/dye/electrolyte interfaces. Electrochemical im-
pedance versus applied DC bias for anatase- and HTNT-DSSC solar cells
under illumination conditions is shown in Fig. 6(a) and (b),

respectively. In addition, the main parameters obtained from the EIS
fitting for anatase- and HTNT-DSSC solar cells under dark and illumi-
nation conditions are shown in Table 2. The corresponding equivalent
circuit used to fit the impedance spectrum is shown in Fig. 6(e), for
describing the region of counter electrode, electrolyte diffusion, charge
transfer between electrolyte/dye/photoelectrode and photoanode; all
of them described by electric resistance (R), constant phase element
(CPE) and Warburg diffusion (W). It basically consists in the combi-
nation of three main contributions; the first ascribed to the charge
transfer at the photoanode, the second is ascribed to I−/I3- diffusion
process in the electrolyte and the third is ascribed to the electron
transfer at the counter electrode, as typically reported for other DSSC
devices [39–41].

According to Wang et al [41], different processes occur in the cell in
the dark or under illumination. Under dark conditions, the electrons are
basically transported through the mesoscopic electrode and react with
I3− while, at the same time, I− is oxidized to I3− at the counter elec-
trode. Under illumination conditions, as the applied bias approaches
the open circuit voltage, there is a net current reduction and more in-
jected electrons are recaptured by I3- before being extracted to the ex-
ternal circuit. This fact can be confirmed by inspection of the Nyquist

Fig. 2. -(a) XRPD pattern and fitting for the prepared photoelectrode, confirming the structure of the HTNT. The image includes the experimental data (circles) and
the theoretical x-ray powder diffraction fitting (lines), including the corresponding difference curve (Iexp. – Icalc.). (b) Raman spectra collected for the as prepared
HTNT and the sintered HTNT photoelectrode.
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Plot, that shows a decrease of semicircle radius at intermediate fre-
quencies for the applied bias condition, meanwhile the oxidized dye is
regenerated by I−. Moreover, there is a slight decrease in the resistance
(RD) associated to the charge transfer between electrolyte-dye-photo-
electrode for HTNT- respect to anatase-DSSC, as shown in Table 2.
Here, it is important to mention that, the direct comparison between
resistances (RD) between anatase and HTNT is valid, since the same
procedure for the photoanode preparation was utilized.

When comparing the bode phase plots of the anatase and HTNT
prototypes, at the same applied potential of 550mV (see Figs. 6(c) and
(d)), both under illumination present a shift towards higher frequencies
of the main peak. As discussed by Wang et al [41], this can be ascribed
to a difference in the local I3− concentration. Under illumination con-
dition, I3− is formed ‘in situ’ by dye regeneration at the mesoporous-
electrode/electrolyte interface, whereas in the dark, I3− is generated at
counter electrode and penetrates the working electrode by a diffusion
process. As presented in Table 2, we can see that this effect is more
noticeable for the HTNT-DSSC prototype, possibly due to a better
porosity of the photoelectrode (early confirmed by AFM and SEM),that

provides more active sites where the recombination could take place.

3.3. Computational simulations

As stated before, performing ab initio calculations allows to un-
derstand the difference between electrodes, in term of their electronic
structure. As can be observed, all the cell parameters are in good con-
cordance with prior results [37,38]. As described in the methodology,
we applied DFT+U to the Ti-d levels in order to get and reproduce the
experimental band gap, without utilizing highly demanding hybrid
exchange-correlation functionals. We successfully applied this metho-
dology to a series of TiO2 polymorphs and H-titanates [37,38]. The
Projected Density of States (PDOS) indicates a very similar band gap,
same as observed in the experiment. Additionally, it was observed a
similar charge state distribution, since the valence band is majorly
contributed from oxygen p-states, and the conduction band is majorly
contributed from the Ti-d states, see Fig. 7.

A deep analysis, involving the estimation of the work function
Φwork, could give us information about the origin of the differences

Fig. 3. (a) Two-dimensional diagram of the representing the main contributions to the PCA and the associated % of variance corresponding to each component. (b)
Reconstructed image from component #1 of the PCA, the mask of the selected area and the corresponding average Raman spectra.
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observed in the photoelectric response of both electrodes. The Φwork

does not only tell us about the ionization potential of the surfaces, but it
can be used to analyze the band alignment of the different components
of the electrodes, since it establishes the reference of the vacuum re-
gion. As can be observed, the ΦHTNT<Φanatase, the upward movement
of the EVB and the ECB of HTNT, in reference to anatase. This could be
the origin of the increase of the Voc, since Eredox and the ratio nc/
NCB(where nc and NCB corresponds to the electrons in the conduction
band and the total number of electronic states in the CB) it is expected

to be similar for both materials (see Eq. (1)) [42]. The reduction of the
ΦHTNT can be understood in terms of the H-atom passivation of the
surface, what is particularly interesting for that polymorph, since it can
keep a good band gap with a comparative lower work function.

⎜ ⎟⎜ ⎟= ⎛
⎝

+ ⎛
⎝

⎞
⎠

− ⎞
⎠

V
q

E k T n
N

E1 lnOC
e

CB B
c

CB
redox

(1)

∫=J LHE λ η dλ( )ΦSC λ inject collect (2)

Fig. 4. - AFM images for the anatase photoelectrode: (a) topography, (b) phase contrast. Idem for HTNT photoelectrode (c) topography and (d) phase contrast. SEM
images for (f) anatase and (g) HTNT are presented at two magnifications respectively.

Fig. 5. Current Density – Voltage (J–V) curve for HTNT and anatasein dark conditions (a) and under AM1.5 illumination. Equivalent circuit models, utilized for the
fitting procedure of J–V curves are presented.
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One additionally interesting fact is that injection efficiency (Φinject)
and the charge collection efficiency (ηcollect) for N719 dye on HTNT is
adequate, as reflected from the increase of the Jsc according to Eq. (2).
Since the same dye is utilized, the light harvesting efficiency (LHE)can

Table 1
Photovoltaic parameters for the electrical characterization of the anatase- and
HTNT-DSSCs according to the circuit presented in Fig. 4 (f).

Anatase HTNT

R (kΩ)SH 2.73(10) 1.27(2)
R (Ω)S 11.15(58) 13.49(12)

−J (mA. cm )sc 2 17.59(13) 19.79(8)
−J (mA. cm )max 2 15.36(6) 16.76(8)

V (V)oc 0.538(5) 0.643(12)
V (V)max 0.391(3) 0.448(10)
FF 0.64(1) 0.59(1)
η %( ) 5.95(10) 7.63(8)

Fig. 6. Nyquist plots for (a) Anatase and (b) HTNTs DSSC measured under AM 1.5 illumination conditions at different applied bias. Phase shift plots for (c) Anatase
and (d) HTNTs DSSC at 550mV applied bias. (e) The circuit model used in the fitting of EIS data curves of both solar cells. Note: R.E. is the reference electrode and
W.E. the working electrode.

Table 2
Resistance (RD) and time constants (τD/τL) parameters for Anatase and HTNT
cells under dark and AM 1.5 illumination conditions.

Anatase HTNT

RD(kΩ) τD τL τD/τL RD(kΩ) τD τL τD/τL

400 mV 23.9 0.0054 0.0051 1.059 18.2 0.0041 0.0036 1.139
450 mV 29.3 0.0057 0.0047 1.213 21.7 0.0043 0.0027 1.593
500 mV 31.6 0.0058 0.0032 1.813 27.2 0.0047 0.0021 2.238
550mV 35.9 0.0061 0.0027 2.259 32.4 0.0053 0.0017 3.118
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be considered as constant when comparing with both photoelectrodes.
It is probably that the highly porous surface with an enhanced Voc, is
the key of utilizing HTNT as DSSC photoelectrode.

4. Conclusions

In this work, we presented the performance of HTNT for DSSC ap-
plications. We obtained an increase in efficiency of the solar cell, which
is about ∼28% higher when compared to anatase based DSSC. This

Fig. 7. Crystal structure of the 2D-Slab model for HTNT (a) and Anatase (b), the corresponding projected density of states (c) and (d); and the work function for both
polymorphs (e) and (f). The band alignment scheme is presented in (g).
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enhancement could be explained in terms of open-circuit voltage, di-
rectly associated to the value of the HTNT band gap (Egap= 3.3 eV) and
the relative position of the edge conduction band; and the increase of
the short-circuit current, directly associated to the enhancement of the
specific area of the photoelectrode. All these characteristics were ob-
tained from the full experimental and theoretical characterization of the
system. We expect that this system could be further characterized,
utilizing different dyes or absorbers, in order to evaluate the potential
use of hydrogen titanate nanotubes for solar cell applications.
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