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1. Energía Solar: Celdas Convencionales

p Características:
n Unión p-n de Silicio 

Monocristalino.
n Alta durabilidad.
n Eficiencia media a alta.
n Altos costos de 

fabricación.

fuente: http://nanosense.sri.com/activities/cleanenergy/solarcellanimation.html

1. Eficiencias para cada Tecnología
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fuente: http://nanosense.sri.com/activities/cleanenergy/solarcellanimation.html

1. Celdas Solares No 
Convencionales
p Los fotoelectrones se promueven desde  el 

HOMO del colorante y se inyectan a la 
banda de conducción del TiO2.

p La separación hueco-electrón determina el 
voltaje y corriente.

2. Celdas Solares de Sensibilización 
Espectral (DSSC)

( )11% estándar AM 1.5h @

• Foto-electrodo
• Conductor
• Semiconductor
• Colorante

• Contraelectrodo
• Conductor
• Catalizador

• Electrolito

•Grätzel M., Inorg. Chem. 2005, 44, 6841
•Faccio, R et al, A. Recent Patents on Nanotechnology 2011, 5(1), 46-61.
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Diagrama de densidad de estados local (LDOS) proyectado sobre Ti, O, Ru y ligando 
N719. Nota: el nivel de Fermi se encuentra en E=-5.62 eV.

HOMO LUMO

N719 Dye on top of a nanoparticle model of TiO2(B)
𝜆(nm)

2. Énfasis en el Semiconductor
p Nanoestructuras de óxido de titanio

n Bajo Costo
n Ampliamente Disponible
n No tóxico y Bio-compatible

p Características a Tener en Cuenta:
n Estructura Cristalina
n Polimorfo
n Tamaño de Partícula y Cristalita
n Porosidad
n Química superficial

romboédrico, Pbca

Rutilo es la fase más estable a altas temperaturas, pero anatasa y brookita son los polimorfos 
más comunes en muestras naturales y sintéticas de tamaño nanométrico. 

Anatasa

Rutilo

Brookita

a b

c d

e

tetragonal, P42/mnm

tetragonal, I41/amd

O
Ti

TiO2(B)

monoclínico, C2/m
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2. Énfasis en el Semiconductor
p Diferentes Aplicaciones:

n Celdas Solares de Sensibilización Espectral
n Fotocatálisis
n “Water Spliting”, conversión de H2O a H2 y O2.

p Centro Nanomat:
n Baterías de Ion Litio (FSE 2011, FSE 2014):

p Electrolitos Sólidos: La2/3-xLi3xTiO3

p Nueva generación de ánodos: Li2Ti2O5.
p Compósitos cerámico-polímero

n Celdas Solares DSSC
P. Roy et al, Angew. Chem. Int. Ed. 2011, 50, 2904 – 2939 

5A

Síntesis
Caracterización: 

XRD, SAXS, Raman

Prototipos
Modelado

Método hidrotermal 
bajo presión endógena

(Anatasa(A) , Rutilo(R), o A/R 50% p/p)

120° C <Tr<150°C
24h<tr<68h

NaOH(ac) 10M

Cálculos teóricos 
por primeros principios
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2. Síntesis Hidrotermal

2. Armado de Celdas: TNT
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2. Eficiencias de las Celdas con NT
Curva J-V para el prototipo basado en NPs de Anatasa
Eficiencia de conversión:  5.96(5)%

3. Caracterización Estructural: ¿Por
qué Nanotubos de TiO2?
p Los NT poseen una muy buena área específica y son

potencialmente útiles para propósitos de DSSC.
p Dependiendo del tamaño y tipo de nanotubo se tendrá

consecuencias en:
n Propiedades ópticas.
n Reactividad Superficial.
n Estabilidad Química y Térmica.

p Es importante conocer la morfología y estructura de
los nanotubos (celda unidad o bloque de
construcción)

p Insuficiente información, y controversial, referente a
la estructura química de diferentes nanotubos de
TiO2 y TNT.
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3. Caracterización Estructural

p Microscopia Raman:
n Estructura local y 

extendida
n Muestras cristalinas y 

amorfas

p Difracción de Rayos X: 
n Orden de Largo Alcance
n Polimorfos de TiO2

n Tamaño de dominio cristalino
n Dispersión Debye 

p SAXS:
n Dispersión a bajo ángulo
n Contraste de densidad

electrónica. 
n Nanoestructura de los 

materiales

p Microscopia Electrónica:
n Morfología
n Estructura cristalina local
n TEM
n HRTEM

3. Caracterización de NT: TEM

TEM
NT abiertos en 
ambos extremos

Dint=6(1) nm
Dext=12(1) nm

Dm≈9(1) nm y e≈3(1)nm  
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3. Caracterización de NT: HRTEM

SAED:
d1 = 3.7 Å
d2 = 4.8 Å
d3 = 5.1 Å

3. Caracterización de NT: SAXS
p Grazing Incidence Small Angle

X-Ray Scattering (GI-SAXS)
n Contraste de densidad electrónica.
n Morfología.
n Distancias de correlación.
n Ajuste de Modelos
n Mayor estadística.
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3. Caracterización de NT: SAXS
p Grazing Incidence Small 

Angle X-Ray Scattering (GI-
SAXS)

p Distancias de correlación 
mediante Beaucage fitting:
n El ajuste permita estimar dos

distancias características de
e=2.2(2) nm y Dint=6.5(2) nm.

n El primer valor se acerca al
espesor de pared y el segundo
al diámetro estimado de tubos

L

Dint e 

3. Caracterización de NT: 
Conclusiones Parciales
pConclusión Parcial:

nNanotubos
nEspesor  medio de 2(1)nm
nDiámetro medio de 9(1) nm

p¿Cuál es la estructura de los NT?
nDifracción de Rayos X
nMicroscopia Raman
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3. Caracterización NT: XRD

2θ~9.7° d~9Å 2θ~48.4° d~1.88Å

(200)A

(020)T

3. Caracterización NT:  H2-xNaxTi2O5·yH2O
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[2] Peng Chihwei et al, Chemistry of Materials 2008, 20, 23 7228- 7236

[1] Kataoka, K. et al Inorganic Chemistry 2013, 52(24), 13861-13864 

a

c



12

3. Caracterización de NT: Modelado de  
Titanatos de Sodio e Hidrógeno

[2] Peng Chihwei et al, Chemistry of Materials 2008, 20, 23 7228- 7236

[1] Kataoka, K. et al Inorganic Chemistry 2013, 52(24), 13861-13864 

SG a b c 𝛼 𝛽 𝛾

H2Ti3O7
EXP[1]

P21/m
C 2/m

16.1160
16.0380(8)

3.7625
3.7533(1)

9.5245
9.1982(3)

99.10
101.414(3)

Na2Ti3O7 P21/m 8.6619 3.8158 9.2179 101.77

H1/2Na3/2Ti3O7 P21/m 9.0787 3.8223 9.1391 103.96

HNaTi2O5
EXP [1]

P 1
P 1

3.6363
3.6414(3)

17.3026
17.286(6)

3.0336
3.025(2)

91.60
91.20

89.89
89.90

85.79
88.20

H2Ti2O5 P 1 3.7453 17.5198 3.0251 90.18 90.06 89.14

H2Ti2O5.1/2H2O P 1 3.7539 18.7422 3.0400 90.24 90.58 84.29

H2Ti2O5.H2O P 1 3.7565 19.5686 3.0487 91.38 89.13 89.14

Cálculos DFT: Código VASP
Ecut=400 eV 
Ondas Planas, xc-pot GGA-PBE

Fernández-Werner et al. J. Energy Storage 12 (2017), 66-77 

3. Caracterización de NT: Generación de 
Modelos en base a H2-xNaxTi2O5·yH2O

HNaTi2O5 Apilamiento tipo ABA

H2Ti2O5∙H2O   Apilamiento tipo AAA

H2Ti2O5 Apilamiento tipo ABA

H2Ti2O5∙0.5H2O Apilamiento tipo ABA
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3. Caracterización de NT: 
Generación de Modelos en base a Na2Ti3O7

p Obtención del modelo de trititanato H2Ti3O7

e=1.6nm
e=3.2nm

Planos 
(010)

r→b
t→c
eje→a

3. Caracterización de NT: 
Con los Modelos se determinan los XRPD

p Construcción de modelos de nanotubos de tamaño 
real usando  por ejmplo: H2Ti2O5·0.5H2O

1. Se parte del bulk y se identifican direcciones: Radial, Tangencial
y Periódica

2. Se multiplican las celdas 
3. Se enrrolla el tubo y se genera una supercelda

4. Patrón de Difracción de Rayos X Simulado. 
Dirección tangencial

Espesor
radial
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3. Caracterización de NT: Modelo de 
Nanotubos de tamaño real H2Ti3O7

p El modelo que mejor ajusta es: NT 
concéntricos de  H2Ti3O7 de diámetro 
medio Dmedio=9 nm

e=1.5nme=3.0nm

3. Caracterización de NT: 
Difracción de Rayos X
p Ajuste mediante modelo periódico, usando supercelda, 

fue satisfactorio.
p Existe razonable correspondencia en la posición de 

picos, pero pobre en las intensidades.
p Necesidad de plantear una mejor descripción del 

patrón de difracción.
p Se propone la elaboración de un modelo finito: 

cluster.
p Patrón de Difracción por Dispersión de Debye es

una alternativa interesante.



15

Metodología: Modelo de NT de H2Ti3O7

p Generación del Modelo:
n Celda unidad
n Definir direcciones

radiales y axiales
n Generar modelo

atomístico discreto
n Determinar el Patrón de 

Dispersión de Rayos X 
correspondiente
mediante Dispersión de 
Debye

3. Caracterización de NT:
p Comparación de Modelos

n Anatasa versus Trititanato (HTNT)
n Mejor ajuste para Trititanato

𝐼 𝑞 =
𝑁𝐴 𝑞 𝑃 𝑞

𝑅-
.
/

.
0

𝑓/𝑓0
𝑠𝑒𝑛 𝑞𝑟/0
𝑞𝑟/0

H2Ti3O7

Anatasa
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3. Caracterización de NT:
Ajuste Global del Patrón de Dispersión
de Rayos X:
p Variables estructurales

n Largo de Tubo (L)
n Diámetro Medio (Dm)
n Espesor (e)

p Variables secundarias
n Línea de Base
n Factor de Escala

p Pendiente:
n Distribución de Tamaños
n Efectos de Tensión (parcial)

p Implementado en MatLab
F. Pignanelli y L. Fernández

e
Dm

L

3. Caracterización de NT: e
Dm

L

Rutina de minimización
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2. Conclusión parcial de la 
sección:
p NT de H3Ti2O7: 

Raman y XRD
n Dinterno =  5.2 nm
n Dexterno =  13.6 nm
n Dmedio =  10.4 nm
n Largo =  33.8 nm

p Resultados 
compatibles con 
HRTEM, SAXS !

Fernández-Werner et al. J. Energy Storage 12 (2017), 66-77 

3. Caracterización por Microscopia
Raman Confocal
p Conjuga Microscopia Confocal  

con Espectroscopia Raman
p Caracterización estructural 

mediante análisis vibracional
p Imagenología acoplada permite 

para evaluar uniformidad de 
fotoelectrodos, principalmente 
luego del tratamiento térmico

p Información 3D
p WITec Alpha 300-RA.
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3. Caracterización de NT: 
Microscopia Raman

• Muestra de NT calentados  hasta 
T=200ºC.

• Crecimiento de Nanopartículas 
de Anatasa en muestra de TNT .

Funcionamiento:

• Cada pixel de la imagen contiene  un 

espectro Raman, constituyendo una 

técnica hyper-espectral.

• Con esta información es posible

reconstruir todo tipo de imágenes, por

ejemplo siguiendo la intensidad de una

determinada banda Raman

3. Caracterización de NT: 
Microscopia Raman

• Muestra de NT calentados  hasta 
T=200ºC.

• Crecimiento de Nanopartículas 
de Anatasa en muestra de TNT .

Funcionamiento:

• Cada pixel de la imagen contiene  un 

espectro Raman, constituyendo una 

técnica hyper-espectral.

• Con esta información es posible

reconstruir todo tipo de imágenes, por

ejemplo siguiendo la intensidad de una

determinada banda Raman
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3. Caracterización de NT: 
Microscopia Raman

• Espectros de HTNT antes y después 
de la preparación del fotoelectrodo.

• Análisis por PCA: calidad del 
fotoelectrodo

3. AFM

Figure 3.- AFM images for the anatase photoelectrode: (a) contrast phase, (b) topography and 
(c) 3D-topography images. Idem for HTNT photoelectrode: (d)3D-topography (e) phase 
contrast and (f) topography images.
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3. Modelado: Espectros Raman de 
polimorfos de TiO2 (información?)

Espectros Raman Simulados por DFT

Espectros Raman Calculados y Experimental:
Dylla et al, J. Phys. Chem. Lett. 2012, 3, 2015 2019 

Cálculos DFT: Código VASP
Ecut=400 eV 
Ondas Planas
DFPT fonones
Primera derivada de la Polrización

Eg

Eg

B1g

A1g

Eg

A1g

Ag 
Bg

Ag 

Pobre información referente a 
estructuras de NTs de TiO2

exp
-- Teo

3. Modelado: Espectro Raman 
H2Ti3O7.H2O teórico

Fernández-Werner et al. J. Energy Storage 12 (2017), 66-77 



21

3. Modelado: Espectros Raman de 
Titanatos de H y Na (Teóricos)
Titanatos de Hidrógeno y de Sodio

3. Conclusión Parcial
p Se pudo caracterizar los NT de TiO2
p Son nanotubos trititanato de Hidrógeno (H-TNT)
p Caracterización morfológica Múlti-Técnica
p Caracterización estructural (XRD-Raman) apoyado por 

modelos atomísticos

p …desempeño?....
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4. Eficiencias de las Celdas: 
Anatasa versus NT de TiO2

Curva J-V para el prototipo basado en NPs de 
anatasa
Eficiencia de conv:  5,96% (Anatasa)

Curva J-V para el prototipo basado en NTs
de titanatos
Eficiencia de conv:  7,71% (TNT)

4. Modelado: Estructura electrónica de 
superficies de Polimorofos de TiO2 y TNT
p Determinación de Energías de Superficie Equivalente.
p Densidad de Estados Electrónicos DOS
p Estudios de adsorción de colorantes modelo
p Propiedades ópticas.
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4. Modelado: Estructura electrónica de 
superficies de Polimorofos de TiO2 y TNT
p Ajuste de metodología DFT+U para

reproducción de gaps experimentales
p Determinación de propiedades

vibracionales y térmicas
p Determinación de superficies y estudio de

sus propiedades electrónicas para
polimorfos de TiO2 y titanatos.

p Adsorción de catechol, energías de
fisisorción y quimisorción, propieades
ópticas (orbitales frontera).

E. Germán, R. Faccio & A. W. Mombrú. App. Surf. Sci. 426 (2017), 1182-1189.
E. Germán, R. Faccio & A. W. Mombrú. J. Phys. Comm. (2018),
E. Germán, R. Faccio & A. W. Mombrú. App. Surf. Sci. 428 (2018), 118-123.

4. Otros Modelos de Sup.

Slabs # átomos Ti # capas TiO2 SE (J/m2)

A(101) 8 2 0.40

A(100) 12 2 0.64

A(001) 5 4 0.90

R(110) 6 3 0.77
R(101) 6 3 1.14

R(100) 27 3 0.77

TB(001) 24 2 0.33

TB(100) 8 4 0.69

Energía de superficie (SE) para los slabs simulados. 
Los modelos resaltados (A(101) y TB(001)) son los que 
muestran 
menor energía de superficie.

Estudio de Estabilidad de Superficies Ultrafinas de 
TiO2(B) (001)
• Aproximación a paredes de nanotubos  (e~2-3nm)

• Evidencia experimental de mecanismo de  enrollamiento

• Sintetizadas para varios polimorfos (e~ 6-12Å)

TB(001)

2

2
slab Ti TiO bulk

S

E N E
E

S
--

=

L. Fernández-Werner et al. App. Surf. Science 290 (2014) 180–187
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4. Eficiencias de las Celdas: 
Modelado y Estructura Electrónica

Superficies: H2Ti3O7 TiO2 (anatasa) Alineamiento de Bandas

El menor valor de Φ para H2Ti3O7 explica el aumento del Voc. 

Pignanelli et al. (2017), enviado

Egap(exp): 3.3 eV        Egap(exp): 3.2 eV

5. Incorporación de Litio

M. Esteves, et al, Ceramics International 45 (2019) 708–717 

For all those reasons, in this work we performed the theoretical
modeling of Li2Ti3O7 and Li2Ti3O7.12 H2O in order to study its electronicstructure, and its properties. Afterwards we carried out the synthesis,
structural characterization and electrical characterization of lithium
titanates nanotubes (LiTNT) as semiconductor for the preparation of
photoanode for DSSC applications. The obtained results are compared
with HTNT and anatase nanoparticles based photoanodes.

Fig. 1 shows a flux diagram that summarizes work strategies (blue
involves computational phases and green indicates experimental
stages).

As shown in the previous scheme, the methodology that was fol-
lowed, involves computational modeling and subsequently preparation,
characterization and performance evaluation of a DSSC prototype; all
the steps are described as following.

2. Methods

2.1. Computational simulations

Electronic structure simulation of lithium titanate structures were
performed using ab initio methods within the Density Functional
Theory (DFT) [9,10]. The calculations were made utilizing the VASP
code (Vienna ab initio Simulation Package) [11–15]. The projector
augmented wave (PAW) method [15,16] was employed to account for
the electron–ion core interaction, utilizing the GGA (Generalized Gra-
dient Approximations) exchange-correlation functional with the PBE
parameterization (Perdew-Burke-Ernzerhof) [17]. PAW-PBE potentials
with the following valence electrons: Ti (3s23p6 4s23d2), O (2s2 2p4), Li
(1s22s12p0) and H (1s1) were used. Taking into account that the strong
on-site Coulomb interaction of localized electrons in transition metal
oxides, is not properly described by the GGA (and LDA) approach and
affects the electronic structure, the GGA+U method proposed by
Dudarev et al. [18] was used in a second stage in order to obtain a
better model. The effective on-site coulomb repulsion Ueff=U-J=5 eV
was selected for Ti-d states, as previously reported it was applied to the
analogous hydrogen titanate [7]. As a consequence of this correction,
the band gap width is allowed to take values closer to the experimental
one without the inclusion of other highly demanding computational
approaches, such as for hybrid xc-functionals. This methodology has
been successfully applied in previous reports to a series of TiO2 poly-
morphs and H-Titanates [19,20].

The k-space grid sampling of 4× 20× 8 and a cut-off energy for the
plane wave expansion of 499 eV were selected in all the calculations.

The structures were optimized until the forces in all the atoms were
lower than 0.01 eV/Å, and the unit cell was optimized until the com-
ponents of the stress tensor were lower than 1 kBar. For the simulation
of the slabs, a vacuum space of 15 Å was selected in concordance with
early works [19,20].

After getting the full optimized unit cell and atomic positions the
determination of the vibrational information was carried out by means
of Density Functional Perturbation Theory (DFPT) [21–23], followed by
a post-processing by Phonopy code [24,25]. Finally the Raman off-re-
sonant activity spectra was determined applying the methodology es-
tablished by Porezag et al. [26] as implemented in the vasp_raman.py
script [27] with the objective of determining the polarizability derivate
of every single phonon eigenmode at Γ-point.

2.2. Synthesis of LiTNT and protype preparation

Sodium titanate nanotubes (NaTNT) were prepared via hydro-
thermal synthesis, as reported in a previous work [28] using commer-
cial anatase TiO2 nanopowder, Sigma-Aldrich® Titanium (IV) oxide
(External ID:232033_ALDRICH) as the precursor material.

An amount of 1.25 g of TiO2 was dispersed using magnetic stirring
on 75mL of NaOH 10mol L−1 in a Teflon ® lined autoclave (the fill
factor of the reactor was 2/3). The reactor was kept at 145 °C for 24 h
with constant stirring at 120 rev/min and then air cooled to room
temperature. The solid was separated through centrifugation.

Then, the sodium nanotubes were washed manually eleven times
with LiOH 0.1M in a ratio 10mL/0.1 g of solid in order to favor cation
interchange. After that, the nanotubes were washed several times with
distilled water, and were dried for 24 h at 80 °C.

Photoelectrodes were composed of two layers of semiconductors on
top of a FTO conductive glass. The first layer, consists of a compact
layer of anatase nanoparticles using the commercially available
“Titanium(IV) oxide nanopowder” (External ID:718467_ALDRICH) de-
posited using “Doctor Blade” method with small quantities of ethylene
glycol as surfactant and using a 62.5 µm “3M Scotch Magic Tape” as
separator. These films were sintered at 400 °C during 2 h. The second
layer, was applied using the same “Doctor Blade” method, for the case
of anatase photoelectrode, Sigma-Aldrich® 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 LiTNT photoelectrode,
the obtained LiTNT was used for this second layer and the film was
sintered at 110 °C during 3 h. After that, in both cases, the photoelec-
trodes were dipped into a solution containing 10mg of “DyeSol N719″

Fig. 1. Scheme of the strategy for the modeling and comprehensive preparation and characterization of DSSC using LiTNT as photoanode. (For interpretation of the
references to color in this figure, the reader is referred to the web version of this article)

M. Esteves et al. &HUDPLFV�,QWHUQDWLRQDO��������������²���

���

In order to obtain a better model for the simulation of the
nanotubes, we considered a slab of Li2Ti3O7 1

2 H2O, that can be con-
sidered as a structural “building block” for the wall of the Li2Ti3O7 1

2 H2O

nanotube (Fig. 4(a)). Once again, DFT+U has been applied to the Ti-d
levels in order to calculate the energy band gap. Atomic projected density
of states confirms that conduction band has a major O-2p states

Fig. 3. (a) Atom projected density of states for Li2Ti3O7.12 H2O (Black line Total DOS, blue O DOS, orange Ti DOS, green Li, DOS and red H DOS), (b) comparison of
total DOS of: Li2Ti3O7 1

2 H2O in red, H2Ti3O7
1
2 H2O in green and anatase in black, and (c) band structure of Li2Ti3O7

1
2 H2O along the K-path: X Y L Z

showing the indirect behavior of the semiconductor for Ueff=0 eV. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article)

Fig. 2. Optimized bulk crystal structures of (a) Li2Ti3O7 and (b) Li2Ti3O7 1
2 H2O.

M. Esteves et al. &HUDPLFV�,QWHUQDWLRQDO��������������²���

���

contribution and valence band is mainly contributed from Ti-3d as in the
bulk model. This fact contributes to favor charge carriers lifetime with a
prediction of an indirect band gap of 3.20 eV when using Ueff=5eV (see
Fig. 4(b) and (c)). The increase of the energy band gaps when comparing
the slabs models with the bulk ones is expected, due to the presence of
confinement effects, that are properly described with this DFT metho-
dology.

A deeper analysis, involving the estimation of the work function
φwork= 5.86 eV, give us information about the energy bands alignment,

Fig. 4. (a) Surface model for Li2Ti3O7 1
2 H2O, (b) atom projected density of states (Total DOS black, O DOS blue,Ti DOS orange, Li DOS green and, H DOS red) and (c)

band structure along the K-path: X M Y showing the indirect behavior of the semiconductor. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article)

Table 2
Simulated energy band gaps for bulk and slab models for different Ueff values.
Band gap (eV) Li2Ti3O7 1

2 H2O H2Ti3O7 1
2 H2O

Anatase

Bulk for Ueff =0 eV 2.80 2.30 2.12
Bulk for Ueff =5 eV 3.12 2.95 2.76*
Slab for Ueff =5 eV 3.20 3.25 3.38*

Note: In the case of anatase, the selected Ueff value correspond to Ueff=8 eV.
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5. Propiedades electrónicas

between the different components of the solar cell, and could be used as
a model to predict Voc behavior since it establishes the reference of the
vacuum region. As can be observed (Fig. 5), including the information
of the work functions, φLiTNT< φHTNT< φanatase, there is an upward
movement of the limits of valence band (EVB) and the conduction band
(ECB) of LiTNT in reference to the other two systems. Considering that
LiTNT and HTNT slabs exhibit very similar band gaps [7], the shift of
the valence band to higher energies, could be explained by an incre-
ment in the hole´s effective mass implying a tighter binding (see Eq.
(1)) when applying a parabolic fitting of the band structure.

=E
E k

m2 2 *VB
g

h

2 2

(1)
where Eg and m*h correspond to the energy gap and hole's effective
mass. When considering the X path, associated to the direction
with the major correlation length [010], the obtained hole's effective
mass is =m m* 30h 0. This value is considerably higher than the ones
expected for bulk polymorphs of TiO2 [33]; and inclusive higher than
the one determined by simulations in our group for HTNT utilizing and
analogous slab model of H2Ti3O7·H2O. The obtained hole's effective
mass for HTNT the X path is =m m* 13h 0. These values explain very
well the early mentioned trend corresponding the shift of the valence
band to higher energies for LiTNT in comparison to HTNT.

According to all these information we could propose a higher Voc for
LiTNT, since Eredox and the ratio nc/NCB (where nc and NCB corresponds
to the electrons in the conduction band and the total number of elec-
tronic states in the CB) it is expected to be similar for both materials (see
Eq. (2)) [34]. For this reason and taking into account the experience in a
previous work with similar systems [28] is that we propose the synthesis
and characterization for this LiTNT. This new material is expected to
achieve an even better performance as a photoanode in DSSC, with re-
spect to the HTNT nanotubes previously obtained and characterized.

= +V
q

E k T
n

N
E

1 lnOC

e

CB B
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3.2. Synthesis and structural characterization

After washing the NaTNT obtained via hydrothermal synthesis with
LiOH 0.1M and distilled water and dried for 24 h. at 80 °C, it was found

that the sample still had tubular morphology as it is shown in Fig. 6(a).
When analyzing HRTEM pictures a population of nearly one hundred
tubes was measured. External diameter's mean was about 9.4 nm. In
some tubes it was possible to measure the wall's thickness which is
about 3.0 nm (Fig. 6(b)).

The percentages of total Li and Na determined by FAES were 2.75%
and 0.92% respectively. According to these results, the proposed
composition is Li1.82Na0.18Ti3O7.nH2O.

Fig. 7(a) presents the XRPD data for the solid. This diffractogram
was indexed according to the calculated bulk phase Li2Ti3O7 and taking
into account the similarity between this plot and another previously
reported for hydrogen titanate nanotubes [28]. The first indexed re-
flection corresponds to the (hkl) reflection (200). The coherent length
corresponding to that reflection is associated to the distances between
TiO6 layers, and it is about 8.9 Å. Additionally, it confirms that the
radial direction of the tubes is associated to the a-axis of the two-di-
mensional model. When all the (hkl) reflections were analyzed, the
(020) reflection is relevant, which suggests that axial direction of the
tube could be oriented along the crystallographic b-axis.

Using Scherrer's equation [35] for the reflection (200) signal it was
possible to estimate the tube's wall thickness, which is about ~3.2 nm,
in perfect concordance with TEM pictures and previous results [7].

The experimental Raman spectrum is characterized by the presence
of four main bands located at: 286, 446, 709 and 881 cm−1. Simulated
bulk spectra shows the same principal bands located at: 281, 423, 680,
and 854 cm−1; theoretical to experimental vibrational deviations are
estimated to be: 2%, 5%, 1% and 3% respectively (Fig. 8(d)). These
differences can be attributed not only to differences between theory and
experiments, but to the potential effects of the nanostructured character
of the samples, that introduces distortions in the atomic structure and
could explain these early mentioned differences in the peak position
and intensities of the Raman spectra. Even so, the model resulted sa-
tisfactory to understand the general vibrational behavior of the sample.

Fig. 5. Comparison of theoretical band alignment schemes of bidimensional
models of anatase, hydrogen titanate and lithium titanate.

Fig. 6. (a) HRTEM images of cluster of LiTNT and (b) HRTEM of some LiTNT
with a corresponding external diameter histogram distribution.
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In order to obtain a better model for the simulation of the
nanotubes, we considered a slab of Li2Ti3O7 1

2 H2O, that can be con-
sidered as a structural “building block” for the wall of the Li2Ti3O7 1

2 H2O

nanotube (Fig. 4(a)). Once again, DFT+U has been applied to the Ti-d
levels in order to calculate the energy band gap. Atomic projected density
of states confirms that conduction band has a major O-2p states

Fig. 3. (a) Atom projected density of states for Li2Ti3O7.12 H2O (Black line Total DOS, blue O DOS, orange Ti DOS, green Li, DOS and red H DOS), (b) comparison of
total DOS of: Li2Ti3O7 1

2 H2O in red, H2Ti3O7
1
2 H2O in green and anatase in black, and (c) band structure of Li2Ti3O7

1
2 H2O along the K-path: X Y L Z

showing the indirect behavior of the semiconductor for Ueff=0 eV. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article)

Fig. 2. Optimized bulk crystal structures of (a) Li2Ti3O7 and (b) Li2Ti3O7 1
2 H2O.
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5. Propiedaes Ópticas y eficiencia

and LiTNT, are very similar in morphology and main characteristic
distances, we expect that the differences in the optical properties could
be related to minor differences in the chemical nature of the building
block of the walls of the nanotubes. According to the DFT, Li+ cations
establishes a more ionic interaction with the TiO polyhedra, that shift
upwards the Ti-d levels, conducting to an increase of the energy band
gap and the bottom of the conduction band. This could be the origin of
the differences of the optical properties of LiTNT and HTNT nanotubes.

Fig. 9(b) shows the Nyquist plots for the intensity-modulated pho-
tovoltage spectroscopy (IMVS) measurements. The corresponding fre-
quency of the minimum of the semicircle can be directly associated
with the recombination time in the semiconductor [37]. The mea-
surement was only carried out at a single light intensity just to obtain a
comparative scheme.

Table 3 summarizes the results for this determination, showing a
considerably enhancement in recombination time of the one-

dimensional structures in comparison to the anatase nanoparticles, as
expected. When comparing HTNT and LiTNT we can observe that re-
combination time is increased in case of LiTNT which continues
pointing LiTNT as a hopeful candidate for DSSC photoanodes.

3.4. Electrical and electrochemical characterization

Fig. 10 presents the I–V curves for DSSCs using anatase and LiTNT,
including the corresponding equivalent circuit fittings on each case and
Table 4 summarizes the final results. It is included the comparison of
the LiTNT cell with the corresponding one utilizing HTNT nanotubes
and anatase nanoparticles. In the case of anatase, the DSSC develops an
efficiency of ~6.0%, and the utilization of LiTNT or HTNT as photo-
electrodes enables an enhancement of all the relevant photovoltaic cell
efficiency parameters, with an efficiency of ~7.7%.

It is observed that the LiTNT – DSSC shows an enhancement on
maximum voltage (Vmax) even higher than the previously obtained for
HTNT, and an open-circuit voltage (Voc) confirming the prediction of
our theoretical model. However, short-circuit current density (Jsc) and
maximum current density (Jmax) are better in the case of HTNT; this
result may be attributable to a major superficial area, with a consequent
major dye adsorption, and better light harvesting. We think that by
optimizing the synthesis method it could be possible to increase the
superficial area of LiTNT which will result in an increase of cell current
density and thus in overall efficiency.

Regarding the resistances of the cells, Table 4 includes the effect of
series and shunt resistance (Rs and Rsh). The series resistance should be
as low as possible, and the shunt resistance (Rsh) is expected to be very
high, in order to reduce the alternative electronic path in the photo-
electrode. The series resistance for LiTNT is an order of magnitude
lower than HTNTs. This could be associated with the obtained higher
carrier's lifetime among other factors. Shunt resistance for LiTNT is also
improved in comparison with the other two systems.

4. Conclusions

A comprehensive design of lithium titanate nanotubes (LiTNT) as
semiconductors for DSSC photoanodes was presented.

According to computational simulations, the inclusion of Li ions in
the hydrogen titanate nanotube's host, modified the system properly.
This fact motivated the prototype preparation and characterization. The
solar cell assembled with LiTNT exhibited an efficiency of 7.7% which
is an interesting value for this kind of systems. The cell also presented a
relatively high open circuit voltage as predicted for our model (Voc
= 0.72 V), better charge carrier's lifetime and lower resistance com-
pared to previous obtained hydrogen titanate nanotubes (HTNT). This
is a promising system that is worthwhile to continue studying in order
to explore its potential for solar cells application.

Fig. 10. Current Density-Voltage (J-V) curves under AM1.5 illumination for:
LiTNT (blue), HTNT (red) and anatase (green) photoanodes; continuous line
represents the fitted model and dots correspond to experimental data. The inset
of the corresponds to equivalent circuit utilized for the fitting under AM1.5
illumination and dark conditions. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article)

Table 4
Photovoltaic parameters for the electrical characterization of the anatase NP – DSSC, HTNT – DSSC, and LiTNT – DSSC according to the circuit presented in Fig. 10.

Rs (Ω) Rsh (kΩ) Jsc (mA/cm2) Voc (V) Jmax (mA/cm2) Vmax (V) Fill factor ηconv %

LiTNT 0.8 7.1 17.73 0.72 15.29 0.51 0.61 7.73
HTNT 14.6 1.3 19.89 0.65 17.39 0.44 0.59 7.71
Anatase 15.7 2.6 17.56 0.53 15.91 0.37 0.64 5.96

Table 3
Frequency at the minimum and recombination time.
System fmin(Hz) τrec(ms)

Anatase 31.5 5.0
HTNT 19.9 8.0
LiTNT 15.9 10.0
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6. Conclusiones:
p Importancia de la complementariedad de Técnicas de Caracterización 

Estructural.
p Interacción Teórico-Experimental para generar modelos estructurales 

completos, compatibles con XRD y Raman
p Entender y predecir resultados experimentales de forma integral.
p HTNT’s:

n Caracterización de NT de H2Ti3O7

n Muy buena eficiencia de conversión ~8%
n Resultados coherentes con Simulación Computacional

p Es posible extender la metodología a nuevas superficies, actualmente se 
trabaja con Li-TNT y Na-TNT

L. Fernández-Werner, R. Faccio et al. App. Surf. Sci. 290 (2014) 180–187
L. Fernández-Werner, R. Faccio et al. J. Energy Storage 12 (2017), 66-77 
E. Germán, R. Faccio & A. W. Mombrú. App. Surf. Sci. 426 (2017), 1182-1189.
E. Germán, R. Faccio & A. W. Mombrú. J. Phys. Comm. 1 (2017), 055006
E. Germán, R. Faccio & A. W. Mombrú. App. Surf. Sci. 428 (2018), 118-123.
F.  Pignanelli et al, Mater. Res. Bull., 106 (2018) 40-48.
M. Esteves, et al. Ceram. Int., 45(1) (2019), 708-717.

5A

Síntesis
Caracterización: 

XRD, SAXS, Raman

Prototipos
Modelado

Método hidrotermal 
bajo presión endógena

(Anatasa(A) , Rutilo(R), o A/R 50% p/p)

120° C <Tr<150°C
24h<tr<68h

NaOH(ac) 10M

Cálculos teóricos 
por primeros principios
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7. Ejemplo: Hilos de TiO2

p Estudio electrónico y vibracional de 
nanohilos derivados de anatasa y TiO2(B)

53

7. Ejemplo: Nanohilos de Anatasa 

Junio de 2019 54

Presencia de modos de 
frecuencia imaginaria
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7. Ejemplo: Nanohilos de Anatasa

Junio de 2019 55

Modulación Estructural 
utilizando phonopy:
MODULATION

7. Nanohilos: TBx y TBy

Junio de 2019 56
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7. Ejemplo: Propiedades Térmicas
p G(V, T) ≅ Ewire(V) + Fvib(V, T)

Junio de 2019 57

7. Ejemplo: Conclusiones
p Se encuentra factible la obtención de nanohilos de TBx 

y TBy, particularmente este último.
p Presentan propiedades electrónicas similares 

(confinamiento cuántico).
p Termodinámicamente TBy es la fase más favorable en 

el rango de T estudiado

Junio de 2019 58
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7. Ejemplo: Conclusiones
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¡Muchas Gracias!
¿Preguntas?

7. Superficies de Polimorofos y 
Titanatos de Hidrógeno

Determinación de Energías de Superficie equivalentes y
Densidad de Estados Electrónico DOS.

Surface Energy (J/m2) Energy Gap (eV)
Surfaces DFT DFT+U DFT DFT+U

Anatase (001) 0.75 0.42 2.09 2.32
Anatase (100) 0.55 0.61 2.23 2.76
Anatase (101) 0.29 0.28 2.83 3.38
Rutile (100) 0.61 0.60 2.03 3.06
Rutile (101) 1.01 0.90 1.89 2.65
Rutile (110) 0.58 0.27 1.29 2.06

TiO2-B (001) 0.20 0.18 2.59 3.06
TiO2-B (100) 0.52 0.36 2.85 2.98

H2Ti3O7 0.20 0.15 1.82 2.31

Esup = (Eslab - NTi ETiO2-bulk)/2S
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EGAP bulk experimental
Anatasa 3.20 eV
Rutilo 3.00 eV
TiO2-B 3.22 eV
H2Ti3O7 3.27 eV

7. Superficies de Polimorofos y 
Titanatos de Hidrógeno

Propiedades
Electrónicas

Work Function (eV)
Surfaces DFT DFT+U

Anatase (001) 6.948 6.390
Anatase (100) 6.857 6.569
Anatase (101) 7.542 7.459
Rutile (100) 7.821 7.974
Rutile (101) 6.482 6.440
Rutile (110) 7.458 7.293
TiO2-B (001) 7.096 7.112
TiO2-B (100) 7.550 7.411

H2Ti3O7 6.183 6.167

7. Superficies de Polimorofos y 
Titanatos de Hidrógeno
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7. Conclusiones Parciales (I)
p Se hallaron mejores aproximaciones a los resultados experimentales de energías de

band gap a expensas de pequeñas desviaciones en la geometría optimizada y la
energía superficial.

p La función trabajo prácticamente no se ve afectada por la inclusión del término
repusilvo de Hubbard “U”

p Las propiedades termodinámicas varián en menos del 5% al introducir “U”

E. Germán et al. App. Surf. Sci. 428 (2018), 118-123.
E. Germán et al. J. Phys. Comm. (2018), in press

Eads = - (Ecatechol/surface - Ecatechol - Esurface)

7. Adsorción de Colorantes Modelo: 
Anatasa(101)

Ti-O (Å) O-H (Å) E ads (eV) VB-CB (eV)
D0 2.51 0.431 2.911

2.35
D1 1.94 0.972 0.810 2.101

2.33
D2 1.91 0.972 0.903 1.604

1.91 0.974

Adsorción de molécula colorante modelo -
Catechol- sobre superficies de titanato de
hidrógeno y TiO2-B para aplicaciones en DSSC
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Ti-O (Å) O-H (Å) E ads (eV) VB-CB (eV)
D1 1.95 0.974 1.096 1.624

D1-vac 2.06 0.972 1.750 2.354
2.11

Ti-O (Å) O-H (Å) E ads (eV) VB-CB (eV)
D0 3.46 0.260 2.536

3.46
D2 2.13 0.977 -1.615

2.02 0.974
C 1.96 0.973 -0.820 1.552

2.12 0.993 Catechol/A(101) Eads = 0.903 eV, VB-CB = 1.604 eV

7. Adsorción de Colorantes Modelo: 
Titanato de hidrógeno (100)

Ti-O (Å) O-H (Å) E ads (eV) VB-CB (eV)
D0 2.73 -0.111 1.197

2.89
D2 1.92 0.976 -0.489 0.919

1.92 0.976
C1 2.01 0.978 -1.488 1.384

2.08 0.989
C2 2.02 0.980 -1.693 1.571

2.02 0.979 Catechol/A(101) Eads = 0.903 eV, VB-CB = 1.604 eV

7. Adsorción de Colorantes Modelo: 
TiO2-B (001)
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Ti-O (Å) O-H (Å) E ads (eV) VB-CB (eV)
D0 2.464 0.395 2.931

2.226
D2 1.879 0.980 1.068 2.938

1.879 0.980
C1 1.942 0.978 0.285 0.637

1.972 0.979
C2 1.961 0.978 0.804 2.918

1.956 0.972
Catechol/A(101) Eads = 0.903 eV, VB-CB = 1.604 eV

7. Adsorción de Colorantes Modelo: 
TiO2-B (100)

H-Titanate-D1

H-Titanate-D1-vac

7. Orbitales Frontera


