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4. Microscopía Electrónica
p Microscopía Electrónica de Barrido (SEM)
p Microscopía Electrónica de Transmisión 

(TEM)
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4. Microscopía Electrónica
p Microscopios de Luz

n 500 a 1500 X de aumento.
n Resolución espacial ~0.2 µm

p Resolución depende de:
n Longitud de onda de la Fuente 

de iluminación.
n Apertura numérica de la lente
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4. Microscopía Electrónica
p La longitud de Onda de los electrones 

depende de:
n Masa del electron
n Carga del electrón
n Potencial de aceleración de los electrones

(Voltaje)
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4. Microscopía Electrónica
p Microscopio TEM

n Flujo de electrones
pasa a través de la 
muestra.

n Fenómenos de 
Dispersión.

n Los electrons no 
dispersados pasan
por la muestra y se 
colectan
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4. Microscopia Electrónica
p TEM
p HRTEM
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Grilla de Cobre

4. Microscopía Electrónica
pMicroscopio TEM

n Morfología: 
p Forma, tamaño y agregación

de partículas.

n Composición Química:
p Análisis elemental.

n Estructura Cristalina:
p Arreglo de átomos
p Defectos
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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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4. Microscopía Electrónica (TEM)
p Ventajas

n Estudios adicionales
como espectrometría
de rayos X se pueden
realizer.

n Imágenes de alta
resolución.

n Reconstrucción de 
imagen 3D.

p Desventajas
n Se mide en vacío.
n Muestra resistente al 

flujo de electrons.
n Procesamiento de 

muestra
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4. Microscopía Electrónica
p Microscopio SEM

n Electrones penetran
en la muestra.

n Interacción entre e-
y muestra.

n Electrones y fotones
se emiten desde la 
muestra.

n Los electrones
emitidos se detectan
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4. Microscopía Electrónica
p Microscopio SEM

n Topografía: Textura y superficie
de la muestra.

n Morfología: Forma, tamaño y 
agregación de partículas.

n Composición Química: Análisis
elemental.

n Estructura Cristalina
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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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4. Microscopía Electrónica (SEM)
p Ventajas

n Muestras en volumen y tamaño “grande” 
pueden observarse.

n Es possible alcanzar buena resolución.
n Permite ver pureza y características de 

agregación.

p Desventajas
n Muestras deben ser conductoras.
n Muestras aislantes deben ser recubiertas.
n No es possible resolver estructura interna.
n Presencia de Vacío.
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