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ABSTRACT: Hybrid nanostructures of organic dyes/TiO, nanoparticles were successfully
fabricated by self-assembly method. Compared with pure organic dyes, these hybrid
nanostructures showed enhanced performance of light absorption. Extensive high-
resolution transmission electron microscopy observations demonstrated that the organic
dyes are preferentially attached onto the {101} facets of anatase TiO, nanoparticles. Density
functional theory calculations further confirmed that the preferential attachments are
reasonable. These discoveries are very important for the preparation and improvement of -
the dye-sensitized and hybrid solar cells. o o, ATeriIEERs
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B INTRODUCTION as electron transport materials in DSSC and hybrid solar cells
(HSCS).IZ’13 Power conversion efliciency in organic photo-
voltaics (OPVs) is highly dependent on parameters such as
open-circuit voltage (V,.), which, in turn, is significantly
affected by the interfaces between active materials (donor and
acceptor).'*™'® These studies reveal the urgent need to
investigate and understand interfacial microstructures in these
photovoltaic systems.

We report on the microstructure and light absorption
properties of hybrid organic/TiO, nanoparticles fabricated by
self-assembly method. We have found that the organic dyes
have priority of adsorbing onto the {101} facets of anatase
TiO, nanoparticles. These hybrid organic/TiO, nanostructures
show the ability to promote the light absorption. Furthermore,
extensive DFT calculations are performed to investigate the
preferential adsorption theoretically.

The huge gap between the present use of solar energy and its
unexploited potential application represents a great challenge in
the energy research. As one of the most important ways to use
solar energy, solar cells have gained much attention in recent
years."” Organic solar cells (OSCs) are an attractive technology
in the solar energy research for their light weight, low cost,
flexibility, and versatility in the fabrication schemes.>* Indeed,
much work must be done to overcome the main difficulties for
this technology, that is, enhancement of cell efficiency and
lifetime. Thus, the need for novel materials acting as electron
acceptors and donors and the understanding of the interplay
between interfaces of electrodes are currently under intense
investigation. Hybrid organic—inorganic nanostructures, con-
sisting of an inorganic semiconductor coupled to an organic
dye, have emerged as a key enabler for photovoltaics during the
recent years due to their peculiar structures and remarkable B EXPERIMENTAL SECTION

optical, electrical, chemical, and magnetic properties that differ

significantly from those of bulk materials.’ Preparation of TiO, Films. TiO, nanoparticles with an

Since Fujishima and Honda discovered the photocatalytic average diameter °1f7 1S nm were prepared according to the
splitting of water on titanium dioxide (TiO,) electrode under literature protocol.”” TiO, films were deposited onto glass
ultraviolet (UV) light in 1972, TiO, materials have attracted plates by doctor-blade technique, which is shown in Figure 1a.

considerable attention due to their great potential applications A precleaned glass plate (2 cm X 3.5 cm), with the edges

in catalysis, photocatalysis, and especially dye-sensitized solar
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Figure 1. (a) Preparation of TiO, films using doctor-blade technique;
(b) Preparation of hybrid organic/TiO, films by self-assembly
method; Structures of POR-P (c) and POR-F (d); (e) TEM specimen
preparation procedure of hybrid organic/TiO, nanostructures.

copper grid

covered by adhesive tapes, was used as the substrate. One drop
of TiO, paste was spread on the plate with a glass rod. After
drying the film at 125 °C for 5 min, the samples were gradually
annealed in an air flow at 325 °C for 5 min, at 375 °C for §
min, at 450 °C for 15 min, and at 500 °C for 15 min.
Preparation and Characterization of Hybrid Organic/
TiO, Films. Hybrid organic/TiO, films were fabricated by self-
assembly method, as shown in Figure 1b. Figure 1c,d shows the
molecular structures of two novel organic dyes, porphyrin-
phosphate (POR-P) and porphyrin-fullerene (POR-F). First,
the organic solutions (0.20 mM) were prepared by dissolving
POR-P (or POR-F) into a mixture of ethanol and chloroform
(1:1). Then TiO, films were immersed into the organic
solution for 1 h. Subsequently, the samples were rinsed and
immersed in ethanol to remove residual organic molecules.
TEM Specimen Preparation and Characterization of
Hybrid Organic/TiO, Nanostructures. As shown in Figure
le, TiO, paste was first dispersed onto a holey-carbon-film-
coated copper grid. Then, the copper grid was immersed in the
organic solution for 1 h. Finally, the copper grid was rinsed with
ethanol to remove residual unbound organic molecules.
Bright-field (BF) transmission electron microscopy (TEM)
and high-resolution TEM (HRTEM) examinations were
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carried out using a JEOL JEM 2100F transmission electron
microscope operating at 200 kV, whose point-to-point
resolution is 2.4 A.

Light Absorption Measurement of Hybrid Organic/
TiO, Nanomaterials. Shimadzu UV-3600 spectrophotometer
was used to measure the light absorption of these hybrid
organic/TiO, films and of pure organic solutions, respectively.
The hybrid organic/TiO, glasses were cut into 1 cm X 3.5 cm
for the light absorption measurements. The UV—vis absorption
spectra of the solutions were measured in a 1 cm cuvette.

B RESULTS AND DISCUSSION

Figure 2 shows the steady-state UV absorption spectra of
hybrid organic dyes/TiO, films and pure organic dye solutions.
In Figure 2a, the absorption spectra of pure POR-F solution
(black line) and the hybrid POR-F/TiO, films (red line) show
the typical characteristic bands of the free base porphyrin,
where the strongest absorption of Soret band appears at 420
nm and four weaker Q bands at 520, 550, 590, and 650 nm,
respectively. Figure 2b shows the zoomed absorption spectra of
Q_ bands in Figure 2a. Comparing the ratio of absorbances at
the Soret and Q-bands, it can be seen that the relative intensity
of Q-bands of the hybrid POR-F/TiO, film is much higher than
that of pure organic solutions. In addition, a similar result is also
obtained from the UV spectra of hybrid POR-P/TiO, films and
pure POR-P solution, as shown in Figure 2c,d. Therefore, the
light absorption in the visible range is greatly enhanced through
hybridizing pure organic dyes with TiO, nanoparticles. In other
words, the synergic effect between TiO, nanoparticles and
organic molecules increases the light-harvesting efficiency
(LHE). It has been noticed that the incident photon-to-
electron conversion efficiency (IPCE), which is the ratio of the
number of photons incident to the solar cell to the number of
collected electrons, is usually in a strong positive correlation
with LHE. Thus, the hybrid organic dye/TiO, nanostructures
can be potentially used as a good light harvester to improve the
IPCE of solar cells.

Their microstructures were investigated by extensive
HRTEM examinations to clarify the enhanced light absorption
for the hybrid nanostructures. Figure 3a shows a typical BF
TEM image of the hybrid organic dye/TiO, nanoparticles. In
Figure 3a, one can see two types of TiO, nanoparticles
surrounded by organic dyes, one being nearly spherical and the
other being elongated. To give a reliable prevalence distribution
of different types, we recorded more than 100 nanoparticles
and carried out a statistical analysis of the different types among
the overall population. The volume fraction of TiO, nano-
particles with nearly spherical morphology (~73.3% of total
nanoparticles) is higher than that of the nanoparticles with
elongated morphology (~26.7% of total nanoparticles).
Examinations of more than 100 nanoparticles show that the
edge length of the particles ranges from 10 to 30 nm.
Furthermore, it is interesting to find that the organic dyes are
adsorbed only on part of but not all of the TiO, nanoparticles.
Figure 3b is a typical HRTEM image of pure TiO,
nanoparticles with nearly spherical morphology and a diameter
of ~25 nm. From Figure 3b, one can see that the interplanar
distance of nanoparticle is ~3.48 A, corresponding to the lattice
spacing of anatase TiO, {101} planes. It can be seen that the
nanoparticle edge is very clean and the contrast of the
amorphous region is homogeneous, which is identified to be
the carbon film.
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Figure 2. Normalized steady-state UV—vis absorption spectra (a) and the zoomed absorption Q-band spectra (b) of hybrid POR-F/TiO, and pure
POR-F solution. Normalized steady-state UV—vis absorption spectra (c) and the zoomed Q-band spectra (d) of hybrid POR-P/TiO, and pure

POR-P solution.

Figure 3c,d and Figure 3e,f present typical HRTEM images
of hybrid POR-P/TiO, and POR-F/TiO, nanostructures,
respectively. From these HRTEM images, it can be seen that
the contrast of the amorphous regions is not homogeneous,
which is distinguished by the dashed lines. The contrast of the
regions close to the TiO, nanoparticles is dark, while the region
a little far away from the nanoparticles is light. Compared with
the pure carbon film, the attached POR-P or POR-F molecules
onto the TiO, nanoparticles increase the sample thickness,
which leads to the darker contrast of the region near the
nanoparticles. Careful examinations of Figure 3c,d show that
more POR-P molecules are attached on the {101} surfaces,
while less POR-P molecules are adsorbed on the (102) and
(110) surfaces of TiO, nanoparticles. From Figure 3e/f, it can
be found that POR-F molecules have a priority to be adsorbed
on (101) planes rather than (100) planes of TiO, nano-
particles. Therefore, both POR-P and POR-F molecules are
preferentially adsorbed onto the {101} surfaces of anatase TiO,
nanoparticles, which might be attributed to the enhanced light
absorption.

For anatase TiO,, {101} surfaces are the most thermally
stable with a surface occupancy rate >90%,'® which can be
naturally obtained without addition of HF or other
morphology-directing agents during the fabrication process.
Therefore, it is very advantageous for the organic dyes to be
preferentially adsorbed onto the {101} facets of TiO,
nanoparticles to form hybrid nanostructures.

DFT calculations were performed to investigate the
adsorption behaviors of organic dyes onto anatase TiO,
(101), (100), (110), and (102) surfaces to reveal the
preferential attachment mechanism. From Figure 1c,d, it can
be seen that the structures of both organic compounds are very
complicated, which makes it very difficult to carry out the DFT
calculations; however, careful examinations show that the ends
of both organic molecules have similar functional groups,
—PO(OH), and —COOQH, the latter of which is considered to
act as the connection between POR-F molecule and anatase
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TiO, surfaces.'”~>" Therefore, a simplified and small molecule
of HCOOH, as shown in Figure 4a, is adopted as a model to
represent both organic molecules. All optimized geometrical
structures were calculated using DMol® Package in Materials
Studio.”* The Perdew—Burke—Ernzerhof (PBE), one kind of
generalized gradient approximation (GGA),* was used for the
functional of exchange-correlation. The valence orbitals of the
atoms were described by setting the double-numeric quality
with polarization functions (DNP),** and the core electrons
were substituted by DFT semicore pseudopotentials
(DSPPs).>® The configurations were considered to be
completely stable until the energy change <2.0 X 10~° Ha/
atom, the residual force was <0.004 Ha/A, and the maximum
displacement was <0.005 A.*® To make sure that the calculation
results were reliable, the full optimization of pure anatase TiO,
structure was performed. The computed lattice parameters of
the anatase TiO, crystal (a = b = 3.776 A, ¢ = 9.486 A) are in
good agreement with experimental measurements (a = b =
3785 A, ¢ 9.514 A),27 which further implied that our
calculation method was reasonable.

The adsorption energy, E, 4, was calculated according to the
following equation.

Eads = EHCOOH + Esurface - EHCOOH/surface

where E g, is the adsorption energy of HCOOH, Eycoom/suface
is the total energy of the HCOOH/surface system with one or
more molecules adsorbed on surfaces, and E .. is the total
energy of clean anatase (101), (100), (110), or (102) surface
slab. According to the previous equation, a positive value stands
for an energetically favorable adsorption configuration. The
more positive the adsorption energy, the more stable the
adsorption configuration.

On the basis of the electrostatic interactions, several possible
adsorption geometries of every surface were considered. Figure
4b—e shows the optimized configurations of HCOOH
adsorbed on anatase TiO, (101), (110), (100), and (102)
surfaces, respectively. In all adsorption configurations, both
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carbon:film;

Figure 3. (a) BF TEM image of the hybrid organic/TiO,
nanostructures; (b) HRTEM image of pure TiO, nanoparticles;
(c,d) HRTEM images of the hybrid POR-P/TiO, nanostructures; and
(e,f) HRTEM images of the hybrid POR-F/TiO, nanostructures.

structures of adsorbed HCOOH and anatase TiO, (101),
(110), (100), and (102) surfaces have very little distortion with

a displacement of about 0.01 to 0.03 A compared with the
isolated HCOOH molecule and the clean surfaces. An
important role in stabilizing these adsorption structures is
played by the hydrogen bonds with the bond lengths ranging
from 1.513 t01.608 A between the hydroxyl proton of
HCOOH and the O atoms on the surfaces. Meanwhile, the
Ti atoms on these surfaces are attacked through the carbonyl
oxygen with a distance ranging from 2.125 t02.232 A. All of
these energetic and structural properties indicate that the
adsorption states of HCOOH on anatase TiO, surfaces belong
to typical physisorption.

Table 1 summarizes the calculated adsorption properties of
HCOOH on anatase TiO, (101), (110), (100), and (102)

Table 1. Properties of HCOOH Adsorbed on the Different
Facets of Anatase TiO,

facets minimum periodicity (A) Ey (eV) q (e)
(101) 5412 0.942 0.163
(110) 5.871 1.248 0.143
(100) 9.486 0.766 0.162
(102) 12.125 unstable

surfaces. The calculated adsorption energies are 0.942, 1.248,
and 0.766 eV for the configurations on anatase TiO, (101),
(110), and (100) surfaces, respectively, while the adsorption
energy for the configuration on TiO, (102) surface does not
correspond to any local minimum. The computed adsorption
energies imply that the most preferential adsorption surface is
(110) surface and the second is (101) surface, which are
consistent with the previous theoretical results that (110)
surfaces are more reactive than (101) surfaces.”®* The
calculated preferential adsorption on (110) surfaces seems
contradictory to the experimental results disclosed in the
HRTEM images; however, it can be seen from Table 1 that the
charge transfer of HCOOH molecule on anatase TiO, (110)
surface (0.143e) is much lower than that of anatase (101)
surface (0.163e). The lower charge transfer on the (110)
surface is inconsistent with its higher adsorption energy, which
is usually in a strong positive correlation in many cases.*® This
difference indicates that some other factors, such as the

Figure 4. Optimized geometrical structures of POR-F (a) and HCOOH adsorbed on anatase TiO, (101) surface (b), (110) surface (c), (100)

surface (d), and (102) surface (e).
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geometrical match, contribute to the higher adsorption energy
on the anatase TiO, (110) surface in addition to the
electrostatic interaction. Actually, to correctly predict how a
molecule is adsorbed on a metal oxide surface, not only the
chemical state but also the local coordination of the adsorption
sites should be considered as a result of the presence of
secondary interactions.*! As can be seen from Figure 4c, the
surface configuration has a deeper trough on the (110) surface
than that on the (101) surface, which provides more chances
for the HCOOH molecules to be adsorbed deep enough to
generate a strong adsorption energy. In addition, in the
adsorption configuration of HCOOH on TiO, (110) surfaces,
two O atoms surround the adsorbed O atom, providing a
synergic effect to enhance the stability and adsorption energy of
the system, while similar structures cannot be found on (101)
and (100) surfaces corresponding to the relatively low
adsorption energy.

To give a more reasonable explanation, the geometrical
configuration of real dye molecules has to be taken into
account. POR-F molecule is much larger than HCOOH, and
the advantageous geometrical match between the HCOOH
molecule and TiO, (110) surfaces cannot be retained.
Moreover, the periodicity of extended width on the surface
can also be a factor influencing the adsorption stability. The
distance between the two ends of the branches of POR-F
molecular unit (15.935 A), as shown in Figure 4a, is about three
times the atomic arrangement periodicity of the TiO, (101)
surface (5412 A x 3 = 16236 A), which indicates that the
structure of POR-F molecule is more inclined to match with
the TiO, (101) surfaces rather than (110) surfaces. Al-Saidi et
al.** reported a similar result that small differences in the
binding energies of the repeated units could lead to strong
preferences for chain binding to a particular surface, and they
also demonstrated the adsorption differences for small molecule
and polymeric molecule. Therefore, the preferential adsorption
of organic dye molecules on TiO, (101) surfaces is reasonable.

B CONCLUSIONS

The hybrid organic dye/TiO, nanoparticles are successfully
fabricated by the self-assembly method. The preferential
attachment of organic dyes onto TiO, {101} facets, observed
by HRTEM, greatly contributes to the enhanced light
absorption of the hybrid nanostructures. Such preferential
attachment is further confirmed by DFT calculations, which is
attributed to the strong electrostatic interaction and com-
petitive geometrical configuration of (101) facets. The results
may provide useful guidance for the controllable synthesis of
hybrid nanostructures and for their applications in solar cells.
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