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The wide-gap semiconductor TiO2 nanoparticles with and without dye sensitization have been studied by small

angle x-ray scattering using synchrotron radiation. Surface properties of the colloidal TiO2 nanoparticles have been

analysed in terms of the surface fractal dimensions (Ds), showing that Ds changes from 3.25 to 2.34 when TiO2

nanoparticles are sensitized by ATRA (all-trans-retinoic acid), which reveals that the surface of the particles become

relatively smooth after dye sensitization. The size distribution of gyration radius of TiOg2 nanoparticles in the colloids
M (Rg) has been successfully determined by the Shull-Roess method. The main peak of M (Rg) for the unsensitized TiO2
colloid is located at 2.1nm, corresponding to a spherical diameter of 5.4nm, and this value for the ATRA sensitized TiO2

increases to 2.4nm, indicating a spherical diameter of 6.4nm. Such a size enlargement of TiO2 nanoparticles suggests

that there is a coating of ATRA on the TiO2 surface, supporting the view that a monolayer of the dye has been attached

to the surface of the TiO4 nanoparticle.
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1. Introduction

The physical properties of nanoscale particles (di-
ameter 1-50nm) are significantly different from those
of microscopic (1-500 pm) or readily crystallizing ma-
terials of identical chemical composition.! =3 Among
the various kinds of nanocrystalline materials, wide-
gap semiconductor titanium dioxide has been well
known for its various applications including photo-
voltaic, electrochromic, photochromic, electrolumi-
nescence, photocatalysis nanoelectronic devices and

Sensors. [6,7]

In many applications, the assembling of dye
molecules is involved on the TiOs nanoparticulate
surface. To achieve the expected effect, the dye-
assembling should be carefully engineered. The suc-
cessful engineering of dye molecules on TiO5 nanopar-
ticles is the invention of the dye-sensitized TiOs

nanoparticle solar cell, known as the Gratzel cell,

which has the advantages of high efficiency and low
cost.[89] TiO, was used in the form of nanocrystalline
layers, in combination with organic electrolytes (ace-
tonitrile and ethylene carbonate) and ruthenium com-
plexes as sensitizers. An important requirement was
the attachment of the ruthenium complex to the TiO9
surface by carboxylic groups.l'% It is known that the
dye could function most efficiently if it is chemisorbed
on the surface of a semiconductor.[':12 Such kind of
dye-sensitized cells differ from the conventional semi-
conductor devices in that they separate the func-
tion of light absorption from that of charge carrier
transport. The device is based on TiOs particles of
around ten nanometres in size, coated with a mono-
layer of charge-transfer dye to sensitize the film for
light harvesting.!®] Therefore, it is obvious that the
size distribution of TiOs nanoparticles and the inter-
facial character are important in the molecular engi-

neering at the interface.[?13:14] Two kinds of structural
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information, i.e. the size and surface properties, are
essential for such a purpose. The size effect and sur-
face properties of semiconductor nanoparticles have
been the subject of intense research interest in recent
years.[15_17]

Solution x-ray scattering ['8) using synchrotron ra-
diation x-rays has proven to be a very useful tech-
nique for obtaining structural details such as the size
distribution and surface properties of the nanoparti-
cles. The low-resolution shape and fractal dimension
of TiO4 in the solution allows a more detailed study
on the nanoparticle and its chemisorption. In our
previous work, ATRA sensitized TiO2 colloidal solu-
tion has been studied by nanosecond and femtosec-
ond time-resolved difference absorbance spectroscopy
for its interfacial electron transfer process, and it has
also been discovered that ATRA can serve as a tran-
sient molecular probe to different kinds of surface
binding between the surface titanium atoms, as well
as the polarity of the medium.['®! We have also no-
ticed that this molecular probe indicates the polar-
ity of the micro-environment of the probe molecule
rather than that of the bulk medium. Therefore it
is imperative to understand the arrangement of the
ATRA molecule on the TiO; surface. In this paper,
we present the results of small-angle x-ray scattering
(SAXS) study on ATRA-sensitized /unsensitized TiOg
colloidal solutions, which support the view that the
ATRA molecules form a monolayer on the TiOg sur-
face with carboxylic groups binding on the TiOy sur-
face and the hydrophobic moiety pointing towards the
medium. To our best knowledge, this is the first direct
evidence for the presence of dye molecule layer coated

on the TiO5 nanoparticle in the solution.
2.Experiment

The SAXS experiments were carried out on beam-
line 4B9A at the Beijing Synchrotron Radiation Fa-
cility (BSRF), using a home-made SAXS apparatus.
The x-rays from a bending magnet were focused in
both horizontal and vertical directions by a Pt-coated
toroidal mirror, then monochromatized by a double
Si(111) crystal monochromator with a fixed exit. The
energy range of the beamline was from 3 to 12keV
with a resolution of 3x10%.[2%] The storage ring was

operated at 2.2GeV with a current around 80mA dur-

ing the measurements. The wavelength of the inci-
dent monochromatic x-ray beam used in the exper-
iment was 0.154nm. The scattered x-ray intensities
were recorded using an image plate technology, as
a function of the modulus of the scattering vector,
h = 4msinf/ X, where 26 is the scattering angle. The
detector for SAXS data collection was the image plate
(IP) system Fuji BAS-2500, with an active area of

400mm by 200mm and a minimum pixel size of 50pm.

The sample-to-detector distance of 1553.0mm and
the x-ray wavelength of A=0.154nm allow a coverage
of scattering vector interval of 0.1 < h < 2.5nm™!.
The background scattering, such as parasitic scatter-
ing intensity and those produced by air and slits, was
subtracted from the total measured SAXS intensity.
The absorption of the samples was corrected. SAXS
analysis was conducted in terms of several programs

coded by using Visual-Fortran.

The samples were encapsulated inside a cell be-
tween two thin parallel diamond windows. Data ac-
quisition time was typically 5-20min, depending on
the scattering intensity. TiOg nanoparticle was pre-
pared by hydrolysis of Ti(IV) (iso-propoxide), un-
[21] The concentration of TiOs in
water was 2.0g/L. All-trans-retinoic acid (Aldrich),
titanium(IV) 2-propoxide (Alfa, 98%) and 8-Apo-
8 carotenal (Aldrich) were used without further purifi-
cation. The ATRA sensitized TiO5 colloidal solutions

were subjected to high purity Ny gas bubbling for at

der acidic condition.

least half an hour to remove the dissolved oxygen.[2?]
Powdered TiO; sample was prepared by room tem-
perature rotary evaporation of the solvents for x-ray

diffraction measurement.

3. Results and discussion

Figure 1 shows the scattering intensity recorded
by an image plate for 0.33g/L TiOs in water at the
BL4B9A beamline of BSRF. The centre of the beam
can be fixed by interpolating from the lower side to-
ward higher side at first and then choosing the middle
of the interpolating line. Averaging several such mid-
dle points, as shown in the figure, gives the position
of beam centre with excellent accuracy. The inset of
Fig.1 shows the derived scattering intensity as a func-

tion of the modulus of scattering vector h.
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Fig.1. Small-angle x-ray scattering curves of the TiO2
samples in aqueous solution.

The average radius of gyration of nanoparticles in

solution can be calculated by 23]
I(h) = I.Nn’exp[—h*R>/3], (1)

where I, is the scattering intensity per electron, N
is the number of the scatterers, and n is the number
of electrons. In practice, a linearized representation
will be used, by plotting In[I(h)] vs h? (Guinier plot).
However, the Guinier radius cannot be calculated from
the appropriate plot of the scattering data, i.e. a
straight line was not observed in the initial section
of the logarithmic intensity versus h2 plot, as shown
in Fig.2. This deviation is due to the polydisperse size
distribution of the structural units in the solution. As
shown in the small angle region of Fig.2, the absolute
value of the slope of TiOy with ATRA is larger than
that in water, implying a different size distribution in

these colloids.
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Fig.2. Guinier plot of the SAXS data for the sam-
ples; (a) 2g/L TiO2 in water, (b) 2g/L TiO2 in wa-
ter+ATRA.

regular one, Dg has a value of 3. The surface fractal
dimensions Dy can be computed from the scattering

data using the following equation:
Dy = 6 — |slope,], (2)

where [slope,| is the slope of the log I vs log h scat-
tering curves, and slope; is determined in the Porod
regime of the scattering variable.

Figure 3 shows the results. It is found that
D,=3.2540.1, 2.3440.1 for the 2g/L TiO2 in water
and that with ATRA dye respectively, both of which
deviate from 2. The value of D, in water suggests that
the particle has a rough surface. However, it is wor-
thy to note that the particle in ATRA solution has a
quite smooth surface, indicating a distinct combina-
tion of TiOs and ATRA dye molecules. This view is
supported by the corresponding size distribution, as

shown in Fig.5.
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Fig.8. logl-logh representations of the SAXS data.

The Guinier approximation (Eq.1) is valid for
monodispersive spherical particles, but it can be ex-
tended to any anisotropic shape.[23:27) If the assump-
tion is observed, the log I vs A2 plot is linear. Ac-
cording to Fig.2, none of the samples show a straight

line in the initial section of this plot: that is, the size
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of the scattering particles cannot be described by the
Guinier radius. The deviation from the Guinier plot
is because of the polydispersive size distribution of
the scattering particles. Further detailed information
can be obtained by the method of Shull and Roess 2]
which described the scattering curves in the Guinier
range by employing various types of size distribution
functions. If a Maxwellian type of distribution is as-
sumed, the scattering curve can be transformed into
a straight line by a fitted shift (3/72) according to the

equation
4
tog T = ¢ — " Diog(h? 13/53),  (3)

where ¢ is a constant, and n and rg are the param-
eters of the Maxwellian distribution function in the

following equation:

2
e (n+1)/2)

M(Rg) = "exp(~Rg/rg).  (4)
M(R,) is normalized to the total mass of the scatter-
ing particles. Figure 4 shows the linearization of the
logI vs logh? representation of the intensity curves
for the 2g/L TiOg in water and that sensitized with
ATRA dye.
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Fig.4. The linearized log I —log(h? + 3/r2) represen-
tations of the SAXS.

A Maxwellian type distribution can be obtained
by using the method of Shull and Roess, and the ob-
tained distributions of Guinier radius are shown in
Fig.5. The similarity of the size distribution curves
suggests no significant differences in the matrix struc-
ture. Further assuming that the particles are spher-
ical, the characteristic diameters calculated, 2R =
2(5/3)/2 Ry, are about 5.4nm for the sample of 2g/L
TiO3. The XRD measurement of powdered TiOs

shows that the average size of TiOy nanoparticles is
5.9nm based on Sherrer’s formula. Obviously, these
two different methods lead to a consistent value of the
average size. It should be noted that the M(R,) peak
position for the ATRA sensitized TiO colloidal solu-
tion has a value of 2.4nm, corresponding to a spher-
ical diameter of 6.4nm, i.e. the diameter increases
by about 1Inm when ATRA is added to the colloidal
solution. Since the maximally extended length of
an ATRA molecule is 1.56nm, which is an extended
polyene structure, and the real length can be shorter
than this value, it is natural to conclude that our re-
sult supports the view that a monolayer of the ATRA
molecules has been attached to the surface of TiO4
nanoparticle via the carboxylic group, with the ex-

tended retinyl moiety pointing out towards the sol-

vent.
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Fig.5. Guinier radius distribution calculated from the

SAXS curves using a Maxwellian type distribution.

4. Conclusions

We have performed a SAXS measurement on the
wide-gap semiconductor TiOs nanoparticles in col-
loidal solution using synchrotron radiation. The sur-
face properties of the TiO5 nanoparticles in aqueous
solutions with and without ATRA dye have been anal-
ysed in terms of surface fractal dimensions. The size
distribution of gyration radius of TiO3 nanoparticles
in these solutions M(R,) has been successfully deter-
mined by the Shull-Roess method. The main peak
of M(Rg), which is located at 2.1nm, corresponding
to a spherical diameter of 5.4nm for the aqueous so-
lution, increases to 2.4nm, i.e. corresponding to a
spherical diameter of 6.4nm for the colloidal solution
with ATRA dye. This enlargement in the size of TiO4
nanoparticle indicates that there is a distinct combi-

nation of TiOy and ATRA dye molecules, supporting
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the view that a monolayer of the dye molecules has

been attached to the surface of the TiO5 nanoparticle.

These results provide direct evidence for the layered

dye coating on the TiO5 nanoparticle in the solution

phase.
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