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Abstract

Cerium vanadate films on glass substrate were obtained by sol–gel process. The morphology of these nanostructured and porous films

was studied by grazing-incidence small-angle X-ray scattering (GISAXS) at synchrotron ELETTRA, Trieste, Italy. The aim of the

GISAXS study was to investigate the changes in grain sizes due to the temperature evolution with three different time intervals (5, 15 and

30min) of annealing at 673K. We found that the effects of the different times of annealing are different for surface and bulk properties of

this V/Ce oxide.

r 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Among various metal oxides, recently exploited as
electrodes in advanced electrochromic devices, electroche-
mical cells and dye-sensitized solar cells inspired with the
photosynthesis process, vanadium/cerium (V/Ce) mixed
oxides play a significant role. Namely, in such intermediate
compositions, the high ion-storage capacity of V2O5 and
the optical passivity of CeO2 are successfully combined
[1,2]. In the present paper, the focus is on CeVO4, the
compound with the structure generally suitable for inter-
calation of lithium ions. Thin films of CeVO4 were
obtained using the sol–gel method, which enables a simple
control of the stoichiometry (the vanadium content was

55 at%). It was already proved that sol–gel-derived thin
metal oxide films exhibit properties that are a function of
their nanostructure [3–6]. Besides techniques that can
provide information on structures of the film surfaces,
such as atomic force and electron scanning microscopy,
powerful methods for the characterization of nanostruc-
tures are those based on small-angle X-ray scattering
(SAXS). As the scattering is caused by the particles, which
form the porous oxide film, the information obtained by
SAXS has a statistical character, i.e. it is averaged over the
region of the sample examined by the X-rays. By choosing
adequate techniques of SAXS measurements, for instance,
the grazing incidence (GISAXS) technique, different
regions of a sample can be examined from the surface of
the film down to the substrate [7,8]. Our aim is to
investigate the nanostructural characteristics of films that
were processed by annealing in order to achieve the
optimal morphology for lithium intercalation. GISAXS
measurements were performed using a 2D CCD camera
(from Photonics Science) in order to clearly distinguish the
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surface and the bulk contribution that are different
functions of the sample to scattering angle orientation.

2. Experimental

The preparation of an aqueous dispersion of hydrated
oxide (sol) of V2O5, CeO2 and mixed V2O5/CeO2 started
from a solution of the corresponding metal oxide or metal
salts V2O5 and Ce(NH4)2(NO3)6, respectively. Crystalline
V2O5 was dissolved in 6% nitric acid to obtain 0.044M
aqueous solution. By the evaporation of water, the desired
concentration of V2O5 was obtained and was directly used
for the preparation of pure vanadium oxide thin films.
Mixed V/Ce-oxide films at 55 at% of V in V/Ce-oxide were
prepared by adding into the V2O5 sol an adequate
concentration of CeO2 sol. The stability of the prepared
V2O5 sol was improved by the addition of CeO2 sol, thus
even after a few months the prepared sols were still stable.
Films were prepared on SnO2:F substrates by the dip-
coating method with only one dipping. After the deposi-
tion, the samples were heated at 673K for 5, 15 and 30min.
All other details about the preparation and deposition
techniques can be found in Ref. [9].

The surfaces of the samples were examined by scanning
electron microscopy (SEM). SAXS measurements were
performed at the SAXS beam line [10] at the Synchrotron
Elettra, Trieste, Italy. A photon energy of 8 keV was used,
the size of the incident photon beam on the sample was
0.15� 4mm (h�w) and the photon flux on the sample was
about 5� 1011 ph s�1.

Grazing-incidence small-angle X-ray scattering (GISAXS)
pattern for each film were measured at different grazing
angles. The absolute value of the scattering wave vector q
equals q ¼ 4p sin y/l, where 2y is the scattering angle
and l is the wavelength. The GISAXS intensity curves
are obtained from the scattering pattern recorded by a
two-dimensional charge-coupled device (CCD) detector
(with image sizes of 1024� 1024 pixels), which has a
115mm diameter input phosphor screen. The samples were
mounted on a stepper-motor-controlled tilting stage with a
step resolution of 0.0011 and measured at the chosen
grazing angles. The camera length of the set-up was 2m.
For the angular (q-scale) calibration of the camera, the
rat-tail tendon was used.

On the recorded two-dimensional GISAXS intensity
maps, like those in Fig. 1, the scattering parallel and
normal to the sample surface can be distinguished, and is
indicated by the respective components of the scattering
vector qy and qz. The maximum of the scattered intensity is
in the direction of the specular plane (qy ¼ 0), which is
normal to the sample surface. The central part of the
scattered intensity was partly reduced by a thin Al absorber
in order to avoid detector saturation.

The method of interpreting X-ray scattering data is
based on the analysis of the scattering curve, which
generally shows the dependence of the scattering intensity,
I, on the scattering wave vector 9q9.

3. Results and discussion

3.1. Qualitative analysis of surface properties

The GISAXS spectra for each film were measured at
eight different grazing angles, starting from slightly below
the critical angle. Due to refraction, the X-rays penetration
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Fig. 1. GISAXS patterns of samples annealed for 5min (a), 15min (b) and

30min (c).
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into the film is reduced to a few nanometers when the
grazing angle is not larger than the critical angle [11].
Therefore, if 2D GISAXS patterns are recorded at angles
close to the critical angle, the surface contribution to the
scattering is strongly enhanced. In Figs. 1a–c such patterns
are shown for three CeVO4 samples, annealed for 5, 15 and
30min, respectively. These patterns reveal differences in the
surface characteristics of these three samples.

First, we observe the general characteristics of these
GISAXS patterns. The coherent surface scattering is
restricted to the vicinity of the specular plane (qy ¼ 0)
and has been depleted by the Al absorber that is visible as a
central dark strip. Furthermore, a two-particle type of
scattering contribution can be distinguished. Along the
specular plane the scattering from the particles lying on the
surface is dominating, while the scattering from the inside
particles whose position is not correlated to the surface, is
stronger further away from the specular plane. These two
contributions are best distinguished in Fig. 1a, where the
latter appears to be circularly distributed around the direct
beam position (q ¼ 0). In the case of the other two samples,
this distinction is less obvious, probably because of the
wider size distribution of the particles and stronger
randomly rough surface scattering. The intensity along
the specular plane extends to a certain qy cut-off range,
which is a fingerprint of an island-like surface. The surface
seems to be relatively smooth and partly populated with
isolated particles. It is interesting that the results of another
analysis, performed on a different dimension scale (but also
nanoscale) using SEM, follow the above results of the
GISAXS analysis. The SEM view of the sample surfaces is
shown in Fig. 2. The transition from an island-like surface
(a) to randomly rough, grained surfaces (b and c), detected
by GISAXS, is confirmed.

3.2. Quantitative analysis of surface and bulk properties

As we stated in the introduction section, the quantitative
method of interpreting X-ray scattering data is based on
the analysis of the scattering curve, which generally shows
the dependence of the scattering intensity, I, on the
scattering wave vector q. We extracted one-dimensional
scattering curves from the two-dimensional GISAXS
patterns of our samples as the so-called vertical and
diagonal cuts. In the case of a vertical cut, the scattering
intensity parallel to the specular plane was extracted and
the scattered intensity I versus the qz component of the
scattering wave vector was analyzed at qy ¼ 0.2 nm�1. In
the frame of the Guinier approximation, the change in
intensity for very small values of the scattering vector
depends only on the particle size:

IðqÞ / exp �
q2R2

G

3

� �
. (1)

In this expression, q is the scattering wave vector and RG

is the radius of gyration. Using this approximation, the
radius of gyration can be determined from the scattering

curve, indicating the typical size of the particles in the
examined part of the sample.
Using the vertical cut, the particle size, RGV, perpendi-

cular to the sample surface was estimated. Fig. 3 presents
examples of vertical cuts obtained from 2D patterns for the
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Fig. 2. SEM view of samples annealed for 5min (a), 15min (b) and 30min (c).
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CeVO4 samples annealed for 5, 15 and 30min. We
extended the analysis by calculating also the particle size,

RGD, using the diagonal cut ðqdiagonal ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2

z þ q2
y

q
; qz¼ qyÞ;

which is more appropriate to determine the size of the
particles that are deeper in the sample and whose position
is not correlated to the surface.

The overall results, that is, the radii of gyration for
samples annealed for 5, 15 and 30min, calculated for
different grazing angles of X-ray incidence are presented in
the Tables 1–3, respectively. For a better estimation of
trends in the change of the particle sizes, a part of those
results is also presented in Figs. 4–6, where the gyration
radii are shown versus the X-ray penetration depth.

There is a general increase in the overall particle sizes with
increasing annealing time. All samples show a general
decrease in the particle vertical size with increasing depth.
However, although the particles sizes in the vertical direction
are generally bigger at the surface of the samples, this is not
evident for the sizes in diagonal direction. The discrepancy
in the sizes in vertical and diagonal direction indicates that
we are not dealing with predominantly spherical particles.
The particle shape cannot be discussed in more details, due
to the averaging effect of different spatial orientations and
different sizes. If we look at the ratios between RGV and
RGD in Tables 1–3, there is a similarity for all the samples.
The ratio is bigger than one or close to one for smaller
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Fig. 3. Scattering curves obtained by a vertical cut from 2D GISAXS

patterns for samples annealed for 5, 15 and 30min, denoted as vca5n,

vca15n and vca30n, respectively.

Table 1

Gyration radii of the CeVO4 sample annealed for 5min, determined for

eight grazing angles of X-ray incidence

Grazing angle (1) RGV (nm) RGD (nm) RGV/RGD

0.283 2.5 2.8 0.9

0.315 3.0 2.8 1.1

0.365 3.0 2.3 1.3

0.415 2.4 2.2 1.1

0.465 2.7 2.4 1.1

0.565 1.6 2.3 0.7

0.765 2.2 2.6 0.8

0.965 1.5 2.6 0.6

RGV and RGD are the gyration radii estimated from the 1D-intensity

curves obtained from vertical and diagonal cuts of the 2D GISAXS

patterns, respectively. The relative error in estimation of the gyration radii

is between 1% and 4% and does not significantly affect the ratio RGV/RGD

(to the value of the first decimal place).

The bolded angle is close to the critical angle at 0.3661.

Table 2

Gyration radii of the CeVO4 sample annealed for 15min, determined for

eight grazing angles of X-ray incidence

Grazing angle (1) RV (nm) RD (nm) RV/RD

0.280 3.9 3.9 1.0

0.330 4.0 3.6 1.1

0.380 4.3 3.6 1.2

0.430 3.6 3.9 0.9

0.480 3.3 3.7 0.9

0.580 3.3 3.6 0.9

0.780 2.7 3.6 0.7

0.980 2.1 3.1 0.7

RGV and RGD are the gyration radii estimated from the 1D-intensity

curves obtained from vertical and diagonal cuts of the 2D GISAXS

patterns, respectively. The relative error in estimation of the gyration radii

is between 1% and 4% and does not significantly affect the ratio RGV/RGD

(to the value of the first decimal place).The bolded angle is close to the

critical angle at 0.3661.

Table 3

Gyration radii of the CeVO4 sample annealed for 30min, determined for

eight grazing angles of X-ray incidence

Grazing angle (1) RV (nm) RD (nm) RV/RD

0.322 4.3 3.9 1.1

0.372 3.9 3.9 1.0

0.422 3.9 3.8 1.0

0.472 3.4 3.6 0.9

0.522 3.3 3.9 0.8

0.622 2.9 3.9 0.7

0.822 3.1 4.2 0.7

1.022 2.6 3.3 0.8

RGV and RGD are the gyration radii estimated from the 1D-intensity

curves obtained from vertical and diagonal cuts of the 2D GISAXS

patterns, respectively. The relative error in estimation of the gyration radii

is between 1% and 4% and does not significantly affect the ratio RGV/RGD

(to the value of the first decimal place).

The bolded angle is close to the critical angle at 0.3661.
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grazing angles of incidence, while it gets smaller than one for
wider grazing incident angles. It seems that the spatial
orientation of the scattering particles close to the sample
surface is not the same as of those in bulk.

Since the vertical scans were taken in the vicinity of the
specular plain they are most sensitive to the particles placed
on the surface or correlated to the surface. These are
elongated along the surface direction, and the size in
vertical direction is decreasing with increasing depth. On
the other hand, the diagonal scans are less sensitive to the
particle orientation with respect to the surface and provide
information on the sizes of the particles that are randomly
distributed throughout the film. Their shape seems to be

spherical and the size is far less a function of the depth.
This is well displayed especially in Fig. 1a, where the two
different kinds of the scattering contributions are appar-
ently well separated. Along the specular plain, the surface
correlated scattering (from island-like particles and those
oriented with respect to the surface) is more pronounced,
while bulk scattering is dominating away from it.
Upon annealing, the correlation of the oriented particles

to the surface is reduced and the two contributions to the
scattering appear to be more fused (see Figs. 1b,c with
respect to Fig. 1a). Also, all particle sizes are increasing with
annealing time, e.g. the typical bulk particle sizes increase
from about RG ¼ 2 to 4 nm, while the elongated particle
sizes at the surface increase from about RG ¼ 3 to 4.3 nm.
The results of the electrochemical measurements on

samples under intercalation of lithium [12] favor the
sample annealed for 5min. It has shown the best capacity
for lithium uptake, but also a limited reversibility of the
intercalation process. At this point, we can conclude that in
case of smaller grains composing this sample, the higher
number of grain boundaries facilitate the lithium ion
intercalation, which results in a good intercalation capa-
city. Furthermore, as those sizes are close to the
characteristic sizes for the transition from the crystalline
to the amorphous phase, it is possible that structural
changes caused by intercalation lead to an amorphous
phase saturated with lithium and so disturb the reversibility
of the intercalation process.

4. Conclusion

GISAXS has been used to investigate the structure of
annealed, dip-coated, sol—gel-derived films of CeVO4.
Two different kinds of nanoparticles have been detected. In
the vicinity of the surface, particles are elongated and their
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Fig. 4. Vertical and diagonal gyration radii, RGV and RGD, versus the

penetration depth, d, of X-rays, for the sample annealed for 5min.

Fig. 5. Vertical and diagonal gyration radii, RGV and RGD, versus the

penetration depth, d, of X-rays, for the sample annealed for 15min.

Fig. 6. Vertical and diagonal gyration radii, RGV and RGD, versus the

penetration depth, d, of X-rays, for the sample annealed for 30min.

A. Turković et al. / Solar Energy Materials & Solar Cells 91 (2007) 1299–1304 1303
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orientation is correlated to the surface. Their size is
diminishing with the distance from the surface. On the
other hand, spherical-like particles of similar sizes are
present throughout the bulk of the sample. With longer
annealing times the sizes of both types of particles are
increasing.
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[11] P. Dubček, Vacuum 80 (2005) 92.
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