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Abstract
Aqueous sols of crystalline solid solutions of the general formula Ce1−x Lnx O2−x/2 x/2 [Ln = entire lanthanide range,
x = 0–0.50 and  = anion vacancy] were synthesised using inorganic materials. The nanocrystals were dispersed
on an amorphous silica support and individual crystals examined for composition and structure by high-resolution
transmission electron microscopy (HREM) and energy dispersive analysis of X-rays (EDX). High-resolution pictures
showed the nanocrystals to be mainly between 5 and 10 nm in size, rarely elongated and with atomically clean
faceted surfaces.
Diffractograms were used to measure the lattice parameters of the face-centre-cubic (fcc) fluorite structures giving
values, depending on dopant species and concentration of dopant, in the range 5.5–5.8 Å. EDX analysis of individual
crystals with the same nominal composition compared closely to each other and to that of an average over a large
area indicating good homogeneity from the preparation method.

Introduction
The synthesis and study of nanocrystalline materials
has only recently, in the last decade or so, been explored
to examine those solids whose properties show a gradual transition from molecular structures to solid-state
matter as the particle size increases. Such materials can
show greatly different optical, electronic and catalytic
properties from their macro-crystalline counterparts,
as atomic orbital overlap gradually increases from discrete molecular orbital energy levels to splitting of the
quantised energy levels and finally to the continuum of
energy bands in a macro-crystalline lattice. Band gaps
between valance and conduction bands can be seen to
increase by several electron volts in CdS, for example,
as the size of the nanocrystal is reduced (Weller, 1993).
As a result of the decreasing size and increasing surface
to volume ratio of such particles, magnetic ordering can

collapse and crystal lattices become distorted (Gleiter,
1991).
So far, the study of nanocrystalline ceramic oxides
has been limited to the powder form where interparticle boundary effects can greatly influence the
properties of the individual nanocrystals (Gleiter,
1991). Analysis of individual, multi-component
ceramic oxide nanocrystals would require synthesis
techniques that allow the crystalline materials to be
dispersible in a liquid medium, without any organic
additives, and therefore enabling dispersion on a noninteractive medium. It is important however, to ensure
that in such a preparation method, the composition,
size and crystallographic structure of all dispersed
nanocrystals are homogeneous.
This paper therefore, describes the preparation
and subsequent use of high-resolution transmission
electron microscopy (HREM) to characterise such
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nanocrystals produced for the lanthanide doped ceria
solid solution series.
Lanthanide doped CeO2 of the general formula
Ce1−x Lnx O2−x/2 x/2 [Ln = all lanthanide elements,
x = 0–0.50 and  = anion vacancy] possesses
the face-centre-cubic (fcc) fluorite structure, space
group Fm3m, over a wide range of dopant concentrations. Partial replacement of CeIV ion with LnIII
ions in the lattice creates a corresponding number of
anion vacancies. The resulting solid solutions have
high ionic conductivity and as such have been widely
studied in the last two decades for their applications
in fuel cells (Inaba, 1996; Takahishi, 1995; Eguchi,
1992; Ushida, 1998; Mishima, 1998), as inorganic pigments (Sulkova, 1998; 1999), catalysts (Cho, 1991;
Kundakovich, 1998) and oxygen sensors (Henault,
1983; Gnorich, 1991). A vast majority of the techniques used to prepare these solid solutions employ
solid-state methods, firing at high temperatures in
excess of 1400◦ C to produce single-phase dense powders, which in turn must be pressed and sintered into
dense components suitable for devices. More recently,
techniques such as oxalate co-precipitation (VanHerle,
1996; 1998) and hydrothermal syntheses (Yamashita,
1995; Huang, 1997; Shuk, 1999) have been used to
lower the temperature of synthesis to below 1000◦ C
and the crystallite sizes to around 50 nm, but still produce materials in powder form which need to be pressed
and sintered. With the obvious benefits in miniaturising devices such as fuel cells and sensors by coating
thin layers of electrolytes and ionic conductors, more
advanced preparation techniques are needed to produce
films of these compounds on metal or glass substrates.
Some researchers have tackled this problem with a
complicated chemical vapour deposition approach to
producing thin films of ceria and gadolinium doped
ceria (McAleese, 1998), but with limited success,
whilst others have used expensive organic sol–gel precursors to produce electrolyte bi-layers (Mehta, 1998).
By the use of an inorganic sol–gel synthesis route however it was shown for the first time some years ago
(Bhattacharya, 1996), that single-phase materials of
this type could be produced at very low temperatures as
nanocrystals but more importantly, they are dispersible
in an aqueous medium. These aqueous sols are stable
over a wide concentration range up to 700 g l−1 and contain particles well below 25 nm with crystallite sizes as
low as 3 nm. Using these sols it was possible to produce
high quality dense thin films with minimal effort with
potential use as counter electrodes in opto-electronic
devices. With the fabrication of these thin transparent

films came for the first time detailed structural and optical data of the lanthanide doped ceria solid solution
nanocrystals (Hartridge, 1998; 1999; Krishna, 1998).
Transmission electron microscopy (TEM) is the ideal
technique to explore the structure and composition
of nanocrystalline materials. One research group has
looked at yttrium doped ceria nanocrystals in the bulk
agglomerated form (Bai, 1999) and another has looked
at bulk ceria nanocrystalline structure with temperature
(Guillou, 1997). However, until now the structure and
composition of individual unaggregated nanocrystals
of lanthanide doped ceria produced by this method or
any other has not been explored.
It was found that dispersions of these nanocrystals
on a high surface area amorphous silica would allow
characterisation of individual nanocrystals in a highresolution electron microscope without interference
from the support. The advances in nanoprobe electron
microscopy linked with improved energy dispersive
analysis of X-rays (EDX) technology allow the crystallographic and compositional analysis of individual
crystals to be explored and thereby be compared with
each other and to those same properties in the bulk
powders and films.
Experimental
A series of solid solutions with the general formula Ce1−x Lnx O2−x/2 x/2 [Ln = lanthanide (III/IV),
x = 0–0.5 and  = anion vacancy] was prepared
using techniques described elsewhere [22]. Briefly,
Cerium (III) Nitrate was simultaneously precipitated
and chemically oxidised to produce a crystalline ceria
hydrate with a crystallite size of around 5 nm. Repeated
washing and conditioning produced a bright yellow
coloured moist ceria powder, which was impregnated with the requisite quantity of lanthanide nitrate
and dried to a granular solid. This was heated in a
muffle furnace under strict temperature–time parameters, which depended on the amount of lanthanide
doping. The resulting powder was dispersed in distilled water to yield a transparent sol, which was in
turn centrifuged to remove any undispersed product
(<5%). The transparent sols produced were filtered
to <200 nm to remove any dust, and their concentration adjusted to 25 g l−1 . Separately, synthetic amorphous silica (Crossfield C200) was calcined to 600◦ C
to remove any adsorbed water/CO2 etc, cooled to room
temperature and divided into gram quantities. To each
gram, a different sol was added dropwise to just fill the
pores without over-wetting the support. The silica was
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dried at 105◦ C and briefly calcined to 450◦ C to remove
any anions and water. This process was repeated once
to give a resulting supported nanocrystallite concentration of ∼15% by weight.
To prepare the TEM samples, individual powder
samples were dispersed in methanol and placed in an
ultrasonic bath for 5 min to break up the silica aggregates. The suspension was allowed to settle for 30 s
and a holey carbon copper grid was then immersed at
the surface, pulled out immediately and dried under
an infrared lamp for 1 h. The grid was then mounted
in a double-tilt low-background holder and placed in
an oxygen plasma to decarburise the surface, ready for
analysis.
TEM was performed on a JEOL JEM-3000F instrument with a field-emission-gun operating at 300 kV and
in the ultra-high resolution configuration, with a low
spherical aberration coefficient of 0.60 mm, a point resolution of below 0.17 nm and an information limit of
below 0.10 nm.
The microscope was equipped with an Oxford
Instruments ISIS 300 EDX system with an ultra-thin
window Si(Li) detector. Its features are described in
detail in the paper ‘The development and assessment
of a high performance field-emission-gun analytical
HREM for materials science applications’ (Hutchison,
1999).
High-resolution images were recorded directly onto
a 1024 × 1024 pixel Gatan model 794 CCD camera
at a nominal microscope magnification of 600 k×
corresponding to a 29.1 nm field of view. Lattice
fringe spacings were measured from Fourier transform
diffractograms of images of single crystals. The magnification had been previously calibrated using a Si [110]
lattice image with the sample at the same height in the
microscope.
EDX spectra were obtained from individual
nanocrystals using a probe below 5 nm in diameter
without tilting the sample. The acquisition time was
typically 60–100 s. The spectra were only interpreted
qualitatively mainly due to the strong overlap of the
ceria signal with those of the dopant cations. At least
three images and spectra were obtained for each sample and the lattice spacing from several crystals within
each image were analysed.

Results and discussion
All sols produced by this preparation route were transparent and stable over a wide concentration range and

with time (over a period of several months). Ideal sols,
that is, those with narrow, low size distributions and
high stability, had a pH of around 4.0 and a conductivity at 25 g l−1 of 1–2 mS. Sol colours ranged from
pale yellow to white for La3+ , Gd3+ , Y3+ , Dy3+ , Yb3+ ,
with dopants increasing in concentration; pale brown to
black for Pr3+,4+ as dopant, pale green to green–blue for
Nd3+ , yellow for Sm3+ and pale peach to pale pink for
Er3+ . Photon correlation spectroscopy (PCS) measurements showed the particle size for all sols was between
5 and 30 nm, the average size generally increasing with
increasing dopant concentration and increasing with
the larger ionic radii, Ce0.50 La0.50 O1.75 having the largest
average particle size whilst Ce0.95 Yb0.05 O1.975 and pure
CeO2 have the smallest. Details of the sol particle size
and structural information on the gels, powders and thin
films of these materials have been published elsewhere
(Bhattacharya, 1996; Hartridge, 1998; 1999; Krishna,
1998).
The theoretical basis of electron diffraction in the
electron microscope is discussed in detail elsewhere
(Eddington, 1975). Briefly, when a monochromatic
beam of electrons passes through a single crystal, the
lattice planes act as a diffraction grating scattering the
electrons into a characteristic spot pattern. The characteristics of this pattern depend on the basic crystallographic structure of the crystal and its zone axis that is
the axis normal to the incident beam. The interpretation of the created electron diffraction pattern is aided
by the principles of the reciprocal lattice (Eddington,
1975) which assigns each spot in the pattern with a corresponding (hkl) plane. For ease, basic spot patterns
for each zone axis of a particular crystal system and
its corresponding assigned spot pattern are available in
the text (Eddington, 1975). This allows crystal systems
and zone axes to be assigned for each crystal through
the ratio of lengths to each spot in the pattern and their
angle to each other.
In such a spot pattern, the radius from the central
spot R to the spot produced by a specific hkl plane is
also related to the interplanar spacing d of the zone axis
by the expression
R=

λL
D

where λ is the electron wavelength and L is the camera
length. For a fcc structure, the plane separation d is
related to the lattice parameter a by the equation
1
1
= 2 {h2 + k 2 + l 2 }
d2
a
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Figure 1. High-resolution TEM picture of a Ce0.85 Nd0.15 O2−x
nanocrystal with corresponding spot diffraction pattern.

where h, k and l are the Miller indices of the
plane. Hence, by accurately measuring the distances
to various spots from the central beam, the lattice
fringe spacings for the single crystals can be measured and the lattice parameter for the crystal system
calculated.
An example of a high-resolution image of a
nanocrystal along with its spot diffraction pattern is
shown in Figure 1 specifically for a Ce0.85 Nd0.15 O1.925
crystal. The following is a detailed description of the
analysis procedure used for all the nanocrystals analysed. First, the size of the nanocrystal is noted using
the size bar as a reference. This shows the size of the
crystal in Figure 1 to be about 8 nm in its longest direction with a very slightly oval shape. This is consistent
with the crystallite size obtained from X-ray diffraction data and particle size data from PCS. The atomic
planes within the nanocrystal can be clearly seen as a
series of white dots separated by a black background.
The square outline surrounding the crystal indicates the
area used for obtaining electron diffraction and EDX
analysis data.
The next step is to assign a zone axis to the spot
diffraction pattern inset to the top right of the picture,
which shows a hexagonal array of dots surrounding the
central beam. To do this we note the angle and distances
between the highlighted spots of the diffractogram in
Figure 1. The ratio of a/b in this case is 1.16 separated by an angle of 51.4◦ . Now, referring to the standard reference spot patterns mentioned before, it can be
seen that this spot pattern is derived from the fcc structure and closest represents the [011] zone axis plane.
The slight variation in angles and ratios between measurements from the same crystal arises, mainly from

the small tilts of individual crystals away from exact
zone axis orientations, and is discussed in detail in the
paper ‘Lattice spacing in high-resolution micrographs
of metal nanoparticles’ (Malm, 1997). From this standard spot pattern we can now identify the three labelled
spots in the Figure 1 as having been derived from the
(111), (200) and (111) planes respectively. Using the
equations above, we now can convert these interplanar
distances (d) into √
lattice parameter
(a) by the simple
√
multiplication of 3, 2 and 3 for the three planes
respectively. These give lattice parameter values for the
crystal of 5.65, 5.62 and 5.99 Å. The first point to note
is the size of the lattice parameter values compared to
the 5.434 Å for bulk ceria doped with neodymium at
a level of 15% reported earlier. This is again an indication of the extreme lattice distortions involved in
these nanocrystals when the surface to volume ratio
is very large, an ∼5% increase in the observed lattice parameters. The large value compared to the other
two closer values is again due to deviation of the crystal orientation away from the exact zone axis (Malm,
1997).
The EDX spectrum of the particular crystal shown
in Figure 1 is shown in Figure 2. Peaks in this spectrum
show the silica substrate and copper grids along with
peaks generated by the elements cerium, neodymium
and oxygen. No other peaks are evident. Qualitatively,
we can state that the crystal contains only cerium and
neodymium in the approximate ratio of 5 : 1 judging
roughly by the peak heights. This is in approximate line
with the nominal value of 15% Nd in the bulk powder.
The procedure was repeated for many other crystals
within each sample and a lattice parameter average is
generated.
Figure 3 shows examples of micrographs and corresponding EDX spectra used to calculate lattice parameters and compositions for other lanthanide dopants.
The crystals analysed were almost all between 3 and
15 nm in size and more commonly between 5 and
10 nm. They were often strongly faceted with apparently atomically clean surfaces and most had fairly even
dimensions in all directions that is they were rarely
very elongated. During acquisition of EDX spectra
with an intense electron beam concentrated on a single crystal, an increase in faceting was often observed.
EDX spectra in all cases confirmed the presence of
the intended dopant species within the lattice of each
crystal examined, and the dopant peak heights relative
to those of ceria varied in the correct sense according to the concentration of dopant expected by the
nominal composition. Within each composition, the
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Figure 2. EDX spectrum of the Ce0.85 Nd0.15 O2−x nanocrystal pictured in Figure 1.

dopant peak heights for each crystal were reasonably
consistent but on occasion varied by upto a factor
of 2. However, this variability was rare and may be
caused by occasional differences in sample geometry, shadowing, or perhaps by damage to certain crystals by the intense electron beam used to record the
spectra.
Table 1 shows some of the average lattice parameter averages versus lanthanide dopant for the individual nanocrystals analysed with a 15% doping. The
first point to notice is that no obvious trend exists
between the ionic radius and the lattice parameter in
these isolated nanocrystals as it does in the unsupported
bulk powder samples where the crystals are aggregated. The change in lattice parameter (a), although
small in the powders, is systematic, increasing with
increasing ionic radius from ytterbium to neodymium
in samples of the same composition. With these
nanocrystals however, the size of the crystals has more
effect on the lattice parameter than the ionic radius
of the dopant, those compositions having the smallest average crystallite sizes consequently showing the
largest lattice parameters, apparantly due to the crystal strain. This phenomenon has been noted in EXAFS
studies on other crystal systems before (Decker,
1998).
It is also clear from this table that the average lattice parameters for individual crystals are much larger
in every case than those of the bulk powder values,
5.56–5.67 Å for the nanocrystals and 5.41–5.44 Å for
the bulk powders. This relatively large difference may

be ascribed to the large surface to volume ratio of the
nanocrystals, as previously mentioned, exerting excessive strain on the cubic lattice. The high proportion
of surface atoms in the nanocrystal with respect to
the larger crystals encountered in bulk powders, opens
the structure resulting in larger lattice parameters.
This phenomenon has been reported before with other
systems for example (Gleiter, 1991).
Having now analysed nanocrystals with a fixed level
of doping but varying in ionic size, the effect of dopant
concentration for a fixed lanthanide element was now
studied. For this, two series were studied, Ce1−x Yx O2−x
nanocrystals and Ce1−x Prx O2−x nanocrystals. Since we
have seen already that the effect of nanocrystal size
has more bearing on the lattice parameter than that of
any doping, for each of these series, a large dopant
concentration range (5–50%) was used to show any
trends to the best effect. Figure 4 shows a couple of
example analysis areas for yttrium doped ceria compositions. Since yttrium’s EDX analysis peak at 15 eV
is solitary, the relative peak heights corresponding to
the amount of yttrium in each crystal can now be seen
much more clearly, the peak at 15 eV is roughly double in height in Figure 4(b) than it is in Figure 4(a)
complying with the average bulk powder nominal
composition.
Lattice parameters from numerous crystals were calculated for the yttrium and praseodymium doped series
and the results are shown in Table 2. Lattice parameter calculations again show values above 5.5 Å, considerably larger than the expected values of around
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5.42 Å for the bulk powders. There is again the
presence of a large difference in lattice parameter
with nanocrystallite size, for crystals of the same
composition. We can now see, despite the changes in
crystallite size that a trend of increasing lattice parameter average with increasing Pr and Y concentration

Figure 3. (Continued)

is evident. This effect, which is systematic in the bulk
powders as analysed previously, is now apparent due
to the large compositional changes between the two
sets of three samples, and is again a good indication
that the nanocrystals contain the same amount of doping according to composition as the bulk averaged
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Figure 3. Examples of high-resolution micrographs and corresponding EDX spectra (a) Ce0.85 Sm0.15 O2−x , (b) Ce0.85 Gd0.15 O2−x ,
(c) Ce0.85 Dy0.15 O2−x , (d) Ce0.85 Er0.15 O2−x and (e) Ce0.85 Yb0.15 O2−x nanocrystals.
Table 1. Lattice parameter versus dopant ionic radius for a series
of Ce0.85 Ln0.15 O2−x nanocrystals
Ln
Av. lattice
parameter/Å

ceria series but with the fluorite lattice contracting with
increase in zirconia concentration.

Ce0.85 Ln0.15 O2−x nanocrystals
Nd

Sm

Gd

Dy

Er

Yb

5.60

5.57

5.67

5.62

5.62

5.56

nominal composition. We can also see that the overallvalues for Y doping are smaller than those for Pr
doping of the equivalent dopant concentration. This
is consistent with the Y3+ ion (90 pm) being smaller
than the Pr3+ ion (99 pm) confirming the correct composition and homogeneity of the nanocrystals for each
nominal composition.
A series of zirconia doped ceria solid solution
nanocrystals was also studied during this investigation showing identical behaviour to the yttria doped

Conclusions
By using advanced TEM techniques linked with
EDX data, it has been possible to show that dispersible lanthanide doped ceria nanocrystals produced
by an inorganic sol–gel route over the entire range of
lanthanides are homogeneous crystalline entities with
the cubic fluorite structure and that each individual
crystal has a very similar composition for a given nominal composition. This is an important factor when considering using materials of this type for fuel cell, optical
and sensor applications since a completely homogeneous material will have a more even response. Since
the individual crystallites are very small and therefore
possess a high surface free energy, relatively low temperature treatment will result in dense thin films or
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Figure 4. Sample analysis areas and EDX spectra of (a) Ce0.75 Y0.25 O1.875 and (b) Ce0.50 Y0.50 O1.75 dispersed nanocrystals.

Table 2. Average lattice parameter values versus
composition for the series’ Ce1−x Prx O2−x/2 and
Ce1−x Yx O2−x/2 nanocrystals
Nanocrystal
composition

Average lattice
parameter/Å

Ce0.95 Y0.05 O2−x
Ce0.75 Y0.25 O2−x
Ce0.50 Y0.50 O2−x
Ce0.90 Pr0.10 O2−x
Ce0.75 Pr0.25 O2−x
Ce0.50 Pr0.50 O2−x

5.56
5.61
5.62
5.60
5.65
5.66

devices and avoid problems that arise from high sintering temperatures such as surface segregation, metal
evaporation and excessive oxygen loss.
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