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ABSTRACT: The design of nanomaterials by tailoring the size, shape, and surface
chemistry has a significant impact on their properties. The fine-tuning of structural
defects of ceria rod-like and cube-like-shaped nanoparticles was performed via La3+
doping in molar ratios of 0−70 mol %. Morphology control was achieved by
varying the hydrothermal synthesis temperature. For LaxCe1−xO2−x/2 samples
prepared at 110 °C, nanorod-like structures are obtained for x < 0.30 and a
random morphology of interconnecting polyhedra is achieved for a larger x. The
ceria fluorite crystalline structure is maintained at an x of up to 0.60, and both
Raman and X-ray diffraction results indicate a high level of defects and disorder in
the crystalline structure. For LaxCe1−xO2−x/2 samples prepared at 180 °C, cube-
shaped particles are predominant for an x of up to 0.10; however, for x > 0.20, two fluorite phases with different lattice parameters
are associated with two distinct shapes, cubes and rods The La concentration in nanocubes is limited to x = 0.10 even for samples
prepared with higher nominal La concentrations, whereas the nanorods contain larger La concentrations. The demonstrated
morphology and defect control on La-doped ceria nanoparticles are critical for applications such as high-temperature oxide catalysts.
KEYWORDS: cerium oxide, catalyst, doping, defect engineering, oxygen vacancy, disorder

1. INTRODUCTION
Doping of cerium oxide (CeO2) with trivalent rare earth
cations (RE3+) to increase its ionic conductivity has been
extensively explored in several applications where efficient
oxygen ion transport is paramount, such as electrolyte and
electrode materials for solid oxide fuel cells,1 permeation
membranes,2 and catalysis.3 Due to charge balance, the
substitution of Ce atoms with 3+ cations results in excess
oxygen vacancies that increase the ionic conductivity. Usually,
gadolinium (Gd3+, 1.05 Å) and samarium (Sm3+, 1.08 Å.) are
used for doping because their ionic radii are close to that of Ce
(Ce4+, 0.97 Å), resulting in high oxygen mobility. The
solubility limit of these cations in the parent fluorite is0 within
a 20−30 mol % range. Higher dopant concentrations induce
the C-type sesquioxide phase.4,5 Doping with lanthanum has
been less explored because the larger difference in ionic radius
(La3+, 1.16 Å) leads to higher lattice distortions in the fluorite
structure and a lower increase in conductivity as compared to
Gd and Sm.6,7 Recently, ceria−lanthana solid solutions
(La2Ce2O7) have attracted great attention as oxide catalysts
for oxidative coupling of methane (OCM) reactions.8,9

Lanthana has a very high solubility in the ceria fluorite
structure, and more than half of Ce atoms can be replaced by
La still preserving the fluorite structure. In ceria−lanthana solid
solutions (LaxCe1−xO2−x/2), La and Ce are distributed
randomly among the cationic positions, forming a disordered
fluorite structure. Consequently, the distribution of oxygen

vacancies is also random within the anionic sublattice.10,11 For
a La concentration larger than 0.50, the presence of a
secondary phase with cationic ordering in a C-type super-
structure has been found.10 However, the identification of C-
type ordering is elusive by conventional X-ray diffraction, and
less available techniques, such as pair distribution function
analysis and neutron diffraction must be used to unambigu-
ously identify such ordering. Raman spectroscopy can also be
used to identify the appearance of C-type ordering.4,7

Shape control of ceria nanostructures has been widely
sought, aiming mostly at catalysis applications, and hydro-
thermal processes using strong alkaline solution and Ce3+ salts
such as cerium nitrate have been studied the most. In this
route, experimental parameters such as temperature, anion
concentration (OH−, NO3

−, etc.), and the use of capping
agents, can be tuned to produce nanostructures with different
shapes including rods, wires, cubes, octahedra, flowers,
etc.12−20 The growth process can be quite complex and
includes steps of nucleation, aggregation, and ripening that can
be controlled and tuned depending on the synthesis
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parameters. Mai et al. have shown that nanorods are
preferentially formed at lower temperatures (∼100 °C),
whereas cubes are usually obtained using higher temperature
(>180 °C) processes.12 Several other studies have explored
effects such as the use of excess NO3

− concentrations for
directing cubic shapes20 or the use of capping agents such as
oleates.15 Although many growth models have been proposed,
most agree that the growth includes initial stages of oriented
aggregation of small nuclei followed by dissolution and
recrystallization processes that result in particle growth and
consolidation. A recent review has described in detail most of
the up-to-date synthesis works.19

Despite a large number of studies concerning the rare earth
(RE) doping of ceria, only a few are focused on the doping of
nanoparticles with a controlled shape. Rare earth elements
such as Eu3+, Sm3+, Gd3+, Tb3+, and La3+ have been added into
ceria nanocubes or nanowires,21−27 but usually, the RE
concentration is lower than 10% and has no significant impact
on the morphology. Loche et al. achieved 12% of La-doping
ceria nanocubes by adding a capping agent.26 Jiang et al. found
a mixture of nanocubes and nanorods for Pr3+ doping higher
than 15% without template addition.27

In the present study, a systematic investigation of ceria
nanoparticles doped with lanthanum prepared by the hydro-
thermal method was performed. Two hydrothermal conditions
were chosen that yield, for pure ceria, nanorods or nanocubes.
We show that La addition significantly impacts the
morphology and the structural properties of the nanoparticles.
Ceria nanorods can accommodate high amounts of La while
keeping the fluorite phase, whereas ceria nanocubes can only
accommodate ∼10% of La. Our results provide insights into
the control of disorder, defects, and shape that are crucial for
the development of efficient oxide catalysts for oxidative
coupling of methane reactions and catalyst support for other
oxidation reactions wherein the role of oxygen species is
important.

2. EXPERIMENTAL SECTION
2.1. Materials. Analytical grade lanthanum nitrate La(NO3)3·

6H2O (≥99.9%, Sigma-Aldrich), cerium nitrate Ce(NO3)3·6H2O
(≥99,9%, Sigma-Aldrich), and sodium hydroxide NaOH (P.A-A.C.S.
100%, Synth) were used as received without any further purification.
Deionized water was used.

2.2. Synthesis of LaxCex−1O2−x/2. Lanthanum-doped ceria
(LaxCex−1O2−x/2) nanostructures were synthesized in molar ratios of
x = 0; 0.05; 0.10; 0.20; 0.40; 0.50; 0.60; 0.70; 0.90, and 1 of La3+ via
the hydrothermal process by adaptation of a well-established protocol
(Scheme 1).12 In a typical synthesis, 19.6 g of NaOH was dissolved in

35 mL of deionized water. The nitrate salt precursors 0.2 M of
Ln(NO3)3·6H2O (Ln= Ce and La 99.9%) in molar ratio proportions
of x = 0; 0.05; 0.10; 0.20; 0.40; 0.50; 0.60; 0.70; 0.90, and 1 were
dissolved in 5 mL of deionized and added to NaOH solution with
stirring. The final NaOH concentration was 12.25 M. After stirring for
15 min, the slurry solution was transferred into a 100 mL stainless
steel vessel autoclave. Next, the autoclave was heated at 110 or 180 °C
in an electric oven for 24 h. After the reaction time, the system was
allowed to cool at room temperature. The final product was collected
by centrifugation and washed five times with deionized water and, five
times with ethanol. Then, the precipitate was dried in an electric oven
at 80 °C for 12 h and ground into a powder. Finally, fractions of
LaxCex−1O2−x/2-110 °C and LaxCex−1O2−x/2-180 °C samples were
subsequently calcined at 800 °C for 1 h.

2.3. Characterization. Scanning electron microscopy (SEM)
images were obtained with a JEOL microscope FESEM JMS-6701F
operated at 5 kV. The samples for SEM were prepared by drop-
casting an aqueous suspension of the nanostructures over a double
stick carbon tape, followed by drying under ambient conditions. Next,
the 3 nm sputter platinum coating was added to improve the signal-
to-noise ratio. High-resolution transmission electron microscopy
(HRTEM) images were obtained with a JEOL microscope JEM
2100 operating at 200 kV. Samples for HRTEM were prepared by
drop-casting an isopropanol suspension of the nanostructures over a
carbon-coated copper grid, followed by drying under ambient
conditions.

Nitrogen adsorption isotherms were collected with a Nova 2200
surface area and pore analyzer (Quantachrome). Specific surface areas
were obtained using the Brunauer−Emmett−Teller (BET) method.

Powder X-ray diffraction (XRD) measurements were performed
with a D8 Focus, Bruker AXS diffractometer, using a Ni filter, Lynx-
eye detector, and Cu Kα radiation λ = 1.5418 Å. The measurements
were recorded at room temperature in the 2θ° range varying from 10
to 90° with a step length of 0.05° at a rate of 1° min−1. Since the
produced samples consisted of very fine particles, no sieving was
performed prior to the measurement. The structural analysis and
phase identification were performed using the Rietveld method (RM)
as implemented in the software TOPAS Academic 7.28 The effect of
instrumental peak broadening was corrected by performing a
fundamental parameter (FP) function refinement of data on a
strain-free micrometer-sized Al2O3 standard sample. For the peak
profiles, a modified Thompson−Cox−Hastings pseudo-Voigt func-
tion (TCHZ function) was applied with U, V, W, and X refinable
parameters.29 For analysis of the size/strain, the peak shape
determined for the standard sample by TCHZ was used with
TOPAS macro LVol_FWHM_CS_L (size) and e0_from_Strain (e0,
sgc, sgv, slc, slv) (strain). Occupancy factors were included in the case
of refinement of the Ce-doped solid solutions. All parameters were
refined simultaneously.

A T64000 Horiba Jobin-Yvon triple Raman spectrometer was used
in the subtractive configuration with a 1024 × 256 OPEN-3LD/R
charge-coupled device (CCD) detector for Raman scattering

Scheme 1. Representation of the Hydrothermal Synthesis of LaxCex−1O2−x/2 Nanoparticles
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measurements. The excitation laser was a Verdi G5 Laser (Coherent
Inc.) operating at 532 nm (green) with a power of 2 mW on a 50×
objective lens.

X-ray photon electron spectroscopy (XPS) of selected samples was
performed in Kα surface analysis equipment (Thermo Scientific) with
an Al Kα X-ray source (1486.6 eV) and a flood gun. The pressure in
the main chamber was ∼10−7 mbar. The powder samples were spread
in carbon tape to minimize charging effects. For each sample, three
different circular regions were investigated (diameter ∼300 μm). For
the survey spectra, 20 scans were carried out with a pass energy of 200
eV, energy step of 1.0 eV, and dwell time of 10 ms. For the individual
element spectra, 10 scans were carried out with a pass energy of 50
eV, energy step of 0.10 eV, and dwell time of 50 ms. Peaks were
deconvoluted using Avantage software (Thermo Scientific).

3. RESULTS
Cerium−lanthanum oxide nanoparticles, LaxCex−1O2−x/2,
having a La3+ concentration, x, varying between 0 and 70
mol % were synthesized via a template-free hydrothermal
process. Two series of samples were prepared using a
hydrothermal temperature of 110 or 180 °C and keeping all
other synthesis parameters fixed. These temperature values
were chosen because for pure ceria12 or Gd-doped ceria CeO2
(x < 0.20),25 they result in the formation of CeO2 nanorods

(110 °C) or nanocubes (180 °C). The morphology of the
nanoparticles after a heat treatment at T = 800 °C for 1 h,
performed to ensure the formation of the desired phase, was
analyzed by SEM (Figures S1 and 2) and transmission electron
microscopy (TEM) (Figures 1, 3, and S2). The images reveal
that La3+ addition significantly impacts the morphology of the
obtained nanostructures. Such modifications are different in
the two synthesis temperature series, LaxCex−1O2−x/2-110 °C
and LaxCex−1O2−x/2-180 °C.
As shown in Figures 1, S1, and S2, pure CeO2 nanorods

prepared at 110 °C have an average length of 180 nm and an
average diameter of 10 nm. The analysis of HRTEM images
indicates that the rod’s facets belong to the {111} or {200}
plane family of the ceria fluorite structure and that the growth
direction is [110]. Interestingly, when the lanthanum
concentration is increased to x = 0.20, an increase in the rod
diameter up to ∼24 nm is observed. Surface pit defects have
been observed for samples with x = 0.10 and 0.20 (pointed by
arrows). For x ≥ 0.40, the well-defined rod morphology,
changes to less aligned interconnected polyhedra. The average
size of the polyhedra tends to reduce upon further increasing
the La concentration, and interestingly for the largest x = 0.70,

Figure 1. High-resolution transmission electron microscopy images and lower magnification images (insets) of LaxCex−1O2−x/2 rod-like synthesized
by the hydrothermal method at 110 °C and heat-treated at 800 °C for 1 h: (a) x = 0; (b) x = 0.05; (c) x = 0.10; (d) x = 0.20; (e) x = 0.40; (f) x =
0.50; (g) x = 0.60; and (h) x = 0.70.

Figure 2. Scanning electron microscopy images of LaxCex−1O2−x/2 synthesized at 180 °C and heat-treated at 800 °C for 1 h: (a) x = 0 and the inset
without heat treatment; (b) x = 0.05; (c) x = 0.10; (d) x = 0.20; (e) x = 0.40; (f) x = 0.50; (g) x = 0.60; and (h) x = 0.70.
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the alignment between the interconnected particles is partially
regained and short rod-like structures (length < 200 nm) are
observed. The high-resolution TEM (HRTEM) images show
that the interconnected nanocrystals share the {111} planes
with the same orientation indicating that oriented-attachment
mechanisms are involved in the growth.
Similarly, the La3+ content strongly influences the nano-

particle morphology for samples synthesized at 180 °C. Figure
2 shows that undoped particles have a rounded shape. The
rounding effect arises from the T = 800 °C annealing since the
as-synthesized nanoparticles have a well-defined cubic shape
(see the inset of Figure 2a). For low lanthanum concentrations,
up to x = 0.20, the cube morphology is still prevalent; however,
for x > 0.20, a second morphology characterized by rod-like
particles is observed. These nanorods are smaller than the ones
observed in the LaxCex−1O2−x/2 samples prepared at 110 °C
(Figure 1).
Figures 3a and S5 show a more detailed view of the

nanoparticles prepared at 180 °C for x = 0.50. They consist of
interconnected irregular polyhedra with sizes in the 20−50 nm
range, including some rod-like particles. In addition, Figure 3
provides examples of particles with different interplanar
distances. Figure 3b shows the HRTEM image of a polyhedral
particle with a low aspect ratio having an interplanar distance
d(111) of 0.316 nm corresponding to a lattice parameter a =

0.547 nm. On the other hand, Figure 3c shows rod-like
particles with an interplanar distance d(111) of 0.325 nm, with
the lattice parameter a = 0.562 nm.
The combined HRTEM images (Figures 1 and 3−5)

indicate that the formation mechanism in both hydrothermal
syntheses (110 and 180 °C) involves OA mechanisms, in
which smaller nuclei collide and fuse along specific crystallo-
graphic orientation13 resulting in either a rod-like or cube-like
morphology, depending on both the temperature and the La
concentration.
The successful formation and stability of the desired Ce−La

solid solutions calcined at 800 °C have been confirmed by
powder XRD, as depicted in Figures 4 and S6. Upon La
addition, no separate peaks corresponding to lanthanum oxide
or other phases are observed up to x = 0.60 for
LaxCex−1O2−x/2-110 °C samples (Figure 4a), and up to x =
0.20 for LaxCex−1O2−x/2-180 °C (Figure 4b). In these
concentration ranges, the samples show high crystallinity,
and the observed peaks correspond to the cubic fluorite
structure of CeO2. Moreover, in the LaxCex−1O2−x/2-180 °C
series, for x ≥ 0.40, the fluorite peak splits into a thinner peak
and a broader one at lower 2θ angles (Figures 4b and S6). This
effect can be attributed to the presence of two types of
nanoparticles having the same fluorite structure but different
lattice parameters and corroborates with the bimodal

Figure 3. High-resolution transmission electron microscopy images of LaxCex−1O2−x/2 (x = 0.50) nanoparticles synthesized by the hydrothermal
method at 180 °C and heat-treated at 800 °C for 1 h. (a) TEM image; (b) high-resolution TEM (HRTEM) image phase 1; and (c) HRTEM image
phase 2.

Figure 4. X-ray diffraction patterns of (a) LaxCex−1O2−x/2-110 °C and (b) LaxCex−1O2−x/2 180 °C samples.
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morphology observed in the SEM images, and the HRTEM
result of Figure 3b,c.10 Rietveld refinement was used to
determine the lattice parameter of the samples, as shown in
Figure 5. The increase in the lattice parameter upon La
addition reflects the shift of X-ray reflections to lower angles
and is associated with the expansion of the ceria lattice when
increasing the lanthanum concentration, which confirms the
incorporation of lanthanum into the ceria structure, resulting
in a disordered cubic fluorite phase.3,4,8 The larger ionic radius
(La3+ ionic radii = 1.16 Å and Ce4+ ionic radii = 0.97 Å)
induces a lattice expansion, which is not counterbalanced by
the reduction in O−O repulsion because of oxygen vacancy
formation, which would induce a cell contraction.
For the LaxCex−1O2−x/2 110 °C samples, results from the

Rietveld refinement are shown only for x up to 0.60. The
refinement indicated the presence of a single fluorite phase as
expected. The presence of the hexagonal La2O3 phase and of
the C-type sesquioxide phase was tested but their inclusion
resulted in deterioration of all refinement quality parameters.
On the other hand, for x > 0.60, the possible presence of a C-
type phase and the large disorder did not allow for a
statistically significant adjustment of the data (see Figure S7,
Tables S1−S3). La addition results in a significant increase in
microstrain, reflecting the large disorder of the structure
associated with a difference in the size of cations, excess of
vacancies, and random distribution of cations and anions in
their sublattices. The dependence of the average crystallite size
(CS) on the La content shows a curious behavior. For pure
CeO2, CS ∼55 nm, and it decreases for the La content up to x
= 0.20, after which the crystallite size increases up to CS > 100
nm (at x = 0.40) and then decreases back with a further
increase in x. Such behavior reflects the changes in the

morphology, from thinner nanorods containing aligned small
crystallites to consolidated polyhedra consisting of well-fused
crystallites.
For the LaxCex−1O2−x/2 180 °C samples, Rietveld analysis

confirms the presence of two distinct fluorite phases for x ≥
0.20, denoted as Phase 1 and 2 (Figure 5b). Phase 1 has a
lower lattice parameter and larger crystallite size. On the other
hand, Phase 2 has a larger lattice parameter and much small
crystallite size. Phase 1 is predominant for x up to 0.20, but its
relative fraction is continuously reduced to 15% for x = 0.6. A
careful comparison with the morphology of the samples from
the entire series indicates that Phase 1 can be associated with
the cube-shaped particles, which are predominant in the low x
samples, whereas Phase 2 comprises rod-like particles that
dominate the high x samples (x > 0.50). Based on the results
from the particles synthesized at 110 °C that show that the
lattice parameter increases almost linearly with La concen-
tration, one can use the lattice parameter as a gauge for the
actual La concentration in the nanoparticles. Using this simple
approach, it is evidenced that nanocubes contain a
concentration of a maximum of x ∼0.10, whereas the nanorods
can accommodate a much larger amount of La. It is worth
noting that the maximum lanthanum concentration of x ∼0.10
estimated for the cube-like phase is similar to the limit
obtained in previous studies of doped ceria nanoparticles with
a cube morphology.18 On the other hand, the results from both
temperature series suggest that nanorods have a porous
structure that can accommodate a higher level of disorder
and defects induced by higher concentrations of lanthanum.
Such difference in the amount of La that can be incorporated
into the different types of nanoparticles is probably due to the
different growth mechanisms. Disorder and microstrain

Figure 5. X-ray diffraction Rietveld analysis results. Dependence of the lattice parameter, crystallite size, and microstrain versus La3+ concentration
for (a) LaxCex−1O2−x/2-110 °C samples and (b) LaxCex−1O2−x/2-180 °C samples.
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induced by La might hinder the processes of oriented
attachment and/or dissolution/recrystallization that produce
large cube-like structures. Further studies would be necessary
to better understand such a mechanism.
The nitrogen adsorption−desorption isotherms of

LaxCex−1O2−x/2 samples are shown in Figure S4 and both
syntheses exhibit a Type II isotherm. The textural parameters,
Brunauer−Emmet−Teller (BET) surface area analysis are
summarized in Table 1.

The BET results indicate that the samples prepared at lower
temperatures have a larger surface area probably because of the
high porosity of the nanorods. Interestingly, for
LaxCex−1O2−x/2-110 °C samples, the surface area decreases
with increasing La content. On the other hand, for
LaxCex−1O2−x/2-180 °C, it increases with the La content for
x up to = 0.50. Such an increase can be attributed to the
transition of a majority of cube-like particles for x < 0.20 to a
predominance of rod-like morphological structures for x >
0.40.
Raman spectroscopy is a highly sensitive and effective

technique to probe the disorder and the presence of defects
such as oxygen vacancies in doped CeO2.

4,30−35 The pure
CeO2 Raman spectrum is dominated by a strong peak at ∼465
cm−1 associated with the F2g vibration mode of the fluorite
structure. For pure ceria, the energy position of this mode is
inversely proportional to the lattice parameter, as established
by the Grüneisen relation.4,35 In small ceria particles (<10
nm), the F2g band becomes larger and asymmetric.32,36 This
effect is attributed to phonon confinement effects that lead to a
relaxation of momentum conservation.37 When ceria is doped

with rare earth 3+ cations, other features in the Raman spectra
become relevant. Transverse acoustic (TA) modes and
transverse optical (TO) modes, which are forbidden in the
fluorite structure, appear at ∼185 and 264 cm−1, respectively.37

Such additional bands are assigned to disordering in the anion
sublattice and develop along with a broad band covering 500−
600 cm−1 ascribed to contributions from oxygen vacancies,
dopant cations, and interactions among them.4,36 The band at
∼540 cm−1 is attributed to intrinsic oxygen vacancies, whereas
the band at ∼600 cm−1 is attributed to the presence of dopant-
oxygen complexes.4,31,35

Figure 6 shows the Raman spectra of the two series (110 and
180 °C). The red shift of the F2g peak from 465−437 cm−1

originates from the change in the lattice parameter due to the
lanthanum solid solution, in perfect agreement with the XRD
results. More interestingly, as the La concentration increases,
the F2g broadens significantly. Such broadening cannot be
related to size effects because the crystallite size as determined
by the XRD Rietveld analysis (Figure 5) is larger than 20 nm.
It can be attributed to disorder in the lattice that induces
relaxation in the momentum conservation rule due to a
phonon confinement effect. Because of that, the width of the
F2g peak can be used to assess the disorder of the crystalline
structure and a characteristic phonon correlation length can be
defined as being inversely proportional to the width of the F2g
peak.30,31 This length may reflect the disorder in the position
of Ce4+ and La3+ in the cationic sublattice and/or an average
distance between oxygen vacancies and oxygen-dopant
complexes.
In addition, Figure 7 shows a monotonic increase in the so-

called defect bands at 500−600 cm−1. In the LaxCex−1O2−x/2-
110 °C series, nanoparticles with a high La3+ concentration (x
= 0.40−0.60) achieved a higher concentration of defects
associated with oxygen vacancies and dopants (bands D1 and
D2), as compared to LaxCex−1O2−x/2-180 °C (Figure 7). Such a
difference can be explained by the fact that in LaxCex−1O2−x/2-
110 °C, the disordered fluorite structure is maintained even at
x ∼0.60, whereas for the LaxCex−1O2−x/2-180 °C samples, a
secondary phase appears for x > 0.20.
In the 110 °C series a small contribution at ∼355 cm−1

appears for x ≥ 40%. Such a peak can be assigned to the C-
type ordering of the cations (Figure 6).2,3,8 This phase
coexistence for x ≥ 0.40 is subtle and manifests by the
formation of nanodomains with C-type ordering.4 It is

Table 1. Textural Parameters for LaxCex−1O2−x/2-110 and
180 °C Heat-Treated at 800 °C for 1 h

x
BET surface area m2/g
LaxCex−1O2−x/2-110 °C

BET surface area m2/g
LaxCex−1O2−x/2-180 °C

0 19.44 2.30
0.05 16.59 2.75
0.10 15.76 3.58
0.20 15.32 3.44
0.40 12.42 4.89
0.50 11.60 6.75
0.60 11.42 6.17
0.70 11.31 5.73

Figure 6. Raman spectra of (a) LaxCex−1O2−x/2‑110 °C and (b) LaxCex−1O2−x/2 180 °C samples.
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interesting to mention that such domains have no significant
effect on the XRD data for x up to 0.60 (Figures 4 and 5).
The effect of lanthanum addition on the Raman spectra of

the 180 °C series is more difficult to grasp since XRD indicates
the presence of two phases for x ≥ 0.20. Thus, the observed
Raman data is a sum of the contributions from the two phases.
Nevertheless, they indicate that separation in the two phases
results in a lower average defect concentration (lower D band)
and a systematic lower amount of disorder than the
corresponding nanorod samples prepared at 110 °C.
To provide a more quantitative estimation of the effect of

La3+ addition, the Raman spectra were adjusted using a series
of Lorentzian−Gaussian line shapes. The F2g peak was adjusted
by an asymmetric Lorentzian−Gaussian function used in
CasaXP software in which exponential tails are added to a
Lorentzian−Gaussian line shape. As an example, spectra of the
x = 0.50 samples of the two series are shown in Figure S8.
From the adjusted spectra, it was possible to determine the
width of the F2g band and the relative area of the defect band
associated with oxygen vacancies (D1) and the dopant-oxygen
complexes (D2) as compared to the normalized F2g peak,
shown in Figure 7c,d, respectively. These two parameters
reflect the increase in lattice disorder and in oxygen vacancy
concentration by increasing lanthanum concentrations, re-
spectively. The LaxCex−1O2−x/2-110 °C nanostructures
achieved a much higher level of defects and disorder than
the ones in the 180 °C series (Figures 6 and 7).
XPS was performed on selected samples of the two series (x

= 0, 0.10, 0.50, and 0.70) and the Ce 3d electron peaks were
adjusted to quantify the relative amount of Ce3+ and Ce4+,
following the recommendations from the work of Papparazo
and references therein.38,39 We did not identify a clear trend
associated with the La concentration in either. The relative
amount of Ce3+ was between 22 and 34 atom % (Figure S9).

4. DISCUSSION
Next, we discuss how a variety of shapes and defects can be
achieved in LaxCex−1O2−x/2 nanoparticles. Figure 8 provides a

schematic drawing with a summary of the morphological
variation observed. For a synthesis temperature of 110 °C,
(undoped) ceria nanorods are formed with a relatively high
aspect ratio (>20) and cluster in aligned bundles. La doping
promotes a thickening of the rods in the low concentration
range, x = 0.05−0.20, and a reduction in the alignment of the
rod-like structures within bundles. These rods are formed by
OA mechanisms in which small crystalline nuclei fuse by
attachment in preferential crystallographic orientation. Such a
mechanism favors crystalline growth in specific directions,
which explains the anisotropic shape of nanoparticles.13,18

HRTEM images show that the nanorod facets are preferen-
tially the {111} planes.
Further addition of lanthanum, x = 0.40 and 0.50, imposes

more disorder in the formation of the nanostructures. Larger
particles are formed and have a much lower aspect ratio. TEM
images show that nanoparticles tend to cluster and attach to
each other, but such clustering is random and does not result
in aligned structures. The XRD and Raman analyses show that
these materials have a highly disordered fluorite structure that
accommodates a high concentration of oxygen vacancies and
dopant-related defects. The disorder in the crystalline structure
is reflected in the random shape of the nanoparticles.
Interestingly, for an even higher La content, x = 0.70, the
alignment seems to return, and the rod-like shape regained,
indicating that a maximum of disorder might be achieved for
the samples with x ∼0.40−0.50.
The morphological variation in the nanoparticles prepared at

180 °C is more intricate. Pure ceria nanoparticles have a cubic
shape; upon La3+ addition, cubes and rods coexist and,
interestingly, the dependence of the morphology on the inverse
of the La3+ concentration (see Figure 2) resembles the time
sequence of growth of pure ceria cubes as observed, for
example, by Dong et al.18 In their work, nanowires or rods are
observed in the initial stages (which correspond to the
morphology observed in our samples with higher concen-
trations), and then small cubic nuclei start to form and these
nuclei evolve in size consuming the material from the wires. In
our x = 0.50 sample, after 24 h of synthesis, the material is still
in the nanorod formation stage, whereas in the x = 0.40
sample, initial cube nuclei start. For low doping levels (x =
0.20), the cube-shaped nanoparticles grow forming larger
cubes and consuming the rod-like nanoparticles. This overall
comparison indicates that the use of a higher concentration of

Figure 7. Results from the analysis of the Raman spectra versus La3+
content. (a) F2g peak position; (b) F2g peak width (FWHM), and (c,
d) relative intensity defect bands, D1 and D2, respectively.

Figure 8. Schematic drawing of the morphological variation of
LaxCex−1O2−x/2 nanoparticles as a function of the La concentration
and hydrothermal synthesis temperature.
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La nitrate in the synthesis has an effect of retardation in the
growth, and similar effects were observed by Loche et al.26

5. CONCLUSIONS
The experimental results show that lanthanum addition can
promote significant modifications in the morphology and
structural characteristics of ceria nanoparticles. The control of
the final nanoparticle morphology is a result of tuning both the
hydrothermal synthesis parameters and the La concentration.
For the hydrothermal condition that yields CeO2 nanorods (T
= 110 °C), doping with La3+ results in a lowering of the
nanorod aspect ratio and formation of more isotropic
polyhedra at high lanthanum concentrations. The CeO2
fluorite structure in these particles can incorporate large
concentrations of La3+ forming a solid solution of up to x =
0.60. At such a high concentration, the level of disorder is very
large as indicated by the high values of microstrain from the
Rietveld analysis and broadening of the Raman F2g peaks. The
oxygen vacancy concentration is also large. In contrast, under
hydrothermal conditions that yield CeO2 nanocubes (synthesis
at 180 °C), lanthanum is incorporated into cube-like
nanoparticles only up to x ∼0.10. Further addition of La3+
results in a secondary phase with rod-like morphology. This
phase contains the excess amount of La3+. Our results show
that by controlling hydrothermal synthesis parameters and La3+
doping, ceria-based nanoparticles with tuned properties can be
produced. Such control should have an important impact in
high-temperature catalysis such as oxidative coupling of
methane.
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