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Abstract: As a result of the lattice mismatch between the oxide itself and the substrate, the high-
pressure structural properties of trivalent rare earth (RE)-doped ceria systems help to mimic the
compressive/tensile strain in oxide thin films. The high-pressure structural features of Sm-doped
ceria were studied by X-ray diffraction experiments performed on Ce1−xSmxO2−x/2 (x = 0.2, 0.3, 0.4,
0.5, 0.6) up to 7 GPa, and the cell volumes were fitted by the third order Vinet equation of state
(EoS) at the different pressures obtained from Rietveld refinements. A linear decrease of the ln B0

vs. ln(2Vat) trend occurred as expected, but the regression line was much steeper than predicted for
oxides, most probably due to the effect of oxygen vacancies arising from charge compensation, which
limits the increase of the mean atomic volume (Vat) vs. the Sm content. The presence of RE2O3-based
cubic microdomains within the sample stiffens the whole structure, making it less compressible with
increases in applied pressure. Results are discussed in comparison with ones previously obtained
from Lu-doped ceria.

Keywords: solid oxides fuel cells; Sm-doped ceria; high pressure X-ray powder diffraction; diamond
anvil cell; equation of state; Rietveld refinement

1. Introduction

Trivalent rare earth (RE)-doped ceria systems form a group of widely studied mixed oxides with
technologically interesting values of ionic conductivity in the intermediate temperature range (673–973 K),
which make them useful as solid electrolytes in solid oxide fuel cells (SOFCs). Ce0.9RE0.1O1.95 oxides
(RE = Gd, Sm, Nd) present values of ionic grain conductivity ranging between 5 × 10−2 and 7 × 10−2

S cm−1 at 773 K, with a remarkable increase occurring with increases of the RE ionic radius [1].
However, even a slight variation in RE content causes a non-negligible change in ionic conductivity;
Ce0.8Gd0.2O1.90, for example, is characterized by a total ionic conductivity of 1 × 10−3 S cm−1 at
773 K [2]. Ionic conductivity is in fact affected by many factors such as RE identity, composition,
structure and microstructure of the oxide [3–7], and not least by the occurrence of the sample in the
bulk or thin film form. With particular reference to this latter issue, thin films are essential when
designing SOFC-based portable devices because of the need for fabricating fuel cells on chips [8,9].
Nevertheless, thermodynamic, structural and transport properties of the deposited electrolyte are
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not necessarily the same as in the bulk material; deposited Gd-doped ceria electrolytes, for instance,
present ohmic losses up to 100 times lower than the corresponding oxides in bulk form [8], which is one
of the main advantages to using doped ceria thin films. These issues make the investigation of such
properties, and comparison with the ones of the bulk materials, of primary importance. In particular, it
is known that the thinning of layer thickness often induces a significant ionic conductivity increase
in doped ceria due to the oxide/substrate lattice mismatch [10,11], while at the same time causing a
significant decrease in the same property due to a larger amount of defects [8]. The aim of this study
is to separate these two competitive effects, as the high-pressure behavior of bulk samples can help
to simulate the strain at the interface. The application of 5 GPa, for instance, roughly corresponds
to a 1% compressive strain, which is not far from the one existing in a 250-nm-thick Gd-doped ceria
film deposited on a MgO/SrTiO3 layer [11]. Only a few papers in the literature have discussed the
high-pressure structural properties of doped ceria [12,13]. Lattice mismatch is one of the main causes
of microstrain at the interface [11,14], but for the sake of completeness it should also be noted that
microstrain derives from thermal expansion coefficient mismatch or from properties resulting from
processing issues (such as grain size) [8].

Together with Gd- and Nd-doped ceria, Sm-doped ceria is one of the most effective systems of
ionic conductivity [1]. Ionic conductivity is strictly related to structural and microstructural issues,
and this is the reason why so many papers in recent years have been devoted to the crystallographic
properties of this material, even in the light of the non-negligible effects of extrinsic factors (e.g., thermal
treatments) on the stability of the various oxide phases [15,16]. A particular attention has been paid
to defect aggregations [3,17–21], since ionic conductivity in doped ceria occurs through the hopping
of oxygen ions towards the vacancies (V ..

O
) created for charge compensation when Ce4+ is partially

substituted by RE3+. The mechanism works until the fluorite-type cubic structure of CeO2 (hereafter
named F; space group: Fm3m; Ce coordination number: 8) is retained (i.e., until the solid solution of
RE3+ within the CeO2 matrix is stable). Actually, maximum ionic conductivity for the solid F solution
falls well within the stability range; for example, the compositional limit of F in Ce1−xGdxO2−x/2 is
located at x ~ 0.2 [22], with its maximum conductivity at x = 0.10–0.15 [4,23]. This evidence is due
to the creation of defect aggregates RE′Ce : V ..

O
having the cubic structure of sesquioxides RE2O3

(hereafter named C; space group: Ia3; RE coordination number: 6), which hinder the movement of
oxygen ions. Due to their nanometric size, C aggregates are invisible to X-ray diffraction until the
RE3+ amount reaches a threshold content that is defined by the RE’s identity. On the contrary, C
aggregates can also be revealed by Raman spectroscopy, due to the superior sensitivity of the latter
technique toward oxygen displacement. Therefore, the position of the upper compositional limit
of F as obtained from X-ray diffraction does not necessarily coincide with the limit deriving from
Raman spectroscopy (i.e., x ~ 0.3 and ranging between x = 0.2 and 0.3 in Ce1−xSmxO2−x/2 for the
former and latter techniques, respectively) [24]. For Sm-doped ceria beyond the F limit, this system
presents an intermediate structure between F and C, as F and C are linked to each other through a
structure/superstructure relation and—due to the close resemblance of the Ce4+ and Sm3+ ionic sizes
(Ce4+, CN:8, r = 0.97 Å; Sm3+, CN:6, r = 0.958 Å [25])—peaks common to the two phases coincide,
regardless of the sensitivity of the diffractometer employed [22]. This atomic arrangement, which can
be interpreted as a solid solution with the Sm′Ce : V ..

O
C-based domains acting as guests [24] was named

H due to its hybrid character between F and C, and has even been described for other systems, such as
Y- [26] and Gd-doped ceria [27]. Moreover, as a direct consequence of the structure/superstructure
relation, the H cell parameter is roughly double that of F.

In the framework of a high-pressure structural study of doped ceria, it is very interesting to
compare the properties of a system presenting the H phase (such as Sm-doped ceria) to that of a
system that—due to ionic dimensional issues—behaves differently. In this respect, Lu-doped ceria
(Ce1−xLuxO2−x/2) act as an ideal model: While the CeO2-based solid solution with Lu3+ as a guest
forms up to x ~ 0.4 [28], the large ionic size difference (Ce4+, CN:8, r = 0.97 Å; Lu3+, CN:6, r = 0.861
Å [25]) prevents the formation of the H phase and promotes the stability of a (F + C) two-phase field.
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In this work the high-pressure structural properties of Sm-doped ceria were studied by analyzing
X-ray diffraction patterns collected up to 7 GPa at the XPRESS diffraction beamline of the Elettra
Synchrotron radiation facility [29]. The refined cell volumes were fitted to the Vinet equation of
state (EoS) [30], and the obtained bulk moduli at zero pressure (B0) were discussed in comparison
to the ones obtained for Lu-doped ceria in a previous study [13]. A substantial insensitivity of B0 to
structural changes was revealed for both systems, while the compressibility of compositions containing
C domains remarkably decreased starting from ~3 GPa. A significant effect of vacancies was also
found for the trend of ln B0 vs. ln(2Vat) (with 2Vat being the volume per atom pair).

2. Materials and Methods

2.1. Synthesis

Five compositions belonging to the Ce1−xSmxO2−x/2 system with nominal x = 0.2, 0.3, 0.4, 0.5
and 0.6 were synthesized by oxalate coprecipitation [31,32]. Stoichiometric amounts of Ce (Johnson
Matthey ALPHA 99.99% wt.) and Sm2O3 were separately dissolved in HCl (13% vol.), then the
two solutions were mixed together. Afterwards, the precipitation of the mixed Ce/Sm oxalate was
accomplished by adding a solution of oxalic acid in large excess. Oxalates were filtered, washed and
dried for 12 h then thermally treated at 1373 K in air for four days to obtain mixed oxides with a high
degree of crystallinity.

2.2. Scanning Electron Microscopy-Energy-Dispersive System (SEM-EDS)

Scanning electron microscopy-energy-dispersive system (SEM-EDS, Oxford Instruments, model
7353 with Oxford-INCA software v. 4.07) was employed to check the overall rare earth contents of all
the samples. Pellets of powders pressed and sintered at 1773 K were coated by a graphite layer and
analyzed at a working distance of 15 mm, with an acceleration voltage of 20 kV. EDS analyses were
carried out on at least six points for each sample.

2.3. High-Pressure Synchrotron X-ray Powder Diffraction (HP-XRPD)

Ambient and high-pressure X-ray powder diffraction acquisitions were done at the XPRESS
diffraction beamline of the Elettra Synchrotron radiation facility located in Trieste (Italy) [29]. Data
collection was performed by a monochromatic circular beam with a wavelength of 0.4957 Å and a
diameter around 50 µm; pressure was applied from 0 to ~7 GPa using a gear-driven Boehler-Almax
plate diamond anvil cell (plate DAC) with a large X-ray aperture containing diamonds with a culet size
of 500 µm. In order to arrange the sample chamber, 200-µm-thick rhenium gaskets were pre-indented
using the plate DAC, thus obtaining a thickness of about 110 µm; a through-hole with a diameter of
200µm was subsequently drilled by spark erosion at the center of the pre-indented region. Fine powders
of the sample were placed inside the sample chamber to obtain diffraction data with minimal preferred
orientation effects. Pressure calibration was done either by Cu, making use of the Cu (111) diffraction
peak (for samples Sm20 and Sm30), or by ruby, measuring the displacement in the position of its
fluorescence lines (for samples Sm40, Sm50 and Sm60). The sample chamber was filled with silicon oil
as pressure transmitting medium (PTM), and the diamonds of the anvil cell were subsequently brought
into contact with the gasket. The PTM chosen provided good hydrostatic pressure conditions up to
the maximum pressure applied in the present study. A schematic representation of the experimental
set-up is shown in Figure 1.

The experimental station was equipped with a MAR345 image plate detector, and images of
the powder diffraction rings were converted into 2θ-intensity plots by means of the fit 2D software.
The angular range spanned between 4◦ and 30◦. Samples were named Sm20_7.54, Sm30_5.23 and
so on, according to the nominal Sm atomic percent with respect to the total (Ce + Sm) content and
applied pressure.
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Figure 1. Scheme of the experimental set-up at the XPRESS beamline. (1) Pair of identical diamonds; 
(2) metal foil with a hole at the center (sample chamber); (3) sample chamber (sample, ruby, pressure 
transmitting medium (PTM)); (4) backing plates holding diamonds; (5) force pushing diamonds; (6) 
laser for ruby fluorescence excitation; (7) incident monochromatic x-ray microbeam; (8) diffracted x-
rays; (9) beam stop blocking the direct beam; (10) image plate detector recording the position and 
intensity of the diffracted x-rays. 

The experimental station was equipped with a MAR345 image plate detector, and images of the 
powder diffraction rings were converted into 2θ-intensity plots by means of the fit 2D software. The 
angular range spanned between 4° and 30°. Samples were named Sm20_7.54, Sm30_5.23 and so on, 
according to the nominal Sm atomic percent with respect to the total (Ce + Sm) content and applied 
pressure. 

The FullProf suite [33] was used to refine structural models using the Rietveld method; the 
evolution of the lattice volume as a function of pressure was modeled through the third order Vinet 
EoS [30] by means of the EosFit7-Gui software [34]. High-pressure data are discussed in comparison 
to data collected using the same samples at ambient pressure at the MCX beamline, as described in 
[24] as well as to the samples of Lu-doped ceria collected at high pressure at the XRD1 beamline [12]. 

3. Results 

3.1. Compositional Characterization 

The experimental x of all the samples, as revealed by EDS, was found very close to the 
stoichiometric value, and results are reported in Table 1. Therefore, the occupancy factors of 
crystallographic sites hosting lanthanide ions were fixed at the nominal value and not refined during 
Rietveld cycles. No extra phases were detected, and backscattered images taken on the polished 
surfaces of all samples did not reveal the presence of any color inhomogeneity, as shown in Figure 2 
with reference to sample Sm40. 

Table 1. Mean experimental x values as revealed by EDS analyses. 

Sample Experimental x in Ce1–xSmxO2–x/2 
Sm20 0.17(1) 
Sm30 0.30(1) 
Sm40 0.38(1) 
Sm50 0.48(1) 
Sm60 0.60(1) 

Figure 1. Scheme of the experimental set-up at the XPRESS beamline. (1) Pair of identical diamonds;
(2) metal foil with a hole at the center (sample chamber); (3) sample chamber (sample, ruby, pressure
transmitting medium (PTM)); (4) backing plates holding diamonds; (5) force pushing diamonds;
(6) laser for ruby fluorescence excitation; (7) incident monochromatic X-ray microbeam; (8) diffracted
X-rays; (9) beam stop blocking the direct beam; (10) image plate detector recording the position and
intensity of the diffracted X-rays.

The FullProf suite [33] was used to refine structural models using the Rietveld method; the
evolution of the lattice volume as a function of pressure was modeled through the third order Vinet
EoS [30] by means of the EosFit7-Gui software [34]. High-pressure data are discussed in comparison to
data collected using the same samples at ambient pressure at the MCX beamline, as described in [24]
as well as to the samples of Lu-doped ceria collected at high pressure at the XRD1 beamline [12].

3. Results

3.1. Compositional Characterization

The experimental x of all the samples, as revealed by EDS, was found very close to the stoichiometric
value, and results are reported in Table 1. Therefore, the occupancy factors of crystallographic sites
hosting lanthanide ions were fixed at the nominal value and not refined during Rietveld cycles. No
extra phases were detected, and backscattered images taken on the polished surfaces of all samples did
not reveal the presence of any color inhomogeneity, as shown in Figure 2 with reference to sample Sm40.Energies 2020, x FOR PEER REVIEW 5 of 15 
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Table 1. Mean experimental x values as revealed by EDS analyses.

Sample Experimental x in Ce1–xSmxO2–x/2

Sm20 0.17(1)
Sm30 0.30(1)
Sm40 0.38(1)
Sm50 0.48(1)
Sm60 0.60(1)

3.2. Structural Characterization

Peaks belonging to either the F or H phases were imposed to refine two different structural models
according to their composition; namely, the F model for the Sm20 and Sm30 samples, and the H model
for the Sm40, Sm50 and Sm60 samples. The F structure consisted of a cubic cell belonging to the Fm3m
space group comprising four formula units per cell [35]; the two atomic positions were occupied by
Ce/Sm (0,0,0) and O (1/4, 1/4, 1/4). The H phase was a solid solution of C domains within the CeO2

matrix. The C structure consisted of a cubic cell belonging to the Ia3 space group and comprising 32
formula units per cell. The atomic rearrangement with respect to F induced the position occupied by
rare earths to split into two distinct crystallographic sites. Both the F and the C structural models are
reported in the Supplementary Materials.

It is questionable whether the pyrochlore (P) structure even occurred in the studied samples at
this stage. Pyrochlore is the name of the (Na,Ca)2Nb2O6(OH,F) mineral, which crystallizes in the
Fd3m space group. It differs from the C structure just in regards to the position of oxygen vacancies,
which are located in the next-nearest-neighbor sites with respect to RE3+, while in the C structure they
are placed in nearest-neighbor positions. In this sense, the P-type structure represents an alternative
arrangement of defects in doped ceria. Due to the different extinction rules of the face-centered lattice
of the P structure with respect to the body-centered one of the C, the reflections of the crystallographic
planes (331) and (333) + (511) should be visible in the diffraction pattern in case of occurrence of the
P phase, albeit with low intensity; since this condition is not fulfilled, we can exclude the presence
of P in our samples. This conclusion is also supported by the literature, as is discussed hereafter.
In principle, the presence of a Ce2RE2O7 P-type phase in rare earth (RE)-doped ceria cannot be ruled
out a priori; D.E.P. Vanpoucke et al. [36], for example, claimed there is a higher stability of P with
respect to the F phase for Ce2La2O7 based on density functional theory (DFT) calculations. Relying on
the comprehensive theoretical study by L. Minervini and R.W. Grimes [37], Ce2La2O7 has in fact been
located at the P/F boundary, and its occurrence in the P phase cannot be excluded. Nevertheless, the
stability range of A2B2O7 compounds (being A and B transition metals or lanthanide ions) is reported
to depend on the A/B cationic ratio, and all the ceria-based systems doped with lanthanide ions smaller
than La (i.e., from Nd to Lu) have been determined to be more stable in the F phase [37]. Even the
exhaustive paper by W. Chen and A. Navrotsky [38], which makes use of the atomistic results by L.
Minervini et al. [39], states that the formation enthalpies of Ce2RE2O7 become thermodynamically
unfavored when decreasing the RE3+ size, being −102 kJ/mol for Ce2La2O7, −3.85 kJ/mol for Ce2Gd2O7

and 175 kJ/mol for Ce2Y2O7. For the sake of completeness, simulations performed by B. Wang et al. [40]
showed that stable P defect clusters in Gd-doped ceria are expected to occur only when they form
within ceria matrix domains in the sub-nanoscale range (i.e., at very low dopant amounts). On the
basis of this experimental evidence, as well the other described considerations, we can thus exclude
the occurrence of P phase in the current studied samples.

The location of the F/H boundary being close to x ~ 0.3 in Ce1−xSmxO2−x/2 agrees with previous
studies performed using X-ray diffraction on the same system in room [24] and high-temperature [41]
conditions. Very interestingly, as briefly mentioned in Section 1, these results differ slightly from the
outcome of Raman spectroscopy, which has revealed the presence of a tiny amount of C-based domains
even in Sm30 through the occurrence of a weak signal at ~370 cm−1, which was caused by the

(
Ag + Fg

)
Sm-O symmetrical stretching mode with Sm in a six-fold coordination [42]. The described discrepancy
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between data of X-ray diffraction and Raman spectroscopy is not surprising, as it was already observed
for other similar systems, such as Tm-doped ceria [43]. This is due to the very high sensitivity of the
latter technique toward oxygen displacement, which gives it the ability to clearly discriminate between
the F and C structures. On the contrary, X-ray diffraction patterns of the two phases are essentially
superimposable, with the only difference being the presence of the weak superstructure peaks in C.
In Figure 3, the Rietveld refinement plot of sample Sm50_6.94 is reported as a representative example;
the refined parameters and Rietveld agreement factors are collected in Table 2.
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3.45 5.40982(8) 0.81 0.613 
4.20 5.40673(4) 0.50 0.829 
4.88 5.3966(1) 0.54 0.462 
7.54 5.3773(2) 0.64 0.569 

Sm30 
0 5.44092(5) 1.27 0.82 
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Figure 3. Rietveld refinement plot of sample Sm50_6.94. The dotted (red) and the continuous (black)
lines are the experimental and the calculated diffractograms, respectively; the lower line is the difference
curve; vertical bars indicate the calculated positions of Bragg peaks. Miller indexes related to the H
structure (space group Ia3) are reported too.

For each diffraction pattern the peak profile was refined by the pseudo-Voigt function, while the
background was optimized by linear interpolation of a set of ~70 experimental points. For samples
Sm20 and Sm30, the angular regions where peaks of Cu appear were excluded from refinements. In the
last cycle, structural parameters (cell parameters; and for the H phase: the Ce/Sm1 x coordinate, the O1
x, y and z coordinates and both the occupancy factor and x coordinate of O2), atomic displacement
parameters, the scale factor, five peak parameters and the background points were refined. For each
composition, high-pressure data were optimized using atomic positions refined at ambient pressure as
starting parameters.

Table 2. Applied pressure, refined cell parameter and Rietveld agreement factors for each studied
sample.

Sample P (GPa) A Cell Parameter (Å) RB
a χ2 b

Sm20

0 5.43531(5) 0.62 0.199
2.75 5.41524(7) 0.48 0.384
3.45 5.40982(8) 0.81 0.613
4.20 5.40673(4) 0.50 0.829
4.88 5.3966(1) 0.54 0.462
7.54 5.3773(2) 0.64 0.569

Sm30

0 5.44092(5) 1.27 0.82
1.15 5.43080(5) 0.90 0.66
1.85 5.42734(6) 1.08 0.44
1.95 5.42615(7) 0.57 0.45
2.18 5.42500(9) 0.89 0.59
2.63 5.4233(1) 1.12 0.84
2.99 5.4212(1) 0.98 0.66
4.18 5.4142(2) 0.93 0.60
5.23 5.4081(2) 0.78 1.05
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Table 2. Cont.

Sample P (GPa) A Cell Parameter (Å) RB
a χ2 b

Sm40

0 10.89875(6) 3.67 2.47
2.42 10.8646(1) 1.23 0.972
3.00 10.8629(2) 0.89 0.620
3.17 10.8551(2) 0.76 0.468
3.73 10.8557(3) 0.77 0.549
4.11 10.8548(4) 0.61 0.553
4.67 10.8484(4) 0.60 0.44

Sm50

0 10.91507(5) 2.52 0.723
0.20 10.91561(5) 1.85 0.451
1.11 10.89095(5) 1.95 0.551
1.30 10.89046(5) 2.29 0.652
1.86 10.87945(6) 1.72 0.466
2.60 10.86725(5) 1.62 0.540
3.92 10.84993(8) 1.17 0.486
5.05 10.8349(1) 0.95 0.381
6.94 10.8159(1) 0.75 0.324
7.32 10.8144(1) 0.68 0.331

Sm60

0.74 10.90674(4) 1.51 0.849
1.58 10.89078(5) 1.52 0.814
2.98 10.86970(7) 1.43 0.465
4.11 10.85667(9) 1.14 0.359
4.86 10.8490(1) 0.92 0.252
5.43 10.8460(2) 0.71 0.22
6.00 10.8389(2) 0.53 0.20
6.56 10.8355(3) 0.48 0.19

Note: a RB =
∑

k |Ik,obs−Ik,calc|∑
k |Ik,obs|

; b χ2 =
(

Rwp
Rexp

)2
.

Diffraction patterns collected from sample Sm50 at all the pressure values are shown in Figure 4 as
representative examples of the behavior of all the compositions. No additional peaks can be observed
by increasing the applied pressure with respect to the ones typical of the F or H structures; on the
contrary, as evident from the inset, a shift toward higher diffraction angles occurred, indicating a lattice
size reduction due to compression.Energies 2020, x FOR PEER REVIEW 8 of 15 
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In Figure 5, the refined values of the lattice volume of each sample are reported as a function of the
applied pressure. Within the considered pressure range, the cell volume decreased with pressure, and
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it can be observed that the trend was roughly linear for sample Sm20, while all the other compositions
had a progressively more marked softening of the decrease starting from ~3 GPa, which is in agreement
with the compressibility reduction that occurred with increases in applied pressure. No significant
differences were observed with changing pressure among the refined values of the Sm1 x coordinate.
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The bulk modulus that occurred at zero pressure (B0) accounts for the resistance of a material to
compression, and is defined as

B0 = −V0

(
∂P
∂V

)
P=0

(1)

where V0 is the cell volume at P = 0. B0 can be estimated by fitting the refined lattice volumes
(or cell parameters) obtained at different applied pressures to the proper equation of state. Several
different EoSs were proposed in equations by Murnaghan [44], Birch-Murnaghan [45], Vinet [30]
and Poirier-Tarantola [46], all of which were able to correctly predict the bulk modulus at ambient
conditions [47]. All the aforementioned EoSs describe and model the pressure-volume correlation
of a solid through the bulk modulus and its pressure derivatives. The Vinet EoS, for instance, is an
exponential function with the following form:

P(V) =
3B0

X2
(1−X)exp[η0(1−X)] (2)

with

X =

(
V
V0

)1/3

(3)

and
η0 =

3
2
[B′0 − 1] (4)

In this work experimental data were fitted by the Vinet EoS, and fits of refined cell volumes vs.
pressure are reported in Figure 5. The optimized B0 as a function of Sm content appears in Figure 6
together with two B0 values of CeO2 chosen from the literature, which were obtained using the
Hartree-Fock method [48] and through X-ray diffraction [49]. It is worth noting that B0 values of CeO2

available in the literature spanned a wide range, according to the employed technique [50]. A roughly
linear decrease of B0 with increasing Sm content can be observed in Figure 6.
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CeO2 [48,49].

4. Discussion

The dependence of B0 on Sm content can be analyzed and discussed in the light of the fundamental
paper by Anderson and Nafe [51], which provides the theoretical background behind the behavior
of B0 in oxides. According to this work, a correlation exists between B0 and the mean volume per
ion pair (namely 2Vat, calculated as the volume of a cell divided by the halved number of atoms
therein contained). This correlation assumes different forms for ionic crystals and oxides. In particular,
the expression

ln B0 = − ln(2Vat) + ln(Z1 ×Z2) + constant (5)

with Z1 and Z2 as the cationic and anionic charge, respectively, applies to ionic crystals, while

ln B0 = −m ln(2Vat) + constant (6)

with m ranging between 3 and 4, is valid for oxides. A decreasing linear trend is observed in both
cases, which accounts for the progressively increasing compressibility of a solid with an increasing
mean atomic volume. Relying on Equations (5) and (6), it is thus clear that oxides are characterized by
a much stronger dependence of B0 on atomic volume.

In Figure 7, the diagram of ln B0 as a function of ln(2Vat) for Sm-doped ceria is shown, with B0

values obtained from the EoS fits, and 2Vat derived from the refined cell volumes. Firstly, it can be
observed that the trend of data is decreasing and roughly linear.

It should be remembered at this point that, similar to all RE-doped ceria systems—where the total
number of atoms changes with an increasing amount of RE—a linear correlation exists between the
atomic mean volume and the doping ion amount, even in Sm-doped ceria, according to Zen’s law [52].
This issue, widely discussed in [3,24], points to the existence of a solid solution along the whole
compositional range, where the guests are Sm3+ ions within the F region and Sm′Ce : V ..

O
aggregates

within the H. As a consequence, the linear decrease in ln B0 vs. ln(2Vat) implies a corresponding linear
trend in ln B0 vs. ln x. Therefore, the absence of any discontinuity or slope change at 0.3 ≤ x ≤ 0.4
means that B0 is insensitive to the structural change occurring at the F/H boundary. For the sake of
comparison, data deriving from Lu-doped ceria taken from [12] are reported in the inset to Figure 6.
B0 values of Lu-doped ceria were obtained by fitting experimental data to the third order Vinet EoS, in
analogy with the data treatment performed on Sm-doped ceria. As mentioned above, the Lu-doped
ceria system presents different structural regions depending on the Lu content: the F phase up to
x ~ 0.4; the (F + C) two-phase field for x ranging between ~0.4 and ~0.8; and a C-based solid solution
containing F-structured CeO2 domains at higher x. The occurrence of the two-phase field is due to the
large size difference between Ce4+ (CN:8) and Lu3+ (CN:6), which hinders the formation of the H phase.
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The regular decrease of ln B0 vs. ln(2Vat), observed in the inset to Figure 6, resembles the behavior of
Sm-doped ceria, and suggests that even in this system B0 is insensitive to structural changes.
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ln B0 vs. ln(2Vat) data of both systems can be interpolated by a regression line that satisfactorily
fits experimental points (r2 = 0.94 and r2 = 0.99 for Sm- and Lu-doped ceria, respectively), as highlighted
in Figure 7. The striking result here is the closeness of the two slopes: m = 6.1 and m = 6.6 for the
Sm- and Lu-doped ceria, respectively. The decreasing trend is thus much steeper than expected for an
oxide, according to [51]. This evidence can be most probably be interpreted as a direct consequence
of the Ce4+ replacement by Sm3+ or Lu3+, the effects of which are two-fold: on the one hand, they
cause an enlargement of the cell due to the incorporation of a larger ion (Sm3+, CN:8, r = 1.079 Å;
Lu3+, CN:8, r = 0.977 Å [25]) in place of a smaller one (Ce4+, CN:8, r = 0.97 Å [25]); on the other hand,
the introduction of oxygen vacancies is generally considered responsible for lattice shrinkage [53–55].
In this respect, Raman spectroscopy offers a precious contribution to comprehension of the vacancies
effect, since it is possible to apply a correction to the observed Raman shift of the CeO2 F2g symmetric
vibration mode and separate the size from the vacancies effect [53]. Once subtracted from the size effect,
the trend of the corrected Raman shifts increases along with increases of the amount of trivalent ions,
which can be explained as a consequence of the lattice shrinkage brought about by the introduction of
oxygen vacancies. The described result was obtained both for Sm- [24,41] and Gd-doped ceria [24] and
can be conceivably predicted for all the RE-doped ceria systems within the F and H phases. From the
previous discussion it can thus be expected that mean atomic volume is affected by the two competitive
effects, namely, the dopant size and vacancies introduction. Therefore, the mean atomic volume
increases with increases in Sm3+ or Lu3+ amounts, but less so than if vacancies were not created. Under
these circumstances, a steeper decrease of ln B0 vs. ln(2Vat) is expected, and indeed was observed in
our samples belonging to both systems with respect to the ones reported in [51].

A further remarkable issue concerning the effect of pressure on cell volume can be inferred from
the data reported in Figure 5. Even at a first glance, Sm20 can be distinguished from other compositions
due to roughly linear decreases in its cell volume vs. applied pressure, which indicate that the bulk
modulus did not present any substantial change as a result of pressure within the considered range.
All other samples, on the contrary, showed a progressively less steep decrease with increasing pressure,
thus indicating an increase in the bulk modulus and a decrease in compressibility. Moreover, softening
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of the volume decrease vs. pressure decrease became more and more marked with increasing amounts
of Sm. This substantial difference between samples with x < ~ 0.3 and x ≥ ~ 0.3 seems to go hand
in hand with the structural modifications occurring at x ~ 0.3, namely, the transition from F to H.
Within this scenario, it can thus be deduced that the F phase is more tolerant toward compression with
respect to C, or in other words that C-based microdomains tend to stiffen structures and make them
less compressible. This conclusion is also corroborated by the general consideration that the fluorite
structure of CeO2 is indeed very prone to the replacement of Ce4+ by larger atoms up to a remarkable
substitution degree [3]. An F-based solid solution preserving the atomic arrangement of CeO2 is in fact
stable in Ce1−xRExO2−x/2 systems (e.g., up to x ~ 0.2 or 0.25 for Gd3+ [28,56]; x ~ 0.25 for Y3+ [26]; x ~
0.3 for Sm3+ [28] and Er3+ [57]; x ~ 0.4 for Tm3+ [54], Lu3+ [28] and Nd3+ [57]; x ~ 0.5 for Yb3+ [54]
and an Nd3+/Dy3+ mixture [58]; and x ~ 0.6 for La3+ [57]). On the contrary, a much narrower stability
region occurs for RE2O3-based C-structured solid solutions where RE3+ is partially substituted by
Ce4+. For RE ≡ Lu, for example, a maximum 10% substitution by Ce4+ is in fact possible, while for RE
≡ Gd and Sm, the maximum substitution degree of trivalent ions reaches 20% [28].

The stiffening effect of the C phase is further confirmed by the behavior shown in Figure 8 related
to the cell volume vs. applied pressure up to 7 GPa observed in Lu-doped ceria, which is based on the
experimental results reported in [12]. It can be noticed that samples Lu20, Lu30 and Lu40, crystallizing
in the F structure, are characterized by a roughly linear decrease within the pressure range considered;
conversely, Lu90, crystallizing in the C structure, presents a softening of the volume decrease already
revealed for C-containing compositions belonging to Sm-doped ceria, thus confirming the higher
resistance to compression of this structure.
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5. Conclusions

An in situ high-pressure structural investigation was performed by powder X-ray diffraction at the
Elettra synchrotron facility on samples belonging to the Ce1−xSmxO2−x/2 system with nominal x = 0.2,
0.3, 0.4, 0.5 and 0.6. Rietveld refinements performed on the collected diffraction patterns provided
optimized values of the cell volumes at the different pressures, which were then interpolated through
the third order Vinet EoS. The fit allowed refined values of the bulk modulus to be obtained at zero
pressure (B0). Results were discussed in comparison to the ones previously obtained from Lu-doped
ceria. Two main conclusions can be drawn from this study.
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- The ln B0 vs. ln(2Vat) trend provided a linear decrease as expected, but the slope of the regression
line was around −6 for both systems, instead of ranging between −3 and −4, which is at odds with
predictions for oxides. This evidence can be interpreted considering that a linear correlation exists
between the RE3+ content and the oxygen vacancies amount; the rise in the vacancies content
occurring with increasing the RE3+ amount causes a lattice shrinkage and limits the increase of
the mean atomic volume.

- While samples crystallizing in the F structure showed a roughly linear decrease of the cell volume
vs. pressure, the ones containing C-based microdomains demonstrated a softening of cell volume
decrease with increasing pressure. This evidence, emerging both from Sm- and Lu-doped ceria,
suggests that the presence of C stiffens a structure, making it less and less compressible with
increasing pressure.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/13/7/1558/s1,
Table S1: Hybrid (H) structural model compared to the F structure typical of CeO2 and to the C structure typical
of sesquioxides of heavy rare earths.
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