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Understanding the anomalous behavior of Vegard’s
law in Ce1�xMxO2 (M = Sn and Ti; 0 o x r 0.5)
solid solutions†

Tinku Baidya,‡*ab Parthasarathi Bera,*c Oliver Kröcher,bd Olga Safonova,b

Paula M. Abdala,e Birgit Gerke,f Rainer Pöttgen,f Kaustubh R. Priolkarg and
Tapas Kumar Mandalh

The dependence of the lattice parameter on dopant concentration in Ce1�xMxO2 (M = Sn and Ti) solid

solutions is not linear. A change towards a steeper slope is observed around x B 0.35, though the

fluorite structure (space group Fm3m) is preserved up to x = 0.5. This phenomenon has not been

observed for Ce1�xZrxO2 solid solutions showing a perfectly linear decrease of the lattice parameter up

to x = 0.5. In order to understand this behavior, the oxidation state of the metal ions, the disorder in the

oxygen substructure and the nature of metal–oxygen bonds have been analyzed by XPS, 119Sn Möss-

bauer spectroscopy and X-ray absorption spectroscopy. It is observed that the first Sn–O coordination

shell in Ce1�xSnxO2 is more compact and less flexible than that of Ce–O. The Sn coordination remains

symmetric with eight equivalent, shorter Sn–O bonds, while Ce–O coordination gradually splits into a

range of eight non-equivalent bonds compensating for the difference in the ionic radii of Ce4+ and

Sn4+. Thus, a long-range effect of Sn doping is hardly extended throughout the lattice in Ce1�xSnxO2. In

contrast, for Ce1�xZrxO2 solid solutions, both Ce and Zr have similar local coordination creating similar

rearrangement of the oxygen substructure and showing a linear lattice parameter decrease up to 50% Zr

substitution. We suggest that the localized effect of Sn substitution due to its higher electronegativity

may be responsible for the deviation from Vegard’s law in Ce1�xSnxO2 solid solutions.

Introduction

CeO2 has been extensively studied in the last few years with
respect to its manifold functionalities. It is an attractive material
for various catalytic, electronic, optical, electrical, electrochemical,
gas sensing, and corrosion resistant applications.1–14 CeO2 based
materials have been useful in auto-exhaust catalysis, hydrogen

production, H2–O2 recombination, or electrodes in fuel cells.1–7,15–19

In auto-exhaust catalysis, CeO2 has been recognized as an
important material because of its unique redox properties.
Due to their excellent oxygen storage/release properties, CeO2

based oxides have been used as excellent supports for noble as
well as transition metals promoting various catalytic reactions.
The oxygen storage capacity (OSC) of CeO2 plays a unique role
in mediating crucial oxygen exchange processes during catalytic
reactions in auto-exhaust catalysis.1,20 In the efforts to enhance
the OSC of CeO2 by various cation substitution reactions, the
tetravalent cations such as Ti4+, Sn4+, and Zr4+ have been found
to be effective in creating more labile oxygen through structural
changes in the Ce1�xMxO2 solid solutions.4,21,22 Such substitu-
tions of isovalent as well as aliovalent transition metals into the
CeO2 matrix enhance the reducibility, thermal stability, oxygen
storage capacity and catalytic activities of CeO2.4 The above-
mentioned solid solutions have been used as supports for noble
metals like Pt, Pd, Rh, and Ru leading to a better catalytic activity
for a variety of reactions at comparatively low temperatures.4

Hegde and coworkers have intensively investigated the structural
and redox properties of Ce1�xMxO2 (M = Sn, Ti and Zr) solid
solutions both experimentally and theoretically.23–27 It has been
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demonstrated that the substitution of isovalent cations in CeO2

creates significant distortions in the anion substructure, splitting
eight equidistant oxygen neighbors in fluorite type CeO2 into
4 + 4 neighbors with different distances. The extent of dissolution
of foreign cations forming solid solutions is confirmed by a linear
change of the lattice parameter of the parent oxide as postulated
by Vegard’s law.28 However, careful examination of the lattice
parameters at different concentrations of Ti, Zr and Sn have
demonstrated unusual behavior. Although all these substituents
are tetravalent, the change in the lattice parameter with the
increase of Ti or Sn concentration deviates from linearity, while
for Zr it is perfectly linear up to x = 0.5. This observation certainly
questions the universal validity of Vegard’s law in the present
solid solutions and has motivated us to investigate this phenomenon
in more detail.

Deviations from Vegard’s law in solid solutions of ionic salts and
ionic oxides have previously been discussed in the literature.29,30

The main explanations are related to limited solubility and
microscopic cluster formation. Similar deviations from Vegard’s
type behavior have been observed for thin films of various
solids.31,32 The present study is focused on the understanding
of the anomalous behavior of the lattice parameter with the
dopant concentration in Ce1�xSnxO2 solid solutions. The detailed
characterization of these solutions has been done by X-ray
powder diffraction (XRD), UV-Vis spectroscopy, X-ray photo-
electron spectroscopy (XPS), 119Sn Mössbauer spectroscopy and
X-ray absorption spectroscopy (XAS).

Experimental details

Ce1�xSnxO2 (x = 0.1–0.5) oxides were prepared by the solution
combustion method using ceric ammonium nitrate ((NH4)2-
Ce(NO3)6�6H2O), tin oxalate (SnC2O4), and glycine (C2H5NO2) as
precursors. The detailed method of preparation has been
reported earlier.23 Similarly, Ce1�xZrxO2 oxides have been pre-
pared by using stoichiometric amounts of ceric ammonium
nitrate, zirconium nitrate (Zr(NO3)4�xH2O) and glycine.27 Using
a similar method, Ce1�xTixO2 (x = 0.1–0.4) oxides were prepared
by taking stoichiometric amounts of ceric ammonium nitrate,
titanyl nitrate (TiO(NO3)2), and glycine.25

Transmission electron microscopy (TEM) images were collected
using a Hitachi HD-2700CS electron microscope with a cold field
emission gun operated at 200 kV, a CEOS corrector system and an
EDXS detector. For Ce and Sn elemental analysis, respective CeLa
and SnLa emission lines were considered.

All bulk samples of the Ce1�xMxO2 (M = Sn, Ti and Zr) solid
solutions were characterized by powder XRD employing a
PANalytical X’Pert PRO X-Ray diffractometer operated under
CuKa radiation of 1.5418 Å wavelength at 40 kV and 30 mA in
the 2y range 20–801.

UV-Vis diffuse reflectance spectra (DRS) of Ce1�xMxO2

(M = Sn) solid solutions were recorded using a Shimadzu
UV-2450 UV-Vis spectrophotometer in the wavelength range of
200–800 nm. For the UV-Vis DRS measurements, samples were
mixed with BaSO4 in the sample to the BaSO4 ratio of 1 : 100.

The recorded reflectance data were converted to absorbance
using the Kubelka–Munk (K–M)33 function. For the estimation
of band gaps, a direct transition was considered in a Tauc plot34

with (ahn)2 vs. hn.
The XPS of Ce1�xMxO2 (M = Sn and Ti) solid solutions were

recorded using a SPECS spectrometer non-monochromatic
AlKa radiation (1486.6 eV) as an X-ray source operated at
150 W (12.5 kV and 12 mA). All the spectra were obtained with
a pass energy of 25 eV and a step increase of 0.05 eV. The CasaXPS
program was employed for curve-fitting of the Ce3d core level
spectra into several components with Gaussian–Lorentzian peaks
after Shirley background subtraction. Peak positions, spin–orbit
splitting, doublet intensity ratios, and full width at half maximum
(FWHM) were fixed as given in the literature.35

A Ca119mSnO3 source was used for the Mössbauer spectro-
scopic experiments. The measurements were carried out at
ambient temperature. A palladium foil of 0.05 mm thickness
was used to reduce the Sn K X-rays concurrently emitted by this
source. The samples were enclosed in small PMMA containers at
a thickness corresponding to about 10 mg Sn per cm2. Fitting of
the data was done by using the Normos-90 program package.36

X-ray absorption spectra at Sn and Ce K-edges were measured
at SNBL (BM01B, European Synchrotron Radiation Facility,
Grenoble, France) using the Si(111) double crystal mono-
chromator. The sizes of the X-ray beam in the horizontal and
vertical directions were 8 mm and 0.6 mm, respectively, giving
the total beam intensity on the sample of about 1010 ph per s.
Three ionization chambers were used and they were filled with
Ar and Kr to produce the absorption of 20% for Io, 50% for It

and Iref, where Io, It and Iref are intensities of incident, trans-
mitted and reference beams, respectively. An optimal amount
of sample powders was mixed with cellulose and pressed into
pellets of 1.3 cm in diameter to measure the spectra in the
transmission mode. The XAS were acquired in the continuous
scanning mode. The as-recorded Ce and Sn K edge XAS data
were reduced following the standard procedures in the Demeter
program package.37

Ce L3-edge X-ray absorption near edge spectroscopy (XANES)
measurements were performed at SuperXAS beamline of the
Swiss Light Source (PSI, Villigen, Switzerland). The incident
photon beam was selected using a Si(111) double crystal
monochromator and the rejection of higher harmonics and
focusing were achieved using a Si-coated collimating mirror at
2.8 mrad and a Rh-coated toroidal mirror at 2.8 mrad. The
beamline was calibrated using a V foil (V K-edge at 5465 eV).
The resulting spectra were reduced following standard procedures
in the Demeter program package.37

Results
TEM–EDXS studies

All Ce1�xMxO2 (M = Sn, Ti, Zr) solid solutions crystallize in a
single-phase with the fluorite structure. All of them are exceptionally
homogeneous down to the nanometer scale, most probably
at the atomic level. A typical example of the elemental maps
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of Ce and Sn in Ce0.5Sn0.5O2 obtained by TEM–EDXS is shown
in Fig. 1.

XRD studies

The detailed structural characterizations and Rietveld refinements
are presented in earlier reports.23,25,27 The dependence of the lattice
parameter vs. the Sn concentration in the Ce1�xSnxO2 solid solution
is shown in Fig. 2a. The lattice parameter decreases monotonically
until the Sn concentration reaches 35 at% followed by a linear
decrease but with a steeper slope. Similar behavior occurs for the
Ti substitution with a change of the slope at B30 at%. In contrast,
in Ce1�xZrxO2 solid solution, the lattice parameter decreases with a
constant linear slope up to at least 50 at% of Zr (Fig. 2c), clearly
indicating that Sn4+ and Ti4+ are responsible for the observed
anomalies. In the following discussion, we will focus only on a
comparison of Sn and Zr substitutions.

UV-Vis DRS studies

The changes in the electronic structure of the Ce1�xSnxO2 oxides
determined by UV-Vis spectra are presented in Fig. 3. It demon-
strates that absorption edge is not significantly shifted, although, a
major change is observed at B300 nm. The new electronic transition
peak fills up the valley with increasing Sn concentration, which is a
clear indication of electronic transition due to charge transfer from
O2p to Sn5s. Thus, there is a change in the metal–oxygen bonding
nature gaining more covalency with increasing Sn concentration.
However, the band gaps (2.81–2.92 eV) in these materials are slightly
lower than pure CeO2 and largely remain unaltered with progressive
Sn-substitution (see Fig. S1, ESI†). A small change in the band gaps
of the solid solutions can be originated from the changes in the
nature of metal–oxygen bonding.

XPS studies

According to XRD, the fluorite-type structure remains preserved
for both Ce1�xSnxO2 and Ce1�xZrxO2 solid solutions though
they have different behaviors towards lattice parameter vs. Sn/Zr
concentration. Consequently, the important question arises about

the oxidation states of the constituent elements, especially for
Ce. For this purpose, detailed XPS studies have been carried out.

The Ce3d core level spectra of Ce1�xSnxO2 and Ce1�xZrxO2

oxides are presented in Fig. 4(a and b). The spectral envelops
indicate that the oxides contain both Ce4+ and Ce3+ species and
they can be curve-fitted into several component peaks related to
Ce4+ and Ce3+, along with the corresponding satellites. Fig. 5
represents a typical curve-fitted Ce3d core level spectrum of
Ce0.65Sn0.35O2. In the figure, peaks labeled as v correspond to
3d5/2 photoemissions, whereas u peaks stand for related 3d3/2

photoemissions. The u0 0 0 peak is relatively well separated from
the rest of the spectrum and is characteristic of the presence of
tetravalent cerium. In the case of Ce0.65Sn0.35O2, v0 0 0 and u0 0 0

spin–orbit peaks at 898.0 and 916.5 eV, respectively, with 18.5 eV
separation are assigned for the primary photoionization from

Fig. 1 Elemental maps of Ce and Sn obtained by TEM analysis in different
regions (900k magnification; image size �0.0001 � 0.0001 mm).

Fig. 2 Lattice parameter vs. substituent concentration in (a) Ce1�xSnxO2,
(b) Ce1�xTixO2 and (c) Ce1�xZrxO2 solid solutions.
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Ce4+ with the Ce3d94f0O2p6 final state. Lower binding energy
states of v00–u00 (888.6 and 907.1 eV) and v–u (882.5 and 900.8 eV)
correspond to the shake-down satellite features of Ce3d94f1O2p5

and Ce3d94f2O2p4 final states, respectively.38–43 Peaks labeled as
v0, v0 and u0, u0 at 881.6, 885.1 and 899.1, 903.2 eV, respectively,
are related to the Ce3+ final states. It is to be noted that v0–u0 spin
orbit doublet peaks correspond to main photoionization from
the Ce3d94f1O2p6 final state, whereas lower binding energy v0–u0

peaks are assigned to characteristic shake-down satellites of the
Ce3d94f2O2p5 final state. Relative surface concentrations of Ce4+

and Ce3+ species present in the Ce1�xSnxO2 and Ce1�xZrxO2 solid
solutions have been calculated from curve-fitted spectra that
are summarized in Table 1. Peak areas (A) of Ce4+ and Ce3+

components are commonly used to estimate their relative con-
centrations (C) in the oxides using the following equations:38

ACe4+ = Av + Au + Av00 + Au00 + Av0 0 0 + Au0 0 0 (1)

ACe3+ = Av0
+ Au0

+ Av0 + Au0 (2)

CCe3þ ¼
ACe3þ

ACe4þ þ ACe3þ
(3)

About 12% Ce exists in +3 oxidation state on the surface of
pure CeO2 in line with the literature reports.44–46 With increasing

Fig. 3 UV-Vis spectra of Ce1�xSnxO2 oxides with different Sn concentrations.

Fig. 4 XPS of Ce3d core level spectra in the solid solutions: (a) Ce1�xSnxO2

and (b) Ce1�xZrxO2.

Fig. 5 Curve-fitted Ce3d core level spectrum of Ce0.65Sn0.35O2�d.

Table 1 Concentration of Ce3+ ion in Ce1�xMxO2 (M = Sn and Zr) as
calculated by curve-fitting of Ce3d core level spectra

Ce1�xSnxO2 Ce3+/(Ce3+ + Ce4+) (%) Ce3+/(Ce + Sn) (%)

CeO2 12 —
Ce0.8Sn0.2O2 22 17.6
Ce0.75Sn0.25O2 24 18.0
Ce0.7Sn0.3O2 26 18.2
Ce0.65Sn0.35O2 30 19.5
Ce0.6Sn0.4O2 27 16.2
Ce0.55Sn0.45O2 30 16.5
Ce0.5Sn0.5O2 29 14.5

Ce1�xZrxO2 Ce3+/(Ce3+ + Ce4+) (%) Ce3+/(Ce + Zr) (%)

Ce0.9Zr0.1O2 24 21.6
Ce0.8Zr0.2O2 24 19.2
Ce0.7Zr0.3O2 18 12.6
Ce0.6Zr0.4O2 17 10.2
Ce0.5Zr0.5O2 14 5.0
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Sn concentrations, the concentration of Ce3+ (Ce3+/(Ce4+ + Ce3+))
gradually increases to 30% in Ce1�xSnxO2. Although, an apparent
increase in the relative concentration of Ce3+ occurs, the relative
concentration of Ce3+ with respect to the total number of atoms
(Ce + Sn) have been found at an almost constant value of B18%.
However, the relative surface concentration of Ce3+ with respect
to the total one (Ce + Zr) in Ce1�xZrxO2 increases initially at 10%
Zr substitution and then gradually decreases with increasing
Zr concentration.

Sn3d and Zr3d core level spectra of samples from the
Ce1�xSnxO2 and Ce1�xZrxO2 solid solutions are presented in
Fig. S2 (ESI†). In Fig. S2 (ESI†), Sn3d5/2,3/2 core level peaks at
486.1 and 494.4 eV observed in Ce1�xSnxO2 correspond to Sn4+.
However, if Sn is present with mixed oxidation states (Sn4+

and Sn2+) in these oxides XPS cannot distinguish between these
two oxidation states because of the very small core level binding
energy difference. This issue is addressed in more detail by
119Sn Mössbauer spectroscopy (vide infra). Zr3d5/2,3/2 core level
peaks in the Ce1�xZrxO2 solid solutions as presented in Fig. S2
(ESI†) remain constant at 182.3 and 184.6 eV, indicating the
presence of only the +4 oxidation state of Zr in these oxides.
This is expected because Zr4+ is normally irreducible in such
oxidic materials.

O1s core level spectra have also been analyzed carefully to
check for a change of the nature of the oxygen species in the
solid solutions due to the difference in electronegativity of Sn
and Zr as substituents. Fig. 6 shows the O1s core level spectra of
Ce1�xSnxO2 and Ce1�xZrxO2 samples. Interestingly, the peak
positions of the O1s core levels in Ce1�xSnxO2 gradually shift
towards higher binding energy. For example, the O1s core level
binding energies in pure CeO2 and SnO2 are 529.5 and 530.4 eV,
respectively (Fig. 6a). Therefore, while they form solid solutions,
the O1s binding energy increases gradually with increasing Sn
substitution. The change is indeed significant and detectable.
Thus, the binding energy is shifted from 529.5 eV in CeO2 to
530.0 eV in Ce0.55Sn0.45O2. On the other hand, no significant shift
in the O1s binding energy position in the Ce1�xZrxO2 samples is
observed, which remains almost constant at 529.6 eV (Fig. 6b).
This shows that the presence of Sn in CeO2 makes Ce/Sn–O
bonding more covalent as compared to the Zr substitution.

Mössbauer spectroscopic studies

Since XPS is unable to explicitly distinguish the Sn4+ and Sn2+

states in the solid solution of Ce1�xSnxO2, 119Sn Mössbauer
spectroscopy is very helpful to separate them. Fig. 7 shows
the experimental spectra along with transmission integral fits.
The corresponding fitting parameters are listed in Table 2.
For comparison, the corresponding samples of SnO2 and SnO
(with a contamination of SnO2) have also been measured. Both
Sn species can be clearly distinguished by their isomer shifts
in 119Sn Mössbauer spectroscopy. The lone-pair character of
divalent Sn is additionally expressed in a strong quadrupole
splitting parameter.

All samples of the Ce1�xSnxO2 solid solutions exclusively
show Sn(IV) resonances. The isomer shift shows a small but
continuous decrease from 0.13(1) mm s�1 in Ce0.9Sn0.1O2 to

0.06(1) mm s�1 in Ce0.5Sn0.5O2, indicating a weak decrease of
the electron density at the Sn nuclei.47 This is in close agreement
with the end member of the solid solution, rutile type SnO2,
which shows an isomer shift of �0.02 mm s�1. All spectra show
a slightly increased line width parameter, a consequence of
the statistical distribution of the Sn atoms. The local non-cubic
site symmetry of the Sn atoms (a consequence of the Sn–O
substructure distortions discussed below) is expressed in a weak
quadrupole splitting of B0.65 mm s�1.

XANES and EXAFS studies

In order to explore the possible presence of Ce3+ in the bulk of
Sn substituted CeO2, Ce L3-edge XANES spectra were recorded
in all the samples along with CeO2 and Ce(NO3)3 as standards
of Ce4+ and Ce3+, respectively. Fig. 8 shows Ce L3-edge XANES in

Fig. 6 XPS of O1s core levels in the solid solutions: (a) Ce1�xSnxO2 and
(b) Ce1�xZrxO2.
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the two end members, Ce0.8Sn0.2O2 and Ce0.5Sn0.5O2, as typical
examples. Both compounds exhibit similar features as compared
to the CeO2 reference and no shift in the edge position is
observed, while the Ce3+ standard shows a massive edge shift
towards lower energies (B2 eV). The results do not exclude the
presence of small amounts (below 5%) of Ce3+ in the bulk of
CeO2

48–51 and also in the Ce1�xSnxO2 solid solutions. However,
they clearly indicate that Ce3+ concentration in the bulk of solids
is lower than that on the surface determined by XPS under
vacuum.

EXAFS analysis at the Sn K- and Ce K-edges was performed
to study the changes in the local structure around these ions

with increasing Sn concentration. The magnitude of Fourier
transform (FT) of the EXAFS data along with fitted curves is
presented in Fig. 9 and 10, respectively. The coordination
number, bond distances and mean square disorder in bond
distances are listed in Table S1 (ESI†).

As can be seen from Fig. 9, there is hardly any change in
either the position or the height of the first peak in magnitude
of the FT of Sn K-edge EXAFS. The first peak corresponds to the
Sn–O coordination shell and its unchanged behavior essentially
indicates that the local structure around the Sn atoms remains
quite stable with increasing tin content. A second peak at about
3.5 Å appears in the FT spectra with increasing Sn concentration.
In Ce0.8Sn0.2O2 the second shell peak is hardly visible but a clear
peak can be seen in Ce0.5Sn0.5O2. The absence of the peak in FT
magnitude is generally ascribed to the presence of local disorder
around the absorbing atom. This disorder may result in a
destructive interference of EXAFS signals originating from the
scattering of two different types of neighbors (Sn and Ce) placed
at slightly different distances from the absorbing ion.

However, in the case of Ce K-edge EXAFS (Fig. 10) the
position, the height as well as the shape of the Ce–O correlation
peak (first peak) changes with increasing Sn concentration.
These changes indicate that the oxygen coordination around
Ce gets adjusted to the increasing number of tin neighbors in
the second coordination shell. In pure CeO2, every cerium ion is
surrounded symmetrically by 8 oxygen atoms. With the increase
of Sn concentration, these 8 oxygen neighbors around Ce become
non-equivalent in a way that some Ce–O bonds become longer and
the others shorter. The changes in oxygen coordination are plotted
in Fig. 11 (also see Table S1, ESI†). Interestingly, the bond
distribution changes gradually from 6 shorter +2 longer Ce–O
distances to 4 longer +4 shorter Ce–O distances when the Sn
concentration increases above 40%. There is also a small
change in the shorter Ce–O bond length. With increasing tin
concentration, the shorter Ce–O bond decreases from 2.3 to
2.25 Å while the longer one decreases from 2.56 Å to around
2.5 Å. This behavior can be explained by the difference in the
ionic radii of Ce4+ and Sn4+ ions in 8 fold coordination. Ce4+ has
an ionic radius of 0.97 Å while that of Sn4+ is about 0.81 Å
(Shannon radii52). The difference in ionic radii creates a strong

Fig. 7 119Sn Mössbauer spectra of various samples from the Ce1�xSnxO2

solid solutions along with spectra of SnO2 and SnO samples.

Table 2 Fitting results from 119Sn Mössbauer spectra of various samples
from the solid solution Ce1�xSnxO2 along with spectra for SnO2 and SnO
samples: isomer shift d; quadrupole splitting DEQ; experimental line width G

Sample d (mm s�1) DEQ (mm s�1) G (mm s�1) ratio (%)

SnO2 �0.02(1) 0.54(1) 1.26(1) 100
SnO 2.68(1) 1.38(1) 1.02(1) 70(1)

0.00(1) 0.53(1) 0.96(1) 30(1)
Ce0.5Sn0.5O2 0.06(1) 0.59(1) 0.97(1) 100
Ce0.55Sn0.45O2 0.09(1) 0.68(1) 1.00(1) 100
Ce0.6Sn0.4O2 0.10(1) 0.65(1) 0.97(1) 100
Ce0.65Sn0.35O2 0.10(1) 0.64(1) 0.95(1) 100
Ce0.7Sn0.3O2 0.12(1) 0.69(1) 0.99(1) 100
Ce0.75Sn0.25O2 0.12(1) 0.68(1) 0.95(1) 100
Ce0.8Sn0.2O2 0.12(1) 0.64(1) 0.92(1) 100
Ce0.9Sn0.1O2 0.13(1) 0.60(1) 0.94(1) 100

Fig. 8 XANES spectra at the Ce L3-edge in Ce1�xSnxO2 solid solutions
together with the reference samples.
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disorder in the local structure around the cerium ions leading
to a large distribution of Ce–O bond distances. In contrast, the
oxygen coordination around Sn does not split into short and
long bonds. All 8 Sn–O bond lengths remain close to 2.051 Å

and only show a small isotropic expansion with the increase of
Sn content.

The disorder around the Ce ions is also visible from the
behavior of the peak corresponding to the second coordination

Fig. 9 Magnitude of Fourier transform and its fitting for the Sn K-edge EXAFS in Ce1�xSnxO2 solid solutions.

Fig. 10 Magnitude of Fourier transform and its fitting for the Ce K-edge EXAFS in Ce1�xSnxO2 solid solutions.
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shell in the FT of Ce K-edge EXAFS. With increasing Sn concen-
tration, it gradually becomes less intensive, gets larger and changes
from a single peak to a doublet. In Ce0.8Sn0.2O2, most of the second
shell neighbors of Ce are Ce atoms, thus giving rise to a single peak
in the FT spectra of Ce-edge EXAFS. With increasing Sn concen-
tration, the number of Sn neighbors grows, Ce–O bonds become
non-equivalent resulting in the large variety Ce–Sn and Ce–Ce bond
distances, resulting in a doublet peak structure.

In contrast, according to the literature,27 EXAFS analysis
shows that the oxygen coordination shell in the Ce1�xZrxO2

solid solutions is divided into 4 + 4 neighbors in the entire
substitution range up to x = 0.5.

Discussion

This study compares the structure of Ce1�xSnxO2 and Ce1�xZrxO2

solid solutions. Despite similar ionic radii, oxidation state, and
coordination number 8 (0.81 Å for Sn4+ and 0.84 Å for Zr4+),
and a fluorite-type structure, substitution of tin and zirconium
shows a distinctly different behavior of the lattice parameter as a
function of x. There is a pronounced deviation from Vegard’s law
in the case of Ce1�xSnxO2.

In order to understand this phenomenon, the oxidation states
of the metals have been analyzed by XPS, 119Sn Mössbauer
spectroscopy and Ce L3-edge XANES spectra. These techniques
have confirmed that both Sn and Zr exist in the +4 oxidation state.
XPS studies have indicated the presence of a significant amount
(12%) of Ce3+ on the surface of pure ceria, which increases up to
20–30% for Ce1�xSnxO2 and Ce1�xZrxO2 solid solutions. This is
suspected to be an overestimation of surface Ce3+ concentration
and does not reflect the bulk concentration. Since XPS measure-
ments have been carried out under high vacuum, which promotes
the formation of Ce3+ due to low oxygen partial pressure, the

concentration of Ce3+ in the bulk structure can be much smaller.
Indeed, Ce L3- edge XANES measurements carried out in air
demonstrate that bulk Ce3+ concentration in all solids is smaller
and rather independent of the concentration of the Sn substituent.
For this reason, the role of oxygen vacancies in a sudden change of
the lattice parameter at x = 0.35 for Ce1�xSnxO2 solid solutions can
be ruled out.

As Sn4+ is more electronegative than Zr4+, the Sn–O bond
becomes more covalent in nature than the Zr–O bond (Pauling
electronegativities are: 1.12 for Ce, 1.96 for Sn, and 1.33 for Zr).
The higher covalency of the –Sn4+–O2�– bond is also evident
from the increase of O1s core level binding energy in the
Ce1–xSnxO2 solid solutions. A gradual color change from pale
white of CeO2 to intense yellow color in solid solutions with
increasing Sn content (Fig. S3, ESI†) gives an indication of
higher covalency, probably due to charge transfer from O2p to
Sn5s states. The absorbance data are consistent with the above
fact probably due to increasing charge transfer (see Fig. 3) as
indicated by the filling of valley with increasing Sn concen-
tration. Therefore, all 8 oxygen atoms are drawn closer to the Sn
atom, which is indicated by equal and shorter Sn–O bonds. As
the oxygen shell around the Sn atom is shrinked and becomes
more localized, it may not be able to create sufficient distortion
on the Ce atom coordination shell until the Sn concentration
reaches a critical value, x = 0.35. On the other hand, the
coordination number of Ce changes from 8 (up to x = 0.2) to
6 + 2 (up to x = 0.35) to 4 + 4 (above x = 0.35) with increasing Sn
concentration. The interesting feature is that the Ce–O bond
length remains almost unchanged up to x = 0.2 and then
slightly changed up to x r 0.35 (see Fig. 11a). The reason can
be that contraction of the SnO8 shell may facilitate the nearby
CeO8 shells keeping the Ce–O bond length/shell volume almost
unchanged in the cell with a reduced lattice parameter. Thus,
the lattice parameter of Ce1�xSnxO2 decreases at a shallow
slope up to 35 at% Sn substitution and above this concen-
tration, the Sn–O bond becomes predominant throughout the
lattice, forcing the local structure around cerium to change
from 6 + 2 to 4 + 4, which allows the lattice parameter to
decrease steeply up to 50 at% Sn substitution. In comparison,
the Zr–O bond is more ionic in nature. The 4 + 4 coordination
of the Ce–O shell leads to isotropic shrinking on the lattice
parameter in the whole range of Ce1–xZrxO2 solid solution up to
x = 0.5. Thus, Sn–O local coordination, as a consequence of
higher electronegativity of Sn, leads to the deviation from
Vegard’s law for Ce1�xSnxO2 solid solutions.

Conclusions

The substitution of Ce4+ by the tetravalent cations such as Ti4+

and Sn4+ in Ce1�xMxO2 solid solutions does not result in a
linear change of the lattice parameter up to x = 0.5. In both
cases the lattice parameter decreases linearly with a shallow
slope up to B35% substitution, followed by a steeper slope for
higher concentrations. In contrast, Zr substitution results in
a perfectly linear change in the lattice parameter up to 50%.

Fig. 11 Different Ce–O and Sn–O bond distances in the Ce1�xSnxO2 solid
solutions.
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The role of oxygen vacancies for this difference can be ruled out,
because Zr and Sn remain in +4 oxidation state in all solids and
the bulk concentration of Ce3+ is small and rather independent
of the dopant content. On the other hand, we observe significant
differences in the oxygen coordination shell around the metal as
a function of dopant concentration. In Ce1–xSnxO2, the oxygen
coordination shell around the Ce atoms splits into two sub-shells
with shorter and longer bonds, while Sn–O coordination remains
symmetric. In contrast, for Ce1–xZrxO2, both Ce–O and Zr–O shells
split into different sub-shells and oxygen atoms are cooperatively
adjusted to compensate for the size mismatch between Ce and Zr.
The different lattice parameter vs. concentration behavior
between Sn and Zr substituted CeO2 can be explained by higher
electronegativity of Sn as compared to Zr, supported by XPS of
the O1s core level resulting in the deviation from Vegard’s law for
Ce1–xSnxO2 solid solutions.
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