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PdxCe1-xO2-x-δ solid solutions, which are highly efficient catalysts for the low-temperature oxidation of 

carbon monoxide, were examined using a set of structural (XRD-PDF, HRTEM, XRD) and spectral (XPS, 

Raman spectroscopy) methods in combination with quantum-chemical calculations. A comparison of 

the experimental results and pair distribution function (PDF) modeling data enabled reliable verification 

of the model of non-isomorphic substitution of Ce
4+

 ions by Pd
2+

 ions in PdxCe1-xO2-x-δ solid solutions. 

Palladium ions were shown to be in a near square planar environment with C4v symmetry, which is 

typical for Pd
2+

 ions. Such a near square planar environment was revealed by Raman spectroscopy due 

to the appearance of the band with ω = 187 cm
–1

, which corresponds to the A1 vibrational mode of Pd
2+

 

ions in [PdO4] subunits. The binding energy of Pd3d5/2 (Eb(Pd3d5/2) for the Pd
2+

 ion in the CeO2 lattice is 

1 eV higher than that of Eb(Pd3d5/2) for PdO oxide due to a decrease in the Pd-O distances and the 

formation of more ionic bonds because of the displacement of Pd
2+

 ions with respect to the position of 

Ce
4+

 ions in the fluorite structure. Five structural models of solid solutions are considered in the work. As 

demonstrated by the DFT calculations, the most realistic model is based on the displacement of 

palladium ions leading to a PdO4 near square planar environment, which includes water molecules 

stabilizing the region of anion vacancy in their dissociated state as two hydroxyl groups. The 

introduction of water molecules in the composition of the PdxCe1-xO2-x-δ solution leads to a decrease in 

the formation energy and to additional stabilization of palladium in the CeO2 matrix. The formation of 

PdxCe1-xO2-x-δ solid solutions is accompanied by the dispersing effect caused by distortions of the fluorite 

structure stimulated by Pd
2+

 ions. The coprecipitation method, which allows Pd
2+

 ions to be introduced 

at the stage of fluorite structure formation, was demonstrated to be the most optimal for the synthesis 

of a homogeneous PdxCe1-xO2-x-δ solid solution.  

 

1 Introduction  

Among all lanthanides, only cerium has two stable oxidation 
states, +4 and +3. This feature underlies the unique properties 
of its highest oxide СеО2, in particular, the ability to change the 
oxygen content in its structure without a phase transition 1-7. 
This oxygen storage capacity (OSC) makes CeO2 the virtually 
irreplaceable basis for a broad class of heterogeneous catalysts. 
In addition, ceria is capable of the labile substitution of Се4+ 
ions in its structure by cations of other metals, which strongly 
modifies the structure and changes the properties of the 
resulting doped oxide. In particular, the effect of increasing the 
oxygen mobility, OSC value and thermal stability upon 
introduction of Ti4+, Zr4+, Hf4+ 8-12, Sn4+ 13, Co2+ 14,15 and Gd3+ 
16,17 ions as well as other ions of rare-earth elements (RE) 18 
into the ceria lattice is well known. Such modification of ceria 
is related to structural distortions of the fluorite phase produced 

by the dopant cations. For isovalent ions, for example Zr4+, Sn4+ 
or RE ions, Ce4+ ion is isomorphically substituted by an ion of 
the corresponding dopant; this process decreases the lattice 
parameter of the doped ceria and facilitates the removal of 
oxygen ions from tetrahedral positions of СеО2 

19. Vegard’s 
law holds true for the region of existence of the Ce1-xMxO2 
solid solution 8, i.e., the lattice parameter of the solid solution 
decreases linearly as a function of the concentration of a metal 
substituent if its cationic radius is less than the radius of the 
Ce4+ ion. The phase diagrams, electronic structure and catalytic 
properties of such solutions have been studied thoroughly for 
Ce1-xZrxO2 mixed oxides in experimental 3,9,20 and theoretical 
21,22 works.  
Some works have demonstrated that platinum group metals are 
prone to a similar strong interaction with ceria; among these 
metals are rhodium 19,23,24, platinum 25-27, and palladium 25,28-41. 
This phenomenon may lead also to the formation of solid 
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solutions, which is accompanied by a substantial increase in the 
oxygen mobility and OSC value. Such materials are promising 
for application in heterogeneous catalysis. The most 
pronounced enhancement of catalytic properties is observed for 
the solid solutions containing palladium and ceria. However, 
the exact structure of PdxCe1-xO2-δ solid solutions and the valent 
state of palladium in their composition are still not clear. In 
contrast to Zr4+ ions, which isomorphically substitute cerium 
ions, Pd2+ ions are characterized by a square planar 
environment, which is atypical of the fluorite structure of CeO2. 
Nevertheless, a similar isomorphic substitution of Ce4+ ions by 
palladium ions is assumed in the majority of experimental 
studies 33,42-45. Considering the smaller radius of Pd2+ ion 
(0.64 Å) compared with Се4+ ion (0.97 Å), the formation of 
isomorphic substitutional solutions would decrease the lattice 
parameter of the solid solution according to Vegard’s law. 
However, the XRD experiments revealed a considerable growth 
of the lattice parameter of the solid solution upon increasing the 
palladium content. As the palladium concentration is increased, 
the lattice parameter of the PdxCe1-xO2-δ solid solution increases 
linearly from a = 5.411 Å for pure СеО2 to a = 5.417 Å 43 and a 
= 5.416 Å 44 for the Pd0.1Ce0.9O2-δ stoichiometry and 
a = 5.455 Å for the Pd0.2Ce0.8O2-δ stoichiometry 45. In 43, such 
an increase in the lattice parameter is attributed to the growth of 
mutual repulsion of cations caused by the removal of a part of 
oxygen from the solution lattice because the Ce4+ cation is 
substituted by a Pd2+ cation with a smaller charge. The authors 
of 44 report that an increase in the lattice parameter is related to 
the formation of additional Ce3+ ions and oxygen vacancies 
upon the introduction of palladium into the СеО2 lattice. Се3+ 
ions, which have a larger radius (1.23 Å) than Се4+ ions, would 
increase the lattice parameter of the solid solution. In 45, such 
an increase in the lattice parameter of the solid solution was 
attributed to both the increase in the concentration of anion 
vacancies and the decrease in the crystallite sizes with 
increasing palladium content in PdxCe1-xO2-δ solid solutions. 
The locally sensitive EXAFS method revealed the presence of 
three Pd-Element distances in the lattice of 1%Pd/CeO2 catalyst 
(Ce0.99Pd0.01O1.9 solid solution), 2.02, 2.73 and 3.31 Å. In 33, 
these distances were interpreted as the Pd-O, Pd-Pd and Pd-Ce 
distances within the model of isomorphic substitution of cerium 
ions by palladium ions in the CeO2 lattice. An EXAFS study of 
the 2%Pd/CeO2 sample 40 revealed two distances, 1.98 and 
3.18 Å. The first one was interpreted as the Pd-O distance in the 
[PdO4] square planar complexes on the СеО2 surface, and the 
second one was interpreted as the Pd-O-Ce distance. These 
conclusions were based on the model of the surface Pd-O-Ce 
superstructure calculated in 37 using the DFT method. 
Investigation of the 5%Pd/CeO2 sample 46 revealed distances 
equal to 1.6 and 3.2 Å, which were also attributed to Pd-O and 
Pd-O-Ce distances in compliance with the data reported in 47; 
no structural model of the local environment of palladium ion 
was proposed there. The authors of 47 supposed the formation 
of Pd-O-Ce bonds because the binding energy of Pd3d5/2 level 
in the XP spectra was increased with respect to PdO, and the 

DW factors were increased in the description of the EXAFS 
curves.  
There is no generally accepted quantum-chemical model of the 
PdxCe1-xO2-δ solid solution 13,22,41,42,48-53. The authors of 50 
reported the formation of the Pd0.03Ce0.97O2 substitutional 
solution, a where Pd2+ ion occupies the position of a cerium ion 
and has the coordination number of 8. Doping with palladium 
decrease the formation energy of the oxygen vacancy from 2.4 
to 0.59 eV. This decrease accompanied by the reduction of Се4+ 
to Се3+ and Pd2+ to Pd1+. In contrast, in 48 it was stated that the 
Pd2+ ion was displaced from the cerium ion position by 1.3 Å to 
form a [PdO4] planar square; this process leads to the 
spontaneous formation of a charge-compensating oxygen 
vacancy. The calculated formation energy of the oxygen 
vacancy in this solution is 173 kJ/mol (~ 1.8 eV) compared 
with 253 kJ/mol (2.6 eV) in pure СеО2. Upon formation of the 
oxygen vacancy, two adjacent cerium ions are reduced to Се3+, 
while the palladium ion retains its oxidation state of 2+. The 
authors of 37 also calculated a model of the Pd-O-Ce surface 
superstructure, where Pd2+ ions replace cerium ions and a 
square planar environment is retained, residing on the {110} 
surface of СеО2 and forming the chain structures along the 
[001] direction. This process is accompanied by the formation 
of charge-compensating surface vacancies and low-coordinated 
oxygen ions.  
Thus, our literature analysis of recent experimental and 
theoretical works demonstrated the absence of commonly 
accepted opinion. Therefore, we used a complex of physical 
methods in combination with quantum chemistry calculations 
to study the local structure of PdxCe1-xO2-δ solid solutions. The 
quantum-chemical methods employed in our work are based on 
density functional theory. Quantum-chemical calculations are 
combined only with the physical methods that are sensitive to 
the local structure of a substance. Among such methods is the 
pair distribution function (PDF) obtained by the Fourier 
transform of the normalized X-ray diffraction scattering 
measured for a wide range of scattering vectors. The PDF curve 
shows the distribution of interatomic distances 54. Because both 
Bragg scattering and diffuse scattering are considered, this 
method becomes a powerful tool for investigating disordered 
materials, liquids and nanosystems 55-57. For ceria-based 
materials, the modeling of PDF curves measured by pulsed 
neutron diffraction has revealed the presence of interstitial 
oxygen defects, which are related to OSC 58. In addition, the 
indicated approach proved to be efficient in the study of Ce-
ZrO2 nanostructured oxides and ceria doped with rare-earth 
metals 59. Thus, it seemed reasonable to apply the PDF method 
for the analysis of bulk PdxCe1-xO2-δ solid solutions. To perform 
a comprehensive structural characterization of PdxCe1-xO2-δ 
solid solutions, we also used a complex of informative physical 
methods: X-ray diffraction analysis (XRD), high resolution 
transmission electron microscopy (HRTEM), X-ray 
photoelectron spectroscopy (XPS), and Raman spectroscopy. 

2 Experimental  
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2.1 Catalyst synthesis   

IWI SERIES. The 8.2-wt%Pd/CeO2 catalysts were synthesized 
using incipient wetness impregnation (IWI). The CeO2 support 
was prepared by precipitation from a cerium nitrate solution 
followed by drying and calcination in air at 450°C for 4 h. 
Palladium was supported by incipient wetness impregnation 
from a Pd(NO3)2 nitrate solution. The samples were dried and 
then calcined in air at 450, 600 and 1000°C.  
CP SERIES. Coprecipitation was used to obtain the Pd-CeO2 
solid solution with the same Pd loading 8.2-wt%. First, 
Ce(NO3)3 and Pd(NO3)2 solutions were mixed; this step was 
followed by precipitation with a 1N KOH aqueous solution at 
pH 8.8-9.0 and room temperature with subsequent aging under 
the same conditions for 2 h. The precipitates obtained by 
filtering were dried in air and then at 110°C for 12-14 h. The 
dried samples were calcined in flowing air at 450°C for 4 h; 
potassium was then removed by washing with subsequent 
calcination in air at 450, 600 and 1000°C.  
In addition, we examined a pure CeO2 support, which was used 
for the synthesis of IWI catalysts.  
SPECIFIC SURFACE AREAS were determined with an accuracy of 
±10% through the thermal desorption of argon.  

2.2 XPS study  

An XPS study was performed using an ES300 photoelectron 
spectrometer (Kratos Analytical, UK). The analyzer was 
calibrated against the Au4f7/2 (Eb = 84.0 eV) and Cu2p3/2 (Eb = 
932.7 eV) lines of the pure metal surfaces of gold and copper. 
The base pressure in the spectrometer was less than 5*10–9 
mbar. Before placing the samples in the spectrometer, the 
catalysts were ground in an agate mortar; the samples were then 
deposited on conductive carbon tape. Spectra were recorded at 
a fixed pass energy of the analyzer using a low power X-ray 
source (13 kV x 5 mA, 65 W) to prevent photoinduced 
reduction of ceria. To control the surface composition and the 
possible presence of impurities, the survey spectra were 
recorded at a pass energy of 50 eV over the binding energy 
range of 0 – 1100 eV with a 1 eV step. For precise analysis of 
the charge states of the elements, spectra of the main 
photoelectron lines of individual elements were recorded at a 
pass energy of 25 eV with an energy step of 0.1 eV. The MgKα 
line was used as the primary radiation. Mathematical 
processing of the spectra was performed using the XPSCalc 
software, which was developed at the Boreskov Institute of 
Catalysis and tested using many catalytic systems, including 
ceria-based catalysts 60-66. The spectra processing included 
subtraction of the MgKα3,4 satellite and subtraction of the 
background of inelastically scattered electrons using the Shirley 
method. Pd3d and Ce3d spectra were decomposed into the 
individual components using Gauss–Lorentz functions. The 
spectra were calibrated for surface charging against the U''' 
component of the Ce3d line, its binding energy was taken to be 
916.7 eV 67.  

2.3 XRD-PDF study   

The phase composition was determined using powder X-ray 
diffraction (XRD) patterns which were collected on a Bruker 
D8 Advance diffractometer using Cu Kα radiation. The 
diffraction intensities were measured using a LynxEye position 
sensitive detector. XRD patterns were collected in the 2Θ range 
10-70°, with a 0.02° step size and a 2 s collection time. Phase 
analysis was performed using the ICDD PDF-2 database. 
Rietveld refinement was performed using TOPAS v4.2 
software 68. The sizes of the coherent scattering domains (CSD) 
for constituent phases and microstrain parameters were 
estimated using the fundamental parameter approach 69. An 
external standard material — well-crystallized Si powder — 
was used to describe the instrumental broadening. 
The diffraction data for the PDF were obtained using 
synchrotron radiation at the anomalous scattering beamline of 
the Siberian SR Center at the Budker Institute of Nuclear 
Physics. X-ray scattering curves were obtained using a focusing 
reflection geometry and a wavelength of λ = 0.6993 Å in the 2Θ 
range of 3-138° with a 0.01° step. Thus, the upper limit of 
integration was Qmax = 16.5 Å–1. The wavelength was refined 
against a standard corundum sample (NIST standard SRM676). 
The normalized scattering curves S(Q) and PDF curves were 
calculated using the PDFgetX2 program 70 (see equation 1).  

00

2
( ) [ ( ) 1]sin( ) 4 [ ( ) ]G r Q S Q Qr dQ rπ ρ ρ

π

∞
= − = −∫

 (1) 

where Q = 4πsinΘ/λ, ρ(r) is the paired atomic density (the 
probability of finding the i atom at a distance r from the j atom) 
and ρ0 is the average density. 
Modeling of the PDF curves was performed using the PDFgui 
program 71. The model curve for each structure was calculated 
using equation (2) 

02

1
( ) ( ) 4 ( )i j

cry ij
i j

f f
G r T r r r

r f
π ρ γ
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∑∑
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where Tij(r) is the temperature factor accounting for individual 
atomic thermal vibrations, correlated thermal vibrations and 
resolution of the diffractometer.  
Modeling of distances over a wide range accounted for the size 
effect. For distances greater than the nanoparticle diameter, the 
calculated G(r) curve was multiplied by the envelope function 
(3-4): 

( ) ( ) ( )nano cryG r G r f r=
  (3) 

3
3 1

( ) 1 ( )
2 2

r r
f r d r

d d

  = + + Θ −  
     (4) 

where d is the diameter of a spherical particle, and the Θ(x) 
function is equal to 0 for r distances smaller than the particle 
diameter and 1 for interatomic distances greater than the 
particle diameter. The Instrumental broadening parameters, 
Qbroad and Qdamp, were refined for a reference sample (NIST 
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standard SRM676) and remained constant when refining the 
structural parameters.  

2.4 HRTEM study  

An electron microscopy investigation was performed using 
JEM-2010 and JEM-2200FS (JЕОL Co., Japan) electron 
microscopes operated at 200 kV to obtain HRTEM images. The 
STEM HAADF mode was employed together with EDX and 
EELS spectroscopy. The samples for the TEM study were 
ultrasonically dispersed in ethanol and supported on a 
perforated carbon film mounted on a copper grid.  

2.5 Raman spectroscopy study  

The Raman spectra were obtained using a Nicolet NXR 9650 
(Thermo Scientific) equipped with a NdYAG laser, 1064 nm.  

2.6 Quantum-chemical calculations  

The palladium-containing CeO2 phase was modeled as two 
2×2×2 supercells built from the CeO2 fcc unit cell (a = 5.41 Å). 
The obtained supercells correspond to PdO·(CeO2)31 and 
PdO·(CeO2)31·H2O gross formulas. The optimal geometry 
calculations were performed within a self-consistent density 
functional theory framework, as implemented in the PWSCF 
plane-wave pseudopotential code of the Quantum-ESPRESSO 
distribution. The Perdew-Burke-Ernzerhof exchange-
correlation density functional was used. Ultrasoft 
pseudopotentials were employed in the present study. The one-
electron valence wave functions and the electron density were 
described by plane-wave basis sets with kinetic energy cutoffs 
of 25 and 300 Ry, respectively. The reciprocal space was 
approximated by Gamma-point.  

3 Results and discussion  

3.1.1 XRD data  

The X-ray diffraction patterns of the samples synthesized by 
coprecipitation (CP) and impregnation (IWI) are presented in 
Fig. 1. The most intense peaks in the diffraction patterns 
correspond to the ceria phase with the fluorite structure (ICDD 
PDF-2 # 34-0394). No other phases were detected in the 
coprecipitation samples calcined at 450 and 600°C. The 
microstructural parameters were determined using the Rietveld 
refinement. The experimental, calculated and difference curves 
are plotted in Fig. 1. The diffraction patterns of the CP-450 and 
600 samples were described using only the fluorite CeO2 cell. 
The main contribution to the diffraction pattern of such 
nanosized compounds was caused by the size effect and 
broadening of the diffraction profile due to microdistortions; 
thus, the occupancy of positions was refined only in the last 
step and did not produce a substantial decrease in the Rwp 
values. A thorough analysis of the calculated and experimental 
profiles revealed slight disagreements in the intensities of 
reflections (for example, the 222 and 400 reflections); however, 
due to the large width of the lines, a description of the average 
structure within the fluorite phase yields Rwp values equal to 
4%.  

 
Fig. 1. X-ray diffraction patterns for CP-450 (a), CP-600 (c) and CP-1000 (e) 

samples and IWI-450 (b), IWI-600 (d) and IWI-1000 (f) samples. Fit from “normal” 

CeO2 flourite-type structure. The experimental curves are represented by black 

circles, the fits are represented by blue solid lines, and the difference curves are 

shown below (red). The intensities are displayed as √I.  

Thus, the standard approach to the analysis of diffraction 
patterns is insensitive to changes in the local structure, which 
are related to the incorporation of palladium into the ceria 
structure. Calcination of these samples at 1000°C leads to the 
appearance of Bragg maxima corresponding to the phases of 
palladium oxide (ICDD PDF-2 #41-1107) and metallic 
palladium (ICDD PDF-2 # 46-1043). The CSD size of the PdO 
phase is 14.6÷0.6 nm, and that of metallic palladium is 
18÷1 nm. The presence of microstrains was not considered 
when estimating the particle size of the palladium-containing 
phases.  
The samples synthesized by impregnation and calcined at 
450°C (IWI-450) initially consist of two phases. Together with 
the main ceria phase, a palladium oxide phase was also present, 
whose CSD size was equal to 5.2÷2 nm and only slightly 
changed when the calcination temperature was increased to 
600°C. Calcination of the samples at 1000°C resulted in the 
disappearance of palladium oxide and the appearance of 
metallic palladium. The particle size of metallic palladium is 
quite large: according to estimates obtained by modeling the 
diffraction profile, the CSD size is 35÷1 nm.  
Table 1 lists data on the phase composition of the tested 
samples, the cell parameters of the fluorite phase, and their 
CSD size and microstrains. A comparison of the diffraction 
patterns for two series of samples with the same content of 
palladium indicates that, in contrast to the IWI- samples, the 
CP- amples are monophasic, with their average structure being 
adequately described within the fluorite structure of CeO2. The 
lattice parameter of the fluorite phase in CP samples is greater 
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than in the IWI samples. Such an increase in the lattice 
parameter was reported earlier 43-45 when discussing solid 
solutions of Pd in CeO2. However, in the CP-450 and CP-600 

samples the CSD size of the СеО2 phase is 6 – 7 nm versus 11-
12 nm for IWI-450 and IWI-600 samples.  
 

Table 1. Phase composition of Pd-CeO2 samples synthesized by coprecipitation and impregnation. Structural and microstructural characteristics of the phase 
with a fluorite structure  

Tcalc, 
oC 

CP IWI 
Phases a, Å particle size, 

nm 
microstrains Phases a, Å particle size, 

nm 
microstrains 

450 CeO2 5.4349(3) 6.3(1) 0.232(5) CeO2, PdO 5.4169(2) 11.5(1) 0.107(3) 
600 CeO2 5.4333(3) 7.0(1) 0.228(5) CeO2, PdO 5.4158(2) 11.7(2) 0.106(3) 
1000 CeO2, PdO, Pd 5.41231(4) 92(2) 0.034(1) CeO2, Pd 5.41187(4) 74.7(1) 0.007(1) 

 
Calcination of the samples at 1000°C leads to the appearance of 
metallic palladium and palladium oxide phases for the 
coprecipitated samples. Upon formation of palladium-
containing phases, the unit cell parameters of the fluorite phase 
approach each other for the coprecipitated and impregnated 
samples. Although the CSD size in coprecipitated sample after 
calcination at 1000° is higher than that of the impregnated 
sample, the amount of microstrains is greater in the first 
sample. This fact and the retained PdO phase in the CP samples 
indicate a pronounced interaction of palladium with ceria in the 
CP samples calcined at low temperatures.  

3.1.2 HRTEM data   

HRTEM examination of the CP-450 sample revealed that its 
structure is represented only by ceria nanodomains with particle 
sizes of 5-10 nm. Nanoparticles of PdO oxide and metallic 
palladium were not detected (Fig. 2.a).  

 
Fig. 2. a) HRTEM image of CP-450 catalyst area, b) HAADF STEM image of a large 

area of CP-450 catalyst, c) EDX mapping of the same area in (b) obtained from 

CeL and PdL emission lines.  

However, EDX mapping of the CP-450 sample area, using the 
CeL and PdL emission lines, demonstrated that palladium 
uniformly distributed over the entire area (Fig. 2.b,c). 
Palladium nanoparticles were not detected in this area. 
Considering the high concentration of palladium in this sample, 
palladium is most likely dissolved in the ceria lattice.  
For the IWI-450 sample, the particle size distribution of CeO2 
is also quite uniform with particles sizes of 10 – 20 nm 
(Fig. 3.a). However, high resolution images reveal numerous 
nanoparticles with sizes of 1.5 nm and smaller. Note that 
obtaining an image of the crystal lattice of such clusters is 
difficult due to their small size. However, in some cases, it is 
possible to detect the interplanar spacing related to palladium in 
the metallic state. We believe that the metallic state is formed 

under the in situ effect of the electron beam. Under the ambient 
air, the metallic clusters are likely partially oxidized to PdOx.  

 
Fig 3. a) BF TEM image of IWI-450 catalyst. b) and c) BF HRTEM images of IWI-

450 catalyst areas with PdOx nanoparticles on ceria surface, marked by arrows.  

In the studied IWI samples, some of the palladium was 
concentrated in the form of PdO particles comprising PdO-
CeO2 agglomerates, wherein the PdO particles were located 
predominantly in the center of the agglomerates. These 
HRTEM results are in consistent with the XRD data presented 
above.  
Thus, in comparison with the CP-450 sample, IWI-450 has, on 
average, a twofold greater particle size for the fluorite phase 
and contains some PdO nanoparticles  

3.1.3 Raman spectroscopy data  

Raman spectroscopy was employed to analyze the CP-450 
sample and compare it with pure СеО2. For IWI catalysts 
synthesized by impregnation, the application of Raman 
spectroscopy was hindered by a strong adsorption of the 
primary laser radiation and pronounced heating of the sample. 
The spectra are presented in Fig. 4. The main peak at 450-460 
cm–1 corresponds to the F2g vibrational mode of oxygen ions in 
the [CeO8] cubic subunit of the CeO2 structure 72-75. The bands 
at 550 and 600 cm–1, which are weakly pronounced for pure 
СеО2 and more intense for the CP-450 sample, are assigned to 
the so-called defect-induced vibrational mode (D-mode), and 
the band at 250 cm–1 is the transverse second-order acoustic 
vibrational mode (2TA). For pure ceria, the main band is 
narrow, and its Raman- shift is equal to 463 cm–1, which is 
typical of pure ceria. The width of the main F2g line is 
determined by phonon confinements effects and depends on the 
mean size of the crystal domain. The size of the ceria 
crystallite, as estimated from the FWHM of the F2g peak by the 
formula reported in 73, is 15.6 nm (Table 3). The Raman 
spectrum recorded for the CP-450 sample differs from the 
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spectrum of pure ceria mainly by the main peak of the F2g 
vibrational mode, which is strongly broadened and shifted to 
455 cm–1. This effect is caused by the smaller size of the 
crystalline domains of the fluorite phase due to the introduction 
of palladium into the ceria structure. The crystalline domain 
size determined from the Raman spectrum is 4.6 nm (Table 3). 
A similar shift and broadening of the F2g peak for PdxCe1-xO2-δ 
solid solutions was observed in 45. The additional band at 187 
cm–1 observed for the CP-450 sample was also reported in 45. 

 
Fig. 4. Raman spectra obtained for CP-450 catalyst and pure ceria. Raman-

forbidden E1
u band position for nanocrystalline PdO is shown on the graph taken 

from ref. 76.  

Note that palladium oxide is characterized by an intense band at 
651 cm–1 in the Raman spectrum, which corresponds to the B1g 
vibrational mode of square planar [PdO4] subunits in the 
palladium oxide structure 76. The absence of the corresponding 
band in the spectrum for the CP-450 sample allows the 
assignment of the band at 187 cm–1 to the PdO phase to be 
excluded. It can be concluded that the band at 187 cm–1 cannot 
be attributed to palladium oxide; however, its partial 
contribution coincides with the molar content of palladium with 
respect to cerium. Thus, this band most likely be assigned to 
palladium cations located in the ceria structure.  

3.1.4 XPS data   

For the samples calcined at 450 and 600°C, the charge state of 
palladium on the surface obtained by analysis of the Pd3d 
doublet line corresponds to the oxidized state. For the CP-450 
sample, the state of palladium is essentially uniform and 
represented by the Pd3d5/2 component with Eb(Pd3d5/2) = 338.0 
eV (Fig. 5.a). Note that the binding energy of the Pd3d5/2 line 
for PdO oxide is in the range of 336.7 – 337.0 eV 77-79; thus, the 
observed binding energy of the Pd3d5/2 line for the CP-450 
sample strongly exceeds the value typical of PdO. In addition, 

such an increased value of the binding energy is typical of 
Pd/CeO2 catalysts 12,25,33,41,43,44,46. The elevated value of 
Eb(Pd3d5/2) is caused by localization of individual palladium 
ions in the ceria lattice 12,25,33,42,43,44. Earlier, we also observed 
the increased position of Pd3d level with respect to PdO in 
Pd/CeO2 catalysts 60,62,63, which was assigned to Pd2+ ions in the 
PdxCe1-xO2-δ substitutional solid solution. In addition, the Pd3d 
spectrum of the CP-450 sample also contains an additional low-
intensity component with Eb(Pd3d5/2) = 336.1 eV, which cannot 
be attributed to PdO nanoparticles. Note that these additional 
palladium species on the surface of Pd/CeO2 catalysts are not 
considered in the literature. However, such states of palladium 
are very important for the low-temperature oxidation of CO 
over Pd/CeO2 catalysts 63. At the current stage of our study, the 
exact composition and structure of such states of palladium are 
not quite clear; nevertheless, we believe that these oxidized 
palladium structures are close to small PdOx clusters that are 
anchored on the surface defects of ceria.  

 
Fig. 5. Pd3d spectra obtained for CP-450 (a), CP-600 (b), CP-1000 (c), IWI-450 (d), 

IWI-600 (e), and IWI-1000 (f) samples. All the spectra are normalized to the 

integral intensity of the Ce3d photoelectron line.  

For the CP-600 sample, the main state of palladium also 
corresponds to the PdxCe1-xO2-δ solid solution (Fig. 5b); 
however, the intensity of the additional state with the binding 
energy 336.1 eV is much higher compared with the sample 
calcined at 450°C. It cannot be ruled out that these structures 
are the products of Pd2+ ions segregation from the solid solution 
lattice during calcination.  
For the samples synthesized by impregnation, the 
corresponding Pd3d lines are strongly broadened (Fig. 5d,e). 
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Note that the widths of the C1s, O1s and Сe3d photoelectron 
lines (Fig. 6) were virtually identical for all the tested samples, 
both impregnated and coprecipitated. Thus, the broadening of 
the Pd3d line for the IWI samples can only be attributed to the 
presence of additional states of palladium.  
Fixation of the parameters of the Gauss–Lorentz functions and 
decomposition of the spectra (see Table S1) reliably indicate 
the presence of three components in the Pd3d lines for IWI 
samples. The component with Eb(Pd3d5/2) = 338.1 eV 
(Fig. 5d,f) corresponds to the PdxCe1-xO2-δ solid solution. In our 
opinion, the state with Eb(Pd3d5/2) = 335.9 eV can be 
interpreted similar to the case of the CP-450 samples. For the 
IWI-450 sample, the most intense component with the binding 
energy of 337.0 eV (Fig. 5d) corresponds to palladium oxide. 
Earlier, we observed the same value for the Pd3d level of 
sintered Pd/CeO2 samples containing PdO nanoparticles 60. The 
presence of palladium oxide is also confirmed by the presence 
of shake-up satellites near 341 and 346 eV in the XP spectra of 
the IWI-450 and IWI-600 samples. The presence of such shake-
up satellites in XP spectra is typical of PdO oxide 78,79. Note 
that such satellites are not observed in XP spectra of the 
samples synthesized by coprecipitation. Increasing the 
calcination temperature to 600°C decreases the intensity of the 
component corresponding to PdO oxide (Fig. 5f). This effect 
may be related to both the sintering of PdO nanoparticles and 
their dissolution in ceria yielding the PdxCe1-xO2-δ solid 
solution. 
Calcination of samples from both series at 1000°C resulted in 
the decomposition of the solid solution into palladium oxide, 
PdO, and metallic palladium. This effect is observed as the 
appearance of components with Eb(Pd3d5/2) = 337.0 – 336.9 
eV, which corresponds to PdO, and Eb(Pd3d5/2) = 335.3 – 335.1 
eV, which is assigned to metallic palladium. For the IWI-1000 
sample, the metallic state of palladium on the surface is the 
main state, while for the CP-1000 sample the main state is 
represented by the oxide. For the CP-1000 sample, palladium 
oxide appears to be the decomposition product of the PdxCe1-

xO2-δ solid solution, and in the IWI sample, the oxide was 
initially present on the surface. It is known that PdO oxide is 
unstable at temperatures above 850°C and decomposes into a 
metal 80, which was observed for the IWI-1000 sample. For the 
CP-1000 sample, the presence of palladium oxide on the 
surface may be caused only by reoxidation of metallic 
palladium upon cooling the sample to room temperature in air. 
Reoxidation of the metal produced by the decomposition of 
PdO was also observed for Pd0.11Ce0.89O2-y solid solutions by in 

situ XRD 45. Thus, the calcination of PdxCe1-xO2-δ solid 
solutions at 1000°C leads to their decomposition into individual 
oxides. However, complete decomposition occurs neither for 
the introduction of palladium into the bulk of CeO2 nor upon its 
surface deposition, which is evidenced by the presence of 
components with Eb(Pd3d5/2) = 338.1 eV the in Pd3d spectra of 
CP-1000 and IWI-1000 samples.  
Fig. 6 displays the C1s, O1s and Ce3d spectra for samples CP-
450 and IWI-450. In both cases, the O1s line consists of three 
components. The main component with Eb(O1s) = 529.6 eV 

corresponds to the anion sublattice oxygen. It is observed that 
the binding energy does not depend on the introduction of 
palladium into the СеО2 lattice; moreover, the same binding 
energy is observed for the O1s level for pure CeO2. Thus, the 
O1s spectra indicate that the charges on the O2– ions remain 
unchanged upon the introduction of palladium into the structure 
of CeO2. A component with Eb(O1s) = 531.8-531.9 eV is 
assigned to the adsorbed surface compounds (hydroxides and 
carbonates). For the CP-450 sample, the fraction of these 
oxygen species is greater than on the surface of the IWI-450 
sample. A component with Eb(O1s) = 534.5 eV is attributed to 
the Pd3p3/2 line. For the C1s line, one observes not only the 
main peak with the binding energy of 285.3 eV, which 
corresponds to species of elementary carbon but also a 
component with Eb(C1s) = 288.9-289.1 eV, which is ascribed to 
surface carbonates; the fraction of this state is greater for the 
CP-450 sample.  

 
Fig. 6. C1s (a, d), O1s (b, e) and Ce3d (c, f) spectra obtained for CP-450 and IWI-

450 samples. Spectra a-c were obtained for the CP-450 sample; spectra d-f were 

obtained for IWI-450 sample.  

The decomposition of the Ce3d line into five doublets, which 
allows the fraction of Ce3+ ions to be determined 81, provides 
evidence of the higher concentration of Ce3+ ions for the CP-
450 sample compared with IWI-450. Quantitative data for all 
the tested samples are listed in Table 2. For the IWI samples, 
the content of trivalent cerium is virtually independent of the 
calcination temperature and is equal to 27-28%, whereas for 
samples CP-400 and CP-600 the fraction of trivalent cerium is 
much greater, attaining 36%. This finding indicates a higher 
concentration of surface defects and anion vacancies. Upon 
calcination at 1000°C (CP-1000 sample), the concentration of 
Ce3+ ions becomes equal to that for the IWI samples. The 
presence of anion vacancies is confirmed by the ratio of the 
O1s component with Eb(O1s) = 529.6 eV, corresponding to the 
lattice oxygen, and the total intensity of the Ce3d line. For the 
IWI samples, this ratio corresponds to the CeO2 stoichiometry, 
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while for the CP-450 and CP-600 samples this ratio is equal to 
1.3, which indicates a considerable oxygen deficiency. Note 
that the absolute value of this ratio is not a criterion of the exact 
CeOx stoichiometry and depends on various factors. 
Nevertheless, the low value of this ratio for the CP sample with 
respect to the IWI samples unambiguously indicates oxygen 
depletion of the surface. Increasing the calcination temperature 
of the CP sample to 1000°C increases this ratio to 2.1, i.e., to 
the value characterizing samples from the IWI series.  

Table 2. The fraction of Ce3+ ions, O/Ce atomic ratio, and concentration ratio 
of the oxygen species with Eb(O1s) = 531.8 eV to the carbon species with 
Eb(O1s) = 289 eV as calculated from XPS data for all the studied samples 

Sample %Ce3+ O1s(529.6)/Ce3d O1s(531.8)/C1s(289) 
CP-450 34 1.3 3.1 
CP-600 36 1.3 3.5 
CP-1000 29 2.1 4.9 
IWI-450 28 2.0 3.3 
IWI-600 28 2.0 3.1 
IWI-1000 27 2.0 3.8 

In addition, quite a high concentration of carbonate structures 
was observed on the surface of the samples. For the IWI and 
CP samples calcined at 450 and 600°C, the ratio of the O1s line 
component with Eb(O1s) = 531.8 eV to the C1s line component 
with Eb(C1s) = 289 eV is 3.1-4.9, which may correspond to 
НCO3

– and CO3
2– ions. 

Thus, palladium tends to dissolve in the ceria lattice with the 
formation of a solid solution even when palladium is deposited 
on the surface by impregnation. In this case, a substantial 
amount of palladium dissolves in the subsurface layers of CeO2, 
and the remainder remains on the surface as oxide particles. 
The introduction of palladium into the bulk of ceria enhances 
the interaction of palladium with ceria and results in its 
complete dissolution yielding the PdxCe1-xO2-δ solid solution. 
The introduction of palladium into the bulk leads to the 
formation of more defect particles containing anion vacancies 
and a greater amount of adsorbed carbonate compounds 
compared with palladium deposition on the surface by 
impregnation. Calcination at 1000°C results in partial 
decomposition of the PdxCe1-xO2-δ solid solution and the 
formation of metallic and oxide palladium.  

3.1.5 Quantum-chemical calculations  

The optimized geometry of the CeO2 phase with intercalated 
Pd2+ ion is not presented here because it differs only slightly 
from the structure examined in 48. In the resulting structure, the 
Pd2+ ion retains an environment that is close to square planar. 
The calculation using this model produced a zero spin density 
on the palladium ion, which agrees with the data reported in 48. 
However, the model proposed in 48 implies the existence of a 
large empty space in the lattice of such a solid solution. This 
space forms due to the displacement of Pd2+ ion from the 
fluorite position into the face of an O8 cube, which leads to the 
square planar geometry and formation of the charge-
compensating oxygen vacancy VÖ. Considering that solid 
solutions of the CP series were synthesized in our work by 
coprecipitation in an aqueous medium, we assumed that this 

space could be filled with a water molecule. We have found 
that introduction of the water molecule into the space decreases 
the energy by 92 kJ/mol.  

 
Fig. 7. Two different projections of the calculated PdO·(CeO2)31·H2O supercell. 

The black spheres denote the cerium ions, the green sphere denotes the Pd2+ 

ion, and thered spheres represent the oxygen ions of the regular ceria lattice. 

The violet spheres denote the 3-coordinated O2– ions, while the blue and white 

spheres represent the oxygen and hydrogen from the introduced water 

molecule, respectively.   

This decrease is accompanied by dissociation of the water 
molecule, such that a hydroxyl ion OH– occupies the anion 
vacancy and the remaining proton is added to the adjacent O2– 
ion with the formation of a second hydroxyl. The other two O2– 
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ions are in a threefold coordination (the violet spheres in 
Fig. 7), owing to which they are slightly displaced toward the 
bound Се4+ ions along the (111) family directions. The 
resulting hydroxyl groups are coordinated by threefold O2– ions 
via the formation of hydrogen bonds. Thus, the water molecule, 
which was introduced in the supercell to form OH– and H+ ions, 
is incorporated nearly perfectly in the regular structure of CeO2. 
Such modification of the initial supercell causes the cell 
parameter to remain virtually unchanged. For example, the 
calculated pressure tensor for a 2×2×2 cell of pure CeO2 is 
 –8.29 kbar, while the value of this tensor for 
PdO·(CeO2)31·H2O supercell is only –4.18 kbar for the cell 
parameter equal to 5.41 Å in both cases. Here, the Pd-O bond 
length is 1.98 Å, which is somewhat smaller compared with 
PdO oxide, where this bond length is equal to 2.01 Å. However, 
in the absence of distortions and the perfect square planar of 
Pd2+ environment in the fluorite structure of CeO2 this distance 
would be 1.91 Å, indicating that the Pd-O bond length in this 
solid solution has an intermediate value between the Pd-O bond 
lengths in PdO oxide and PdxCe1-xO2-δ solid solution with 
undistorted lattice of CeO2 oxide. Note that only the nearest 
neighbors of palladium atoms are displaced and that the overall 
structure of the fluorite is not disturbed and shows only minor 
distortions. Thus, the introduction of palladium in the ceria 
lattice and filling of the resulting space with water molecules is 
not expected to increase the lattice parameter of such a solid 
solution. Note that the geometry of the 1st coordination sphere 
of Pd2+ ions, exhibits a minor difference from the ideal square-
planar geometry: the Pd2+ ion shifted from [PdO4] plane by 0.13 
Å which leads to the formation of an almost square-planar 
geometry or rather flattened tetrahedral pyramid [PdO4], thus 
the symmetry of 1st coordination sphere decreases from D4h to 
C4v.  
According to the main idea of the work in 48, the existence of 
under-coordinated oxygen ions in the lattice of a Pd-doped 
ceria would increase the OSC of such materials. As 
demonstrated in 48, this effect occurs due to a decrease in the 
energy of oxygen vacancy formation with participation of 
under-coordinated ions to 173 kJ/mol compared with pure СеО2 
(253 kJ/mol). Such a process implies the formation of two 
adjacent anion vacancies, which would positively contribute to 
the formation energy of the oxygen vacancy calculated in 48. 
Using the hydration energy of this solid solution equal to 92 
kJ/mol, which was calculated in our work, and the formation 
energy of the oxygen vacancy obtained in 48, one can estimate 
the formation energy of an oxygen vacancy in the hydrated 
PdO·(CeO2)31·H2O solid solution as 173 – 92 = 81 kJ/mol. 
Thus, the PdO·(CeO2)31·H2O solid solution is proposed to be 
characterized by a high OSC value, which is promising for 
heterogeneous oxidation catalysis.  

3.1.6 PDF data  

A set of physicochemical methods employed in our study has 
demonstrated that CP samples calcined at 450 and 600°C are 
single-phased and have a distorted fluorite structure with an 
increased lattice parameter. Palladium is distributed uniformly 

over the bulk of these samples and does not form individual 
phases. The mean particle sizes calculated from the BET, XRD 
and TEM data agree well with each other. This fact excludes 
the formation of the domain structure where palladium could 
segregate within the boundaries of individual domains. All 
these data in combination with Raman spectroscopy and XPS 
data and quantum-chemical calculations indicate the formation 
of a Pd solid solution in the CeO2 structure of these samples. 
Table 3 lists the quantitative data on the mean particle size of 
the samples, which were obtained directly from HRTEM and 
XRD and indirectly from BET and Raman spectroscopy.  

Table 3. Mean particle size obtained from BET, XRD, HRTEM and Raman 
spectroscopy   

Sample SBET 
[m2/g] 

DBET* 
[nm] 

DXRD 
[nm] 

DHRTEM 
[nm] 

DRaman** 
[nm] 

CP-450 162 4.8 6.3 5-10 4.6 
CP-600 146 5.4 7.0 5-10 - 
IWI-450 72 10.9 11.5 10-20 - 
IWI-600 70 11.2 11.7 - - 

CeO2-450 72 10.9 11.5 10-20 15.6 

*calculated from SBET using formula 
2

3 2

6000
[ ]

[ / ] [ / ]CeO BET

D nm
g cm S m gρ

=
⋅

 
**calculated from FWHM of F2g peak using formula 

1

124.7
[ ]

[ ] 10
D nm

cm−=
Γ −

 from 

ref. 73 

As observed in Table 3, the data acquired by using different 
physical methods agree well with each other.  
A more detailed structural examination of the solid solutions 
was performed using the X-ray PDF method. Fig. 8 displays the 
PDF curves for the CP-450 and CP-600 samples with respect to 
the curve for pure CeO2 in the 1-8 Å range of interatomic 
distances. The normalized scattering curves for these samples 
are presented in the Supplementary section (Fig. S2). CeO2, 
which was used as the reference sample, is adequately 
described by the fluorite structure, allowing for a partial 
reduction of cerium cations, which is typical of highly 
dispersed samples. For charge compensation, 10% oxygen 
vacancies were introduced (see Fig. S3). All the maxima 
observed experimentally correspond to the interatomic 
distances in the fluorite structure; no additional maxima were 
detected. This result indicates the single-phase nature of the 
material at the local scale and confirms the formation of a solid 
solution of palladium in CeO2. However, a comparison of the 
positions and intensities of the maxima with pure CeO2 as the 
reference sample revealed changes in the bond lengths and 
coordination numbers due to Pd introduction. The position and 
intensity of the first maximum corresponding to the Сe-O 
distance are similar to those of pure CeO2, whereas the Ce-Ce 
peak shifts and decreases in intensity for the solid solution 
samples compared with pure CeO2. Similar changes are also 
observed for the more distant coordination spheres. For the X-
ray PDF curves, scattering from the cationic sublattice prevails 
over scattering from the oxygen atoms. Therefore, in this work, 
we discuss mainly the changes and disorder in the cationic 
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sublattice that are caused by incorporation of palladium cations 
in the structure of CeO2. 

 
Fig. 8. Low-r region of X-ray PDFs (a) of CP-450 (circles) and CeO2 (solid blue 

curve) and (b) of CP-600 (circles) and CeO2 (solid blue curve).  

Examination and refinement of the solid solution model were 
performed in three steps. In the first step, we selected a model 
by refining only the local structure in the range of distances 
1 < r < 15 Å, where the effects of decreasing coordination 
numbers due to a finite size can be neglected, thus minimizing 
the set of parameters to be refined. Then, the most suitable 
model was refined for a wide range of interatomic distances. 
Finally, the same model was used to refine the average 
structure using the Rietveld method using standard powder 
diffraction data. The last step was necessary to verify that, 
despite the palladium intercalation and distortion of the 
structure at the local level, the structure corresponds on average 
to the fluorite structure and describes a standard diffraction 
experiment.  
Because the PDF curves for two samples exhibits no significant 
differences, we will consider data obtained by modeling the 
CP-450 sample. Data for the CP-600 sample are presented in 
the Supplementary section (Fig. S4).  
According to the hypotheses on the structure of PdxCe1-xO2-δ 
solid solutions, which are discussed in the literature, we 
considered two families of the models. The first family implies 
that the cerium cation is substituted by a palladium cation, such 
that palladium ion remains in the position of the cerium ion. 
Such models are proposed as a result of quantum-chemical 
calculations of the bulk 50 and surface 22,51 of PdxCe1-xO2-δ solid 
solutions; these models were used to describe experimental 

EXAFS data 13,42. The second family implies that the 
substitution of cerium cation is followed by the displacement of 
the palladium cation from the fluorite position toward a O8 cube 
face with the formation of a square planar subunit [PdO4]. This 
family of models was not verified experimentally and is 
considered because of quantum-chemical modeling of the bulk 
PdxCe1-xO2-δ solid solution 48,49 and its surfaces 37,53. Both 
families of models assume the formation of anion vacancies 
allowing for different oxidation states of palladium and 
different Ce3+/Ce4+ ratios. The main difference between these 
two families is related to the presence or absence of the 
displacement of the palladium ion substituent from the 
corresponding position of the cerium ion. Overall, we 
considered five models including all combinations. In family 1, 
the palladium ions occupy the positions of cerium ions; this 
family consists of three models. 
MODEL I: The anion sublattice of the parent ceria is completely 
retained, i.e., oxygen vacancies are absent, which formally 
corresponds to the gross formula PdxCe1-xO2 (δ=0), where the 
palladium ion is in the oxidation state 4+.  
MODEL II: One adjacent oxygen vacancy per palladium ion, 
which corresponds to the gross formula PdxCe1-xO2-x (δ=x), 
where the palladium ion is in the oxidation state 2+.  
MODEL III: More than one oxygen vacancy per palladium ion, 
which formally, this corresponds to the gross formula PdxCe1-

xO2-x-y/2 (δ=x+y/2). The palladium ion is in the oxidation state 
2+, and trivalent cerium ions with the molar fraction y are 
present in the lattice.  
In the family 2 models IV and V, the palladium ion is displaced 
from the cerium position along the (100) direction to attain a 
geometry close to the square planar one. In view of the square 
planar environment, the hypotheses with palladium ions in the 
oxidation state 4+ were not considered in models of this family.  
MODEL IV: This model based on model III. The corresponding 
formula is PdxCe1-xO2-x-y/2 (δ=x+y/2); the molar fraction of the 
Ce3+ ions is equal to y, and there is one oxygen vacancy per 
Pd2+ ion in the perfect square-planar geometry.  
MODEL V: This model is based on the geometry of the local 
environment of the palladium ion, which was obtained by 
quantum-chemical calculations. One water molecule per Pd2+ 
ion in near square planar geometry is introduced into the lattice. 
The water molecule fills the charge-compensating oxygen 
vacancy with the formation of two hydroxyl groups. The 
corresponding formula is PdxCe1-xO2-x-y/2·xH2O (δ=x+y/2); the 
molar fraction of Ce3+ ions is equal to y.  
A schematic representation of all these models is presented in 
Fig. 9. To construct the atomic model, we built a 3×3×3 
supercell from CeO2 unit cells, where the cerium atoms were 
randomly substituted with palladium atoms with a specified 
probability x = 13% which corresponded to the molar 
concentration of palladium. Then, depending on the family of 
models, palladium atoms were located at the cerium position or 
displaced to one of the cube faces. Because the fraction of 
palladium ions is not large, the direction of Pd2+ ions 
displacement from the cationic position of fluorite is not 
correlated, which means that the displacement of a particular 
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palladium ion in any of six possible directions of the (100) 
family exerts no effect on the displacement direction of the 
other palladium ions. Thus, when constructing the atomic 

model of family 2, the displacement direction for each 
palladium ion was selected randomly from six possible 
directions of the (100) family.  

 
Fig. 9. Experimental PDF curve (circles) for CP-450 sample in the range of scattering vectors 1 < r < 12 Å, and calculated PDF curves (blue) with the difference curves 

for all models of the local structure of PdxCe1-xO2-δ solid solution considered in the study. Schematic representation of the structure of the local environment of the 

palladium ion within the considered structural models of the PdxCe1-xO2-δ solid solution and the corresponding gross formulae.  
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The solid solution cells under consideration are displayed in the 
Supplementary section (Fig. S5).  
The theoretical calculations for these five models, which 
considered the instrumental resolution and the maximum 
possible experimental value of Qmax, demonstrated that under 
the given conditions of the experiment, it is impossible to 
allocate weak additional peaks that appear due to the 
displacement of palladium from the fluorite position. However, 
essential differences in the relative intensity of the peaks 
attributed to the cationic sublattice can be analyzed. The 
theoretical PDF curves are presented in the Supplementary 
section (Fig. S6).  

Table 4. Refinement of models I-V for X-ray PDFs of CP-450 sample in the 
range of interatomic distances 1 < r < 15 Å.   

Model Pd shift VÖ part Rwp U(Ce), 
Å-2 

U(Pd), 
Å-2 

U(O), 
Å-2 

I false 0 0.195 0.009 0.008 0.034 
II false 0.1 0.203 0.006 0.034 0.021 
III false 0.2 0.199 0.009 0.011 0.024 
IV true 0.1 0.140 0.009 0.049 0.049 
V* true 0.1 0.141 0.009 0.033 0.037 

* This model is based on a geometry of the local environment of the 
palladium ion, which was obtained by quantum-chemical calculations 

The refinement of the structural models with respect to the 
experimental PDF curve for CP-450 sample is shown in Table 4 
and Fig. 9. The smallest R factor was obtained for the family 2 
models with the displacement of palladium cations. A 
distinctive feature of these models is their ability to most 
correctly describe the intensities of the maxima corresponding 
to the cation-cation distances. Note that the available 
instrumental resolution is insufficient for differences in the 
description of the experiment between models IV and V. 
Nevertheless, the general formula of the solid solution should 
be PdxCe1-xO2-x-δ reflecting the fact that palladium is in ceria 
lattice in square-planar environment with 2+ oxidation state. 
Thus the charge compensating oxygen vacancies with mole 
fraction x are in the bulk of solid solution. Therefore, we will 
keep the PdxCe1-xO2-x-δ designation for brevity, where δ – 
oxygen non-stoichiometry due to the presence of Ce3+ ions. It is 
noteworthy, that the charge compensating vacancies with the 
mole fraction x can completely or partially be filled with water 
molecules, in agreement with DFT calculations.  
Model V was then taken as the main model for the refinement 
of the experimental PDF curves for a wide range of interatomic 
distances. The refinement of the solid solution model with the 
displacement of palladium cations from the fluorite cell in the 
range of distances 1-40 Å is illustrated in Fig. 10.a. The good 
agreement between the calculated and experimental results and 
the low R factor (0.157) indicate that the model can adequately 
describe not only the local but also the average structure. The 
refined diameter of the solid solution nanoparticles was found 
to be 6.2 nm. This result agrees well with the CSD size 
obtained by modeling of the XRD profile (see Table 1).  
To relate the proposed model of the solid solution to the data of 
the standard diffraction experiment, full-profile refinement was 

performed using the Model V supercell (Fig. 10.b). At the final 
step of the refinement, the R factor value was 4.5%. The good 
agreement between the model and the calculated diffraction 
patterns indicates that the model of the local structure does not 
contradict the experimental data for the retained average 
fluorite structure of the sample. When this diffraction pattern 
was modeled with the standard CeO2 structure, at the final step 
of refinement, we obtained an R factor equal to 4.0% and 
almost the identical structural parameters. This result 
demonstrates that for the standard diffraction experiment and 
refinement of the structure using the Rietveld method, 
microdistortions occur at the local level upon intercalation of 
palladium cations into the lattice.  

 
Fig. 10. a) Refinement of the solid solution structure within model V for a wide 

range of interatomic distances (1-40 Å) with respect to the X-ray PDF for CP-450 

sample. The diameter of the nanoparticles is 6.2 nm. Rwp = 0.157. b) Description 

of the diffraction profile of the CP-450 sample using model V of the solid solution 

and a 3×3×3 supercell built from the fluorite unit cells. Rwp = 0.045. Designations: 

(+) – experimental curve, solid red line – calculated curve, solid blue line at the 

bottom – difference curve.  

3.2 Interrelation of the lattice parameter with the size and 

defects of CeO2 particles  

First, attention should be paid to the increase in the lattice 
parameter of the fluorite phase that occurs in CP samples upon 
palladium introduction into the bulk СеО2 phase. Such data are 
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regularly reported in the literature by various research teams 43-

45. However, according to refs. 82,83, a decrease in the particle 
size of pure СеО2 below 20 or 12 nm also increases the lattice 
parameter of these nanoparticles. We have systematized the 
literature data on the lattice parameter of pure ceria and PdxCe1-

xO2-x-δ solid solutions depending on the particle size and 
supplemented the experimental data acquired in the present 
work. As observed in Fig. 11, the lattice parameter increases 
upon decreasing the crystallite sizes of both the pure ceria and 
the PdxCe1-xO2-x-δ solid solutions. The data obtained in the 
present work show good agreement with the literature which 
suggests that the formation of the PdxCe1-xO2-x-δ solid solution 
cannot be concluded solely from the increased lattice parameter 
of the fluorite phase. A similar conclusion was made by the 
authors of 45.  

 
Fig. 11. The lattice parameter of the fluorite phase versus particle size calculated 

from XRD. The literature data are compared with the data for the samples of CP 

and IWI series examined in this work.  

Quantum-chemical calculations of the solid solution cell 
demonstrated that the introduction of palladium and a water 
molecule into the ceria structure would not increase the lattice 
parameter. The pressure tensor value of –4.18 kbar obtained for 
the PdO·(CeO2)31·H2O solid solution indicates that the CeO2 
lattice parameter should not increase. Thus, the increased value 
of the lattice parameter of the fluorite phase in the IWI samples 
can be attributed only to a smaller particle size.  
For pure CeO2, the increase in the lattice parameter is attributed 
by the authors of 83 to an increase in the extent of lattice 
distortions caused by the growth of the contribution from the 
surface energy. The XPS data revealed a higher concentration 
of Ce3+ ions and surface carbonate structures for the samples 
CP-450 and CP-600 compared with the IWI-450 and IWI-600 
samples. Such an increased contribution of the Ce3+ ions and 
carbonate/hydroxide species can also be attributed to the 
smaller particle size of the CP-450 sample compared with to 
IWI-450. We assigned a component with Eb(O1s) = 531.8 eV to 

the stable surface groups OH– and HCO3
–. This assignment 

does not contradict the data reported in 83. An increase in the 
concentration of surface defects upon decreasing the particle 
size would increase the concentration of surface groups such as 
OH– and HCO3

–, which are stable in ultrahigh vacuum. Note 
that an increase in the concentration of surface defects can aid 
in stabilizing the O2

– radicals at a higher concentration under 
the action of an oxidizing atmosphere; this effect was observed 
by ESR in 83. Thus, the increase in the lattice parameter of the 
CP-450 and CP-600 samples with respect to the samples of the 
IWI series and pure ceria occurs most likely due to a size effect, 
which can be explained by the great contribution of the surface 
energy to the total energy of the crystal lattice.  

3.3 Coordination of palladium in the CeO2 structure 

Among structural models of such solid solutions discussed in 
the literature, the best fit to experimental data was demonstrated 
by the model allowing for the displacement of palladium 
cations from fluorite positions in the center of an O8 cube 
toward one of the faces to provide a transition of palladium 
from cubic coordination to a near square planar one. Thus, the 
model predicted in 48 is supported by our experimental results 
and calculations. Note that cubic coordination is non-typical of 
palladium cations and excludes in principle the isomorphic 
substitution of cerium cations in the fluorite structure. Thus, the 
square planar coordination of palladium in the solid solution 
resolves these questions and renders the refined model more 
acceptable. In addition, because of the absence of correlation 
effects in the direction of Pd2+ ions displacement in the solid 
solution lattice, the average structure of these solutions is close 
to the fluorite structure, which explains the absence of 
additional reflections in the experimental XRD patterns (Fig. 1) 
obtained for the CP-450 and CP-600 samples. This 
experimental observation completely agrees with modeling of 
the XRD pattern for the solid solution cell refined using the 
XRD-PDF data (Fig. 10 b). It should be emphasized that the 
absence of additional reflections in the diffraction patterns 
cannot unambiguously indicate the absence of the dissolution of 
palladium ions in the structure of ceria or, vice versa, the 
formation of an isomorphic substitutional solid solution. One 
can see that non-isomorphic substitution of cerium ions by 
palladium ions with the formation of a near square planar 
environment of the latter ones also yields a XRD pattern that is 
indistinguishable from the corresponding pattern of pure СеО2. 
A similar observation were made in 84 for Ce1-xSmxO2-δ 
nanoparticles, using EXAFS and STEM-EELS the part of Sm 
atoms was found to be shifted off from the substituted cerium 
atom position and occupied one neighboring oxygen cube 
center. Nevertheless, the XRD patterns for Ce1-xSmxO2-δ 
nanoparticles was identical to that one for pure ceria 
nanoparticles. This feature should be considered when studying 
such materials using structural methods.  
The Raman spectrum for the CP-450 sample reveals an intense 
and quite narrow band at 187 cm–1 (Fig. 4). As noted above, 
this band cannot be attributed to СеО2 or PdO phases. The 
density of phonon states for palladium oxide, which was 
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calculated in 76, is divided into two separated ranges of 0 – 250 
and 450 – 650 cm–1 which correspond to Pd2+ and О2– ions due 
to a pronounced difference in their masses. For this reason, the 
band at 187 cm–1 is in a frequency range typical for Pd2+ ions. 
However, for pure palladium oxide, the bands at 157 and 168 
cm–1 correspond to the IR-allowed modes Eu+A2u for Pd2+ ions 
85, which are Raman-forbidden for palladium ions because Pd2+ 
ions in the P4/2mmc PdO lattice form square-planar [PdO4] 
subunits with D4h symmetry. These bands correspond to out-of-
plane vibrations of Pd2+ ions 86. For PdO phase particles the 
forbidden phonon scattering can be induced by defects or the 
Fröhlich interactions 76, which leads to the appearance of a very 
weak band at 165 cm-1 for polycrystalline palladium foil 
compared with Pd(100) single crystal without this band in 
Raman spectra. Therefore, this mechanism does not explain the 
high intensity of the band at 187 cm-1 76. However, the 1st 
coordination sphere of the Pd2+ ion in the PdxCe1-xO2-x-δ solid 
solution model obtained by DFT calculations is characterized 
by near square planar geometry with C4v symmetry. The 
symmetry group C4v is characterized by Raman-allowed 
vibrations of a central atom with A1 symmetry. Hence, 
symmetry lowering of the coordination sphere of the Pd2+ ion 
from D4h to C4v will lead to complete removal of the symmetry 
restriction and will induce vibrations of the Pd2+ ion 
perpendicular to the 4O2- nearest neighborhoods plane, which 
will result in the appearance of an intense band in the Raman 
spectrum. Thus, the band at 187 cm–1 can be assigned to the A1 
vibrations of Pd2+ ions in near square planar PdO4 subunits with 
the symmetry group C4v in the lattice of the PdxCe1-xO2-x-δ solid 
solution. The position of the Еu

1 mode for the PdO phase 
observed in 76 is 165 cm–1, and shown in Fig. 4. One can see 
that the position of the band A1 at 187 cm-1 observed for the 
CP-450 sample differs considerably from the corresponding 
position for the PdO particles. However, such disagreement can 
be attributed to a higher value of the force constant. It is known 
that for covalent bonds, the force constant depends on the bond 
length as k(r) ~ r6 87. The Pd-O distances obtained by quantum-
chemical calculations of the solid solution cell were equal to 
1.98 Å, which is less than the Pd-O bond length in pure 
palladium oxide (2.01 Å). Thus, a decreasing distance between 
the palladium and oxygen atoms in the solid solution structure 
would increase the frequency of the appropriate vibrational 
mode. A rough estimation can be obtained using the formula:  

( )

–1

–1
6

165 cm
  181 cm  

1.98 / 2.01 Å Å

    =  
        (5) 

This estimation yields a theoretical position of this band that is 
close to the position observed experimentally, thus verifying 
the quantum-chemical calculations and the assignment of this 
band precisely to the A1 vibrational mode of Pd2+ ions in the 
C4v [PdO4] subunits in the lattice of the PdxCe1-xO2-x-δ solid 
solution.  

3.4 A comparison with previously developed models  

Unfortunately, experimental studies of the local structure of 
PdxCe1-xO2-x-δ solutions are quite rare in the literature. 
Nevertheless, some experimental works elucidating the 
structure of palladium–ceria solutions were reported in 33,37,40; 
thus, it is interesting to compare our models with the models 
proposed in these works. The authors of 33 performed an 
EXAFS examination of 1%Pd and 5%Pd/CeO2 catalysts 
synthesized by solution combustion and supposed the formation 
of the PdxCe1-xO2-δ solid solution in which the Pd2+ ion 
substituting for the cerium ion remains in the cerium ion 
position. Their conclusion appears to be based on some 
questionable assumptions. In this work 33, it is proposed that the 
Pd-O distance in the first coordination sphere of this 
isomorphic solid solution should be the same as in PdO and 
equal to 2.02 Å. To obtain this Pd-O distance, the authors 
assumed that the lattice parameter of the solid solution was 
4.67 Å, which is abnormally smaller than the lattice parameter 
typical of СеО2, 5.411 Å.  

 
Fig. 12. The Pd-element bond lengths and respective coordination numbers for 

an isomorphic substitutional solid solution with the perfect lattice of ceria 

(model I), a non-isomorphic substitutional solid solution with the perfect lattice 

of ceria (model IV), and the geometry of the local environment of the palladium 

ion obtained by quantum-chemical calculations (model V).  

For model IV, which is based on the perfect fluorite structure 
with the displacement of the palladium ion, the 1.913 and 
3.313 Å distances appeared naturally (Fig. 12, model IV), 
without requiring a compression of the lattice from 5.411 to 
4.67 Å. The optimized cell geometry, which was obtained by 
quantum-chemical calculations (Fig. 13, model V), 
demonstrates that in this case the solid solution structure 
includes the following distances: the first coordination sphere 
with coordination number 4 is at a distance of 1.98 Å, and the 
second coordination sphere includes several close distances: 4 
Pd-Ce (3.12 Å), 2 Pd-O (3.17 Å), 2Pd-O (3.36 Å), 2 PdO 
(3.41 Å) and 2Pd-O (3.43 Å). Thus, our model is in good 
agreement with the EXAFS data reported in 33. The authors of 
40 also examined 2% Pd/CeO2 samples by EXAFS and 
observed distances equal to 1.98 Å (coordination number 4.2) 
and 3.18 Å (coordination number 3.2), which were interpreted 
within the model of surface Pd-O-Ce superstructures calculated 
in 37 using the DFT method. The first distance in the model 
employed by the authors coincides with the Pd-O distances in 
the first coordination sphere of the solid solution calculated in 
our work using the DFT method (Fig. 12, model V). One can 
see that the data reported in 40 are described quite accurately by 
our model V of the bulk solid solution. In contrast to ref. 37, 
which considers the surface superstructure, we suppose the 
formation of the bulk disordered solid solution. Nevertheless, 
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qualitatively our models agree with each other: palladium ions 
are displaced from the fluorite position with the near square 
planar environment formation. It cannot be ruled out that 
superstructures of the type considered in 37 could form on the 
surface of a bulk PdxCe1-xO2-x-δ solid solution.  
The proposed solid solution model requires further refinement. 
First, the positions of the anion sublattice and hydrogen atoms 
in model V obtained by quantum-chemical calculations should 
be refined. However, such work and a detailed analysis would 
require high-resolution neutron scattering experiments and a 
more comprehensive approach to modeling of the system by, 
e.g., the inverse Monte Carlo method.  
Non-isomorphic substitution of cerium ions by palladium ions 
naturally produces structural distortions in the parent ceria, 
which appear as the pronounced microdistortions revealed by 
the refinement of XRD patterns for CP samples (Table 1). Such 
distortions may hinder the growth of crystalline domains in the 
solid solution, which can be considered a main reason for the 
dispersing effect of palladium on the ceria structure. In 
addition, this effect of palladium ions on the ceria lattice would 
increase the lattice oxygen mobility and the OSC value, which 
is useful for heterogeneous catalysis and can be employed in 
oxidation reactions.  

4 Conclusions  

The XRD-PDF method in combination with XPS, HRTEM, 
Raman spectroscopy, XRD and quantum-chemical calculations 
was used to investigate a detailed local structure of Pd2+ ions in 
PdxCe1-xO2-x-δ solid solutions. The palladium ions were shown 
to retain the near square planar environment, which is typical of 
Pd2+ ions. The lattice parameter increases due to a decrease in 
the mean particle size of the PdxCe1-xO2-x-δ solid solution rather 
than due to the substitution of cerium ions by palladium ions. 
This dispersing effect is provided by distortions of the fluorite 
structure produced by Pd2+ ions. Modeling of the XRD patterns 
demonstrated that for the non-isomorphic substitution of cerium 
ions by palladium ions, the average structure of the solution is 
indistinguishable from the fluorite structure, and no additional 
reflections are observed in the diffraction patterns. The isolated 
Pd2+ ions, with a near square planar environment in the CeO2 
lattice, can be identified by Raman spectroscopy by the 
appearance of the band with a Raman shift of 187 cm–1, which 
corresponds to the A1 vibrations of palladium ions in C4v 
[PdO4] subunits in the ceria lattice. XPS reveals that the state of 
the Pd2+ ion in CeO2 lattice is characterized by Eb(Pd3d5/2) = 
337.9 eV, which exceeds the Eb(Pd3d5/2) value for PdO oxide 
by 1 eV. The increased value of Eb(Pd3d5/2) for Pd2+ in the 
CeO2 matrix is related to a decrease in Pd-O distances and the 
formation of more ionic bonds. 
The PdxCe1-xO2-x-δ solution is stable and starts to decompose 
into individual cerium and palladium oxides only upon 
calcination at 1000°C; this process does not lead to the 
complete decomposition. The formation of a PdxCe1-xO2-x-δ 
solid solution is a thermodynamically favorable process that 
occurs even when palladium is deposited on the surface of ceria 

by impregnation. The amount of palladium that can dissolve in 
the ceria lattice during the impregnation is much lower, because 
an excess of palladium on the surface leads to the formation of 
small PdO particles with a mean size of approximately 1 nm. 
For synthesis by coprecipitation, the distribution of palladium is 
close to equilibrium, and palladium is distributed over the entire 
volume.  
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