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1 Introduction

The electronic structure and the nature of the
chemical bond in CeO,

Konstantin . Maslakov, (2@ Yury A. Teterin,®® Mikhail V. Ryzhkov, (2 ¢
Aleksej J. Popel, (2 *% Anton Yu. Teterin,” Kirill E. lvanov,” Stepan N. Kalmykov,°
Vladimir G. Petrov,” Peter K. Petrov® and lan Farnan®

The X-ray photoelectron spectral structure of CeO, valence electrons in the binding energy range of
0 to ~50 eV was analyzed. The core-electron spectral structure parameters and the results of
relativistic discrete-variational calculations of CeOg and CegzO,16 clusters were taken into account.
Comparison of the valence and the core-electron spectral structures showed that the formation of the
inner (IVMO) and the outer (OVMO) valence molecular orbitals contributes to the spectral structure
more than the many-body processes. The Ce 4f electrons were established to participate directly in
chemical bond formation in CeO, losing partially their f character. They were found to be localized
mostly within the outer valence band. The Ce 5p atomic orbitals were shown to participate in the
formation of both the inner and the outer valence molecular orbitals (MOs). A large part in the IVMO
formation is taken by the filled Ce 5py/, 5p32 and O 2s atomic shells, while the Ce 5s electrons
participate weakly in the chemical bond formation. The composition and the sequent order of the
molecular orbitals in the binding energy range of 0 to ~50 eV were established. A quantitative scheme
for the molecular orbitals of CeO, was built. This scheme is fundamental for understanding the nature
of chemical bonding and also for the interpretation of other X-ray spectra of CeO,. Evaluations revealed
that the IVMO electrons weaken the chemical bond formed by the OVMO electrons by 37%.

Thus, the authors of ref. 12-16 associated the complex CeO,
XPS structure with the presence of Ce** and Ce*" ions in the

Cerium dioxide is known as a non-radioactive structural
substitute of actinide oxides (UO, and PuO,)."”* CeO,-based
ceramics are suggested as an inert >*°Pu or **°U bearing matrix
for nuclear fuel, as well as a matrix for high-level waste
disposal."® CeO, is also used an exhaust gas afterburning
catalyst™® and in electronics.®

X-ray photoelectron spectroscopy (XPS) has been widely used
for the study of the electronic structure of CeO,.”*" The core
and valence XPS spectra of cerium compounds are complicated
and structured. This complicates the determination of the
oxidation state of cerium on the basis of chemical shifts.”™""
Several mechanisms for the formation of the complex CeO, XPS
structure were considered.
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samples (mixed valence). However, the authors of ref. 17 sug-
gested that CeO, contains only Ce*" ions and on the basis of the
calculations they associated the complex Ce 3d XPS structure
with the complex final state consisting of the ground final state
Ce 3d°4f° and the two excited final states 3d°4f'OVMO ' and
3d°5p°np. The unusual final state Ce 3d°5p°np" was attributed to a
weakly screened vacancy in the IVMO.>"® These results agree with
the experimental core-electron XPS data in ref. 19, which showed
that the complex XPS structure appears in the core-electron XPS
spectra and does not appear in the valence XPS spectra.

The authors of ref. 18 performed the non-relativistic discrete-
variational calculations for the CeOg cluster including a cerium
atom and its nearest environment in CeO, in the MO binding
energy (BE) range of 0-22 eV and qualitatively compared the
calculated and experimental spectra. In the present work the
valence and the core-level XPS spectra of the single-crystalline
CeO, film on Si(001) were measured, and the relativistic discrete-
variational calculations for the CeOg and Ceg;0,;6 clusters in the
BE range of 0 to ~50 eV were carried out. A quantitative
comparison of the calculated and experimental results was per-
formed. A quantitative scheme of the molecular orbitals for CeO,
was built.
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2 Experimental
2.1 Sample production

The CeO, thin film was grown by pulsed laser deposition on a
(001) oriented p-doped Si substrate and characterised by XRD
and SEM as described in detail in ref. 20. The thin film of CeO,
has nominal thickness (250 nm). X-ray diffraction analysis
suggested that the CeO, film can be described as a single
crystal in a (111) crystallographic orientation.

2.2 X-ray photoelectron measurements

The XPS spectra of CeO, were recorded on a Kratos Axis Ultra
DLD spectrometer using monochromatic Al-Ka radiation
(hv = 1486.7 eV) at a 150 W X-ray gun power under 1.3 x 10 Pa
at room temperature. The analyzed area was an ellipse with minor
and major axes of 300 and 700 nm, respectively.

A Kratos charge neutraliser system was used and BEs were
measured relatively to the BE of the C 1s electrons from
hydrocarbons adsorbed on the sample surface, which was
found to be equal to 285.0 eV. FWHMs are given relatively to
that of the C 1s XPS peak for hydrocarbons on the sample
surface to be 1.3 eV.>" The error in the determination of the BE
and the peak width did not exceed £0.05 eV, and the error of
the relative peak intensity was £5%. The inelastically scattered
electron-related background was subtracted by the method of
Shirley.*?

Quantitative elemental and ionic analysis was performed for
the surface of the studied sample AP1 on the basis of the
valence and core-level XPS spectra. The stoichiometric (CeO; o9)
and ionic (97% Ce*" and 3% Ce®*) compositions of the studied
sample were found. More details on the spectral measurements
and elemental and ionic analyses are given in ref. 11.

2.3 Calculations

The calculations of the electronic structure of CeO, (Rge-o =
0.2344 nm)* were performed for the two types of finite fragments
of the crystal lattice: 279-atom Ce430,16 and small CeOg clusters.
The latter object modeled a cerium atom nearest environment in
a dioxide crystal. For the modeling of the boundary conditions
for the Ceg3;0,16 fragment, we used an “extended cluster”
scheme described in detail in ref. 24. In this model, the crystal
fragment under study consists of two parts: the internal main
part (or the “core”) and the outer part (or the “shell” of the
cluster), the latter part usually includes the atoms of 1-5
coordination spheres surrounding the “core”. During the self-
consistency procedure, the electron densities and the potential
of atoms in the ‘“shell” are replaced by the corresponding
values obtained for the crystallographically equivalent centers
of the cluster core. In addition to the introduction of the
long-range component of the surrounding crystal potential,
the extended cluster is embedded in a pseudopotential of the
outer crystal lattice, including several thousand centers with
Coulomb and exchange-correlation potentials obtained for
the corresponding equivalent atoms in the internal part of
the cluster. This pseudopotential modeling of the long-range
crystal potential becomes important in the calculations of
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compounds with noticeable charges on atoms, such as oxides
and fluorides.

In the case of Ceg;0,46, the core of the cluster included: a Ce
atom in the center (Ce,) with the eight nearest oxygen neighbors
(01) and 12 cerium sites of the next metal coordination sphere
with their 48 nearest oxygen atoms. The other atoms of the cluster
formed the “shell” and during self-consistency their electron
densities and potentials were kept equivalent to those of Ce,
and O;. In the case of small fragment CeOg, the renormalization
procedure for the populations of oxygen atoms in valence atomic
orbitals (AOs) during self-consistency was used in the calculations.
The latter model of the boundary conditions for small clusters
also allows one to include into the iterative scheme the stoichio-
metry of compounds and the possibility of charge redistribution
between the outer atoms in the cluster and the surrounding
crystal.

In this work, the calculations were carried out using the fully
relativistic discrete-variational method (RDV)**® with local
exchange-correlation potential.>’ The RDV method is based
on the solution of the Dirac-Slater equation for 4-component
wave functions transforming according to the irreducible
representations of the double point group (D, in the present
calculations). For the calculation of symmetry coefficients we
used the original code which realizes the projection operator
technique®® and includes the matrices of the irreducible repre-
sentations of double point groups obtained in ref. 28 and the
transformation matrices presented in ref. 29. The extended
basis of 4-component numerical atomic orbitals (AOs) obtained
as the solution of the Dirac-Slater equation for the isolated
neutral atoms also included the vacant Ce 6p;;, and 6ps),
functions in addition to completely or partially occupied AOs.
Numerical Diophantine integration in the calculations of
matrix elements was carried out for 698000 (Ces30,16) and
22000 (CeOg) sample points distributed in the cluster space.
This provided the convergence of MO energies within 0.1 eV.
The calculations of the electronic structure have been proved to
be one of the most accurate tools for the determination of the

electronic structures of solids.>™*?

3 Results and discussion

The valence XPS structure of CeO, (0 to ~50 eV BE) appears due
to OVMO and IVMO formation, as well as due to other processes
(Fig. 1). In order to evaluate the contributions of the other
processes, the core-level XPS structure was analyzed. For more
details see ref. 11. The present work considers only some of the
core-level XPS spectra.

3.1 Core-level XPS structure of CeO,

As shown in ref. 11, the Ce 3p4,, 3d-, 4s-, 4p-, 4d-, 5s spectra in
the BE range from ~35 to ~1250 eV exhibit a complex
structure due to the many-body perturbation and complex final
states. After Ce 3d electron photoemission the ground final
state Ce 3d°4f° and the two excited final states 3d°4f'OVMO ™"
and 3d°5p°np' appear. The final state Ce 3d°5p°np' was
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Fig. 1 Valence XPS spectrum of a single-crystalline (111) CeO; film on the
Si(001) substrate. Vertical bars show the spectrum recorded for the CeOg
cluster.

attributed to a weakly screened vacancy in the IVMO. As a
result, the Ce 3d XPS spectrum exhibits a complicated structure
instead of the expected doublet associated with the spin-orbit
splitting AEg(Ce 3d) = 18.6 eV (Fig. 2). The same structures are
observed in the XPS spectra of other core levels.'* However,
such a structure is not observed in the spectrum of Ce 5p
electrons (Fig. 1). This confirms the appearance of the
3d°5p°np" final state with a quasi-internal vacancy in the 5 p
shell (Fig. 2).

Since the Ce*" ions do not contain Ce 4f electrons, the
corresponding spectra of the valence electrons do not show the
structure associated with multiplet splitting (Fig. 1). As shown in
ref. 21, the dynamic effect due to the giant Coster-Kronig transi-
tions is expected in the Ce 4p XPS spectrum. The many-body
perturbation'™*' is one of the main reasons for the complex
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Fig. 2 Ce 3d XPS spectrum of a single-crystalline (111) CeO, film on the
Si(001) substrate. Structures associated with the ground Ce 3d°4f° and
excited Ce 3d°4f'VMO ! and Ce 3d°5p°4f°np! final states are shown in the
spectrum.
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structure in the core-level XPS spectra. This structure appears in
the Ce 5s XPS spectrum, but not in the Ce 5p XPS spectrum. This
yields a conclusion that the valence (0 to ~ 35 eV) XPS structure
appears mostly due to the OVMO and IVMO electrons.

The O 1s spectrum appears as a single peak at E,(O 1s) =
529.4 eV with FWHM I'(O 1s) = 1.3 eV (Fig. 3). On a higher
BE side from the primary peak a small shoulder at E,(O 1s) =
531.7 eV can be attributed to hydroxyl groups. The intensity
ratio for these peaks is 80% (CeO,) and 20% (OH ™). The O 2p
and O 2s features related to the OH™ groups increase the error
in the XPS intensity measurements (Fig. 1). The BE differences
between the valence- and the core-level peaks, as well as the
results of cluster calculations were used for the interpretation
of valence XPS structures.

3.2 Electronic structure of the clusters in CeO,

The ground state electronic configuration of a cerium atom is
[Xe] 5s>5p®4f>5d°6s°6p°, where [Xe] is the xenon electronic
configuration. The total densities of occupied states (DOS)
obtained for the central Ce; and O, atoms in the two clusters
are shown in Fig. 4. A comparison of the DOS in Fig. 4 shows
that the set of discrete molecular levels in the small CeOg
fragment (we have broadened each MO level with a Lorentzian
function of a constant width for all MOs) transforms to energy
bands of various widths in the large Ces30,,6 cluster. Note that
the positions of the centers of gravity of the main bands in both
fragments are close to each other. Moreover, the analysis of
covalent mixing of Ce 5p1,,, 5p3/, With O 2s orbitals and Ce 4f5),,
4f; /5, 5dss, 5ds), 68, 6p1/, and 6p;, with O 2p AOs shows that
the main features of hybridization between metal and oxygen
states are also similar in the two clusters. Note that the only
visible difference between these spectra is the increase in
energy difference between the highest occupied MO (HOMO)
and the Ce 4s peak (—37.5 eV) in the large cluster by 0.5 eV.
As seen in Fig. 1, this increase would improve the agreement
with experiment. However, since in the large fragment, the energy
region under investigation (—40 to 0 eV) contains 2231 orbitals,
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Fig. 3 An XPS narrow-scan of O 1s of the single-crystalline CeO, film.
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Fig. 4 Total DOS for the central part of CeOg and Ceg30O216 Clusters.

for the illustration of the general structure of the main molecular
states, we use the results of RDV calculations for the small CeOg
cluster. It is worth mentioning that in Fig. 1, the theoretical
MO intensities were calculated using photoionization cross-
sections.>*** The characteristics of all vacant and occupied
MOs in the energy region from —40 to +15 eV obtained for this
cluster are given in Table 1. The MO LCAO (Molecular Orbitals
as Linear Combinations of Atomic Orbitals) approach was
employed in order to consider the chemical bond in terms of
atomic and molecular shells.

The IVMO and the OVMO formation is a result of the
hybridization of Ce and O orbitals (Ce 5s, 5p, 4f, 6s and O 2s,
2p and empty Ce 5d, 6p AOs). Unlike the results of non-
relativistic calculations for CeO, showing a significant partici-
pation of Ce 5s AO in MO formation,*® the relativistic calcula-
tions show that Ce 5s states do not hybridize with oxygen
orbitals (Table 1). The Ce 6s and 6p AOs take a notable part
in the formation of vacant MOs. The Ce 4f AOs mostly partici-
pate in OVMO formation, while the Ce 5p, 5d AOs participate in
both the OVMO and the IVMO. Especially a high mixing of the
Ce 5p;,, and the O 2s AOs was observed for the 12y, 8y, (3)
and 10y¢ , 6y, (6) IVMOs (Table 1). The hybridization of the
Ce 5pi1, and O 2s AOs in the 11y¢ (4) and 9ys (7) IVMOs is
even higher due to a decrease in the BE difference between Ce
5p12 and O 2s levels (Fig. 1). These results together with the
photoionization cross-sections**** allow one to build a theore-
tical XPS spectrum (Table 2) and to interpret the corresponding
experimental valence XPS spectral structure of CeO, (Fig. 1).
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3.3 Valence XPS spectrum of CeO,

The valence XPS spectrum exhibits several explicit features.
This BE range can be subdivided into components (Fig. 1).
Although formalistic, this subdivision allows one to compare
the theoretical and experimental spectra of CeO, (Fig. 1 and
Table 2).

The experimental spectrum reflects the excited electronic
state with a hole in a level, while the theoretical spectrum
corresponds to the ground state. Therefore, the BE values
calculated for the transition state should be used.*> However,
it is known that the valence BEs calculated for the transi-
tion state usually differ from those for the ground state by
a constant shift toward a higher value. Therefore, the BEs
(Table 1) are increased by 5.14 eV (Table 2). With the MO
composition (Table 1) and photoionization cross-sections in
mind,*”* the intensities of the spectral ranges were calculated
(Table 2). It has to be taken into account that CeO, XPS reflects
the band structure and consists of bands widened due to the
solid-state effects. Despite the approximation imperfection, a
satisfactory quantitative agreement between the theoretical and
experimental data was observed (Fig. 1 and Table 2).

The OVMO band can be subdivided into two components
(1, 2) at 3.9 and 5.8 eV (Fig. 1 and Table 2). Component (1) is
mostly due to the Ce 4f and O 2p electrons, while component
(2) is due to the Ce 5d and O 2p electrons (Table 1). This
agrees with the results of non-relativistic calculations for the
CeO; cluster'® and with the resonant emission (OVMO —
Ce 4d°) spectroscopy data®® for CeO,. Under the resonant
excitation at 124.8 eV, component (1) grows considerably
at 3.56 eV. This confirms that this peak reflects the Ce 4f
electronic states. The resonant emission spectrum of CeO,
does not exhibit a feature at a lower energy side from the
OVMO band associated with the Ce 4f electrons, whereas the
corresponding spectrum of Ce,O; exhibits this feature at
1.95 eV. This indicates that a stoichiometric CeO, consists
of only Ce*" ions. Thus, the Ce 4f related feature at 1.1 eV in
the spectrum of CeO, (Fig. 1) appears due to Ce*" ions formed
on the surface under the Al K, X-ray beam. In previous papers,
the increase in the Ce®" concentration on the surface of CeO,
under the Al K,, X-ray beam®**” and increased temperature>3*?°
were observed.

The IVMO spectrum can be formally subdivided into
several ranges (Fig. 1 and Table 2). The Ce 5s spectrum does
not show a 40% high-BE satellite with AEg,, = 15 eV, the
intensity of which was taken into account for the determina-
tion of the experimental intensity (15%) of the 11ys" IVMO
(Table 2). The calculated (I't(OVMO) = 2.72 eV, I;(OVMO) =
18% and I1(IVMO) = 82%) and the experimental (I'z;(OVMO) =
3.4 eV, Ig(OVMO) = 22% and Ig(IVMO) = 79%) data are
comparable (Table 2 and Fig. 1). A satisfactory agreement
between the theoretical and experimental BEs of some
electronic shells was reached (Table 2). As noted, the non-
relativistic calculations'® allowed only a qualitative inter-
pretation of the low-BE part of the valence XPS spectrum of
CeO,. The results of the present relativistic calculations allow a

This journal is © the Owner Societies 2018
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Table 1 MO composition, energy Eq? (eV) and the photoionization cross-sections o, for the CeOg cluster
MO composition
Ce (0]
58 5P/ 5P3/2 5d3/, 5ds, 65 af5 af;, 6p1/2 6Pz 25 2Pz 2pas
MO —E, (V) 0156  1.51 1.50 0.47 0.44 0.15 097 093  0.89 0.86 0.96  0.07 0.07
OVMO  19y,~ —14.97 0.01 0.9 0.04  0.02 0.03
23Ye —14.95 0.01 0.01 0.9 0.04  0.01 0.03
22y~ —14.79 0.01 0.89 0.01 0.04  0.02 0.03
2276" —12.63 0.88 0.05  0.02 0.05
19y," -11.77 0.81 0.04  0.09 0.06
18y," —11.59 0.45 0.36 0.04 0.04 0.11
217" —11.58 0.46 0.35 0.04  0.02 0.13
207" —7.5 0.38 0.50 0.04 0.08
17y," —7.5 0.38 0.50 0.04 0.08
18y, —4.17 0.18  0.69 0.01  0.05 0.07
21y~ —3.71 0.94 0.01 0.05
17y, —3.68 0.01  0.94 0.01 0.04
2076 —3.68 0.01  0.94 0.01 0.04
16y, —3.41 0.74  0.22 0.01 0.03
1976~ —3.35 0.92  0.02 0.01 0.05
15y, —3.35 0.93  0.02 0.05
1876 ¢ 0 0.31 0.69
14y, 0 0.31 0.69
13y, 0.13 0.04 0.04  0.02 0.01 0.21 0.68
1776~ 0.13 0.04 0.04  0.01 0.01 0.13 0.77
19y6" 0.22 0.16 0.84
167," 0.22 0.15 0.85
187" 0.23 0.66 0.34
1676~ 0.58 0.02 0.05 0.72 0.21
15v," 0.58 0.01 0.06 0.93
14y," 0.6 0.01 0.01 0.48 0.50
176" 0.6 0.01 0.01 0.46 0.52
12y, 0.66 0.06  0.07 0.29 0.58
11y, 1.14 0.01 0.01  0.01 0.04 0.25 0.68
1576~ 1.14 0.01 0.01 0.04 0.13 0.81
1476~ 1.27 0.01 0.05 0.44 0.50
167" 1.65 0.01 0.06 0.01  0.31 0.61
10y, 1.94 0.01  0.02 0.17 0.80
1376~ 1.94 0.01  0.02 0.17 0.80
9y, 1.94 0.02  0.02 0.64 0.32
137y," 2.12 0.05 0.08 0.01  0.08 0.78
157" 2.12 0.08 0.05 0.01  0.03 0.83
12vy," 2.13 0.03 0.10 0.01  0.76 0.10
11y," 2.71 0.05 0.07 0.29 0.59
1476" 2.72 0.05 0.07 0.30 0.58
IVMO 1276~ 12.16 0.69 0.02 0.24  0.01 0.04
8y, 12.16 0.69 0.02 0.24  0.02 0.03
11y~ 13.96 0.41 0.03 0.54  0.01 0.01
7Y, 14.95 0.01  0.01 0.98
10y," 15.37 0.01 0.03 0.96
9y," 15.37 0.02 0.03 0.95
137" 15.37 0.03 0.02 0.95
127" 15.77 0.01 0.06 0.93
6Y,~ 16.55 0.25 0.02 0.71  0.01 0.01
1076~ 16.55 0.25 0.02 0.72 0.01
9Ye~ 17.45 0.55 0.01 0.42  0.01 0.01
117" 31.31 0.98 0.01 0.01

“ Levels shifted by 13.01 eV toward the positive values (upward). ” Photoionization cross-sections o; (kiloBarn per electron) from ref. 33. ¢ Highest
occupied MO (HOMO; 2 electrons), the occupation number for all the orbitals is 2.

satisfactory quantitative identification of the CeO, valence XPS
spectrum in the BE range from 0 to ~ 50 eV (Table 2 and Fig. 1).
These data will promote the development of the RDV method
and help to understand the chemical bond nature and to
construct a quantitative MO scheme in CeO,.

This journal is © the Owner Societies 2018

3.4 Molecular orbital scheme of CeO,

With the BE differences between the valence- and the core-level
peaks, as well as the calculation results for atomic®** Ce and the
CeOg cluster, a quantitative scheme of the molecular orbitals
for CeO, was built (Fig. 5). In the accepted approximation one
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Table 2 Parameters of CeO, XPS spectra, CeOg cluster and Ce 5p and Ce 4f DOS p; (e7)
XPS
Energy” (eV) Intensity, % Ce 5p,Af DOS p; e (electron)

MO —E“ (eV) Experiment Theory Experiment afs), af,, 5p12 5ps
OVMO 18v¢ ¢ 5.14 3.9 (1.7) 0.2 12

14y, 5.14 0.2

13y, 5.27 1.8 0.08 0.04 0.08

17ve 5.27 1.7 0.08 0.02 0.08

19y, 5.34 0.2

167" 5.34 0.2

186" 5.37 0.2

16Y6 5.72 0.9 0.1 0.08

15y," 5.72 0.3

14y," 5.74 0.3

17v6" 5.74 0.3

12y, 5.80 5.8 (1.8) 1.8 10 0.12 0.14

11y, 6.28 1.1 0.02 0.02 0.02

15v6~ 6.28 1.0 0.02 0.02

14v6~ 6.41 1.0 0.04

16Y, 6.79 0.6

10y, 7.08 0.6 0.02 0.04

13v6~ 7.08 0.6 0.02 0.04

9y, 7.08 0.7 0.04 0.04

13y," 7.26 1.0

15Y6" 7.26 1.0

12y," 7.27 0.9

11y," 7.85 0.9

146" 7.86 0.9

=1 18.4 22 0.4 0.44 0.12 0.2
IVMO 126~ 17.30 17.3 (2.9) 14.3 38 1.38

8y, 17.30 14.3 1.38

116~ 19.10 10.0 0.82

7Y, 20.09 20.1 (2.6) 3.3 20 0.02 0.02

10y," 20.51 3.2

9y," 20.51 3.2

13v6" 20.51 3.2

126" 20.91 3.2

6y, 21.69 23.0 (3.5) 7.4 20 0.5

10v6~ 21.69 7.4 0.5

9Ye 22.59 12.1 1.10

14 81.6 79 0.02 0.02 1.92 3.76

116" 36.45 36.7 (2.4) ~16.5 15

“ Energies shifted toward higher values (down) by 5.14 eV. © FWHM s are given in the parentheses in eV. ° The highest occupied MO (2 electrons),
the occupation number for other orbitals is 2. ¢ Total intensities and Ce 5p, 4f DOS.

can formally separate the antibonding 12y, 8y, (3) and
11ys~ (4) and the corresponding bonding 10y, 6y, (6) and
9v¢~ (7) IVMOs, as well as the quasiatomic 7y,~, 10y,", 9y,
13y, and 12y," (5) IVMOs associated mostly with the O 2s
states which have to be close in magnitude.

Indeed, the O 1s spectrum of CeO, allows one to evaluate
that the inequality of O 2s states must not exceed 1 eV, since the
O 1s peak was observed to be sharp (I = 1.0 eV) and symmetric
(Fig. 3). The O 2s BE must be E},(O 2s) = 21.1 eV, since for atomic
oxygen AEg = Ep(O 15) — Ep(O 2s) = 508.3 eV** and the O 1s BE is
Ey, = 529.4 eV (Fig. 3). These data partially agree with the results
of theoretical calculations (Table 2). Taking into account that
the calculated BE difference for Ce atoms is AEs. = 864.5 eV
(Ep(Ce 3ds,) = 883.3 eV and E(Ce 5ps,) = 18.8 eV),** while
the difference between the Ce 3ds, and 12y, , 8y, (3) IVMO
is AE; = 865.0 eV, one can find that 4, = 0.5 eV (Fig. 5).

16172 | Phys. Chem. Chem. Phys., 2018, 20, 16167-16175

This confirms the antibonding nature of the 12ys~, 8y, (3)
IVMO. The FWHM of the IVMO XPS features does not allow to
arrive at a conclusion on their bonding or antibonding nature.
However, one can suggest that these orbitals partially lose their
antibonding nature (Table 2 and Fig. 5, see also ref. 40) due to
the contribution of 5% of the O 2p and 2% of the Ce 6p AO in
the 12y¢, 8y, (3) IVMO.

3.5 Contribution of valence electrons to the chemical bond
in CCOZ

In this work, we used the values of overlap populations (n;) of
various pairs of metal and oxygen AOs'' to evaluate their
contributions to the chemical bond. Table 3 shows these values
for the outer and inner valence electrons obtained in the
non-relativistic (NDV) and relativistic (RDV) calculations.
Positive and negative values correspond to the bonding and
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Fig. 5 Molecular orbital scheme for the CeOg cluster built on the basis of
theoretical and experimental data. Chemical shift is not shown. Arrows
indicate experimentally measured BE differences. Experimental BEs (eV)
are shown on the left. The energy scale is hot shown.

Table 3 Overlap populations for CeO; (per one ligand, x10%), obtained in the
relativistic (RDV) and non-relativistic (NDV) calculations of the CeOg cluster

RDV“
Bonds in CeO, Partial Total NDV
Ce 4f5/,-0 2Pys2; O 2D3)2 1; 21 49 43
Ce 4f5/,-0 2p1)2; O 2Pspa 15; 12
Ce 4f5/,-0 2s 3
Ce 4f;/,-0 2s 4 7 5
Ce 6pP1/2-0 2pq/2; O 2p3)2 18; 5
Ce 6p3/2=0 2p12; O 2Pz 3; 42 68 67
Ce 6p;1/,-O 2s 11
Ce 6p3/,-O 2s 19 30 27
Ce 65-0 2py/2; O 2p3)» 4;7 11 5
Ce 65-0 2s 26 26 27
Ce 5d3/,=0 2P1/2; O 2psp2 4; 72
Ce 5d5/,-0 2P15; O 2Ps)n 58; 55 189 179
Ce 5d3/,-0 2s 12
Ce 5d51/72—o 2s 19 31 30
ZovMmo 411 411 383
Ce 5p1/2-0 2pqs2; O 2p3)2 —8; —18
Ce 5p3/2-0 2pq/2; O 2Pz —23; —40 —89 —-91
Ce 5p1/2-0 2s -7
Ce 5p3/,-O 2s —21 —28 —31
Ce 55-0 2py/; O 2p3)» —10; —20 —30 —37
Ce 55-0 2s -3 -3 -5
Mo —150 —150 —164

“ partial and total contribution. ? Total OVMO and IVMO contribution.
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antibonding interactions, respectively. The relativistic and non-
relativistic results differ slightly. For example, the contribution
from the Ce 4f-O 2p, Ce 65-O 2p and Ce 5d-O 2p bonds
increases in the relativistic approach, which reveals the bonding
nature of these states. The Ce 5s-O 2s, 2p interactions are less
antibonding in the non-relativistic calculation than in the relati-
vistic one. This can be explained by the fact that in the relativistic
calculation, the Ce 5s BE increases significantly compared to that
calculated in the non-relativistic approach.

The contribution to bonding from the outer valence shells in
CeO, is (411) (Table 3). The largest bonding contributions come
from the Ce 4f-O 2p (49), Ce 6p-O 2p (68) and Ce 5d-O 2p (189)
AOs. The inner valence electrons of Ce provide the total
antibonding contribution of —150. The highest antibonding
contribution is obtained from the Ce 5p-O 2p (—89) states.
To summarize, the IVMO electrons weaken the chemical bond
by 37%. The total contribution of the valence electrons to the
chemical bond in CeO, is 261.

4 Conclusions

On the basis of the relativistic cluster calculations, a quantita-
tive interpretation of the outer (0 to ~15 eV BE) and inner
(~15 to ~50 eV BE) valence XPS spectral structures of CeO,
was performed.

It was theoretically shown and experimentally confirmed
that the Ce 4f electrons (0.86 of the Ce 4f electron) participate
directly in chemical bond formation in CeO, partially losing the
f-character. The contributions from Ce 4f orbitals are located
mainly within the outer valence band.

It was found that the Ce 5p electrons not only participate
effectively (experimentally measurable) in the formation of the
IVMO, but also participate noticeably in the formation of the
occupied OVMO (0.32 of the Ce 5p electron). The largest part in
the IVMO formation is taken by the Ce 5p;,,, 5ps/» and the O 2s
AOs of the neighboring cerium and oxygen. The Ce 5s electrons
participate weakly in the chemical bond formation.

The composition and the sequent order of the molecular
orbitals in the binding energy range from 0 to ~50 eV were
established. A quantitative scheme of the molecular orbitals for
CeO, was built. This scheme is fundamental for understanding
the nature of chemical bonding and for the interpretation of
other X-ray spectra of CeO,. The evaluation of the contribution
from various electrons to the chemical bond revealed that the
antibonding contribution from IVMO electrons is near 37% of
the chemical bond formed by the OVMO electrons.
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