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Electronic and optical properties of nickel-doped ceria:
A computational modelling study

Hussein A. Miran'*, Zainab N. Jaf'

Cerium oxide (CeOz), or ceria, has gained increasing interest owing to its excellent catalytic
applications. Under the framework of density functional theory (DFT), this contribution
demonstrates the effect that introducing the element nickel (Ni) into the ceria lattice has
on its electronic, structural, and optical characteristics. Electronic density of states (DOSs)
analysis shows that Ni integration leads to a shrinkage of Ce 4f states and improvement
of Ni 3d states in the bottom of the conduction band. Furthermore, the calculated optical
absorption spectra of an Ni-doped CeOz system shifts towards longer visible light and
infrared regions. Results indicate that Ni-doping a CeO2 system would result in a decrease
of the band gap. Finally, Mulliken’s charge transfer of the Ce;_;NizO2 system exhibits
an ionic bond between Ce or Ni and O, and covalent bonds between Ce and Ni atoms.
The analysis of absorption spectra demonstrates that Ni-doped CeOz is a material with

potential use in photocatalytic, photovoltaic, and solar panels.

I. Introduction

Cerium oxide (ceria or CeO3) based materials have
generated extensive interest due to their excep-
tional electronic, optical, magnetic, and mechanical
properties. Ceria is used in a broad array of appli-
cations such as catalysts [1,2], photocatalysts, op-
toelectronics and opto-magnetic devices [3,4]. One
of the features that renders ceria useful for catalysis
is its ability to release or uptake oxygen from its lat-
tice without substantial structural re-arrangement
or the loss of its fluorite lattice [5,6]. In the fluorite
structure, Ce atoms demonstrate a change in ox-
idation state from Ce?* to Ce?t and increase the
tendency for redox [7]. Nickel-based compounds, on
the other hand, are being revealed to have fun-
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damental and technological applications [8—10]. It
has been reported that the introduction of dopants
into ceria can facilitate band gap reduction, which
in turn leads to the extension of light absorption
into the visible range of electromagnetic radiation.
Corma et al. [11] suggested that non-dye-sensitized
solar cells with suitable dopant levels may deliver
a new group of effective solar cells that, without
photosensitization, have photovoltaic behaviour in
the visible range. Qi-Ye proposed that, while pure
CeOqexhibits a trivial dielectric constant of 4, in-
serting a small amount of Fe (0.9 at. %) promotes
densification and results in a larger dielectric con-
stant of 23. Furthermore, the absorption coefficient
of Fe-doped CeQOsat frequencies extending from 0.2
to 1.8 THz is less than 0.35 cm ™!, suggesting that
Fe-doped CeOsis a probable terahertz (THz) op-
tical substance [12]. Moreover, Xia et al. [13]
have fabricated Mn-modified CeOs nanorods and
reported that the peak of the absorption spectrum
of CeOs shifts from ultraviolet into the region of
visible light after Mn insertion. Likewise, photolu-
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minescence spectra analysis of Ni-doped CeOs films
demonstrates that oxygen vacancies are formed
upon Ni-doping of CeOs. The shift in the UV peak
indicates that Ni-doping can notably tailor the elec-
tronic structure and band gap of CeOs. Tiwari
et al. [14] reported the synthesis of Ce;_,NiOo
(0 x 0.1) nanopowders. UV-visible analysis sug-
gests a reduction of band gap upon incorporation
of Ni atoms into the host lattice. They attributed
the decrease in band gap to the augmented dis-
order caused by defect formations between valance
and conduction bands. Another study reported the
impact of Mg inclusion on optical performance of
CeO4 nanowires. They concluded from the absorp-
tion spectra that band gap energy is minimized to
3.00 eV when incorporating Mg ions [15]. Fe-doped
CeO5 enhanced photocatalytic activity towards the
degradation of Methyl Orange (MO) [16]. The in-
clusion of Fe and Ni ions into the crystal lattice
of CeO5 nanoparticles significantly reduces the di-
electric constant value of the pure CeOy [17]. Lit-
erature regarding density functional theory (DFT)
has revealed that inclusion of Ni into the CeOs lat-
tice would improve the catalytic and optical proper-
ties of the resulting system [18]. Likewise, we have
theoretically confirmed that Titanium (Ti) doped
ceria promotes a band gap reduction which in turn
leads the modified system to be useful in optical
and catalytic applications [19]. To this end, and
motivated by the above-mentioned literature, this
contribution demonstrates the theoretical prospect
of Ni-substituted CeO,, aiming to gain insight into
the electronic, structural, and optical properties of
the adapted configurations.

II. Methodology

The computational modeling in this investigation
was performed using the Cambridge Serial Total
Energy Package (CASTEP) under the frame of den-
sity functional theory (DFT) [20]. The bare DFT
was reported to undervalue the energy of the elec-
tronic band gap because of the robust Coulomb
interaction between the electrons in the Ce 4f
state [21]. Therefore, the Hubbard factor (U) has
been added to the DFT functional (GGA) in the
form of (GGA+U), by which all the simulated find-
ings were computed [22]. The DFT+U approach
has previously been utilized to investigate thermo-

Figure 1:
Ce1-zNi, Oz systems as plotted by VESTA visualiza-
tion software at (a) z = 0, (b) z = 0.25, (c) z = 0.50.
White spheres represent Ce atoms; light green spheres
denote Ni atoms, and O atoms are indicated by red
spheres.

The optimized unit cell structures of

dynamic stability of CoCuyO3 surfaces [23]. Ad-
ditionally, according to the suggested values of the
default CASTEP settings, the U values were fixed
at 6.0 eV for Ce and 2.5 eV for Ni. Ultrasoft pseu-
dopotentials were utilized to describe the interac-
tion between electrons and ions in reciprocal space
with valence electron arrangements of 2s? 2p* for
0, 3d® 4s? for Ni, and 4f! 552 5p° 5d' 6s% for Ce.
To set the Ni-doped concentrations, the substitu-
tion systems were built at x = 0.25, and 0.50, sug-
gesting that at x = 0.25, only one Ce atom has
been replaced by Ni, whereas for x = 0.50, two va-
cant Ce atoms are occupied by Ni. In a similar
approach, the Ce;_,Ni, Oy systems correspond to
Ni concentrations of = 0.25 and 0.50, as depicted
in Fig. 1. In order to minimize the total energy
of Ce;_,Ni, O structures, a cut off energy of 300
eV was set along with a Monkhorst-Pack grid of
3 X 2 x 2 k-points in the Brillouin zone. The en-
ergy convergence tolerance was fixed at 5.0 x 107°
eV/atom. For the geometry optimization process
of the investigated structures, the maximum dis-
placement tolerances, maximum stress, maximum
force and energy change were set at 0.001A, 0.05
GPa, 0.03 eV/A and 1 x 10-% eV /atom, respec-
tively. Electronic properties such as total and par-
tial density of states and the Mulliken bond popu-
lation, as well as optical properties, were directly
computed by CASTEP. Lastly, to reproduce the
exact electronic band gap energy of CeOs, a scissor
operator of 1 eV was applied and employed for all
the following optical calculations.
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Table 1: The calculated lattice constants (A), band gap energy (eV), and charge distribution (e) for bare and

Ni-modified CeOs structures.

Geometry Lattice parameter Formation Energy Band gap energy Charge distribution
(A) (eV) (eV) (e)
Ce Ni O

CeOq a = 5.46 — 3.19 1.30 — —0.65

060'75Nio'2502 a=5.36 —7.94 1.75 1.34 0.27 —0.59

Ceg.50Nig.5002 a=5.22 —7.10 1.55 1.43 0.71 —0.53
III. Results and discussion

B _ Ece,Nij0,, — kEce — lEni —mEo

i. Geometrical relaxation foer Ny Om = J

The relaxed configurations of bare and Ni-doped
CeO4 are displayed in Fig. 1. Typically, CeOs
adopts a cubic fluorite-type structure with a space
group of (Fm-3m). The number of formula units
in the unit cell corresponds to four (i.e. 4 cerium
atoms and 8 oxygen atoms). The calculated lattice
constants confirmed the experimental amount of a
= 5.410 A [24], and these constants, along with the
Mulliken population findings of the relaxed struc-
tures, are presented in Table 1. The atomic ra-
dius of Ce is larger than the atomic radius of Ni,
which correspond to 2.7 A and 1.62 A, respectively.
Therefore, a reduction in the lattice constants can
be observed when Ni contents increase, suggest-
ing a lattice alteration by the insertiion of Ni ions.
To assess the stability of the chosen doped matrix
along with the difficulty of Ni-doping such a sys-
tem, the doping formation energy (E;) has been
computed for the systems via the following rela-
tionship [25]:
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Figure 2: The calculated electron density difference
for the studied systems. (a), (b), (c) correspond-
ing to CeO2, Ce1—xNizO2 (z = 0.25), Ce1—zNizO2
(z = 0.50), respectively.

k+1+m

(1)

wherein the parameters k, [ and m, refer to the

molar fractions of elements Ce, Ni, and O in the
alloyed systems.

The negative values of doping formation energy
depicted in Table 1 indicate that the selected struc-
tures are stable and some amount of energy is re-
leased with the introduction of Ni atoms into the
host system. Regarding the comparison between
the current system and the system studied in Ref.
[19], both systems are stable since the formation en-
ergies reveal negative values. Table 1 reports Mul-
liken’s charge populations of Ce, O and Ni atoms
in the Ce;_,Ni,Os system. As the table shows,
Ce and Ni atoms in the studied structures tend to-
ward positive charges whereas O atoms are linked
to negative charges.

The simulation results of Mulliken’s charge val-
ues also indicate a covalent behaviour for the Ni-
Ce bond in the designated structures that comprise
Ni and Ce atoms, and ionic properties for Ni-O

Table 2: The interatomic distances (A) and angles (°)
between the selected atoms of the studied systems.

Geometry Interatomic Angles
distances (A) )

CeOs O 2R 0ce0 7052
Ni-O  2.26 O-Ni-O 69.97

060,75Nio‘2502 Ce-O 2.31 0O-Ce-O 69.83
0-0 2.61 Ni-O-Ce 110.88
Ni-O  2.19 O-Ni-O 64.98

CEQ,5QN10‘5002 CE—O 2.32 O—Ce—O 68.42
0-0 2.59  Ni-O-Ce 109.01
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Figure 3: The total density of states (TDOSs) and par-
tial density of states (PDOSs) of Ce;_;NizO2 unit cell
versus the energy of electrmagnetic wave at (a) x = 0,
(b) x = 0.25, (c) = = 0.50.

and Ce-O bonds. Furthermore, the findings show
that Ce atoms lose more electrons once Ni is im-
planted into the host lattice, whereas the increase
in O atoms’ electrons is approximately constant as
Ni contents increase [26]. Figure 2 displays the dis-
tribution of the charge density, and the blue colour
around the O atoms demonstrates the electron den-
sity gain resulted from inserting Ni atoms.
Furthermore, Table 2 demonstrates the calcu-
lated interatomic bonds and angles between select

S 18
2z 16f(a) —5d
s 14} ——4f
8 12}
< 10t
s
w 6
B
D -

20 15 10 5 0 5 10 15

Energy (eV)
>
O I—
S 30f —4f
8 25}
[<5)
% 201
i<
s 15}
5 10}
2 ¢l
N o |
0
& 2 15 10 5 0 5
Energy (eV)
S 30 -
2 251 (C) o
8 20t
2
g 15
S
Z 10}
o
2 s|
c
[5) O i L
& 2 15 10 5 0 5

Energy (eV)

Figure 4: 5d and 4f orbitals of Ce atom in Ce1_;Ni;O2,
(a) z =0, (b)  =0.25, (c) z = 0.50.

atoms of the optimized structures. The findings in-
dicate a reduction in the bonds and angles of the
doped systems as compared to the host CeOy lat-
tice.

ii. Electronic properties analysis

The electronic properties of the Ce;_,Ni,Os sys-
tem can be investigated by studying the density of
states (DOSs) of the relaxed geometries. Results
of DOSs are plotted and shown in Fig. 3. CeOgy
demonstrates non-metallic behaviour, indicating
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Figure 5: 3d orbitals of Ni atom loadings in

Ce1-zNizO2 system. (a) z = 0.25, (b) = = 0.50.

a semiconducting nature. The Fermi level is situ-
ated at zero energy in order to clearly identify the
band gap energy. Regarding the bare CeOy unit
cell, the DOSs plotted correspond well with the re-
sults of previously published studies [27]. The up-
permost valance band is extended from -3.7 to 0
eV (Fermi level), while the conduction band is lo-
cated at 3.19 eV above the Fermi level. This finding
signifies the possibility of reproducing the experi-
mentally assessed band gap energy of [28] 3.19 as
portrayed in Fig. 3(a). Moreover, Ni-doped ceria
at various contents (0.25 and 0.50) involve high in-
tensity states in the conduction and valence bands.
On the other hand, band gap energy is minimized
to 1.75 eV and 1.55 eV at Ni concentrations of 0.25
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Figure 6: Reflectance spectra of pure CeO2 and Ni-
doped CeO; configurations. As Fig. 6 shows, spec-
tra representing Ni-added CeQOz reveal high reflectivity
values in the ultra-violet region when compared to the
pure ceria reflectivity spectrum. Further, all the spec-
tra demonstrate a moderate trend to reflect incident
photons within the visible range [29].
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Figure 7: The calculated absorption spectra for bare
and Ni-doped CeO3 configurations.

and 0.50, correspondingly, thus demonstrating that
Ni integration into ceria would minimize the band
gap energy. Figure 4 shows DOS plots of 5d and 4 f
states of Ce atom in pure and doped Ce;_,Ni,Os.
As seen from the figure, 4f states in the conduc-
tion band shift toward the Fermi level as the Ni
concentration increases, resulting in a reduction of
the electronic band gap.

Furthermore, comparing the Ni 3d states in the
Ce1_4Ni Oz (z = 0.25) with (z = 0.50) structures
(depicted in Fig.5), it is observed that the Ni 3d
states are positioned at the same energy level, sig-
nifying that the Ni 3d states would improve with
rising Ni contents. Additionally, further reduction
in the band gap energy with the introduction of Ni
can be possibly ascribed to the accumulation of Ni
3d states in the conduction band, leading to im-

proved photocatalytic and optical performance of
Ce1_xNix02.

iii. Optical properties

The reflectivity of pure and Ni-doped CeOs in
terms of wavelength is shown in Fig. 6. As demon-
strated, spectra represented by Ni-added CeOs re-
veal high reflectivity values in the ultra-violet re-
gion when compared to the reflectivity spectrum
of pure ceria. Furthermore, all the spectra demon-
strate a moderate trend to reflect incident photons
within the visible range [29].

Absorption coefficients specify how far light of
a certain energy or wavelength is able to enter a
substance before absorption. The absorption spec-
tra of the studied structures are shown in Fig. 7
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Figure 8: The real and imaginary components of dielectric function of Ce1_;NizO2 at (a) z = 0; (b) = = 0.25;
(¢) z = 0.50. Black and red curves represent the real and imaginary parts, respectively.

and demonstrate a semiconductive character be-
cause the spectra originate at non-zero values of
wavelength.

It is well known that the dielectric function is
an important factor related to the absorption and
polarization properties of materials. The examined
dielectric constant of undoped and Ni-doped CeOo
are depicted in Fig. 8. The non-zero values of the
imaginary component of the dielectric constant in-
dicate the process of absorption in that energy re-
gion.

IV. Conclusions

The current study demonstrates the influence of Ni
addition on the electronic, structural and optical
properties of CeOs. The attained outcomes recom-
mend that addition of Ni into ceria would reduce
the band gap to 1.75 eV and 1.55 eV at 0.25 and
0.50, respectively. Moreover, Ni-doping introduces
3d states in the conduction band of CeO,. The 3d
states have a significant effect on dropping the band
gap energy. Furthermore, the absorption spectra of
CeQg is shifted from ultraviolet towards the vis-
ible ranges after Ni incorporation. This implies
that optical absorption is elongated to a longer
wavelength region. Mulliken’s charge distribution
displayed an ionic behaviour for Ce-O and Ni-O
bonds, whereas Ce-Ni bonds exhibited a covalent
behaviour. Results from this study demonstrate
that Ni-doped CeOs is a potential candidate in pho-
tocatalytic and optical applications.
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