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ABSTRACT: Recently, monoclinic ZrO, has received great technological
importance because of its remarkable dielectric properties, high chemical stability,
and high melting point. Herein, we introduce first-principles calculations using the
Hubbard approach (DFT + U) to study the effects of doping with Nb and W on
the electronic and optical properties of pristine ZrO,. The introduction of dopant
atoms into the pristine crystal structure led to the displacement of the bandgap
edges and reallocation of the Fermi level. The valence band maximum (VBM)
shifted upward, resulting in band gap tightening from 5.79 to 0.89 for ZrO,: Nb
and to 1.33 eV for ZrO,: W. The optical absorption of doped crystals extended
into the visible and near-infrared regions. Partial density of states (PDOS)
calculations showed valence band dependency on the O 2p orbital energy, with the
conduction band predominantly composed of Nb 4d and W 5d. For pristine ZrO,,
the results obtained for the imaginary and real parts of the dielectric function, the
refractive index, and the reflectivity show good agreement with the available
experimental and theoretical results. For ZrO,:W, we checked the dopant location effect, and the obtained results showed no
significant effect on the calculated values of the band gap with a maximum difference of 0.17 eV. Significant band gap tightening and
optical properties of our systems indicate that these systems could be promising candidates for photoelectrochemical energy
conversion (PEC) applications.

1. INTRODUCTION tetragonal (#-ZrO,) exists at intermediate temperatures
between 1150 and 2370 °C, and cubic (c-ZrO,) exists at

Aircraft that cannot fly, factories and power stations that are
high temperatures of more than 2370 °C. The m-ZrO, crystal

closed, streets that are crowded with a huge number of vehicles

that cannot be driven for even 1 km, and millions of people structure is the most stable phase.'”"”

without jobs: this will be the situation of a world without Because of its remarkable dielectric properties, ZrO, is one
energy. In order to avoid this scenario, scientists and of the most promoted candidates to replace SiO, in advanced
researchers are working seriously toward finding new energy metal oxide semiconductor devices.'””" Therefore, its
resources to decrease the dependence on fossil fuels.”” structural and electronic properties have been extensively
Capturing solar energy and converting it into clean chemical studied theoretically and experimentally.'>~>* Tolba et al.”'
energy by photoelectrochemical energy conversion (PEC) studied the effect of hydrogen doping and oxygen deficiency
systems is considered a very promising route to overcome the on the electronic and optical properties of monoclinic zirconia

shortage of nonrenewable energy globally.”* In this context, using the density functional theory (DET + U) approach. They
researchers have made great effort to develop and discover new

materials for this new technology.’ " Metal oxides are
considered excellent candidates for this technology because
of their good electrical and mechanical properties.'”"
Furthermore, the wide band gap for metal oxides can be
tailored by doping.

Zirconia (ZrO,) is one of the most important metal oxides
owing to its outstanding properties such as high dielectric
constant, mechanical properties, high chemical and thermal
stabilities, and wide band gaps.””~"> ZrO, exists in three
polymorphs, depending on the growth temperature, mono-
clinic (m-ZrO,) exists at low temperatures below 1150 °C,

concluded that defect effects mainly depend on the size and
concentration. French et al.”’ studied the phase stabilization
and doping effects on the electronic and optical properties of
three phases of ZrO, using vacuum-ultraviolet and X-ray
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Figure 1. (a) Original m-ZrO, crystal, (b) and (c) super crystals 2 X 2 X 1 for ZrO,:Nb and ZrO,:W, respectively ( oxygen atoms are in red,
zirconium atoms are in baby blue, the dark gray atom in (b) is the Nb atom, and the dark blue atom in (c) is the W atom.

photoemission spectroscopies, coupled with ab initio calcu-
lations.

The band structure of m-ZrO, has been calculated using
different approaches.'”**™*® Garcia et al.'” used the DFT-
generalized gradient approximation (DFT-GGA) approach by
means of the full-potential linearized augmented plane wave
(FLAPW) method to determine band structure. The calculated
band gap was 3.58 eV, not consistent with the experimental
value 5.8 eV.”>* Jiang et al.*> studied the electronic structure
of crystalline ZrO, using the Green’s function GW
approximation, and the band gap was 5.34 eV. Although the
result is very close to the experimental result, this approach is
computationally expensive. In this regard, Li et al.”” used the
Hubbard correction (DFT + U) approach to include the
correlation effect with low computational cost. They
introduced the Coulomb interactions of 4d orbitals on the
zirconium atom (U?) and of 2p orbitals on the oxygen atom
(UP) to reproduce the experimental value.””** Furthermore,
applying generalized gradient approximation (GGA + U) and
local-density approximation (LDA + U) approaches to wide
band gap metal oxides like HfO, and CeO, was found to
accurately describe the electronic structure.”®”*> Therefore,
DFT calculations can be used to accurately investigate the
electronic and optical structure of zirconia.

Although impurity doping has been demonstrated to be an
effective way to tune photocatalytic properties, it is rarely being
studied for zirconia. Xie et al.’’ investigated the effect of
nitrogen doping on the electronic and magnetic properties of
m-ZrQ,. The introduction of nitrogen in the lattice structure of
zirconia improved the magnetic properties of the material with
slight changes in the electronic structure. Yin et al.** reported
the effect of nitrogen and fluorine on the carrier separation and
photocatalytic activity of m-ZrO,. They noticed that F doping
doubled the photocatalytic activity of m-ZrO, without
reducing its band gap, while F—N codoping quadrupled the
photocatalytic activity. Taylor et al.”® reported the effect of
tantalum doping on the electronic and structural properties of
zirconia.

In this report, we present the DFT study for the electronic,
structural, and optical properties of pure and doped monoclinic
zirconia (m-ZrO,). Niobium and tungsten are chosen to
simulate the dopant effect. The Mulliken population, band
structures, density of states (DOS) dielectric functions,
absorption spectra, reflective index, and reflectivity are shown
in detail for the studied systems. The effect of the dopant atom
location has been studied. The results presented in this report
provide a clear picture of the effect of metal doping on the
properties of this promising system (ZrO,) and could be
extended to other metal oxides.

2. COMPUTATIONAL METHODOLOGY

The electronic structure calculations have been performed
using the spin-polarized DFT calculations based on the GGA
with new Earameterization that specifically targeted solids
PBEsol,”*%7 as implemented in the CASTEP code with the
plane-wave pseudopotential method.”®~** The PBEsol param-
eterization is considered one of the most selective and accurate
functionals to investigate the lattice constants of solids.” The
number of plane waves induced in the basis set was determined
using the kinetic energy cutoff of 750 eV. The numerical
integration of the Brillouin zone was performed using the 4 X 4
X 4 Monkhorst-Pack k-point.*" An ultrasoft pseudopotential is
used to approximate the interaction between the ionic core and
valence electrons. We used the Hubbard approach in order to
accurately describe the energy band gap, the dopant effect, and
to avoid the underestimation error of DFT.*"*’~** The
Hubbard U parameter was set to 8 eV for Zr 4d states and 4.35
eV for 2p states of oxygen.”” We applied the Hubbard
correction to oxygen to avoid stress over the Zr—O covalent
bond that will happen if we apply the correction only on Zr 4d
states.”! During the optimization process, the parameters were
set as follows: a self-consistent field tolerance of 2 X 1076 eV
atom™!, maximum force of 0.05 eV A™!, maximum stress of 0.1
GPa, and maximum displacement of 0.002 A. Plots of the
DOSs were generated using Fermi smearing of 0.1 eV. To
check the accuracy of our calculation, we first regenerate the
calculation of Li et al,”” and we calculate the band gap without
the Hubbard correction; the obtained band gap was 3.6 eV,
then, we used the Hubbard correction (DFT + U) to
regenerate the experimental band gap (5.8 eV). In our
calculation, we introduced a new calculation level that we
used previously.” We built three crystal structures: the first one
for pristine ZrO, consists of 12 atoms, and then, we built a 2 X
2 X 1 super cell with a total number of 48 atoms to study the
dopant effect. The second and third crystal structures are for
the doped systems (ZrO,:Nb) and (ZrO,:W). They consist of
48 atoms after replacing one Zr atom with the dopant atom.
To study the effect of the dopant atom location on the ZrO,:W
system, we chose four different positions (center, face, edge,
and random). All the result details of the dopant location effect
are available in the Supporting Information of this article (see
the Supporting Information).

3. RESULTS AND DISCUSSION

3.1. Electronic and Band Structure Calculations. The
crystal structure of m-ZrO, belongs to the 2/m (P 2,/c) space
group.ls’z‘%’27 To simulate the doping effect, we have built a 2 X
2 X 1 super cell of zirconia and selected one zirconium atom in
the center of the cell and replaced it once with a niobium atom
(ZrO,:Nb) and another by a tungsten atom (ZrO,:W). The
pristine single crystal consists of 12 atoms (4 Zr atoms and 8 O

https://doi.org/10.1021/acsomega.1c04756
ACS Omega 2021, 6, 3006130068


https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c04756/suppl_file/ao1c04756_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c04756/suppl_file/ao1c04756_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04756?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04756?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04756?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04756?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04756?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

atoms), the super cell of the niobium-doped structure consists
of 48 atoms (31 Zr atoms, 12 O atoms, and 1 Nb atom) and
the same for the tungsten-doped structure but with a W atom
instead of a Nb atom. Figure 1 displays the investigated
pristine m-ZrO, single crystal and its niobium (ZrO,:Nb) and
tungsten (ZrO,:W) super cells. The calculated lattice
parameters (a = 5.2804, b = 5.1878, and ¢ = 5.3976 (A) and
f = 99.2336°) are in good agreement with the experimentally
reported values (a = 5.17, b = 523, ¢ = 5.34 (A) and f§ =
99.25°)"* and (a = 5.151, b = 5.212, ¢ = 5.317 (A) and 8 =
99.23°),> as well as to the average of the theoretically reported
values (a = 5.22, b =520, c = 5.37 (A) and = 99.4°).'>>1273*
Also, the calculated density is 5.61 gm.cc™®, which is strongly
consistent with the experimental value (5.18 gm.cc™)."*
Despite many computational methods to inspect the
electronic populations and charges of atomic systems, it is
commonly accepted that the absolute magnitude of the atomic
charges has little physical meaning because of the extreme
sensitivity to the atomic basis, but the relative values are still
helpful to study some physical properties of pure and doped
crystal systems.””” In this report, we analyzed Mulliken
population analysis** to compare electronic charges and to
inspect charge transfer. Table 1 displays the numerical data of

Table 1. Mulliken Charge and Bandgap of M-ZrO,,
Zr0O,:Nb, and ZrO,:W

system Mulliken charge bandgap (eV)
Zr (¢} Nb w direct  indirect
ZrO, 1.710 —0.855 6.1 5.79
ZrO,:Nb 1.714 —0.847 1.390 0.9 0.89
ZrOy,:W 1.719 —0.845 1.220 133

Mulliken charges and band gaps of pristine and doped systems.
For pristine m-ZrO,, the Mulliken charges on Zr and O atoms

are 1.710 and —0.855, respectively; for a niobium-doped
(ZrO,: Nb) super cell, the charges on Zr, O, and Nb are 1.714,
—0.847, and 1.390 respectively, while for the tungsten-doped
(ZrO,:W) super cell, the Mulliken charges are 1.719, —0.84S,
and 1.220 for Zr, O, and W, respectively. These results indicate
that (1) the introduction of a dopant atom slightly increases
the atomic charge on both Zr and O atoms. (2) the charge
transfer from metal to O decreases in the order W, Nb, and Zr,
which may be due to the higher electronegativity of W (2.36)
compared to Nb(1.6) and 7r(1.33),” (3) doping m-ZrO, and
similar metal oxides with 4d and 5d metals like Nb and W may
be very helpful in tuning the electronic properties of these
metal oxides, which could be excellent candidates for PEC
systems.

Figure 2 shows the electronic band structures of the studied
system. The pristine m-ZrO, single crystal shows an indirect
band gap of 5.79 eV, which strongly correlates with the
experimental value (5.8 eV)**** and other theoretical
reports.'®'”*"*” The valence band maximum (VBM) is
located at the G point, while the conduction band minimum
(CBM) is located between A and B points; the Fermi energy
(marked as the dashed line) is set to be zero energy. For doped
systems, niobium-doped (ZrO,:Nb) has an indirect band gap
of 0.89 eV, the VBM is located at the Z point, and the CBM is
located at the G point, while the tungsten-doped (ZrO,:W)
system shows a direct band gap of 1.33 eV, and both the VBM
and CBM are located at the Q point. For both doped systems
(ZrO,:Nb and ZrO,:W), the Fermi level shifts upward toward
the conduction band, showing typical degenerate n-type
semiconductor features,”**~** which could be explained
because of the higher valence of Nb and W than Zr. The
band gap values of all ZrO,:W systems with different locations
of the W atom were 1.327, 1.157, 1.152, and 1.156 eV for the
center, face, edge, and random positions, respectively. The
difference between the obtained values is about 0.17, which

Energy (eV) Energy (eV) Energy (eV)
81 3
3 4
2= et
6 2
1 = — g —
S 1
0
4 -
0 -+
3 1
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2 4 -2
1 3 2
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Figure 2. Band structures of (a) m-ZrO,, (b) ZrO,:Nb, and (c) ZrO,:W; red curves (beta) represent contributions from spin-down eigenstates,
while blue curves ( alpha) represent contributions from spin-up eigenstates, and black lines (dashed lines) at 0 eV represent the Fermi level.
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Figure 3. (3, b) PDOS of O and Zr atoms of pristine m-ZrO,. (c) Total DOS of pristine m-ZrO,, ZrO,:Nb, and ZrO,:W. (d) Partial DOS of the d
orbitals of Zr, Nb, and W for m-ZrO,, ZrO,:Nb, and ZrO,:W, respectively.

means that the doping effect does not depend on the location,
which is inconsistent with some reported results.”" It is worth
mentioning that the values of the band gap of the studied
systems promoted them to be promising candidates for PEC
applications.

3.2. Density of States. Figure 3 depicts the total and
partiall DOS of pristine and doped crystals. Figure 3ab
illustrates the following: the VBM of the pristine ZrO, is
mainly constructed by the O 2p states, while the CBM is
constructed mainly by Zr 4d states. The introduction of 4d
metal like (Nb) or Sd metal like W to the crystal structure of
m-ZrO, is expected to modify the position of the CBM with
little effect on the VBM position. Figure 3¢ displays the total
DOS of pristine and doped crystals. Strong consistence could
be noticed between the near CBM and Nb 4d and W 5d DOS
in Figure 3d. However, the reduction in the band gap for the
doped crystals (0.89 and 1.33 eV for ZrO,:Nb and ZrO,:W,
respectively) could be explained because of the incorporation
of 4d or 5d orbitals of dopants, which downshift the CBM with
no effect on the VBM.> For the dopant location effect, we
analyzed the DOS of all tested ZrO,:W with different locations
of the W atom (see Figure 3S in the Supporting Information),
and the DOS of all tested systems is almost the same, reflecting
the nonsignificant effect of the dopant location, consistent with
the very close values of the band gap for different ZrO,:W
crystals with different locations of W atoms.

30064

3.3. Optical Properties. In order to investigate in-depth
and further understand the investigated systems, the optical
properties have been studied to clarify the doping effect on m-
ZrO,. We used the dielectric function [e(W) = & (W) +
ie;(W)] to investigate the optical properties of pristine and
doped crystals. The imaginary part £,(W) could be calculated
using the momentum matrix element and is given by the

. . —49
following expression:*’ ~*’

2
2me
& =

Y Kopjlirlp,)P5(E; — E)

k,v,c

& (1)
where e is the electronic charge, Q is the volume of the unit
cel, ¢ is the light frequency, G is the vector defining the
polarization of the incident field, and ¢} and ¢} are the wave
functions of conduction and valence bands at k, respectively.
Using the Kramers—Kronig relation,>”74748
the real part & (W). Other optical properties such as the
absorption spectrum a(W), the imaginary part of the refractive

one can derive

index n(W), and the imaginary part of the refractive index
k(W) can be derived from &;(W) and &,(W), as given by eqs
2-S.

a(W) = V2W [|JeZ(W) + &5 (W) — &(W)]"/?
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Figure 4 shows the real part £, (a) and imaginary part &, (b)
of pristine and doped crystals. The calculated dielectric
constant is 2.77, which is lower than the experimental value
(4.1)," and this is because using values of U higher than 4
leads to an underestimation of the dielectric constant when
compared to the experimental values."”> The introduction of
niobium (Nb) and tungsten (W) in the crystal structure of m-
ZrO, decreased the dielectric constant in the following order:
2.77, 1.83, and 1.71 for m-ZrO,, ZrO,:W, and ZrO,:Nb,
respectively (Figure 4a). Despite the higher dielectric constant
of pristine (2.77) than doped crystals (1.83, 1.71), the
electronic contribution of the doped systems from 10 to 45
eV is higher than that of pristine systems. Also, the peaks
below zero reflect the near-metallic behavior of the studied
systems. From Figure 4a, it is easy to notice the disappearance
of the negative value of the real part of the dielectric constant,
which could be explained as a direct result of the introduction
of 4d and 5d metals (Nb and W) in the crystal structure of m-
ZrO,,

We can investigate the electronic transition from the
occupied orbitals to the unoccupied orbitals from the main
peaks of the imaginary part. For pristine ZrO,, we have two
main peaks (P1, P2) at 10 and 35 eV, respectively, and a minor
peak at 22 eV (Figure 4b), and these peaks correspond to the
electronic transition from O 2p of the valence band to Zr 4d of
the conduction band, coinciding with the previous find-

ings.lg'u’27 At zero electron voltage, the dielectric constant of
the doped crystals (ZrO,:Nb, ZrO,:W) is higher than that of
pure ZrO,, reflecting the better light absorption characteristics
because of good interactions between the electrons and
photons.

The absorption spectra of the studied systems are illustrated
in Figure Sa. The spectra indicate the fraction of energy lost by
the electromagnetic wave when it passes through the
material.”” The spectral result of pristine ZrO, is in good
consistency with the result of Yin et al,>* in which the
absorption edge is located at 220 nm, and the absorbance is
recorded in the wavelength range of 200—650 nm. For the
doped systems, the incorporation of Nb and W increased the
optical absorption in the visible and near-infrared regions that
matches with the higher dielectric of the imaginary part at zero
voltage because of higher interactions between electrons and
photons.

The reflectivity R(W) of the studied systems is shown in
Figure Sb. The spectrum of pristine ZrO, consists of two main
peaks, and the maximum reflectivity is recorded at 15 eV,
matching with the previous theoretical'” and experimental
reports.””*” For the doped systems, they reached the
maximum reflectivity at 7 eV. The higher reflectivity of
studied systems indicates the potential of the use of these
systems as PEC devices.

Also, the real n(W) and imaginary k(W) parts of the
refractive index are calculated, as shown in Figure 5¢,d. The
static refractive index n(W = 0) of the pristine crystal was
found to be = 1.7, which is in good agreement with the result
of Garcia et al. (2.3)."” where the index values of doped
crystals ZrO,:Nb and ZrO,:W were 1.3 and 1.3, respectively.
The imaginary part consists of two main peaks for three
crystals, but ZrO,:W has an additional peak at 3 eV.
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Figure 5. Optical properties of the studied systems (a) absorption spectrum, (b) reflectivity spectrum, (c) and (d) real and imaginary parts of the

refractive index.

4. SUMMARY AND CONCLUSIONS

In summary, first-principles calculations using the Hubbard
approach (DFT + U) with the PBEsol correlation were carried
out to study the effects of Nb and W doping on the electronic
and optical properties of pristine ZrO,. We applied the optimal
values of U? (8 eV) and UP (4.35 eV) in order to reproduce
the experimental band gap. For pristine ZrO,, the calculations
indicated an indirect band gap of 5.79, which is in good
agreement with the experimental and direct band gap of 6.1
eV. The introduction of Nb and W in the crystal structure of
pristine ZrO, led to the displacement of the band gap edges
and reallocation of the Fermi level. The VBM shifted upward,
resulting in band gap tightening from 5.79 to 0.89 for ZrO,:
Nb and to 1.33 eV for ZrO,:W. The total DOS and PDOS
calculations indicated that the VBM of pristine ZrO, is mainly
constructed by O 2p states, while the CBM is constructed
mainly by Zr 4d states. However, the doped crystals of the
CBM are mainly constructed by 4d and 5d states of Nb and W,
respectively. Furthermore, the optical absorption of the doped
crystals extended into the visible and near-infrared regions,
which was confirmed by a higher dielectric of the imaginary
part at zero voltage. For pristine ZrO,, the results obtained for
the imaginary and real parts of the dielectric function, the
refractive index, and the reflectivity show good agreement with
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the available experimental and theoretical results. For the
dopant location effect, the band structure and DOS of different
ZrO,:W systems with different locations of W atoms reflect
nonsignificant. The promising results we mentioned above
highly promote the studied crystals to be excellent candidates
for solar energy conversion devices.
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