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Abstract: The realistic structures of cubic and monocliniagds of zirconia nanostructures are optimized and
simulated successfully using B3LYP/ LanL2DZ basgit $he structural stability of zirconia nanostrues are
described by calculated energy, chemical hardnedschemical potential. The point symmetry group and
dipole moment of cubic and monoclinic zirconia nstnactures are also reported. Using HOMO — LUMO, gap
electron affinity and ionization potential, the @henic properties of cubic and monoclinic zircoare studied.
The information provided in the work helps to impeostructural stability and electronic propertiésZo0,
nanostructures for anionic, neutral and cationatest which find its application in thermal barr@yating,
ceramic biomaterial, nanoelectronic devices andlysis.
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I ntroduction

Zirconium oxide (Zr@) exhibit different properties from other metal @&, its unique properties are
basis sites sustentation, stability at high tempegaand also heat insulation. Other propertiegr@f; include
high dielectric constant, wide optical band gapy loptical loss and high transparency in visible axecr
infrared regions [1-6].These unique properties Dxhas wide applications in toughening ceramic mal®ri
gas sensitive sensors, electrolytes in solid-oig® cells, protective coating for optical filteesad mirrors,
thermal barrier coating, ceramic biomaterial, ndacteonic devices, thermoluminescence UV dosimetelr as
catalysts [7-13]. Zirconia exists in three polymwgpnamely monoclinic at temperature below £C70
tetragonal at temperature between 1170 to Z3a0d cubic at temperature between 2370 to ZBEM4].

The nanostructure of Zglays a significant role in preparing electrooptiielectric, piezoelectric and
nanocomposites [15-17]. Mainly the performance ii,Zdepends on the crystal structure which influertbes
physical properties of ZrQ ZrO, can be synthesized by many methods such as epirtning, direct
electrochemical anodization method and hydrothermmalte [18-20]. The controlled growth of zZrO
nanostructures with respect to morphology, supssire and specific size leads to key aspects én th
development of new functional materials in engimegfield. With this as motive, the literature seyvwas
conducted and most of the reported works are antpé synthesis and characterization of Zit@n films and
nanostructures [21, 22]. From the survey it isrirdfe that not much work has been carried out idysty the
structural and electronic properties of Zn@¥ing density functional theory (DFT). It is anpontant method to
deliver good electronic properties and structutabitity of zirconia [23-25]. In the present worénionic,
cationic and neutral state of monoclinic and cubi®, nanostructures are studied and reported.
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Computational Details

The realistic zirconia nanostructures are optimiaed simulated successfully using DFT technique
with the combination of B3LYP and LanL2DZ basis.det DFT studies, exchange correlation functional
consists of correlation of electron and exchanga@n The pseudo potential approximation mainlylaegs
the complex effects of valence electrons in an atehnch transform the potential energy term in the
Schrédinger equation. The optimization of Zn@nostructures are achieved by NWChem packag82pan
this work, the convergence of energy is obtainetthénorder 18 eV. LanL2DZ basis set is most suitable for H,
Hf-Bi and Li-La elements. Moreover, it is suitaldteoptimize ZrQ nanostructures.

Results and Discussion

The existing work mainly focus on ionization pdteh(IP), electron affinity (EA), dipole moment
(DP), chemical potential (CP), chemical hardneds)(GHHOMO-LUMO gap and calculated energy of neutral,
cationic and anionic state of Zg@anostructure in two phases namely cubic and mimmacFigure 1(a) and
Figure 1 (b) represents cubic and monoclinic pha$e&d O, nanostructures. The cubic zirconia has eight Zr
atoms and twelve O atoms to form cubic ball likeidure. Monoclinic zirconia has eight Zr atoms atelven
O atoms in its nanostructure.

Figure.1(a) Structure of cubic zirconia nanostructure Figure.1(b) Structure of monoclinic zirconia
nanostrure

Table.1 Energy, point symmetry and dipole moment of zireaamanostructures

Nanostructures Energy (Hartrees) (DDlggi/ee)moment Point Group
Cubic neutral zirconia -1267.67 8.03 2C
Cubic cationic zirconia -1267.54 18.73 2C
Cubic anionic zirconia -1267.83 0.33 2C
Monoclinic neutral zirconia -1192.7 10.4 .1 C
Monoclinic cationic zirconia -1192.63 11.17 . C
Monoclinic anionic zirconia -1193 8.28 ,C

The structural stability of zirconia can be anatyz® calculated energy. Table 1 contains calculated
energy, point symmetry and dipole moment of ziraomanostructure for neutral, cationic and aniotétes.
Cubic zirconia has the calculated energy of -12@itddes and the calculated energy value for momocli
zirconia is around -1192 Hartrees. The stabilitycabic zirconia is slightly higher than the stebiliof
monoclinic ZrQ nanostructure due to addition of one oxygen atBipole moment gives insights to the
distribution of charges across zirconia nanostmestuThe charge distribution is not uniform in tese of
cubic neutral and cubic cationic zirconia nanostree Since, high value of DP around 8.03 and 1B&Bye is



R. Chandiramouli et a//Int.). ChemTech Res.2014,6(5),pp 2962-2970. 2964

observed for neutral and cationic structures. Intrast the cubic anionic zirconia nanostructure 03
Debye. It infers the uniform charge distributiosige the cubic anionic Zeghanostructure. DP of monoclinic
zirconia nanostructures is in the range of 8.28 271 Debye. It shows the charges are not unifodigyributed
in all the three states of monoclinic Zr@anostructures. Compared to monoclinic zircortiana are uniformly
arranged in cubic ZrDnanostructures. The monoclinic Zr@as point group of Cwhich has only one
symmetry operation, identity operation E. Cubic Zt@s the point symmetry of,Cwhich has symmetry
elements of E, G and w,.

HOMO-LUMO gap of Zr O, hanostructures

The electronic properties of cubic and monocliniconia nanostructures are discussed by lowest
unoccupied molecular orbital (LUMO) and highestugged molecular orbital (HOMO) [33, 34]. The HOMO -
LUMO gap of ZrQ nanostructures shows both alpha gap and betal'bapalpha gap arises due to spin up and
beta gap arises due to spin down electron of, Zr@hostructure. The alpha HOMO — LUMO gap of cubic
neutral, cationic and anionic zirconia nanostrietuiare 3.59, 4.06 and 2.53 eV respectively and the
corresponding alpha gap of monoclinic Zn@anostructures are found to be 2.8, 4.28 and eM66t shows the
zirconia has wide optical band gap and high digleactonstant. Moreover, the optical loss is vergsland
thermal stabilities are very high in zirconia nanastures. This type of materials can be used B ggmnsors,
catalysis, ceramic and paint additives. Table 2nshthe HOMO —LUMO gap of ZrPnanostructures. The
localization of charges along zirconia nanostrieguare discussed in terms of density of states JDOS
Moreover, in the virtual orbital the density of ches is found to be more which can be clearly dgepeak
maximum. DOS spectrums of Zg@anostructures are displayed in Table 3.

Table.2 HOMO, LUMO gap of ZrQ nanostructures

Nanostructures| HomMo | Lumo | Ed&Y) | homo | Lumo | Ed&V)
Alpha beta
Cubic neutral | g oo 4.54 3.59 ; ; ;
ZiIrconia
Cubic cationic | 3 4 -7.86 4.06 -6.49 -7.94 1.45
ZiIrconia
Cubic anionic 1.86 -0.67 2.53 2.42 3.25 5.67
ZiIrconia
Monoclinic |, 4 4.4 2.8 : - :
neutral zirconia
Monoclinic
cationic -4.09 -8.37 4.28 -4 -6.61 2.61
zirconia
Monoclinic 1.97 -2.69 4.66 1.95 2.88 4.83
anionic zirconia
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Table.3 HOMO-LUMO gap and density of states of zirconiaostructures
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lonization potential, Electron affinity, Chemical potential and Chemical hardness of Zr O, nanostructures

The electronic properties of zirconia can also éscdbed by electron affinity (EA) and ionization
potential (IP) [35]. The IP and EA of Zg@anostructures are graphically represented asrshoikigure 2.

Figure2 IP and EA of zirconia nanostructures
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The sufficient energy required to remove electramf ZrQ, nanostructures are referred as IP. The
energy change due to addition of electron in Zr@nostructures is referred as EA. Different trends
observed for both IP and EA of Zs@anostructures. IP values for cubic neutral, c@ti@and anionic zirconia
are found to be 4.54, 7.86 and 0.67 eV respectivdlg corresponding IP value for monoclinic neytrationic
and anionic zirconia nanostructures are observddiaB.37 and 2.69 eV. Therefore, more energgqgsired to
remove electron from both phases of zirconia imooat state. In contrast less energy is requiredetaove
electron from anionic and neutral states of ziraom both phases. Electron affinity plays a vitalerin
chemical sensors and plasma physics. The EA vdlaalic neutral, cationic and anionic Zr@anostructures
are 0.95, 3.8 and 1.86 eV respectively and the jremh EA value for monoclinic neutral, cationic asionic
ZrO, nanostructures are observed at 1.6, 4.09 andel9The cationic state of Zghas much change in EA
which is more suitable for chemical sensor apglicatin contrast the energy change is not muchcadtior
neutral and anionic states for both phases of ziaco

Chemical hardness and chemical potential are highligted to EA and IP. The structural stability
zirconia can also be characterized by CH and CP [3& general formula for CH and CP#is= (IP-EA)/2
andu = — (IP+EA)/2 respectively.

Table.4 Chemical potential and chemical hardness of.Zr@hostructures

Chemical potential Chemical hardness
Nanostructures
(eV) (eV)
Cubic neutral zirconia -2.74 1.79
Cubic cationic zirconia -5.83 2.03
Cubic anionic zirconia -1.26 -0.59
Monoclinic neutral zirconia -3.00 1.4
Monoclinic cationic zirconia -6.23 2.14
Monoclinic anionic zirconia -2.33 0.36

Chemical potential is nothing but the potentialrggaeleased or absorbed during the chemical @acti
and it can also represented by electronegativihen@cal potential and chemical hardness can beraafey
effective fragment potential method. CP and CH eahave different trends as shown in Table 4. The
prominent CP values of cubic neutral, cationic amibnic zirconia are -2.74, -5.83 and -1.26 eV tm
corresponding CH values are 1.79, 2.03 and -0.58egpectively. The chemical potential value of nmadimic
neutral, cationic and anionic Zg@anostructures are observed at -3.00, -6.23 a8 &V respectively and the
corresponding CH values are 1.4, 2.14 and 0.36M@fe energy is absorbed or released only in thiertat
state of zirconia nanostructures. For remaininggstéhere is no significant energy is absorbecetmased in
ZrO, nanostructures.

Conclusion

Using DFT method, anionic, neutral and cationatest of cubic and monoclinic zirconia are optimized
and simulated precisely with B3LYP/ LanL2DZ basis. €lectronic properties of zirconia are studiederms
of HOMO — LUMO gap, ionization potential and electraffinity. Structural stability of zirconia alstiscussed
with the help of chemical hardness, calculated gghend chemical potential. Point symmetry and dipol
moment for both monoclinic and cubic phases ofazire has been reported. The information providethén
present will be useful to enhance the electronmperties and structural stability of cubic and muimic
phases of zirconia nanostructures which are usedemamic biomaterial, nanoelectronic devices and
thermoluminescence material.
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