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Abstract 

The structure, stability and electronic properties of a series of zirconia nanoparticles 

between 1.5 and 2 nm in size, (ZrO2±x)n within the n=13 to n=85 range, have been 

investigated through density functional theory (DFT) based calculations. On the 

methodological side we compare results obtained with standard DFT functionals with 

the DFT+U approach and with hybrid functionals. As representative models, octahedral 

and truncated octahedral morphologies have been considered for the zirconia 

nanoparticles. Partly truncated octahedral nanoparticles with ZrO2 stoichiometry display 

the highest stability. On the contrary, nanoparticles with octahedral and cuboctahedral 

(totally truncated octahedral) shapes are less stable due to oxygen deficiency or excess, 

respectively. We show that the calculated formation energies scale linearly with the 

average coordination number of the Zr ions, and converge to the bulk value as the 

particle size increases. The formation energy of a neutral oxygen vacancy in the 

nanoparticles has also been investigated. In comparison to the ZrO2(101) surface of 

tetragonal zirconia, we found that three- and four-coordinated O atoms have similar 

formation energies. However, the two-coordinated O ions on the surface of the 

nanoparticles have considerably smaller formation energies. In this respect the effect of 

nanostructuring can be substantial for the reactivity of the the material and its 

reducibility. The low-coordinated sites create defective states in the electronic structure 

and reduce the effective band gap, which can result in enhanced interaction with 

deposited species and modified photocatalytic activity.  
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1. Introduction 

Nanocrystalline structures have been of particular interest due to their novel 

fundamental properties and technological applications in numerous fields. The low-

dimensionality of nanostructures causes quantum confinement effects that originate 

peculiar and size-dependent physical properties. 1  They exhibit chemical, optical, 

electronic and magnetic properties that are unique to the nanostructure regime,2,3,4 and 

can be used as information storage media,5 , 6  in biological labeling and detection,7 

catalysis8,9 and photocatalysis,10 among many other applications. 

In the nanoscale regime, every single atom influences on the catalytic activity, and 

any mode of structural distortions may change such activity.11 Nanocatalysis can then 

be viewed as a bridge between homogeneous and heterogeneous catalysis, where 

nanoparticles may combine the advantages of both fields offering unique activity and 

selectivity.12 In other words, nanoparticles can be considered as discrete objects where 

the chemical processes take place at the interface with the environment. Thus, tailoring 

the catalytic activity of nanoparticles implies the understanding of their physical and 

chemical properties at the atomic scale. 

Zirconium dioxide (ZrO2) is an attractive material with broad technological 

applications. It is used in fuel cell electrolytes,13 as gate dielectric14 and chromatography 

support.15 It has also been extensively used in catalysis, for example supporting Au, Ag 

and Cu catalysts in the water gas-shift reaction,16 methanol synthesis from CO2 and 

H2,
17 CO oxidation,18,19 and in the form of nanostructures, in photocatalytic reactions 

like CO2 reduction.20,21  However, the properties of zirconia depend on the different 

structural polymorphs. Zirconia shows three different stable phases. Up to 1175ºC the 

stables phase is the monoclinic one; at higher temperature it transforms into the 

tetragonal phase, stable up to 2370 ºC, and then into the cubic phase.22,23 The cubic 

phase is a fluorite-type structure and the other two can be viewed as structural 

distortions from the cubic one. However, the room-temperature phase shows few 

practical applications.24 Instead, the catalytic and mechanical interesting phase is the 

tetragonal (t-ZrO2) one; for instance, it is used as superacid catalyst in hydrogenation 

and isomerization processes, 25  and as a superplastic ceramic. 26  To stabilize the 

tetragonal phase at lower temperatures, divalent and trivalent cationic species like Mg2+, 

Ca2+ and Y3+ can be incorporated into the zirconia lattice.27,28 On the other hand, to 

maintain the ZrO2 purity, the tetragonal phase can be stabilized at room temperature in 

the form of nanostructures due to the differences in surface free energies in monoclinic 
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and tetragonal nanoparticles.29 In fact, it has been found that it is possible to have 

tetragonal zirconia for nanoparticles smaller than 10 nm diameter,30 or between 10 and 

50 nm,31 without doping.  

Interesting features of metal oxides are intrinsic defects like oxygen vacancies, 

which are inevitably present after the synthesis involving high temperature processes 

and reducing atmospheres. A neutral O-vacancy introduces two extra electrons in the 

lattice, which can be either localized in the created vacancy or on cation sites nearby. In 

a non-reducible oxide like ZrO2, the extra charge is trapped in the vacancy site rather 

than reducing the nearest Zr ions, generating defect states near the center of the 

electronic band gap. This picture is analogous to the F-centers found in MgO.32,33 The 

presence of Zr3+ sites at the surface has been found experimentally, but in low 

amounts.34 The F-center-like character of O-vacancies in zirconia has been theoretically 

predicted for the three phases,35,36 and with formation energies in the range 5.6 – 5.9 

eV33,37-39 as predicted from first principles calculations in periodic systems. The role of 

nanostructuring and low-dimensionality on the stability of this point defect in zirconia 

has not been addressed yet and is one of the targets of this paper. 

The theoretical investigation of bulk and nanostructured oxides is based on 

Density Functional Theory (DFT). DFT calculations can provide atomic-scale 

understanding of active sites in nanoparticles large enough to be scalable to bulk (100 or 

more atoms).40-42 However, it is nowadays well established that the electronic band gap 

provided by the Kohn-Sham approach (KS gap) does not accurately reproduce the 

quasiparticle gap, which is measured by direct and inverse photoemission 

experiments.33,43 The failure of the KS gap to reproduce the electronic gap is attributed 

to the known self-interaction error intrinsic in the Kohn-Sham implementation of DFT. 

To partly remove this error, the Hubbard correction44  (DFT+U) and hybrid density 

functionals45,46 have been considered through this work. The DFT+U methods penalize 

higher occupation of the band for which the U corrections is applied whereas hybrid 

functionals add a percentage of the exact Fock exchange to the semilocal exchange-

correlation (xc) potential formulated within the Generalized Gradient Approximation 

(GGA). The fraction of the Fock exchange is connected to the dielectric constant of the 

material,47 and the functional obtained with the optimum fraction of Fock exchange for 

bulk zirconia (20.8%) has provided quantitative agreement with experiments.33,48 Note, 

however, that the dielectric constant of the ZrO2 nanoparticles is unknown. Therefore, in 

this work, the standard PBE0 functional is instead used, which includes a fixed 25% of 
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Fock exchange.46 This approach attenuates considerably the self-interaction error, 

yielding band gaps in better agreement with the experiment compared GGA 

functionals. 49  Nonetheless, the universal xc functional giving equally accurate 

description of all observables is still to be developed.  

In this work, tetragonal zirconia nanoparticles up to 2 nm in size have been 

modeled. We provide a description of the thermodynamic stability and the electronic 

structure as a function of composition and particle size. On the methodological side, we 

also provide a comparison between properties calculated with different DFT approaches 

to treat the self-interaction error. Also, different basis sets (plane waves versus 

numerical) and treatments of core electrons (PAW versus all electron) are explored. 

The paper is organized as follows. We first describe the computational approach 

in Section 2. Then, our models for zirconia nanoparticles are described in Section 3.1. 

The stability of the zirconia nanoparticles and the O-vacancies are addressed in Sections 

3.2 and 3.3. We describe their electronic structure in Section 3.4. Finally, some general 

conclusions are summarized in Section 4. 

2. Computational Details 

Spin polarized DFT based calculations were performed using the Vienna Ab-

initio Simulation Package (VASP 5.3),50,51,52 where plane waves were used as basis with 

a kinetic energy cutoff of 400 eV. To describe the effect of the core electrons on the 

valence electron density, the projector augmented wave (PAW) method was used,53,54 

where O(2s, 2p) and Zr(4s, 5s, 4p, 4d) were considered as valence electrons and 

therefore treated explicitly. The Generalized Gradient Approximation (GGA) for the xc 

functional was applied within the Perdew, Burke and Ernzerhof (PBE) formulation.55 

To partly circumvent the self-interaction error of GGA functionals, also the PBE+U 

approach as proposed by Dudarev et al.56,57 was used. The conduction band of zirconia 

is formed by the 4d states of Zr atoms (Figures S1-S3). Then, the multiple occupation of 

d orbitals is penalized so that the electron delocalization due to the self-interaction is 

attenuated. In particular, the onsite Coulomb correction (Ueff =U-J) for the Zr(4d) states 

was set to 4 eV. This value was found to provide a good description of the electronic as 

well as the geometric structure of bulk tetragonal zirconia.37 The lattice parameters 

predicted by the PBE+U approach are a0 = 3.662 Å and c0 = 5.223 Å, in good agreement 

with the experimental parameters 3.64 and 5.27 Å, respectively.58 Also, with our Ueff 

correction a band gap of 4.43 eV was obtained for bulk zirconia, still considerably 
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smaller than the experimental value 5.78 eV deduced from optical absorption 

measurements.59  

Geometry optimization of the nanoparticles calculations were carried out at the Γ-

point.  All atoms were allowed to relax until the ionic forces are smaller than |0.01| 

eV/Å, with a total energy threshold determining the self-consistency of the electron 

density of 10-5 eV. On the other hand, calculations on bulk zirconia, to be taken as a 

reference, were performed with plane waves with kinetic energy up to 800 eV, and 

sampling the Brillouin zone in a 8×8×6 Monkhorst-Pack k-point grid. To obtain a 

reference of a periodic surface, Γ-point calculations with a cutoff of 400 eV were 

performed on a 3×2 slab of the (101) surface (180 atoms), with 20 Å of vacuum 

between the periodically repeated slabs.  

The net charges of the ions were estimated from the Bader Atoms in Molecules 

topological analysis60,61,62 The effective Bader charges are defined as Qeff,i  = Zval,i – qi, 

where Zval,i is the number of valence electrons of atom i, and qi is the charge given by 

the Bader analysis.  

For comparative purposes, DFT calculations were also performed using the FHI-

AIMS 5.2 package, 63  where an all-electron atom-centered numerical basis set was 

employed. Also in this case the PBE exchange-correlation potential was considered,55 

and for a more accurate description of the electronic structure the full-range PBE0 

hybrid functional was used, which includes a 25% of the Fock exchange.46 Only the Γ-

point was considered in calculations of the discrete nanoparticles; the threshold for the 

convergence of the electronic energy was set to 10-5 eV and all ions were relaxed up to 

ionic forces smaller than |0.01| eV/Å. The bulk and periodic surface references were 

also calculated on a 8×8× 6 and 1×1×1 k-point grids, respectively.  

3. Results and discussion 

3.1 Models of zirconia nanoparticles 

To date, the determination of oxide nanostructures is far from being solved. This 

is partly due to the fact that experimental techniques aimed to elucidate the structure of 

such objects like neutron and X-ray diffraction do not provide a univocal picture.64-66 

Designing the structure of a representative model for zirconia nanoparticles is thus not 

an easy task. Numerous atomic configurations are possible, and even for small clusters, 

the potential energy surface is too complex to be explored with high-level ab-initio 

approaches. For applications in catalysis, our interest is more focused on relatively large 
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nanoparticles with properties that scale to the bulk regime42,42 (but still computationally 

feasible). A good starting point is the design of nanoparticles based on the analysis of 

the lattice plane orientations in bulk zirconia. This is analogous to the Wulff 

construction at the nanoscale. Nevertheless, it has to be mentioned that whether the 

nanostructure is the global minimum or not is not an important issue in the investigation 

of catalytic reactions on surfaces.67 

Thus, as starting geometries, bulk t-ZrO2 was cleaved along the normal directions 

of the O-terminated {101} surfaces, resulting in nanoparticles with octahedral or 

bipyramidal shape. Then, the six corners of the octahedral structure were truncated 

giving a closed {101} object with O-terminated {001} facets at the corners 

(cuboctahedron). The design of octahedral and cuboctahedral morphologies for zirconia 

nanoparticles is consistent with the relative thermodynamic stability of the 

corresponding surfaces, being the O-terminated (101) and (001) surfaces the most stable 

ones in tetragonal zirconia.68,69,70 An octahedron-based model has also been used for a 

Car-Parrinello Molecular Dynamics (MD) investigation of surface impurities on 

zirconia nanoparticles; this is also the stable shape when the nanoparticles are 

surrounded by water molecules.71 Also, single-crystalline CeO2 nanoparticles of 2 nm 

and more, with a fluorite-based structure like zirconia, are octahedral or 

cuboctahedral. 72  Neyman et al. found that the octahedral shape for ~1 nm ceria 

nanoparticles is the most stable one exploring the configurational space through a basin 

hopping algorithm.73,74  It has also been found both experimentally75,76  and by DFT 

calculations77 that the chemically related TiO2 material in the nanocrystalline regime 

adopts octahedral and truncated octahedral shapes in acidic conditions.  
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Figure 1. Models of (a) octahedral (ZrO2-x)n, and (b) cuboctahedral zirconia 

nanoparticles (ZrO2+x)n, created by removing the 6 Zr corner atoms from the octahedral 

configuration. Zr is represented by big blue atoms and O by red small atoms.  

 

The octahedral models for zirconia nanoparticles are shown in Figure 1(a). The 

stoichiometries for this configuration are Zr19O32, Zr44O80 and Zr85O160, with optimized 

diameters 0.90, 1.40 and 1.92 nm (at PBE+U level of theory), respectively. These sizes 

are in the same range of synthesized octahedral-based zirconia nanoparticles (1.5 – 2.5 

nm).71 The cuboctahedral models, Figure 1(b), are obtained by removing the six low-

coordinated Zr ions at the corners of the octahedron, giving respectively the 

nanoparticles Zr13O32, Zr38O80 and Zr79O160. In octahedrons and truncated octahedrons 

with O-terminated bulk-like {101} and {001} surfaces, the ZrO2 stoichiometry cannot 

be maintained. To obtain the stoichiometric systems, instead of removing the excess O 

atoms from the cuboctahedral nanoparticles, which would lead to facets that do not 

display the same morphology as the bulk-like surfaces, a different number of Zr corner 

atoms must be removed. So, 3, 4 and 5 Zr corner atoms, respectively, were removed 

from the octahedrons resulting in Zr16O32, Zr40O80 and Zr80O160 nanoparticles, Figure 2. 

In this way the morphology of the bulk-like {101} and {001} terminations is 

maintained.  

Zr19O32	 Zr44O80	 Zr85O160	

a)	

Zr13O32	 Zr38O80	 Zr79O160	

b)	
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Figure 2. Models of partly truncated octahedral zirconia nanoparticles (ZrO2)n created 

by removing (a) 3 Zr corner atoms from the Zr19O32 nanoparticle, (b) 4 Zr corner atoms 

from Zr44O80 and (c) 5 Zr corner atoms from Zr85O160. Zr is represented by big blue 

atoms and O by red small atoms. 

 

After relaxation of the structure, the initial tetragonal phase is not maintained. 

This is more pronounced for the stoichiometric Zr16O32, Zr40O80 and Zr80O160 

nanoparticles. Since these are octahedral objects only partly truncated, the structure is 

non-symmetric leading to larger distortions. In order to estimate the structural relaxation 

of the nanoparticles with respect to the bulk phase, the Zr-O and Zr-Zr bond distances 

calculated at PBE+U level are reported in Table 1. It is noteworthy that the PBE+U 

bond distances do not differ significantly from the PBE ones, giving bond lengths 

~1.5% longer. In view of the variety of bond distances for each nanoparticle ⎯ due to 

different local relaxations caused by undercoordination ⎯ the minimum, maximum and 

average bond distances are reported. Both Zr-O and Zr-Zr bond distances are below 

those calculated in bulk t-ZrO2. The ranges of variation are larger for the smallest 

nanoparticles due to higher local relaxations and loss of crystallinity. The longest Zr-Zr 

bond lengths are obtained for the cuboctahedral nanoparticles; these systems contain an 

excess of oxygen that makes Zr ions more positive, which increases the electrostatic 

repulsion between Zr ions.  

 

 

 

 

 

 

 

Zr16O32	 Zr40O80	 Zr80O160	

a)	 b)	 c)	
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Table 1. Optimized average coordination number of Zr ions, <N>Zr, and minimum, 

maximum and average Zr-O, dZr-O, and nearest Zr-Zr, dZr-Zr, bond distances (in Å). 

PBE+U results for partly truncated (PT) octahedral, octahedral and cuboctahedral 

nanoparticles compared with bulk t-ZrO2. 

 <N>Zr dZr-O, min dZr-O, max <dZr-O> dZr-Zr, min dZr-Zr, max <dZr-Zr> 

ZrO2 Bulk 8.00 2.16 2.30 2.23 3.66 3.68 3.67 

PT Octahedral 

Zr16O32 5.38 1.94 2.49 2.14 2.97 3.65 3.35 

Zr40O80 6.10 1.96 2.45 2.18 3.26 3.50 3.38 

Zr80O160 6.75 2.04 2.92 2.20 3.37 3.54 3.44 

Octahedral 

Zr19O32 5.47 2.11 2.24 2.18 3.18 3.18 3.18 

Zr44O80 6.18 2.11 2.25 2.19 3.18 3.51 3.29 

Zr85O160 6.59 2.09 2.40 2.22 3.28 3.67 3.54 

Cuboctahedral 

Zr13O32 6.15 2.11 2.18 2.15 3.48 3.51 3.49 

Zr38O80 6.42 2.03 2.44 2.18 3.29 3.57 3.43 

Zr79O160 6.78 2.08 2.31 2.20 3.42 3.68 3.55 

 

Although in these nanostructures the crystallinity of the tetragonal phase is not 

entirely conserved, the average Zr-Zr bond distance can provide an estimate of the 

degenerate lattice parameter a0 of the tetragonal unit cell. The lattice parameters in the 

nanostructures are smaller than those calculated in bulk t-ZrO2, a0 = 3.66 Å and increase 

with the size of the nanoparticle as the bulk regime is approached. The size-dependence 

of the lattice constant is an expected behavior for nanoparticles, as a significant fraction 

of ions form shorter bonds to compensate the undercoordination (mainly surface ions). 

The lattice expansion with the size increase is also found in metal nanoparticles,78 and 

its contraction with respect to the bulk is consistent with experimentally prepared 5 nm 

t-ZrO2 nanoparticles by Yoshiasa et al.,79 whose lattice parameter a0 is measured to be 

3.60 Å. Smaller (1.5 nm) nanoparticles prepared by Thomas et al.,71 show nearest Zr-Zr 

bond distances of 3.5 Å, which are also below the bulk value.  

It is worth noting that finding smaller lattice constants in the nanoparticles with 

respect to bulk is not a universal behavior. In the case of CeO2, calculations predict 
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smaller lattice constants for nanoparticles than that for bulk ceria.73,80 On the contrary, 

experimentally derived lattice constants are larger than the bulk one and they contract 

with particle size, which is also called lattice anomaly.81,82 This has been attributed to 

the presence of reduced Ce3+ ions coming from O-vacancies that reduce the Ce-O 

electrostatic attraction.73,81,82 In small clusters the fraction of Ce3+ ions is larger.82 

However, since differently from CeO2, ZrO2 is not reducible, a much lower number of 

oxygen vacancies are present and the lattice anomaly is not expected. In fact, in the 

prepared zirconia nanoparticles up to 5 nm less than 1% of Zr3+ centers were found.79  

3.2 Formation energies of zirconia nanoparticles 

The formation energies, Ef, are defined with respect to Zr bulk metal and 

molecular O2 in the gas phase in its triplet ground state, according to  

Ef  = (1/n) E(ZrnOm) – E(Zr(s)) – (m/2n) E(O2(g)) (1) 

In order to evaluate the effect of the different xc functionals, the formation energies 

have been computed at PBE, PBE+U and PBE0 levels of theory, Table 2. For 

comparison the formation energy of bulk t-ZrO2 is also reported. All Ef values are given 

per Zr atom. PBE calculations have been performed with both plane wave and 

numerical basis sets. Both approaches give very similar PBE values, as expected. This 

allows us to use the PBE0 results for comparative purposes, despite the fact that these 

results are obtained only with a numerical basis set. In the rest of the work, we will refer 

to the PBE results calculated with plane wave basis set. Taking as a reference the PBE 

calculations, the Hubbard correction clearly leads to smaller formation energies (in 

absolute value) implying that fixing the gap has negative effects on the energetic 

stability. Instead, the PBE0 functional gives larger values although to a smaller extent. 

Moreover, the U correction is more size sensitive, being the formation energies 30% 

smaller than PBE ones in the smallest nanoparticles and 21% smaller in the bulk. 

Instead, the PBE0 results are always about 5% larger than the PBE ones, independent of 

the particle size. The PBE0 approach reproduces with greater accuracy the energetics of 

these systems giving the closest values to the experimental formation energy for bulk 

zirconia (-11.0 eV PBE0, -11.41 eV experiment). 83  Note, however, that the 

experimental value is obtained at 298.15 K and an accurate comparison with theoretical 

results would require extrapolation of the thermodynamic data to 0 K. 

 



11 
 

Table 2. Formation energies (in eV) per Zr atom from PBE, PBE+U and PBE0 

calculations, for bulk t-ZrO2, partly truncated (PT) octahedral, octahedral and 

cuboctahedral nanoparticles. 

 PBEa PBEb PBE+U PBE0 

ZrO2 Bulk -10.30 -10.38 -8.19 -11.00 

PT Octahedral 

Zr16O32 -8.61 -8.63 -6.27 -9.02 

Zr40O80 -9.25 -9.30 -6.91 -9.73 

Zr80O160 -9.48 -9.52 -7.17 -9.86 

Octahedral 

Zr19O32 -7.43 -7.45 -5.03 -7.80 

Zr44O80 -8.41 -8.44 -6.09 -8.88 

Cuboctahedral 

Zr13O32 -7.74 -7.75 -5.33 -8.09 

Zr38O80 -9.05 -9.07 -6.77 -9.59 

aComputed with plane wave basis set.  

bComputed with all-electron atom-centered numerical basis set. 

 

We now consider the dependence of the formation energies on the average 

coordination number <N> of Zr atoms (i.e. the average number of O ions directly 

coordinated to each Zr ion) from PBE+U results, Figure 3. The formation energies of 

the nanoparticles within the same configuration –octahedral, cubooctahedral and partly 

truncated octahedral – correlate linearly with <N> and converge to the bulk value. To 

obtain a better linear correlation for octahedral and cubooctahedral nanoparticles, the 

formation energies of the Zr85O160 and Zr79O160 nanoparticles are also included (-6.65 

and -7.18 eV with <N> = 6.59 and 6.78, respectively). The partly-truncated octahedral 

nanoparticles exhibit the highest stability due to the fully stoichiometric composition. 

Nevertheless, it has to be taken into account that these nanoparticles have experienced a 

larger structural relaxation due to the non-symmetric cleavage of the corners, which 

may lower the energy (Section 3.1). The octahedral nanoparticles, despite they expose 

only the most stable (101) surface, are O-deficient and contain Zr ions in a reduced 

oxidation state with respect to that of bulk ZrO2. This causes a destabilization due to the 

low reducible character of zirconia. These findings are in contrast to those obtained for 



12 
 

CeO2 nanoparticles: ceria is a reducible oxide whose formation energies of O-deficient 

octahedral nanoparticles display the same stability and correlation as the stoichiometric 

ones.73  

Despite the large amount of low-coordinated O ions (mainly in {001} facets), the 

cuboctahedral systems are only slightly destabilized with respect the stoichiometric 

structures. The destabilization is caused by the presence of peroxide-like O atoms from 

an O-rich stoichiometry. This is more pronounced for the smallest nanoparticle Zr13O32, 

which contains the highest O/Zr ratio and where all O ions of the surface are only 2-

coordinated sites from the {001} facets. This nanoparticle has not been included in the 

linear fitting for cuboctahedral nanoparticles. From these findings, an important concept 

can be derived: from the correlation obtained, formation energies of nanoparticles with 

sizes not yet computationally feasible can be extrapolated.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3. PBE+U formation energies (in eV) per Zr atom for octahedral, cuboctahedral, 

partly truncated (PT) octahedral zirconia nanoparticles and for bulk t-ZrO2 (<N> = 8.0). 

The fitted correlation for each type of configuration is indicated. Zr13O32 is not included 

in the correlation for cuboctahedral nanoparticles (indicated with a cross). 

 

3.3 Defective zirconia nanoparticles: oxygen vacancies 

Oxygen vacancies are intrinsic defects of metal oxides with a great importance in 

catalysis.84 The presence of O-vacancies in zirconia plays a fundamental role on its 

characteristic redox properties.69 For instance, in chemical processes where O atoms are 

interchanged with molecules like CO, CO2 or H2O, either assisted by deposited metal 
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catalysts or directly acting as reactive centers. In this section, we investigate the stability 

of a neutral O-vacancy in the lattice of nanoparticles. We consider several sites with 

different coordination number of the O atoms that are removed. We define the 

formation energy (Ef) of the O-vacancies with respect to the formation of molecular 

oxygen,  

Ef  = E(ZrnOm-1) – E(ZrnOm) + ½ E(O2(g)),  (2) 

where E(ZrnOm-1) and E(ZrnOm) are the total energy of the nanoparticle with and 

without an O-vacancy, respectively, and E(O2(g)) is the total energy of the O2 molecule 

in its triplet ground state. The formation energies from PBE+U calculations are reported 

in Table 3. For comparison, those obtained for a periodic (101) zirconia surface are also 

reported.  

We first consider the partly truncated or stoichiometric nanoparticles. For the 

extended (101) zirconia, the calculated formation energies of +5.97 (O3c) and +5.67 eV 

(O4c) surface are in very good agreement with previous results.33,38,38 In the 

nanoparticles, as expected, the O2c site (corner site) is the most favorable position for 

oxygen vacancy creation, with formation energies +3.94 (Zr16O32), +3.80 (Zr40O80) and 

+2.62 eV (Zr80O160). The energy required to create an O-vacancy decreases with the 

particle size. This trend agrees with the bond lengths that are found to increase with 

particle size (Section 3.1): longer distances imply weaker bonds that reduce the cost to 

create a vacancy.  

In general, the stability of these defects depends mainly on two aspects: the 

localization of the excess electrons after the O removal (electronic effect) and the 

relaxation of the lattice around the vacancy (geometric effect). In order to analyze the 

structural effect, we also computed the O vacancy formation energies of stoichiometric 

nanoparticles but without allowing the ions to relax in response to the creation of the 

vacancy. The large energy difference between these calculations implies that the 

structural rearrangement around the vacancy plays an important role. This is found in 

the few cases where the preferred electronic state of the excess charge is the triplet state, 

that is, the two extra electrons reduce two Zr ions near the vacancy. In these cases, the 

relaxation energies are between 1.7 – 2.1 eV. Instead, the relaxation is less pronounced 

when the electrons are mainly localized in the vacancy forming a non-magnetic state. 

This is the common situation in F-centers in ionic crystals like MgO.32 In these cases, 

the relaxation energies are between 0 – 1.5 eV. However, the inner O4c-vacancy in the 

Zr80O160 nanoparticle undergoes a significant structural relaxation that lowers 
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considerably the energy, despite the F-center-like behavior. This is an internal vacancy 

that should play a minor role in O-mediated surface reactions. 

Hence, several factors determine the stability of the O-vacancies. These factors 

become even more important when the material is nanostructured. A clear general trend 

to predict the stability, preferred positions and electronic ground state of O-vacancies at 

the nanoscale cannot be easily defined as in bulk zirconia. Nevertheless, there are no 

important changes in the stabilities of O3c- and O4c-vacancies when the extended surface 

and nanoparticles are compared (even including corner-O3c sites). The formation energy 

is reduced up to 1 eV in Zr16O32 and Zr40O80, although Zr80O160 is an exception due to 

an important contribution of the structural relaxation of the inner O4c-vacancy. 

However, O atoms in low-coordinated sites are easy to remove (corner-O2c and O3c), 

representing the important catalytic sites in redox reactions where the transfer of an O 

atom is implied. In addition, the tendency to trap the excess electrons in the vacancy 

sites rather than to reduce Zr ions is found also in zirconia nanoparticles. The energy 

differences between the closed-shell singlet and triplet states are quite small, being in 

most cases between 0.01 and 0.20 eV; the electron localization becomes less relevant 

under real conditions where the (high) temperature may overcome this energy 

difference.  

Since the octahedral nanoparticles are already reduced systems, the stability of the 

O-vacancies follows a different trend compared to the stoichiometric ones. These 

nanoparticles already contain electron density localized on surface Zr sites and 

interstitial positions, as it will be further discussed in the next section. In these systems, 

the excess electrons introduced after the creation of an O-vacancy are less stable, 

resulting in higher formation energies than for stoichiometric nanoparticles. In 

particular, without relaxation, the formation energy of the O-vacancy at the surface 

increases to +6.50 and +6.10 eV in Zr19O32 and Zr44O80, respectively. Then, in these 

cases, the vacancies are mainly stabilized by relaxation effects, lowering Ef to +6.11 and 

+5.86 eV in Zr19O32 and Zr44O80, respectively, Table 3. This also reflects in the smallest 

formation energies of inner-O4c, where the ionic relaxation turns out to be more 

important.  
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Table 3. Formation energies (in eV) of n-coordinated Onc-vacancies of partly truncated 

(PT) octahedral, octahedral and cuboctahedral zirconia nanoparticles, in singlet (S) or 

triplet (T) electronic configuration. For comparison, an Onc-vacancy in the (101) surface 

(3×2 slab, corresponding to a 1/12 coverage of O-vacancies) of t-ZrO2 are also reported.  

System Corner – O2c Corner – O3c Facet – O3c Inner – O4c 

t-ZrO2 (101) - - +5.97 (S) +5.67 (S) 

PT Octahedral 

Zr16O32 +3.94 (S) - +5.89 (S) +5.15 (S) 

Zr40O80 +3.70 (S) +4.16 (T) +4.86 (T) +5.11 (S) 

Zr80O160 +2.62 (S) +5.26 (S) +4.42 (T) +2.17 (S) 

Octahedral 

Zr19O32 - +6.11 (S) - +4.16 (S) 

Zr44O80 - +5.86 (T) +5.69 (S) +4.74 (S) 

Cuboctahedral 

Zr13O32 -2.35 - - -2.63 

Zr38O80 -1.02 - -1.02 -0.10 

 

Clearly, cuboctahedral nanoparticles represent a special case. These are oxidized 

systems, with an O-rich stoichiometry. Then, the removal of an O atom from the lattice 

is an exothermic process; in other words, cuboctahedral nanoparticles are 

thermodynamically unstable with respect the spontaneous formation of O2(g). This is 

more evident in Zr13O32, which already showed a low stability with respect the 

decomposition into bulk Zr(s) and molecular O2(g) in comparison with the other systems 

(Section 3.2). The instability of these systems is attributed to the models selected for 

this morphology. The cuboctahedral nanoparticles have been constructed exhibiting 

bulk-like O-terminated (101) surfaces. However, previous DFT calculations predicted 

that 1 – 1.5 nm oxide nanoparticles do not exhibit the bulk-like surface morphology in 

oxidizing environments. 85  Rather, the oxidized nanoparticles are passivized with 

molecular On
m groups adsorbed on the surface, with peroxide-like O atoms. These 

trends follow from a study referring to ceria nanoparticles, but this is likely to occur 
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also in oxidized ZrO2+x nanoparticles.71 Sufficiently large nanoparticles, instead, contain 

enough O-vacancies in the bulk to compensate the O-rich surfaces and stabilize the 

bulk-like O-terminated morphology.  

3.4. Electronic structure of zirconia nanoparticles 

Detailed information on the electronic structure of zirconia nanoparticles is 

obtained from the Projected Density of States (PDOS). Moreover, the performance of 

the different methodologies in determining the Kohn-Sham (KS) band gap and possible 

defect states is also tested by the calculation of the PDOS. The PDOS plots computed 

with PBE, PBE+U and PBE0 functionals for stoichiometric zirconia nanoparticles are 

shown in Figure 4. There are no significant qualitative variations between the PBE 

PDOS plots computed with plane wave and numerical basis sets, so only the latter are 

not shown for simplicity. 

 

 

Figure 4. Projected Density of States of a) Zr16O32, b) Zr40O80 and c) Zr80O160 

nanoparticles, from (top to bottom) PBE, PBE+U and PBE0 calculations. The zero of 

energy corresponds to the Fermi level.  

 

Nanoparticles with a stoichiometric composition are partly truncated octahedrons 

that contain both low-coordinated Zr and O ions (Section 3.1). These sites give rise to 

defective states in the electronic structure that are separated from the valence (O sites) 

and conduction (Zr sites) bands, narrowing therefore the band gap. This is more 
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pronounced in the smallest nanoparticle Zr16O32 which displays the highest ratio of 

undercoordinated sites, Figure 4(a). In this case, the presence of defect states does not 

allow us to determine the band gap, since the edges of the valence (VB) and conduction 

bands (CB) cannot be easily identified, pointing to the molecular nature of this system. 

Not surprisingly, the different level of theory clearly plays a role in defining the 

electronic structures of these systems. The KS band gaps of stoichiometric nanoparticles 

predicted by the different approaches are reported in Table 4, together with those of 

bulk zirconia and of the (101) surface and some experimental findings. In the 

nanoparticles, we have considered the energy gap between the highest occupied and 

lowest unoccupied electronic states, but we did not consider the defective states due to 

low-coordinated sites. Note that the distinction between a defect state and states 

belonging to the VB or CB is not always easy. In particular, to define a state as defect 

state we have examined whether the electron densities projected on the KS eigenvalues 

around the Fermi level are localized on low-coordinated sites (i.e. a corner Zr ion or at 

the O2c ions of a {001} facet). As expected, the KS band gaps obtained at PBE level are 

underestimated, due to the self-interaction error inherent in GGA xc functionals. The 

Hubbard correction on the PBE functional enhances the band gap which however 

remains below the experimental value, while the hybrid PBE0 functional seems to 

slightly overestimate the gap with respect to the experiment. The same trend has been 

found in both nanostructures and periodic systems (bulk or surface). The interesting 

feature of the electronic structure of these nanoparticles is the presence of defect gap 

states from low-coordinated sites of stoichiometric particles, an effect that effectively 

reduces the transition energies. This may have the consequence to enhance the 

interaction of the nanoparticles with metal catalysts as well as their photocatalytic 

activity. 

The overestimation of the KS gap at the PBE0 level of theory was also found in 

previous theoretical studies on bulk tetragonal zirconia.86 However, it is important to 

mention that the experimental values cannot be solely attributed to the tetragonal phase 

since they were obtained from measurements on amorphous or polycrystalline samples. 

The definition of the band gap with the various experimental techniques may differ 

from the KS band gap provided by the DFT calculations. We compare the results with 

band gap values from photoemission experiments (PES+IPS, 5.587  and 5.68 88  eV), 

which probe the energy difference between the N and N±1 electron system ⎯ 

fundamental band gap ⎯ as well as from optical measurements (VUV, 5.7859 eV), 
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which involve excitations providing the optical gap. This value, however, differs from 

the electronic band gap in the exciton binding energy. Also, our calculations do not 

consider electron-phonon interactions. These are known to reduce the band gap with 

respect to the 0 K fundamental gap89,90 so they may be another source of possible 

disagreement between theory and experiment.  

 

Table 4. Band gaps (eV) of bulk, (101) surface and stoichiometric nanoparticles of t-

ZrO2 from PBE, PBE+U and PBE0 calculations.  

 PBEa PBEb PBE+U PBE0 

Bulk ZrO2 3.72 3.75 4.43 6.13 

t-ZrO2 (101) 3.45 3.56 4.01 5.94 

Zr16O32 
c 1.27 1.35 0.75 3.44 

Zr16O32 
d 3.26 3.32 3.28 5.33 

Zr40O80 
c 3.27 3.22 3.37 4.40 

Zr40O80 
d 3.59 3.22 3.80 6.12 

Zr80O160 
c 3.22 3.20 0.44 2.67 

Zr80O160 
d 3.61 3.41 3.63 5.20 

Experiment 

Bulk ZrO2 5.5e   5.68f   5.78g  

aComputed with plane wave basis set.  
bComputed with all-electron atom-centered numerical basis set. 
cDifference between the highest occupied and the lowest empty states. 
dDifference between the estimated edges of valence and conduction bands.  
ePhotoemission Spectroscopy + Inverse Photoemission Spectroscopy (PES+IPS), Ref. 87 
fPhotoemission Spectroscopy + Inverse Photoemission Spectroscopy (PES+IPS), Ref. 88 
gReflectance Spectroscopy (VUV) in Y-doped ZrO2, Ref. 59 

 

In general, the role of the different computational approaches used is the same for 

periodic zirconia and nanoparticles. Defining the best DFT approach may depend on the 

observable of interest. For instance, the PBE0 hybrid functional overestimates the KS 

band gap but it reproduces quite accurately the energetics of the zirconia nanoparticles 

(Section 3.2). On the other hand, the Hubbard correction is a less expensive 

computational approach that partly corrects the KS band gap but significantly 

underestimates the formation energies. Then, the PBE0 functional would be a suitable 

choice to model the zirconia nanoparticles. However, any of the different approaches 
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here considered provides the correct trend between the band gap and the size of the 

nanoparticles. 

Octahedral zirconia nanoparticles display a different electronic structure. These 

nanoparticles are oxygen deficient; that is, there is an excess of electrons not 

compensated by O atoms, so that the electronic structure is equivalent to that of reduced 

zirconia with O vacancies that induce defect states in the gap (mainly Zr 4d states, 

Figure S2). The Zr19O32 stoichiometry is equivalent to six O-vacancies in a regular 

lattice; the Zr44O80 nanoparticle to eight O-vacancies, and Zr85O160 to ten O-vacancies, 

meaning that there are 12, 16 and 20 extra valence electrons, respectively. These 

electrons can arrange in a high or in a low-spin state, like the electrons from an O-

vacancy which can form a triplet or a singlet state, respectively (Section 3.3).35-39 The 

electronic ground state of the zirconia nanoparticles is non-magnetic. This is in contrast 

with ceria octahedral nanoparticles where the ground state is high-spin, due to the high 

spin coupling of the Ce3+ ions.73 By plotting the electron density projected on the KS 

energies belonging to the defective Zr gap states (Figure 5 for Zr44O80), we confirm that 

the extra electrons are mainly localized on the six Zr corner ions. This implies the 

lowest number of Zr ions with a reduced effective charge, in contrast to the 12 

(Zr19O32), 16 (Zr44O80) and 20 (Zr85O160) Zr ions that are reduced in the high-spin state. 

Thus, the singlet ground state is favored.  

 

 
 

Figure 5. Electron density plot (PBE+U) projected on the KS energies corresponding to 

Zr gap states for the Zr44O80 nanoparticle. Zr is represented by big blue atoms and O by 

red small atoms. ρiso=0.007 e/Å3. 

 

The computed net charges on the six Zr corner ions are smaller in the singlet 

ground state than in the high-spin state (+1.70 - 1.72|e| versus +1.94 - 2.20|e|, being 
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+2.60 - 2.70|e| on inner Zr ions). On the other hand, the dz2 shape of the density can be 

identified around the Zr corners with higher localization in the interstitial site, Figure 5. 

This means that the excess electron density is shifted towards the interstice rather than 

localized on the Zr ion. This is consistent with the preference of O-deficient zirconia to 

create singlet F-centers localized in the vacancy site rather than reducing two Zr ions. 

The energy difference between low and high-spin states, ΔΕ, depends on the 

functional used. In particular, the PBE+U and PBE0 approaches stabilize the high-spin 

state with respect to PBE. For Zr19O32, ΔΕ = +3.82 eV at PBE level but ΔΕ = +2.10 and 

+2.48 eV at PBE+U and PBE0 levels, respectively; for Zr44O80, ΔΕ = +3.81 eV at PBE 

level and ΔΕ = +1.69 and +1.99 eV at PBE+U and PBE0 levels, respectively. This can 

be explained by the higher electron localization on Zr in the high-spin state that is more 

pronounced in DFT+U and hybrid functionals.  

 

 

Figure 6. Projected Density of States of a) Zr19O32 and b) Zr44O80 nanoparticles in the 

electronic ground state (low-spin state), obtained (top to bottom) at PBE, PBE+U and 

PBE0 levels. The zero of energy corresponds to the Fermi level. 

 

The ground state PDOS for the octahedral Zr19O32 and Zr44O80 nanoparticles are 

shown in Figure 6. As found with the stoichiometric nanoparticles, the VB-CB energy 

gap is increased with PBE+U and PBE0 functionals. However, the relative position of 

the defect states due to the O deficiency is not significantly affected by the U correction. 
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In Zr19O32, such Zr gap states appear 3.2 eV above the VB, and 0.8 and 1.1 eV below 

the CB in the PBE and PBE+U calculations, respectively, Figure 6(a). In Zr44O80, they 

appear 0.9 eV below the CB, and 3 and 3.1 eV above the VB in PBE and PBE+U, 

Figure 6(b). Upon application of the Hubbard U correction the overall increase of the 

band gap is of 0.1 – 0.3 eV. The hybrid PBE0 functional has a more pronounced effect: 

the KS band gaps are of 6.3 eV in Zr19O32 and 6.1 eV in Zr44O80, and the gap states are 

3.8 and 3.7 eV above the VB, respectively, Figure 6(a,b). The high-spin excited state, in 

contrast, shows splitting of the defect states in the band gap, due to higher localization 

of the electron density in different Zr sites -corners and edges- that display different 

stabilities, Figure 7.  

 

 

Figure 7. Projected Density of States of (a) Zr19O32 and (b) Zr44O80 nanoparticles in the 

high-spin excited state, from PBE+U calculation. The zero of energy corresponds to the 

Fermi level.  

 

It is important to note that these nanoparticles display electronic structures 

analogous to that of bulk/surface zirconia with O-vacancies, with high-lying donor 

states in band gap. Hence, the interaction with a metal catalyst can be dominated by 

electronic effects which involve charge transfer from the donor states of the 

nanoparticle and the metal, without the inducing the pronounced structural relaxation 

and rearrangement typical in supports with a vacancy in the lattice.  

Finally, cuboctahedral zirconia nanoparticles are characterized by an O-rich 

composition, which yields peculiar electronic and magnetic properties. As it has been 

explained above, the cuboctahedral nanoparticles considered in this work exhibit bulk-

like O-terminated surfaces. Formally, there are six excess O atoms in Zr13O32, four in 

Zr38O80 and two in Zr79O160. Of course, these atoms are not fully reduced and maintain 

an atom-like electronic configuration with two unpaired electrons in O2p levels (Figure 
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S3). This results in a global net magnetic moment of twelve, eight, and four unpaired 

electrons in the ground state of Zr13O32, Zr38O80 and Zr79O160, respectively, with the spin 

density localized on the surface O ions.  

The PDOS plots for Zr13O32 and Zr38O80 nanoparticles are shown in Figure 8, for 

PBE, PBE+U and PBE0 calculations. The partial occupation of the O2p states introduces 

low-lying empty states in the band gap that may behave as acceptor states in interaction 

with metal particles or other donor species. The PBE+U approach shifts the conduction 

band upwards but the O2p empty gap states are unchanged in Zr38O80 (1.0-1.1 eV above 

the VB), while they are slightly shifted downwards in Zr13O32 (from 0.9-1.1 eV above 

the VB at PBE level, around 0.5 eV above the VB in PBE+U). This is attributed to the 

fact that the Hubbard correction is applied only to Zr(d) states, which are the main 

contributors to the conduction band. Instead, the PBE0 density functional introduces the 

fraction of Fock exchange in the functional on all electronic state on an equal footing.  

 

 

Figure 8. Projected Density of States of a) Zr13O32 and b) Zr38O80 nanoparticles in the 

electronic ground state, from (top to bottom) PBE, PBE+U and PBE0 calculations. The 

zero of energy corresponds to the Fermi level. 

 

The calculated Bader charges on the Zr ions do not differ significantly from those 

in bulk zirconia: +2.69, +2.70 and +2.73 |e| in Zr13O32, Zr38O80 and Zr79O160, 

respectively, being +2.77 |e| the value in bulk zirconia. This indicates that the Zr ions 
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are not oxidized beyond the bulk oxidation state. Instead, the surface O ions show lower 

charges (in absolute value) than those in the bulk, which correspond to peroxide-like 

oxygens: -1.01, -1.15 and -1.19 |e| in Zr13O32, Zr38O80 and Zr79O160, respectively, while 

the corresponding value in bulk zirconia is -1.39|e|.  

Hence, these nanoparticles have a strong oxidizing power due to the presence of 

acceptor gap states or to the presence of peroxide-like O ions forming On
m groups 

adsorbed on the surface that can react with adsorbed species (Section 3.3). However, we 

mentioned already that this situation is not thermodynamically favorable, and the 

preference is to desorb O2 molecules (Section 3.3).  

 

4. Conclusions 

In this work, we have designed a set of different models for zirconia nanoparticles 

with sizes in the 0.9 – 1.9 nm range. These nanoparticles are built based on the relative 

stability of the exposed facets and taking different stoichiometries into account. Their 

properties have been compared with PBE, PBE+U and PBE0 density functionals.  

Nanoparticles exposing {101} and {001} facets with stoichiometric composition 

are the most stable ones. Instead, those exhibiting only the most stable surfaces {101} 

show the lowest stability due to the presence of several reduced Zr ions. Therefore, the 

relative stability of the exposed facets, which is the main argument behind Wulff 

constructions, is not large enough to predict the stability of a given morphology, but 

also the electronic structure of the current stoichiometry plays an important role. 

Importantly, the calculated formation energies correlate linearly with the particle size 

and converge to the bulk value. Moreover, the stabilization of O-vacancies in the 

nanostructure regime is strongly influenced by structural and electronic effects (i.e. 

ionic relaxation and electron localization), which makes it difficult to provide a clear 

trend for the O-vacancy formation energies.  

Low-coordinated sites in stoichiometric nanoparticles introduce defective states in 

the band gap separated from the VB and CB, reducing the effective band gap. These are 

reactive sites that enhance the interaction with deposited metal catalysts, as well as the 

photocatalytic activity by modification of the transition energies. As expected, reduced 

and oxidized nanoparticles show Zr(d) donors and O(p) acceptors states in the band gap, 

respectively.  

Regarding the methodology, PBE+U and PBE0 approaches improve considerably 

the electronic structure with respect to the PBE functional. However, the PBE+U 



24 
 

method underestimates the formation energies, which are below those obtained at the 

PBE level. PBE0, instead, provides the closest formation energies to the experiment. 

The same trends are obtained in both nanostructure and bulk regimes. Thus, a 

compromise is required between computational cost (hybrid functionals) and the 

accurate description of each observable in the application of the proper method on metal 

oxide nanostructures. 

In the bulk regime, zirconia is an insulator with low chemical activity. In the 

nanostructure regime it shows special electronic properties tunable with size and shape 

that make zirconia nanoparticles of special interest in catalysis. 
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