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Abstract 

The electronic structure of ZnTiO3, Zn2TiO4 and Zn2Ti3O8 is investigated using a hybrid 

DFT method in which the exchange mixing coefficient is obtained through its relation 

with the dielectric constant (also computed at the hybrid DFT level). Bandgaps higher 

than those of the simple oxides are predicted, in agreement with some experimental 

data; but in the case of spinel structures bandgaps also appear to depend significantly on 

the (dis)ordering of the cations at octahedral sites, implying a strong influence of the 

preparation details on the final gap values. The change in the electronic structure of the 

spinel titanates which occurs when they are nitrided can lead to photocatalytic activity 

with visible light, as is known to happen with TiO2 and other oxides; but here the cation 

vacancy suppression effect which accompanies the transformation makes the nitridation 

process much more favourable, as shown by total energy DFT calculations. These zinc 

titanate spinels are thus promising candidates to achieve via nitridation efficient and 

robust photocatalysts active with visible light. All these compounds show a lower 

conduction band edge constituted mainly by Ti-centred orbitals; this may have influence 

on the details of the photocatalytic reaction mechanisms. 
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1. Introduction 

 

The best known and most used photocatalyst is titanium dioxide, especially in its 

anatase form that is considered to be the most photoactive one [1, 2]. Its advantages lie 

in its relatively low cost, good chemical stability, low toxicity and high efficiency in 

separating photogenerated charges and transferring them to other substances at its 

interface. Zinc oxide, normally in the wurtzite structure, is another photocatalytically 

active simple material [3] which, although less frequently used than anatase due to its 

lower stability, shares most of the other advantages. Both oxides share one main 

disadvantage: a relatively large bandgap width (in both oxides it is around 3.2 eV at 

ambient temperature), which causes that only ultraviolet light can be absorbed and used 

to drive chemical changes, preventing the use of these oxides for an efficient harvesting 

of solar energy. 

Still, the properties of these two oxides have led a number of authors to examine 

photocatalysts which combine them, either in form of biphasic composites or as single-

phase mixed oxides. In the first case a number of studies report improvements in the 

photocatalytic activity [4, 5, 6] which are usually ascribed to a better electron-hole 

separation at the interface between both oxides in a similar way as proposed for the 

anatase-rutile interface [7], although some authors state that the bands of ZnO lie at 

higher levels than those of anatase [4, 8] while others claim the contrary to be true [5, 

9]; recent work by this author based on hybrid DFT calculations [10] indicates that the 

second interpretation is the correct one. In the case of the mixed oxides photocatalytic 

activity has been found as well [11, 12, 13], although it is not clear whether 

improvement over the individual simple oxides is obtained; on the other hand some 

authors claim that the bandgaps of these photocatalysts are close to those of ZnO or 

TiO2 [12] while others report that the bandgap is pushed to higher values [11, 14]. Of 

particular interest is that these mixed oxides seem able to admit significant levels of 

nitrogen doping, an alteration that brings the range of active wavelengths into the 

visible region of the spectrum leading to interesting photocatalytic properties [15]; in 

these works it is worth noting that relatively high amounts of N atoms could be inserted 

in these systems (up to ca. 1/8 of the anions), and that the thermal nitriding treatment 

seems to favour the crystallization of the cubic spinel structure. This further justifies the 

interest of studying and understanding the properties of these compounds.  

Two crystal structure types are known for mixed titanium-zinc oxides (normally 

described as zinc titanates). The first one is rhombohedral (trigonal) ZnTiO3, with an 

ilmenite-type structure [16] which is derived from that of corundum by ordering both 

cations in alternating layers perpendicular to the trigonal symmetry axis (Fig. 1a); in 

this structure both cations have a more or less distorted octahedral coordination. 

Other zinc titanates are known which have spinel-type structure. The best known one is 

Zn2TiO4, an inverse spinel in which the Zn and Ti cations that populate in 1:1 ratio the 

octahedral sites have, in the most stable state of the compound, a specific ordering 

which leads to a supercell with the primitive tetragonal space group P4122 [17] and in 

which the unit cell contents has the formula Zn8Ti4O16 (Fig. 1b), i.e. it is twice as large 

as in the primitive cell of the parent spinel lattice. It should be noted here that a recent 

study of a Zn2TiO4 single crystal [18] reports a rather high bandgap value (Eg=5.05 eV). 

Another known zinc titanate with spinel-type structure is Zn2Ti3O8. In this case all Zn 

ions have tetrahedral coordination (the preferred one for Zn in most oxides) and all Ti 

ions occupy octahedrally coordinated sites but do not populate all of them: 25% of the 

octahedral sites are empty, and in the most stable configuration of this oxide these 



cation vacancies are ordered in a specific way [19] leading to a cubic primitive lattice 

with space group P4332 and volume four times larger than the primitive cell of the 

spinel lattice, i.e. with a total contents of Zn8Ti12O32 in the crystal cell (Fig. 1c). 

Both Zn2TiO4 and Zn2Ti3O8 are obtained frequently with full cation disorder in the 

octahedral sites, so that their diffractograms display only features typical of the parent 

fcc spinel structure. It is not surprising therefore that spinel-type zinc titanate materials 

with Zn:Ti atomic ratios intermediate between the mentioned 2:1 and 2:3 values can be 

prepared in which the octahedral positions contain Ti, Zn and vacant sites in a 

disordered manner; indeed “cubic ZnTiO3” has been reported more than once in the 

literature [11b,12b,20], but it is metastable and transforms to the trigonal form at high 

temperature [12a]. Of these spinel-type structures the Zn2TiO4 inverse one seems to be 

most stable, and indeed Zn2Ti3O8 decomposes upon annealing at high temperature 

giving Zn2TiO4, rutile-type TiO2 and other phases [21]. This might be related to the fact 

that zinc titanate spinels with lower Zn:Ti ratios have necessarily cation vacancies, 

which implies less compact structures and smaller Madelung energies (or, from a more 

chemical point of view, a smaller number of cation-anion bonds) so that their cohesive 

energy will be lower. It may be mentioned finally that some of these titanates have 

found practical use as ceramic components for microwave applications [22] or as 

sulphur absorbents in chemical plants [23]. 

These mixed oxides have only scarcely been studied with quantum methods. To this 

author’s knowledge, there is one modelling of Zn2TiO4 [24], carried out at the standard 

GGA level, which was concerned only with energetics and order/disorder aspects of the 

structure, without any consideration for the bandgap; another publication exists (in 

Chinese), using also a GGA functional, on ilmenite-type ZnTiO3 [25], and yields a 

bandgap of 3.1 eV (which will be an underestimation as happens always when using 

this theory level). On the other hand, no reports exist using DFT on N-dped Zn titanates. 

This contrasts with the very extense literature on theoretical studies of the electronic 

structure of both TiO2 and ZnO that has been developed during several decades. For the 

former, besides earlier tight-binding studies of rutile-type TiO2 in the seventies [26] 

more advanced calculations calculations were started in the nineties for rutile using 

LDA [27] and for anatase using Hartree-Fock theory [28]; for ZnO empirical 

pseudopotential-based calculations go back as far as 1973 [29]. Concerning N-doped 

photocatalysts for use in the visible light range, which will be addressed also here, a 

number of calculations exist for TiO2; restricting ourselves to the charge-balanced case 

(i.e. without unpaired electrons), which has been evidenced by theoretical studies [30] 

to be the most realistic one for the best characterized preparations which use NH3 as 

source of nitrogen, extensive work besides the said ref. 30 has been carried out among 

others by Pacchioni et al. [31]. For N-doped ZnO less theoretical work has been done 

(mostly dealing with uncompensated doping); it has been focused mainly on the 

possibilities of the doped material in spintronics or electronic devices [32], but 

photocatalysis-oriented studies also exist [33]. Among N-containing mixed oxides 

involving Ti or Zn (but not both together) the calculations by Domen’s group on 

(Zn,Ge), (Zn,Ga) and (La,Ti) oxynitrides active in visible light-sensitive photocatalysis 

[34] can be mentioned. 

All these calculations, when using a DFT-type approach, do it either at the LDA or 

GGA level or with one of the standard hybrid DFT functionals which use a fixed degree 

of Hartree-Foch exchange (α=0.25 in the PBE0 or HSE functionals, the value being 

based on theoretical considerations, although HSE introduces an additional screening 

effect; and α=0.20 in the B3LYP functional, the value being obtained by fitting to 

experimental thermochemical data). As will be shown here, the value α=0.25 is close to 



the best-suited one for ZnO, so it is not surprising that relatively good results can be 

found for the bandgap of this oxide with the PBE0 functional, while for anatase the 

optimum α value is significantly lower than any of the two standard ones mentioned 

above. The present work handles consistently for the first time with one same fully first 

principles treatment the bandgaps of such a family of different single and mixed oxide 

photocatalysts, reaching good concordance with experiment at least for the end 

members of the family. 

 

2. Calculation methods 

DFT calculations at the GGA level (functional PBE) were made using program VASP 

[35], which expands the wavefunctions and electronic densities in plane waves, and 

representing with the PAW method [36] the inner electronic cores, which included 18, 

12, 2 and 2 electrons for Zn, Ti, N and O respectively. The DFT+U approach, with 

U=7.0 eV, was used to handle the 3d electrons of Zn, in order to achieve a correct 

location of these levels and consequently a good estimation of the mixing between these 

orbitals and the oxygen orbitals which make most of the valence band. The plane wave 

energy cutoff was 400 eV, and the Brillouin zones corresponding to the primitive cells 

were sampled with gamma-centred Monkhorst-Pack meshes having between 8x8x8 and 

11x11x11 points (depending on cell size). This approach was used for initial geometry 

relaxations prior to hybrid functional calculations and also for total energy evaluations 

(these latter using an energy cutoff of 500 eV to get more accurate results). 

Final structural relaxations and determination of the main electronic structure features 

of the so relaxed lattices were carried out using hybrid functionals, which are able to 

compensate largely the known inadequacy of pure DFT at the LDA or GGA levels for 

computing band gaps. For several of the structures studied here doing this with a plane 

wave based code as VASP would be computationally very demanding due to the large 

number of atoms in them. Because of this, program CRYSTAL09 [37] was used here 

for all hybrid functional calculations. This program expands wavefunctions and 

densities in combinations of atom-centred functions of gaussian shape. The basis set 

used for oxygen was the 8-411d11G basis set reported by Valenzano et al. [38]; for 

nitrogen the 6-31d1G basis set of Gatti et al. [39] was used and for titanium the 86-

411(d31)G basis set made by Corá [40] was used, augmented as recommended by Di 

Valentin et al. [31b] with an additional d diffuse function for which an exponent 0.12 

was adopted. For Zn the Stevens’ relativistic equivalent core potential (RECP) keeping 

20 electrons in the valence space [41] was used, as well as the corresponding basis set 

given in the same work; however the most diffuse sp function in the latter basis set, 

which is optimized for molecular systems, had to be changed as it gave rise to linear 

dependencies and instabilities in the periodic calculations, its exponent being therefore 

increased from 0.0537 to 0.09, which value proved to minimize the total electronic 

energy in calculations on ZnO. In the CRYSTAL09 calculations the Brillouin zone 

sampling used was the same as with VASP. The hybrid functional used was of PBE0 

type [42], but with the fraction α of Hartree-Fock exchange modified according to the 

criteria explained further below. 

In this work a complication arose because, as explained in the Results section, the 

known inadequacy of DFT-GGA methods to reproduce experimental bandgap values 

cannot be corrected with one same hybrid functional simultaneously for TiO2 and ZnO, 

i.e. if the same functional is used for both oxides the bandgaps found for them are 

correct only if the fraction α of HF exchange used is higher for ZnO than for TiO2. That 

it may be reasonable to use different α values for different materials can be justified if 



one considers that, as discussed recently by Alkauskas et al. [43] and Marques et al. 

[44], the use of a fraction (α) of HF exchange reflects the fact that the HF exchange is 

subjected to screening, and that this latter is related to the dielectric properties of the 

material considered. These works indicate that it is quite reasonable to assume α=1/ε∞, 

where ε∞ is the high frequency dielectric constant; the latter authors show in fact that 

using α values chosen in this way allows obtaining with rather good approximation the 

bandgap Eg for a series of different semiconductors. As will be shown below, using for 

both ZnO and anatase α values computed according to this recipe from experimentally 

obtained ε∞ values allows to reproduce rather well their experimental bandgaps. 

However, there are very few experimental data in the literature about the value of ε∞ for 

the Zn-Ti compounds addressed here. To this author’s knowledge there is one 

determination for a more or less well-defined Zn2TiO4 material [45] based on optical 

properties in the IR range, which gives ε∞=2.9 (implying α=0.345, a rather high and 

therefore unlikely value); it must be noted that this result was obtained with samples 

having less than theoretical density. Other published measurements [14a] involve thin 

films of ill-defined composition and structure. It can be mentioned, on the other hand, 

that on the basis of the refractive index measured for a Zn2TiO4 single crystal [18] a 

value ε∞=4.41 (implying α=0.227) can be derived; this seems more acceptable. Since no 

data other than these could be found, in order to proceed in a systematic and 

homogeneous way ε∞ will be computed here for all the materials studied in this work 

using the Coupled Perturbed Hartree-Fock/Kohn-Sham (CPHF/KS) method 

implemented in CRYSTAL09 according to the methodology of Ferrero et al. [46]. As 

will be shown below, quite reasonable values can be obtained for both ZnO and anatase 

with this method, giving confidence on its suitability for the present study. 

 

3. Results and discussion 

 

3.1 Computing the bandgaps of the single oxide phases 

As said above, one same functional is unable to reproduce the bandgaps of both anatase 

and ZnO. For example, mixing into the PBE functional a fraction α=0.20 of HF 

exchange (the same used in the well known B3LYP functional) yields with the 

CRYSTAL09 code, once the structures are fully relaxed in both cell dimensions and 

atomic coordinates, bandgaps of 3.78 eV (indirect) and 2.80 eV (direct) for anatase and 

ZnO respectively. In both cases increasing α increases Eg and viceversa; one same α 

value cannot therefore give the correct Eg for both oxides. Thus the relationship α=1/ε∞ 

mentioned above was used to derive α from ε∞ values obtained experimentally either 

from optical properties in the IR range or, using the relationship ε=n
2
, from the 

refractive index at photon frequencies below the onset of bandgap absorption. For 

anatase an isotropically averaged value ε∞=5.68 has been evaluated from IR properties 

[47] while a value ε∞=6.44 can be derived from the refractive index, resulting in 

α=0.176 or 0.155 respectively; for ZnO ε∞ values of 3.73 and 3.98 have been deduced 

from IR properties [48] (giving α=0.268 and 0.251 respectively), while the refractive 

index gives ε∞=4.0, i.e. α=2.5. Here α=0.165 and 0.26 will be assumed to be acceptable 

experiment-based values for anatase and ZnO respectively. 

The bandgaps computed with CRYSTAL09 for both oxides using these α values are 

3.49 eV (indirect) for anatase and 3.35 eV (direct) for ZnO; these are much closer to the 

experimental values (at 0 K) mentioned above. The corresponding electronic structures, 



represented by the density of states curves so obtained, are presented in Fig. 2. These 

show, as expected, that the upper edges of the valence bands contain relatively small 

contributions from the metals, i.e. are constituted mainly by O-centred orbitals, while 

the bottom edges of the conduction bands are constituted mainly by metal-centred 

orbitals; a more detailed analysis (not shown) evidences that 3d and 4sp orbitals are the 

main contributors to these latter edges in the Ti and Zn cases respectively, the much 

lower DOS values in the ZnO case being due mainly to the rather broader and more 

delocalized character of its 4sp band. Note also that the narrow, occupied Zn 3d band 

appears well at the bottom of the valence band. 

Thus there is a sound basis to assume that, at least for this class of semiconductors, it is 

appropriate to use a mixing coefficient α which is not the same for all systems but is 

tuned to the dielectric screening properties of each material. Since the ε∞ value is not 

known with certainty for most of the systems studied here, in the present work it will be 

computed with the CPHF/KS method mentioned above. To check the suitability of the 

method ε∞ was obtained in this way for both anatase and ZnO, using as well the hybrid 

functional. The calculations showed that the obtained ε∞ (computed as the average of 

the three principal values of the corresponding dielectric tensor, obtained always for a 

fully relaxed structure) has in turn a moderate dependence on the α coefficient used in 

the calculation; therefore ε∞ was computed for different α values (with full geometry 

relaxation in all cases) and the resulting 1/ε∞ value was plotted against α to determine 

the intersection of the 1/ε∞=α line with the obtained curve, which turns out to be 

markedly linear as shown in Fig. 3a. One obtains thus, in a self-consistent and fully non 

empirical way, α=0.187 for anatase and 0.292 for ZnO. 

The dependence of Eg on α can be examined also. It is shown in Fig. 3b, where it can be 

seen that the band gaps resulting from the above mentioned theoretically derived α 

coefficients are 3.67 and 3.70 eV for anatase and ZnO respectively; the DOS curves 

resulting from these calculations (not shown) are otherwise rather similar to those in 

Fig. 2. Thus a relatively good agreement is found between this first principles 

determination of Eg and experiment; most importantly, the deviation (an overestimation 

by ca. 0.2 eV) is, besides small, nearly the same in both oxides. It seems reasonable to 

assume that the same method will give as well a rather good prediction of the Eg value 

(even if it may be a bit overestimated) for the Zn,Ti compounds studied here. 

 

3.2 Electronic structures of Zn titanates 

Using the same method exemplified by Fig. 3 α values were computed self-consistently 

for all three titanate structures depicted in Fig. 1, and with these values the 

corresponding electronic structures were obtained. For ilmenite-type ZnTiO3 α=0.215 

was found, i.e. a value intermediate between those of ZnO and anatase. The computed 

bandgap value is however significantly larger than that obtained for both binary oxides: 

Eg=5.3 eV (which would probably translate into an experimental value Eg=4.5-5.0 eV at 

ambient temperature, considering the above mentioned overestimation of this method 

and the thermal effects). The corresponding DOS curves are presented in Fig 4. One can 

see that the bottom of the conduction band is constituted mainly by Ti 3d orbitals, 

which form a band split in two parts (due to t2g and eg-type components, according to a 

more detailed analysis not shown here). These parts are narrower than in anatase, due 

probably to the lower overall overlap between these orbitals resulting from the smaller 

overall density of Ti atoms; this smaller width of the conduction band is thus probably 

the main reason for such wider gap. The Zn 4sp contributions seem to lie at higher 



energy; they mix to some extent with the eg branch of the Ti conduction band, but less 

with the t2g branch, due perhaps to the nonbonding character of the latter. Ti and Zn 

seem thus to mutually dilute one another leading to a higher bandgap width. As shown 

by the band structure diagram, also shown in Fig. 4, the gap is indirect, but the 

minimum direct gap is quite close to it. 

For the inverse spinel structure of Zn2TiO4 depicted in Fig, 1b a mixing coefficient 

α=0.24 is obtained by the mentioned method, and the density of states plot and band 

diagram obtained are presented as well in Fig. 4. The computed gap is again large, 

although this time somewhat lower (Eg=5.0 eV), and direct at the Γ point; note the 

relatively good agreement in both Eg and α value with the above mentioned 

experimental data obtained in a single crystal [18], which gives confidence to the 

method used here for ab initio prediction of band gaps in this type of materials. The 

conduction band (made again mainly by Ti orbitals) is still separated in t2g and eg 

components, but these are a bit broader than in the ilmenite-type ZnTiO3. The 4sp 

orbitals of the Zn atoms, especially of those located at tetrahedral sites, mix somewhat 

more with those of Ti, which may contribute as well to broadening the conduction band. 

Finally, for the spinel-type Zn2Ti3O8 structure in Fig. 1c the predicted α value is 0.235; 

the DOS and band diagram curves obtained for it are shown in Fig. 4. The computed 

gap (direct at the Γ point) is again large: Eg=5.13 eV; the features of the DOS (narrow 

conduction band split in t2g and eg manifolds in the case of Ti, with Zn 4sp components 

mixing mainly with the eg part) are similar to the other spinel structure. In this case the 

presence of vacancies in 25% of the octahedral sites may contribute also to narrowing 

the conduction band. In all the titanates it is shown, finally, that the filled Zn 3d levels 

lie as expected at rather low energies, close to the bottom of the conduction band. 

All these calculations, corresponding to well ordered structures, predict that these 

titanates would have rather wide bandgaps, probably around 4.5 eV or even higher. But 

for the spinels the regular order of the Ti cations in the octahedral sites, shown in Figs. 

1b and 1c, is almost surely absent in the real spinel-type materials used as 

photocatalysts, which always display XRD patterns indexable as cubic structures, i.e. 

without the decreased symmetry corresponding to the said orderings. It is thus 

convenient to check if changing this ordering affects to the electronic structures. For this 

purpose additional calculations were made for the simplest structures, i.e. those in 

which the primitive cell is that of the standard spinel, locating in their four octahedral 

sites either two Ti and two Zn ions (in the Zn2TiO4 case) or three Ti ions and one cation 

vacancy (in the ZnTi3O8 case); this gives structures having respectively Imma and R-3m 

space group symmetries. For these two structures (which according to total energy 

calculations have energies higher than the most stable ones by +0.23 and +1.19 eV per 

formula unit, respectively) the computed α values were 0.24 and 0.215, and Eg values 

were 4.00 and 3.99 eV respectively; the corresponding DOS curves are shown in Fig. 5. 

These results show clearly that, even though the α coefficients do not change much, the 

bandgap widths decrease substantially when altering the order in these structures, 

approaching (although maybe not reaching) the values of the single oxides. This is 

probably related to the lower local symmetries appearing around the ions, which lead to 

broadening of the conduction bands and, especially, of the valence bands, as is visible in 

the DOS plots of Fig. 5 when compared with those given for these same compositions 

in Fig. 4. An exhaustive analysis of the most likely value of the bandgaps in the fully 

disordered structures is out of the possibilities of this work, as it would require testing at 

the hybrid DFT level a relatively large number of superstructures, some of them with 

primitive cells having more than 100 atoms. Still, the results shown make clear that, 



although the gap values are likely to be in general higher than those of ZnO or anatase, 

their values may depend significantly on the materials synthesis conditions, as these will 

determine how the cations will locate and order relatively to one another during the 

crystallization process. This explains also the rather different bandgaps values found in 

the literature for these titanates when made in powder or polycrystalline thin film form. 

 

3.3 Nitrogen doping of the Zn titanates 

As mentioned in the introduction, several groups have reported the preparation of zinc 

titanates having nitrogen inserted in them (this being achieved mainly through high 

temperature treatments under NH3, which as said above should lead to a charge-

compensated structure, at least in the case of TiO2,  as shown in ref. 30) and displaying 

significant photocatalytic activity in the visible region [15]. N-doping of TiO2 has been 

extensively studied in the literature as a method for obtaining visible light 

photocatalytic activity; when carried out through treatments of the solid with ammonia, 

the chemical process leading to a charge-compensated structure can be described with 

the reaction 

   n TiO2 + 2 NH3 → TinO2n-3N2□A + 3 H2O            {1} 

where □A
 represents an anion vacancy which must appear to compensate the higher 

anionic formal charge of nitrogen (under these synthesis conditions hole doping can be 

excluded). This is an endothermic process; computing with DFT (at the GGA level, 

using the VASP code) the energetics of this process (in the low temperature limit) using 

for the N-containing materials high symmetry structures one finds an energy change 

equal to +3.54 and +2.57 eV/N atom for cases n=3 and n=16 respectively. 

With zinc titanates, however, a new situation can arise: because their spinel forms must 

contain cation vacancies for any Ti:Zn ratio higher than 1:2, in these cases the 

compensation for the higher anionic charge of nitrogen can be achieved not only with 

anion vacancies, but also by decreasing the number of cation vacancies. Obviously this 

may happen to higher extent for the highest Ti:Zn ratios. One limiting case is given by 

the mixed oxide phase with Ti:Zn ratio = 3:2, which has the highest amount of cation 

vacancies; all of them may be annihilated through nitriding (accompanied by migration 

of part of the Zn ions to octahedral sites) in a process formally describable as 

    6 Zn[4]
2{Ti3□C}[6]O8 + 16 NH3 → 5 Zn[4]

2{Zn2/5Ti18/5}
[6]O24/5N16/5 + 24 H2O      {2} 

where the superscripts in brackets indicate tetrahedral or octahedral sites and □C
 refers 

to cation vacancies. The energy balance for this process, computed with VASP at the 

GGA level using a final structure with the highest symmetry and smallest primitive cell 

possible, amounts to ΔE=+1.70 eV/N atom, i.e. is clearly lower than in the TiO2 case. 

Of course lower degrees of nitridation, and of cation vacancy suppression, are possible; 

for example, one could have a reaction such as 

    9 Zn[4]
2{Ti3□C}[6]O8 + 16 NH3 → 8 Zn[4]

2{Zn1/4Ti27/8□C
3/8}

[6]O6N2 + 24 H2O      {3} 

in which only 2/3 of the initial cation vacancies disappear. In this case the computed 

energy balance is ΔE=+1.78 eV/N atom; i.e., comparing this result with that of reaction 

{2} shows that if the fraction of vacancies suppressed by each N atom is smaller the 

energy cost is higher. It is also possible to combine Eqs. 1 (with n=3) and 2 above to 

visualize a formal transfer of N atoms from anatase to the spinel structure, for one same 



N:O ratio in the nitrided phase, accompanied by complete annihilation of cation and 

anion vacancies: 

    3/4 Zn[4]
2{Ti3□C}[6]O8 + Ti3O3N2□A → 5/8 Zn[4]

2{Zn2/5Ti18/5}
[6]O24/5N16/5  + 3 TiO2   {4} 

which has a net energy balance of ΔE=-1.84 eV per N atom. It is clear thus that 

inserting N atoms in such spinel-type zinc titanates is energetically more favorable than 

in the case of TiO2. This is easily understood since the elimination of ion vacancies, 

contrarily to their creation, increases the compactness of the crystalline matter (and 

therefore the Madelung energy) as well as the average number of bonds per atom in it. 

Another consequence is that substituting O by N makes possible to achieve in the spinel 

lattice higher Ti:Zn ratios; within the spinel structure the highest of these is realized (if 

one keeps always Ti in octahedral coordination, which is preferred by this cation, and 

Zn in tetrahedral sites) with the stoichiometry ZnTi2O2N2. Starting from the Zn2Ti3O8 

this could result, for example, from a reaction such as 

    Zn[4]
2{Ti3□C}[6]O8 + TiO2 + 4 NH3 → Zn[4]

2{Ti4}
[6]O4N4 + 6 H2O         {5} 

for which the computed energy balance is ΔE=+1.66 eV/N atom, i.e. very similar to that 

of reaction {2}. 

Of course these nitrided structures are expected to have smaller bandgaps than the N-

free oxides. To exemplify this one can compute the electronic structure of a spinel 

having the mentioned ZnTi2O2N2 stoichiometry, taking for this an ordered structure 

which still has a fcc lattice and the same number of atoms per primitive cell as in a 

standard spinel, but in which the crystal symmetry is decreased to space group F-43m in 

order to accommodate two types of anion. A calculation as explained above yields for 

this composition and structure a best exchange mixing coefficient α=0.16 (lower than 

for the mixed oxides; not unexpected since the more polarizable nitride anion will exert 

a more important screening effect). Using this α value the hybrid DFT calculation yields 

a predicted gap Eg=2.52 eV, which probably will translate into a real value Eg≈2.2 eV at 

ambient temperature considering the above mentioned tendency of the method to 

overestimation; the resulting DOS structure is shown in Fig. 6. Furthermore, disorder 

effects at the anion site (not studied here) might cause some additional bandgap 

narrowing, similarly to the effect decribed above for the spinel oxide systems. As in 

other oxynitride materials [31, 34] the top of the valence band is now formed mainly by 

nitrogen-centered states, i.e. the N atoms modify the electronic structure by inserting 

levels near the top of the oxygen-based valence band. For lower concentrations of 

nitrogen the effect is similar, although smaller; for example, for a Zn4Ti7O12N4 

stoichiometry (closer to that achieved in experimental works (N:O≈1:7) [15], modeled 

with a structure of P2/m symmetry (which was found to be the most stable one within 

this cell contents), with 50% of the cation vacancies suppressed and thus halfway 

between the ZnTi2O2N2 oxynitride discussed above and the Zn2Ti3O8 oxide, the 

optimum α is found to be 0.175 and the resulting computed bandgap is Eg=2.76 eV, 

which may translate into an experimental ambient temperature value Eg≈2.45 eV. The 

corresponding DOS curves are shown as well in Fig. 6, where the band of states with 

predominant N character found at the top of the valence band appears with lower width 

(which effect contributes to the bandgap increase) as could be expected due to the lower 

nitrogen concentration. 

It is worth noting. that, as in the above discussed zinc titanates, the bottom of the 

conduction band is formed mainly by Ti-centered states, implying that the chemistry 

processes that can be started by the photogenerated electrons will probably be more 



similar to those observed in anatase than to those characteristic of ZnO. The holes will 

be stabilized mainly at N-centered states (localized or not); but, since the spinel 

structure is more compact and has a higher density of cation-anion bonds, this system is 

likely to be more stable against oxidative photocorrosion than other N-containing 

photocatalysts discussed in the recent literature, perhaps with the exception of the 

LaTiO2N compound (and any other similar one of perovskite type structure) which has 

also been proposed in recent years for the same aim [49]. Thus nitrided Zn-Ti spinels 

constitute a promising class of materials for their use in photocatalytic processes with 

visible light, aimed at either decontamination or solar energy conversion. 

 

4. Conclusions 

With an adequate use of hybrid DFT calculations it is possible to achieve reasonable 

evaluations of zinc titanate bandgaps. For structures having the cation orderings known 

to be stable in these compounds the bandgaps are found to be rather higher than those of 

anatase or ZnO, which may be due to a dilution effect. It is shown also that in the 

resulting electronic structures the lower conduction band edge is constituted always by 

Ti-centered 3d orbitals. However, different cation orderings at the local atomic level can 

give significantly lower bandgaps; this implies that the final gaps of this family of 

photocatalysts, which normally show cation disorder, may depend strongly on the 

preparation conditions. This explains also the fact that different groups have reported in 

the literature different bandgap values for these compounds. 

On the other hand, one can expect that starting from electronic structures obtained with 

the methodology followed here the calculation of optical absorption spectra, as done 

e.g. for N-doped TiO2 by Harb et al. [30], would probably give a relatively accurate 

result, which could be then compared with experiment. This would be the subject of a 

separate publication. More accurate results could be obtained of course with a more 

advanced treatment based on the Bethe-Salpeter equation, but due to the computational 

cost of the latter this is still unfeasible for unit cells containing several tens of atoms as 

is the case of some of the systems studied here. Of additional interest is, furthermore, 

that the use of an atom-centered basis set might allow to include deep levels in the 

electronic transition calculation, so that following a similar approach even XANES 

spectra could be simulated, improving the treatment over those used in earlier 

simulations of e.g. rutile [27, 50, 51] and anatase [50]; note however that in principle 

only the dipole-induced transitions would be addressed in such calculation, leaving out 

probably the quadrupole-induced pre-edge features that in the cited earlier calculations 

have been found to be significant for a proper reproduction of the pre-edge features at 

least in the case of rutile. On the other hand, if using the CRYSTAL code this would 

have to be limited to levels that can be modeled adequately within a nonrelativistic 

calculation, which is here probably the case for the Ti and O 1s levels but not for the Zn 

1s levels. 

Of particular interest is the result of this work, obtained through total energy DFT 

calculations, that the insertion of nitrogen as substituting anion in zinc titanates having 

high Ti:Zn ratios is significantly more favorable than in anatase from an energetic point 

of view, due to a cation vacancy annihilation effect which stabilizes the structure. Since 

low bandgaps approaching the 2.0 eV value can be obtained in this way these materials, 

which also have a Ti 3d orbitals-dominated conduction band edge, are promising 

candidates for constituting robust visible light-active photocatalysts. 
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Captions of the Figures 

 

Figure 1 Structures of (ordered) zinc titanates: a) ilmenite-type ZnTiO3; b) Zn2TiO4 

inverse spinel; c) ZnTi3O8 cation-defective spinel, in which octahedral cationic 

vacancies are represented by unconnected spheres. The superindices in brackets 

designate the cation coordination number. 

 

Figure 2- Density of states curves (total and projected on the cations) computed for 

anatase and ZnO using respectively α=0.16 and 0.267 in the hybrid functional. For ZnO 

the total DOS is plotted also magnified by a x5 factor to better appreciate the 

conduction band bottom edge. 

 

Figure 3 1/ε∞ (upper plot) and Eg (lower plot) values computed for ZnO and anatase 

using different HF exchange mixing fractions α; the experimental Eg values are marked 

as well. 

 

Figure 4 Upper part: DOS curves (total and metal atom-projected), and lower part: band 

structure diagram obtained for ilmenite-type ZnTiO3 (left graphs) and spinel-type 

Zn2TiO4 (center) and Zn2Ti3O8 (right graph), using the structures shown in Fig. 1. For 

ZnTiO3 the band diagram shows also the smallest gap, of indirect type. 

 

Figure 5 DOS curves obtained for Zn2TiO4 (upper plot) and Zn2Ti3O8 (lower plot) with 

the cations ordered in the same way in all primitive cells of the parent spinel. 

 

Figure 6 Densities of states (total and projected in atomic spheres) computed for the 

oxynitride spinels ZnTi2O2N2 and Zn4Ti7O12N4 
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Highlights 

 

Hybrid DFT with first principles-based exchange mixing gives reliable bandgaps  

 

Octahedral cation ordering affects strongly to the bandgaps of Zn-Ti spinels 

 

Conduction band edge of zinc titanates is formed by Ti 3d orbitals 

 

N-doping of Zn titanate, more favourable than in TiO2, can give bandgaps <2.5 eV 

 

*Highlights (for review)
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3/4 Zn[4]
2{Ti3□Cation}[6]O8 + Ti3O3N2□Anion → 

5/8 Zn[4]
2{Zn2/5Ti18/5}

[6]O24/5N16/5  + 3 TiO2  :  ΔE = -3.66 eV 
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