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Abstract 

The optical gap (Ogap) of a set (TiO2)n nanoclusters and nanoparticles with n = 10–286 and different 

morphologies such as spherical, octahedral, lamellar, or tubular finite structures is investigated based on a 

relativistic all-electron description along with numerical atomic centered orbital basis set. Two different 

functionals are used, PBE and PBEx, the former corresponds to a standard implementation of the 

Generalized Gradient Approach (GGA) and the latter to an hybrid functional with 12.5% of Fock 

exchange which reproduces the band gap of bulk TiO2 anatase and rutile. It is shown that the inclusion of 

exchange Fock in the PBE functional promotes a systematic energy gap opening of 1.25 eV relative to the 

PBE values. Remarkably, a linear correlation is found between PBEx and PBE Ogap calculated values 

with concomitant similar correlations for the HOMO and LUMO orbital energies. However, it appears 

that PBEx induces a larger downshift on the HOMO orbital than the upshift observed on the LUMO one. 

The fact that PBEx hybrid functional was shown to reproduce the experimental energy gaps of 

stoichiometric and reduced TiO2 bulk phases leads to a suitable and practical way to successfully estimate 

Ogap of realistic TiO2 nanoparticles composed by thousands of atoms with PBEx precision from 

computationally affordable PBE calculations.  
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The water splitting breakthrough reported by Fujishima and Honda is one of the main discoveries 

that promoted the development of photocatalysis across a broad range of research areas, including 

especially environmental and energy-related fields.1-3 The photocatalytic properties of certain materials 

have been used with the ultimate goal of converting solar energy into chemical energy used either to 

oxidize or to reduce compounds, to obtain useful products including hydrogen and hydrocarbons, and to 

remove pollutants and bacteria from wall surfaces, and either in air or in water environments.4-567 Among 

different photocatalysts investigated, titanium dioxide (TiO2) is a fascinating material exhibiting unique 

photocatalytic properties which are exploited in many technological applications due to its strong 

oxidizing abilities for the decomposition of organic pollutants, chemical stability, long durability, 

nontoxicity and low cost.¡Error! Marcador no definido.,8 The possibility to use sunlight for photocatalytic 

processes carries the promise to an almost inexhaustible and sustainable energy source and TiO2, in its 

many forms, is by far the most studied compound. An earnest effort has been put into designing TiO2 

based photocatalysts for maximizing the quantum efficiency and yields of these photocatalytic systems. 

Many TiO2 nanostructures with different morphology such as spheres, nanorods, fibers, tubes, sheets, and 

interconnected architectures have been recently fabricated.9-13 Not surprisingly, the morphology control 

together with that of the size of the system are two aspects to be taken into account when aiming at 

optimizing their photocatalytic activity.14  

Unfortunately, because of many technical problems, it is very difficult to rely on experiments to 

correlate the effect of size and shape to the electronic properties of TiO2 nanosystems. On the other hand, 

computational modeling provides a reliable and unbiased approach to analyze the influence of these 

factors on the structural and electronic properties. However, the design either of different morphologies 

keeping the composition or of varying composition for a given morphology requires appropriate realistic 

models containing perhaps thousands of atoms. Recent works based on bottom-up15,16-17 and top-down18 

models of TiO2 nanoparticles have been reported showing that it is nowadays possible to approach the 

properties of realistic systems by means of first principles density functional theory (DFT) based 

calculations. These works have shown how electronic properties of TiO2 finite systems such as the optical 

gap (Ogap), corresponding to the lowest singlet to singlet excitation, and electronic gap (Egap), defined as 

the difference between vertical ionization potential and electron affinity, evolve with the morphology of 

the material.¡Error! Marcador no definido.,¡Error! Marcador no definido. The largest variations are, not 

surprisingly, observed in the quite small (TiO2)n nanoclusters with n < 30.¡Error! Marcador no definido. 

These fluctuations result from quantum confinement and atomic environments which are far enough away 

from the bulk atomic connections.  

For fairly large nanoparticles of ~6nm and containing more than one thousand atoms, Ogap and 

Egap values are larger than those predicted for the bulk phases using the same computational 

approach.¡Error! Marcador no definido. Nevertheless, a monotonous trend on Ogap and Egap converging to 
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the bulk like values as the size increases is observed and it also concluded that (TiO2)84 nanoparticles can 

be considered at the onset of the so-called scalable regime where properties scale linearly with size 

toward bulk like limit. This behavior is systematically observed with similar trend for semilocal and 

hybrid exchange-correlation functionals. The inclusion of the Fock exchange through PBEx (PBE19 with 

12.5% Fock) and PBE0 (PBE with 25% Fock) leads to larger value of both Ogap and Egap contribution 

and, in the view of the results reported for bulk phases,20 are expected to provide more accurate results 

even if the trends observed with the PBE functional are maintained. The origin of the up-shifts in the PBE 

calculated Ogap is associated to systematic errors as recently reported for a large database of extended 

solids.21 In particular, a linear correlation was found between the PBE and G0W0 calculated Ogap values, 

the latter matching nicely experimental values. Note in passing by that, in absence of excitons, Ogap and 

Egap in extended solids coincide. Interestingly, the correlations above indicate that the problem of 

predicting the band gap from standard DFT calculations arises from the incorrect assignment of 

quasiparticle character to the Kohn-Sham energy levels. The correlation also indicates that taking the 

Kohn-Sham bands to estimate the band gap carries a systematic error that can be corrected by invoking 

this correlation. The question that naturally arises is whether this systematic error also holds for TiO2 

nanoparticles since in that the case it would be possible to estimate the energy gap of sufficiently large 

nanoparticles better mimicking the synthesized ones. 

In this communication, we investigate whether the correlation found for PBE and PBEx calculated 

Ogap values on periodic insulators or semiconductors, and hence between PBE and G0W0 and, 

consequently, between PBE and experiment also holds for TiO2 finite systems. To this end we study 

many different morphologies such as spherical, octahedral, lamellar, or tubular finite structures (further 

structural details can be found in refs. 15 and 17). The Ogap is estimated from the HOMO-LUMO energy 

gap defined from the Kohn-Sham orbital energies since, even if it cannot be considered as a reliable 

approximation to this quantity, detailed studies at the G0W0 level of theory have shown that the trends are 

meaningful.22 A set of 75 different (TiO2)n finite systems with n ranging from 10 to 286 units has been 

selected and classified in two groups attending to the number of TiO2 units: (i) nanoclusters (n ≤ 40) 

obtained by using a bottom-up approach based on hybrid genetic algorithm¡Error! Marcador no definido. 

and global optimization¡Error! Marcador no definido. and, (ii) nanoparticles (n > 40) which are obtained by 

using a top-down approximation¡Error! Marcador no definido. via Wulff constructions.23 Note that the top-

down approach allows one to relate the shape of the nanoparticle with the area of the surfaces exposed 

concerning their relative stability.¡Error! Marcador no definido. Rutile and anatase bulk phases were used 

to design nanoparticles containing up to 1689 atoms.24 As an example, Figure 1 compiles a set of six TiO2 

nanoclusters and nanoparticles representing the rich variety of sizes and shapes analyzed in the present 

study. 
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 Calculations reported in the present work for the series of nanoparticles described above explicitly 

include all electrons, and the electron density is described through a numerical atom-centered (NAO) 

orbital basis set, as implemented in the Fritz Haber Institute ab initio molecular simulations (FHI-aims) 
code which shows a linear scaling with the number of cores for systems composed by thousands of 

atoms.25 The light grid and tier-1 basis set are selected which lead to a quality comparable to that 

corresponding to a Gaussian Type Orbital TZVP basis set.¡Error! Marcador no definido. The convergence 

threshold for atomic forces in relaxation of TiO2 nanoclusters and nanoparticles is set to 10-2 eV Å-1. 

Relativistic effects are also included through the zero-order regular approximation (ZORA).26,27  

We start with the analysis of the PBE or PBEx calculated Ogap of TiO2 nanoclusters (n = 10–40). 

Recall that within this size range Ogap depends strongly on the nanocluster morphology, which is clearly 

shown by the wide range of Ogap reported, 1.80–3.60 eV (∆=1.80 eV) calculated by using the PBE 

functional. This variation on the Ogap also affects TiO2 nanocluster isomers with different morphologies. 

For instance, three different (TiO2)18 nanoclusters were analyzed reporting a Ogap running from 1.92 to 

3.01 eV or similarly the case of other three different (TiO2)40 ones which go from 2.09 to 2.94 eV (see 

Tables S1 and S2 in ESI†). PBEx results show similar tendencies, but the range of Ogap is quantitatively 

increased up to 3.01-4.87 eV (∆=1.86 eV) due to the inclusion of the Fock contribution. In the light of 

PBEx hybrid functional containing the appropriate percent of exchange Fock contribution, Ogap values are 

significantly larger than those of anatase and rutile bulk phases, 3.2 and 3.0 eV, respectively (see Tables 

S1 and S2 in the ESI†). These large differences depending on TiO2 nanocluster are associated with the 

system size, which is well away from the bulk limit region. This is consistent with previous findings that 

indicate that very large TiO2 nanoparticles composed by hundreds of TiO2 units are required to obtain 

realistic models with electronic properties close to bulk like, consistent with the experimental evidences. 

Realistic (TiO2)n nanoparticles with octahedral (n=84, 165 and 286) and truncated octahedral (n= 

78, 97 and 151) shapes (see Figure 1 and Table S3 in ESI†) terminated so as to exhibit the most stable 

(101) and (001)¡Error! Marcador no definido. surfaces of TiO2 anatase are considered. For this set of 

nanoparticles, the PBE Ogap tends to the anatase PBE bulk phase value by increasing the nanoparticle size 

(n ~ ∞). TiO2 nanoparticles with octahedral shape have PBE Ogap values of 2.52 eV for (TiO2)84, a value 

decreasing to 2.32 eV for (TiO2)286. Using the PBEx functional shifts these values up to 3.56 and 3.46 eV, 

respectively, values converging to the PBEx anatase band (3.2 eV), although still large. An analogous 

tendency is observed for the TiO2 truncated octahedral shape, where PBE Ogap values of 2.46 and 2.38 eV 

are predicted for (TiO2)78 and (TiO2)151, respectively, which become 3.61 and 3.51 eV when using the 

PBEx functional (see Table S3 in the ESI†). The case of rutile nanoparticles (n=86, 111 and 211) is more 

complex because (110), (101) and (100) surfaces must be considered for designing the 

nanoparticles.¡Error! Marcador no definido. The PBE Ogap values for (TiO2)111 and (TiO2)211 are 1.71 and 

1.66 eV, respectively, whereas the PBEx value are 2.76 and 2.71 eV. The latter values tend to the energy 
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gap of the rutile bulk phase (3.0 eV). In summary, realistic TiO2 nanoparticles visualize clearly the trend 

of Ogap towards the bulk like regime whereas TiO2 nanoclusters behave differently, as expected. 

Next we analyze the correlation between the PBE and PBEx calculated Ogap values which is 

reported in Figure 2. A quantitatively enough linear correlation between both sets of  calculated Ogap 

values emerges as in Eq. (1), 

 Ogap (PBEx) = 0.995 · Ogap (PBE) + 1.253  (1)  

with a regression coefficient of 0.98. This correlation confirms that the Fock contribution to the exchange 

induces a systematic opening of the Kohn-Sham HOMO and LUMO orbital energies for the set of TiO2 

nanoclusters and nanoparticles. Interestingly enough, this systematic effect is observed for any 

nanoparticle with any morphology and any size. The offset value of 1.25 eV is consistent with the 

existence of a systematic deviation on the PBE results for Ogap that we attribute to interpretation of Kohn-

Sham orbital energies as quasiparticle excitation. It should be pointed out that this linear correlation 

allows one to predict PBEx Ogap values of any TiO2 nanoparticle composed by hundreds/thousands of 

TiO2 units where the use of hybrid functional is computationally unfeasible. Thus, we provide here a 

suitable way to predict the Ogap of realistic TiO2 nanoparticles with a PBEx precision just carrying out a 

single point calculation with the PBE functional. Moreover, in the view of the (by construction) 

coincidence between PBEx and experiment for bulk phases, it is possible to argue that PBE Ogap and Eq. 

(1) will provide a reliable value of this important quantity. For instance, for the anatase (TiO2)455 and 

rutile (TiO2)563 nanoparticles PBE Ogap values reported in Table 1 plus Eq. (1) leads to predicted PBEx 

Ogap values of 3.46 and 2.94 eV for (TiO2)455 and (TiO2)563, respectively. The explicit calculation of these 

particles at the PBEx level remains unfeasible, or too costly, even with appropriate codes and the modern 

highly parallel supercomputers with thousands of cores. 

To end up the discussion, we focus on the effect of the Fock exchange in the PBEx hybrid 

functional to the energy of HOMO and LUMO orbitals. Obviously, the opening of energy gap in going 

from PBE to PBEx is accompanied by changes on the energy of Kohn-Sham orbitals. Figure 3 depicts the 

PBEx HOMO and LUMO orbital energies against PBE ones. As in the case of Ogap (Figure 2), a linear 

correlation is found for the HOMO orbital energy as in Eq. (2), 

 HOMO (PBEx) = 0.986 · HOMO (PBE) – 0.947  (2) 

with a regression coefficient of 0.96 consistent with a second linear correlation for the LUMO orbital 

energy as in Eq. (3), 

 LUMO (PBEx) = 1.031 · LUMO (PBE) + 0.497 (3)  
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with a regression coefficient of 0.97. The slope of both fittings is close enough to 1 so as to conclude that 

the effect of Fock exchange is larger for the HOMO orbitals than LUMO ones. This is clearly observed in 

Figure 3 by the shifting of both linear tendencies with respect to the ideal correlation; HOMO correlation 

is further away from it than LUMO one. From Eqs. (2-3) one can predict the PBEx energy of HOMO and 

LUMO orbitals as reported in Table 1 for (TiO2)455 and (TiO2)563 nanoparticles introduced earlier. The 

resulting Ogap values are 3.39 and 2.86 eV for (TiO2)455 and (TiO2)563, respectively. Note that the energy 

gap difference between these Ogap values and those obtained by using Eq. (1) is less than 0.1 eV (see 

Table 1) showing the consistency between both correlations to estimate Ogap.  

In summary, the optical gap (Ogap) in TiO2 nanoclusters and nanoparticles has been investigated 

by making use of all electron relativistic DFT based calculations employing the PBE semilocal functional 

and the hybrid PBEx containing 12.5% of Fock exchange. The present results provide further evidence 

that Ogap is a morphology-dependent property and its value depends on the system size. Small (TiO2)n 

nanoclusters (n = 10–40) have Ogap much larger than corresponding bulk values predicted with the same 

functional. These large differences are reduced by moving from nanoclusters to realistic nanoparticles 

which show a bulk like trend consistent with previous studies.¡Error! Marcador no definido.  

The present study shows that irrespective of size and morphology, the PBEx hybrid functional 

induces a systematic gap opening of 1.25 eV for the set of TiO2 nanoclusters and nanoparticles 

investigated. The linear correlation found between PBEx and PBE Ogap values allows one to predict PBEx 

quality energy gaps for those TiO2 finite systems whose dimensionality makes the explicit calculation 

with hybrid functionals unaffordable. We have further investigated the accuracy of the correlation by 

fitting the energy gaps for nanoparticles with n < 80 only and predicting those of the largest nanoparticles. 

The comparison between calculated and predicted PBEx Ogap values shows a mean absolute error (MAE) 

below 0.2 eV(see Figures S1, S2 and Table S5 in ESI†). Similar linear trends are observed on HOMO and 

LUMO orbitals and hence, both orbital energies can be predicted following their trends shown in Eqs. (2-

3). The percent of Fock exchange in the hybrid functional has a higher contribution to the HOMO orbitals 

than to the LUMO ones which promotes a larger downshift on HOMO orbital than the upshift on LUMO 

one.  

Results in the present work show that is possible to obtain a PBEx description of the electronic 

structure of realistic TiO2 nanoparticles from the computationally affordable PBE results. It also suggests 

that similar correlations will exists with other hybrid functionals such as the well known B3LYP and 

PBE0 and it is in line with previous work highlighting the existence of similar correlation for the 

electronic gap as predicted from PBE or G0W0 calculations.¡Error! Marcador no definido. All together, one 

can firmly affirm that well-known deviations in the electronic structure properties of nanosized and bulk 

semiconducting materials predicted by functionals within the gradient generalization approach relative to 
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those predicted from more accurate hybrid functional or many body based GW approaches are systematic 

and as such it should be possible to come out with improved and more accurate density functionals. 
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Table 1. Ogap for anatase (TiO2)455 and rutile (TiO2)563 nanoparticles calculated by using PBE functional. 

The predicted Ogap with a PBEx accuracy is calculated by using Eqs. (1-3). |∆| stands for the difference 

between the predicted Ogap (PBEx) by using Eq. (1) and that predicted by using the estimated PBEx 

LUMO–HOMO difference from Eqs. (2) and (3), respectively.    

 

  Anatase 

(TiO2)455 

Rutile 

(TiO2)563 

PBE 

HOMO -7.465 -7.247 

LUMO -5.253 -5.558 

Ogap 2.212 1.689 

Predicted 

PBEx 

HOMO Eq. (2) -8.308 -8.093 

LUMO Eq. (3) -4.919 -5.233 

Ogap 3.389 2.859 

Ogap Eq. (1) 3.465 2.942 

|∆| (Ogap) 0.076 0.083 
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Fig 1. Representative scheme of (TiO2)n nanoclusters (n=20, 28 and 64) and  nanoparticles (n=151, 211 

and 286). Nanoclusters and nanoparticles are obtained by using bottom-up and top-down approaches, 

respectively. (TiO2)151 is structurally described as an anatase-type truncated octahedral nanoparticle. 

(TiO2)211 is a rutile-type polyhedral nanoparticle, and finally (TiO2)281 is also an anatase-type octahedral 

nanoparticle. 
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Fig 2. Correlation between Ogap(PBEx) and Ogap(PBE) for the set of 75 (TiO2)n nanocluster/nanoparticles. 

Ogap is taken as the HOMO-LUMO gap which corresponds to the Kohn-Sham orbital energies. The point-

dashed line corresponds to an ideal correlation y = x and the yellow line to the linear fitting. 
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Fig 3. Correlation between HOMO and LUMO Kohn-Sham orbital energies of PBEx and PBE 

functionals for the set of 75 (TiO2)n nanocluster/nanoparticles . The color scheme follows the same 

notation as reported Figure 2 inset. The point-dashed line corresponds to an ideal correlation y = x and 

yellow lines to linear fittings. 
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