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Abstract 

 

 

Understanding the relationship between structural properties and the character of the charged carriers in 

photoactive TiO2 nanoparticles is fundamental to improve their photocatalytic activity. Transient Absorption 

Spectroscopy (TAS) is often used to explore the character of charge carriers but carrying out experiments on 

well-defined nanoparticles with a given morphology and selected size is extremely difficult. Here, hybrid 

time-dependent density functional theory (TDDFT) based calculations carried out for realistic TiO2 

nanoparticles (NPs) with bipyramidal, truncated and spherical morphologies reveal that electron trapped 

carriers are quite sensitive to the NP morphology. In particular, these carriers are shallowly trapped in faceted 

NP whereas they are deeply trapped in those exhibiting a spherical morphology. In addition, the simulated 

absorption spectra can be compared directly to experimental ones obtained by TAS thus allowing to provide 

additional information regarding the morphology of TiO2 NPs in a given sample. Note that, although the 

present study focuses on TiO2 nanoparticles, it can be easily extended to other photoactive materials such as 

ZnO or WO3 NPs thus allowing to extract information regarding the relationship between NP morphology 

and the nature of the low lying excited states. 
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INTRODUCTION 

Semiconductor-based photocatalysts have been the subject of numerous multi- and interdisciplinary 

studies since the discovery of water splitting through the so-called Honda-Fujishima effect.1 These materials 

are involved in a broad variety of important applications, including self-cleaning surfaces, air and water 

purification systems, sterilization, hydrogen evolution, photoelectrochemical conversion and, obviously, 

water splitting.2-4 Among the large number of semiconductor materials investigated for photocatalytic 

applications, titanium dioxide (TiO2) continues to be the workhorse in the field because of its low cost and 

high stability.5-7 It is generally accepted that the photocatalytic mechanism involved on powdered 

semiconductor materials implies a complex sequence of five photophysical and electrocatalytic processes: (i) 

photon adsorption, (ii) exciton separation, (iii) charge carrier diffusion and transport, (iv) catalytic efficiency 

and, finally, (v) mass transfer of reactants and products.8 This five-gear concept needs to be perfectly 

engrained to lead to optimal quantum yield that leads to, for instance, a high solar-to-hydrogen conversion 

efficiency for the particular case of photocatalytic water splitting process. 

The efficiency of a photocatalytic reaction can be determined by analyzing the reactivity of the 

photogenerated electrons (e-) and holes (h+) with molecules at the photocatalyst surface. Experimentally, 

transient absorption spectroscopy (TAS) emerges as one of the most powerful techniques, due to its high 

temporal resolution (∼100 fs) and its capability to identify transient chemical species.9 Earlier electron-hole 

dynamics studies involving this technique have been carried out on colloidal TiO2 nanoparticles (NPs) 

samples, extending the range of absorption spectra of either e- and h+ from the UV to the IR region.10 To avoid 

the trapped e- and h+ overlapping in the VIS region, these experiments were performed in the presence of e- or 

h+ scavengers. In this way, the trapped e- and h+ are located at longer (∼700 nm) and shorter (∼500 nm) 

wavelengths, respectively.11 Although the assignment of TAS observed transitions to individual electronic 

excited states is quite difficult, it is possible to distinguish the carriers from the position and shape of the 

trapped carriers related bands. Interestingly, the nature of a charge carrier is identified by the position of the 

band at high (or low) energy excitations corresponding to deep (or shallow) trapped charge carriers. In 

addition, a narrow-shaped band is associated to a charge carrier with a locally trapped character, whereas the 

broad-shaped one indicates a larger delocalization. 

It is well known that the morphology of the semiconductor-based photocatalyst has direct implications 

in electronic structure and related properties and, consequently, in the photocatalytic performance.12 From an 

experimental point of view, it is not easy to distinguish properly between size and shape effects. Fortunately, 

for different types of TiO2 materials polymorphs, surfaces, and nanoparticles computational modeling 

provides an unbiased way to analyze the morphology effect for a given composition and the composition 

effect for a given morphology.13- 19 Indeed, it has been experimentally shown that the atomic structure 

critically affects the nature of the photogenerated carriers.20,21 In particular, a detailed kinetic study of the e-–

h+ recombination, based on TAS measurements, reports that anatase-derived photocatalysts are ∼30 times 

more reactive than their rutile-derived counterparts.20 This large difference is due to the location of the 
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photogenerated electrons, which are deeply trapped in rutile and, thus, the reactivity is lower than that of free 

or shallowly trapped electrons generated in anatase-derived photocatalysts. Despite the important role that 

photogenerated species have in photocatalytic processes, simulations on the absorption spectra of photoactive 

materials are scarce.22-24 Therefore, computational spectroscopy studies of photogenerated carriers in realistic 

photoactive NPs appear as necessary. In this way, Nunzi et al.25 recently investigated the absorption spectra 

of photogenerated charge carriers in a prototypical anatase (TiO2)38 NP by using time dependent density 

functional theory (TDDFT) based calculations. While this is an interesting study, the fact that involves just 

one NP does not permit to extract conclusions regarding the effect of the NP morphology on the absorption 

spectra. To provide this information is the main goal of the present study. To this end, three stoichiometric 

(TiO2)n anatase-derived NPs with different morphology are studied (Figure 1). These NPs have been designed 

through a top-down protocol,17 and involve a bypiramidal truncated (TiO2)29, a bypiramidal (TiO2)35 and a 

spherical-like (TiO2)43 nanoparticle.  

 

COMPUTATIONAL DETAILS 

State-of-the-art hybrid DFT and TDDFT based calculations are used to simulate the corresponding 

TAS spectra as implemented in TURBOMOLE v7.3 electronic structure package.26 The PBE0 hybrid density 

functional along with the 6-31G* People basis set are selected for all DFT and TDDFT calculations. The mid-

size m3 quadrature grids were used for the integration of the exchange-correlation functional.27,28 For reasons 

of computational efficiency, the resolution of identity (RI)29,30,31-32 approximation is employed for the 

evaluation of two-electron integrals. In this approximation, auxiliary basis sets need to be introduced. Thus, 

the 6-31G* auxiliary basis set is used for oxygen, and a universal auxiliary basis set is used for titanium, as a 

6-31G* auxiliary basis is not defined for this atom. The protocol follows (i) the neutral spin-singlet ground 

state NPs geometries are optimized at the PBE0/6-31G* level, then, (ii) for the cationic and anionic spin-

doublet NPs (i.e., with the h+ and e- unrelaxed polarons) at their optimal ground-state geometries, the lowest 

100 singlet TDDFT excitations are computed. Subsequently, the cationic and anionic NPs were also 

geometrically relaxed, and the lowest 100 singlet TDDFT excitations were also computed at the relaxed 

geometries. We want to point out that TDDFT is chosen since, for the rather large size systems studied in the 

present work, it is surely the most suitable method to approach excited states; the choice of PBE0 hybrid 

density functional is justified from previous work showing that these are appropriate to properly describe the 

self-trapping of charge carriers in TiO2 NPs.33 The absorption spectra of the h+ and e- relaxed polarons are 

calculated by choosing the dipole length gauge for the transition dipole moments and broadening all the 

computed excitation peaks with a Gaussian function of 0.16 eV width, and plotting the sum of the broadened 

peaks with the SpecDis34 software. Also, the sum of the h+ and e- spectra is included in the plots. The electronic 

density of the most relevant MOs participating in the electronic excitations was extracted as standard cube 

files and was plotted with the Jmol35 software. 
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Following this methodology, we analyze the properties of single photogenerated e- and h+ species by 

considering the unrelaxed and relaxed negatively and positively charged (TiO2)n (n = 29, 35, and 43) NPs. 

Finally, TDDFT calculations with the PBE0 functional have been carried out to simulate the absorption spectra 

of the fully relaxed (TiO2)n
- and (TiO2)n

+ NPs. The obtained results allow one to access the simulated TAS 

spectra, providing insights into the nature of excited states25 and, more important, the sensitivity of TAS 

spectra to the nanoparticle morphology. 

 

RESULTS AND DISCUSSION 

We start the discussion of the results with a detailed analysis of the PBE0 Kohn-Sham energy levels 

depicted in Figure 2 that correspond to the equilibrium geometry of the neutral (TiO2)n (n = 29, 35, and 43) 

NPs and of the charged (TiO2)n
- and (TiO2)n

+ NPs in both the unrelaxed and relaxed geometry. The HOMO-

LUMO gaps of neutral NPs (the so-called optical gap, Ogap)36 are 5.01, 5.16, and 3.77 eV for the bipyramidal, 

truncated, and spherical morphologies, respectively. This result is in agreement with previous work on TiO2 

NPs17 showing that the quantum confinement due to the nanoparticle size leads to an energy gap above the 

calculated band gap for bulk anatase using the same functional and also above the experimental observation 

in the bulk anatase. In addition, the nanoparticle morphology has, as expected, a clear effect on the Ogap, which 

is lower in the spherical NPs than in the faceted ones, also in agreement with recent work.19 Further interesting 

results are found in the changes of the Kohn-Sham energy levels upon the addition of e- and h+. For the 

negatively and positively charged TiO2 NPs, the e- and h+ states correspond respectively to adding one electron 

to the neutral ground state LUMO or removing one electron from the neutral ground state HOMO. The 

resulting singly occupied orbital is usually referred to as SOMO. In a spin restricted description, the two 

spinorbitals corresponding to the spatial SOMO are degenerate. However, in a spin unrestricted formalism 

these are no longer degenerate, the occupied/unoccupied spinorbital is referred to as SOMO/SUMO. This is 

the notation used in the present work. 

For the negatively charged (TiO2)35
-, (TiO2)29

-, and (TiO2)43
- NPs at the neutral ground state geometry, 

the spinorbital of interest is the SOMO, that is systematically located below LUMO by 0.75, 0.88, and 0.54 

eV, respectively. Similarly, for the positively charged (TiO2)29
+, and (TiO2)35

+ and (TiO2)43
+, the spinorbital 

of interest is the SUMO corresponding to the hole state. For these NPs, the SUMO is found above HOMO by 

0.48, 0.33 and 0.33 eV. After geometry optimization for the negatively and positively charged NPs, SUMO 

and SOMO spinorbitals exhibit significant shifts. Thus, for (TiO2)35
-, (TiO2)29

-, and (TiO2)43
-, the SOMO is 

now located below LUMO by 1.85, 2.46, and 2.62 eV whereas for (TiO2)35
+, (TiO2)29

+, and (TiO2)43
+ the 

SUMO appears above HOMO by 3.79, 3.45, and 3.54 eV, respectively. The present trends are in good 

agreement with those reported in a previous study for the (TiO2)38 NP.25 Interestingly, the SUMO upshifts are 

very similar for all TiO2 NPs. This observation is related to a similar localization of the hole state regardless 

of nanoparticle morphology. On the other hand, we found that the SOMO downshifts increase moving from 

bipyramidal towards spherical morphology, yielding the largest localization of the electron state in the 
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spherical NP. In contrast to these different tendencies observed in the localization of electron states, the hole 

state is more localized than the electron state for all investigated TiO2 NPs (Figure 1). The electron densities 

for unrelaxed and relaxed states corresponding to SUMOs and SOMOs, depicted in Figure S1, show that the 

structural relaxation induces the localization.25 

The computed absorption spectra of the (TiO2)n
- and (TiO2)n

+ (n = 29, 35, and 43) NPs in their relaxed 

geometries are presented in Figure 3. Note that the first hundred excitations are considered to build the spectra, 

as explained in the SI. Since the simulated spectra can be directly compared to experimental TAS ones,37,38 a 

detailed discussion follows by analyzing the peak positions and spectral shapes. Starting with the bipyramidal 

(TiO2)35 NP, trapped electrons have a broad band in the 340–1500 nm range with a maximum at ca. 720 nm, 

whereas trapped holes have a narrower band (ca. 260–460 nm) with the absorption maximum at ca. ∼380 nm. 

On the other hand, for the truncated (TiO2)29 NP, the trapped electron band is broader than that of the trapped 

hole, ca. 270–1100 nm and ca. 260–580 nm, respectively. Note that the trapped electron band has two 

maximum peaks at ca. 280 and ca. 500 nm, whereas the trapped hole band exposes maxima at ca. 700 and 860 

nm. Finally, the spherical (TiO2)43 NP shows rather different spectra with similar wavelengths for the bands 

of both trapped electron and hole. Note that here the maximum peak positions are observed at ca. 300 and 

380 nm for the trapped electron and hole, respectively. In general, the position of the trapped hole bands is 

almost the same for all titania nanoparticles regardless of morphology. However, the band position of the 

trapped electrons shifts towards lower wavelengths when moving towards spherical morphology, inducing a 

hypsochromic effect. This evolution clearly indicates that electrons are shallowly trapped in the bipyramidal 

NP, whereas they are deeply trapped in the spherical one. On the other hand, the (TiO2)35 faceted NP bears a 

SOMO located close to the center of the NP, whereas the (TiO2)29 truncated NP presents a delocalized SOMO 

but with contributions mostly at the surface region, and the (TiO2)43 spherical NP bears a SOMO highly 

localized around the surface region. Thus, since these two factors would, in principle, operate in an opposite 

way concerning the photocatalytic activity, it is not easy to anticipate which NPs will be more active. It is 

worth noting that the faceted (TiO2)35 and (TiO2)29 NPs have similar TAS spectra also close to that previously 

reported for the (TiO2)38 NP,25 indicating that the latter has notorious structural similarities with the NP models 

reported here. Furthermore, available experimental TAS experiments for crystalline TiO2 nanoparticles 

feature absorption spectra of the trapped holes and electrons with maximum absorption at ca. 520 and ca. 770 

nm, respectively, which match well with our computed spectra.39 

To obtain further insight on the computed absorption spectra, we discuss the assignment of the optical 

transitions as predicted from our TDDFT calculations. Tables S1-S6 compile the excited electronic states that 

show an oscillator strength above 1.0(x10-3). The main excitations have been tabulated considering the 

following strategy: (i) only one excitation is reported in those states where a single excited electronic state has 

a contribution larger than 20%; (ii) a few excitations are compiled when the corresponding excited electronic 

states contribute above 10%, but below 20%; and finally, (iii) only the largest excitation is compiled for those 

excited electronic states with contributions below 10%. To clarify the discussion, we just focus on the shiniest 
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excited states corresponding to oscillator strengths equal to or above 2.0x10-3. For the bipyramidal negatively 

charged (TiO2)35
- NP, the TDDFT results evidence three excitation energies at 715.3, 844.9 and 1148.6 nm 

with oscillator strengths of 2.2, 2.9, and 3.1 (x10-3), respectively (Table S1); whereas, in the positively charged 

(TiO2)35
+ one, the excitation energies at 376.4, 404.5 and 385.8 nm show oscillator strengths of 7.0, 3.4 and 

2.0 (x10-3), respectively (Table S2). The electronic excitations in the truncated (TiO2)29 NP is more complex 

(Figure 3). For the negatively charged (TiO2)29
- a set of six excitations with energies at 544.4, 591.5, 672.5, 

706.4, 835.3 and 895.1 nm are relevant with oscillator strengths of 2.0, 2.9, 4.2, 5.7, 7.2 and 3.2 (x10-3), 

respectively (Table S3). On the other hand, for the positively charged (TiO2)29
+ the relevant excitation energies 

appear at 279.8, 284.0, 291.9, 345.6, 395.8, 471.5, 495.3, and 507 nm with oscillator strengths of 4.1, 2.3, 4.5, 

2.1, 4.7, 3.4, 8.0, and 6.8 (x10-3), respectively (Table S4). Finally, for the spherical (TiO2)43 NP the absorption 

spectra of the charged species display a clear overlap (Figure 3) directly reflected in the electronic excitations. 

The negatively charged (TiO2)43
- has excitations energies at 302.8, 310.1, 315.6, 323.8, 327.9, 392.9, 421.2, 

459.2, and 768.5 nm with oscillator strengths of 7.8, 11.0, 2.8, 3.7, 2.7, 2.5, 5.1, 2.8, and 7.2 (x10-3), 

respectively (Table S5), and the positively charged (TiO2)43
+ shows excitations at 296.0, 360.0, and 376.5 nm 

with corresponding oscillator strengths of 3.0, 5.6, and 2.1 (x10-3), respectively (Table S6). From this analysis 

one can conclude that the nanoparticle morphology has a negligible influence on the excitations of (TiO2)n
+ 

whereas those of (TiO2)n
- move towards low wavelength (or high energies) when going to the spherical-shaped 

morphology, as clearly illustrated in Figure 3. The MOs that participate in the electronic excited states with 

an oscillator strength larger than 2.0(x10-3) are depicted in Figures S2-S4. 

 

CONCLUSIONS 

In summary, state-of-the-art DFT and TDDFT calculations with the hybrid PBE0 functional have been 

used to investigate the effect of the nanoparticle morphology on the character of the charged carriers over a 

selection of TiO2 NPs covering bipyramidal, truncated and spherical shapes. The computed absorption spectra 

clearly show that the nanoparticle morphology affects significantly the location of the band and, consequently, 

the reactivity of the charged carriers. This study shows that the electron charge carriers are particularly 

sensitive to the morphology, inducing a hypsochromic effect. These electron charge carriers are shallowly 

trapped in faceted nanoparticles and deeply trapped in spherical ones. 

It is expected that the present results constitute a useful input to experimentalists, providing an 

unbiased alternative way to identify the peaks obtained from the TAS technique. Although our study focuses 

on titania nanoparticles, similar studies can be performed to analyze the excited states in systems of interest 

in photocatalysis such as ZnO or WO3 nanoparticles.  
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 Tables S1-S6 compiles the electronic excitations; Figure S1 shows the unrelaxed and relaxed SOMO 

and SUMO orbitals; Figures S2-S4 show the most relevant MOs involved in the electronic excitations listed 

in Tables S1-S6.  
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Figure 1. (TiO2)n (n = 29, 35, and 43) nanoparticles with truncated, bipyramidal and spherical-like shapes, 

respectively. Red and gray spheres represent O and Ti atoms, respectively. Bipyramidal (TiO2)35 NP feature 

only (101) facets, whereas the truncated (TiO2)29 one exhibit both (101) and (001) facets. Note also that the 

shell of the spherical (TiO2)43 NP is amorphous. Further details about these nanoparticles can be found in refs. 

17,19. 
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Figure 2. Kohn-Sham energy levels for the (TiO2)35, (TiO2)29, and (TiO2)43 NPs (left, middle, and right, 

respectively) in the ground, anionic, and cationic states in their unrelaxed and relaxed geometries, calculated 

at the PBE0/6-31G* level. SUMO and SOMO spinorbitals at the neutral and ionic optimized geometry are 

depicted in Figure S1 in the Supporting Information. 
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Figure 3. Computed absorption spectra of the (TiO2)n
- and (TiO2)n

+ (n = 29, 35, and 43) NPs, corresponding 

to an excess electron and excess hole depicted by solid red and light blue lines, respectively, in the relaxed 

geometries. The solid black line is the sum of the trapped electron and hole contributions.  
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