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A DFT study of the effect of SO4 groups on the
properties of TiO2 nanoparticles†

Olga Miroshnichenko,*ab Sergei Posysaevab and Matti Alataloa

We present a study of the optical, electronic, and structural properties of TiO2 anatase-structured

nanoparticles upon adsorption of SO4 groups, which are always present on the surface of the particles

during the sulfate manufacturing method. Structural and electronic properties were studied using the

density functional theory method (DFT), and optical properties were obtained by time-dependent DFT.

It was found that SO4 groups alter both the geometric and electronic structure of TiO2 nanoparticles

and change the photoabsorption characteristics. In particular, we find that Z2-O2 type O–O moieties are

formed due to the adsorption of 3 and 4SO4 groups.

1 Introduction

TiO2 is a popular semiconductor used in a huge number of
applications, to name a few: photocatalysis and photocatalytic
splitting of water,1–3 pollutant removal,4,5 pigments.6 Such
popularity comes from the stability, non-toxicity, and abundance
of titanium dioxide. There are three natural polymorphs of
titanium dioxide: rutile, anatase, and brookite, all having different
lattice constants, slightly different structure and, therefore,
properties. Rutile is the most popular TiO2 polymorph due to
its thermal stability.

With progress in nanotechnology, nanosized titanium dioxide
finds application in many new areas, in addition to traditional
ones, such as hydrogen generation,7,8 biomedical implants,9,10

solar cells,11–14 and UV-protectors.8,15 Nanoparticles possess the
advantage of an increased surface-to-volume ratio, which is
extremely plausible in the field of catalysis. The properties of
small titanium dioxide particles are different from the bulk, and
they are determined by their structure and size,16,17 which
depend on the environment and the manufacturing method.18

Therefore, it is highly important to understand the properties of
nanoclusters covered with adatoms and coatings. When the size
of the nanoparticles is on the scale of several nanometers,
anatase is the most stable structure.19 Moreover, anatase is more
stable than rutile at 0 K.20

In real life, nanoparticles always reside in some chemical
environment. The effect of many different adatoms and coatings
on the properties of TiO2 nanoparticles has already been studied

before: H and O2,21 OH groups,22 SO2
23 etc. Raj et al.24 conducted

a combined theoretical and experimental XPS and IR spectral
study on sulfated and phosphated TiO2. In our work we
concentrate not only on the nanoclusters’ structure, but on their
electronic and optical properties as well. One of the main
manufacturing methods of TiO2 is based on the reaction with
sulfuric acid where SO4 groups play a significant role. Sulfate
adsorption can also enhance the photoactivity of anatase
to the longer wavelengths, which is profitable in hydrogen
production.25 SO4 groups play an important role in the catalytic
properties of metal oxides26–29 and in solid superacids.30

Studying the particles of nanosize experimentally could be a
demanding task where computational methods come into help.
DFT has proven to be a very efficient and accurate method given
that the exchange–correlation functional is chosen wisely. This
theoretical approach yields reproducible results, as was shown
recently for single-element solids using the PBE functional.31

Our study can shed light on the effect of the surrounding media
on the particles’ properties, and the results can be used in the
computational modeling of TiO2 nanoparticles even though
many other adsorbates besides SO4 can be present on the
surface of the nanoparticles simultaneously, and in real life
applications particles are at a temperature higher than 0 K.

Our model structure was chosen to be a TiO2 anatase cluster
consisting of 16TiO2 units, carved from the experimental bulk
crystal by stripping off TiO2 units to maintain the stoichiometry
and sufficiently high coordination of all consituent atoms. This
approach was adopted from the work of Persson et al.32 This
particular size was chosen because it is large enough to have a
distinguishable anatase structure, but small enough for the
calculations to be feasible. In our previous work33 two different
particle shapes were studied: spherical and needle-like to
simulate the types of particles that form during the manufac-
turing process. The study showed that the most symmetrical,
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spherical particles of anatase are more stable as opposed to
needle-like structures, and therefore a spherical particle shape
was chosen for this work. To find the structure of (TiO2)16 no
global optimization method was used.

2 Computational details

All calculations in this study were performed using the DFT-based
GPAW software package34–36 in the real-space implementation of
the projector-augmented wave (PAW) method.37,38 All structures
were treated as spin-paired and charge neutral. Calculations were
performed in the finite difference mode at 0 K electronic tempera-
ture using only the G-point. The Perdew, Burke, Ernzernhof (PBE)
exchange–correlation functional was used in all calculations.

For structural relaxation, the computational box was set
without periodic boundary conditions, with 7 Å of vacuum
surrounding the structure. The real space grid spacing of 0.17 Å
was used. Relaxations were performed using a quasi-Newton
minimizer until all forces were smaller than 0.01 eV Å�1.

The density of states (DOS) and local density of states (LDOS)
were calculated using the same settings as the relaxation runs,
except that the empty states were also required to be fully converged
up to the ten highest bands. DOS and LDOS plots were obtained
using 2000 data points and a normalized Gaussian broadening
of 0.1 eV.

Bader charge analysis39–42 was performed using the all
electron density obtained with a grid refinement equal to 4.

Due to the known shortcomings of the standard DFT+PBE
method yielding band gaps smaller than the experimental
values, the DFT+U test calculations were done previously for
the anatase (TiO2)38 structure, with the values of U = 2, 3, 6, 6.8,
and 10 eV.43 The tests showed that U correction did not result in
a significantly larger band gap than the standard PBE calculation,
and both methods showed the defect states appearing at the same
positions. Calculations using the hybrid functional should yield a
more accurate electronic structure,44 but were not tested in this
work due to software limitations.

Photoabsorption spectra calculations were performed using
a time-propagation time-dependent DFT (TP-TDDFT) approach45

in GPAW using a 16.0 attosecond time step with 1000 iterations
resulting in a total simulation time of 16 femtoseconds. The delta
absorption kick for the initial disturbance of wave functions was
set to 10�3. TDDFT calculations were performed using non-
periodic boundary conditions and 10 Å of empty space around
the clusters in every coordinate direction. To save computational
time, a bigger grid spacing of 0.3 Å was used. This value was tested
in our previous work,33 giving well-converged eigenvalues for
bands in the absorption region. The spectra were calculated from
the dipole moment files with a 0.1 eV Gaussian broadening.

Adsorption energies per sulfate group were calculated using
the formula:

Eads = (N � ESO4
+ Ecluster � Ecluster+N�SO4

)/N,

where N is the number of SO4 groups on the surface of the
anatase cluster; ESO4

, Ecluster are the ground state energies of the

isolated SO4 and Ti16O32 clusters, respectively; Ecluster+N�SO4
is

the total energy of the cluster with adsorbed sulfate groups after
geometry optimization.

3 Results and discussion
3.1 Structural effects

The effect of SO4 groups was studied on a relaxed stoichiometric
Ti16O32 anatase cluster with the Ci point group (Fig. 1a and b).
Due to the mentioned symmetry, half of the Ti atoms have the
same coordination and bonding environment as the other
diametrically opposite half relative to the inverse center, which
in this case is a geometric center. In the literature it is suggested
that SO4 groups attach to two surface titanium atoms through
sulfate’s single-bonded oxygens.24,25,30 To find the most favor-
able site for the adsorption of the 1SO4 group, it was attached to
all reasonable and nonidentical Ti pairs on the edge and at the
center of the cluster, resulting in 9 different configurations.
These configurations were subsequently relaxed in GPAW and
the lowest energy structure was found (Fig. 1c and d) with the
energy difference from the structure with the highest energy
equal to 2.33 eV.

For the adsorption of 2SO4 groups, sulfates were attached to
all reasonable and symmetrical Ti pairs, resulting in 9 different
configurations with a maximum energy difference for relaxed
structures equal to 3.59 eV. The lowest energy structure is
depicted in Fig. 1e and f. Configurations for the adsorption of
3SO4 and 4SO4 groups were chosen on the basis of 2SO4 group
structures with minimal, maximal, and average energies. The
additional one SO4 group for the adsorption study of 3SO4

groups (two SO4 groups for 4SO4) was added to the structures
in a reasonable and symmetrical manner, resulting in 34
configurations with a maximum energy difference of 4.61 eV
(18 configurations for Ti16O32 + 4SO4 with the energy difference
equal to 4.13 eV). Relaxed lowest energy structures for a cluster
with 3 and 4 sulfates adsorbed are depicted in Fig. 1g–l. The
studied configurations do not include all possible ones, and the
obtained minimum energy structures are not necessarily the
most stable configurations, but the number of the structures
studied had to be limited due to the amount of computational
time needed to perform the calculations. We could not find the
experimental information on the adsorption site of the SO4

groups on the TiO2 clusters of size comparable to that of our
model system.

In Table 1 adsorption bond lengths for SO4 groups, which
are the distances between single bonded O atoms from sulfates
and Ti atoms to which they are attached, and adsorption
energies per SO4 group, are tabulated. It is interesting to note
that in the case of an odd number of sulfate groups the
adsorption energy is higher than in the even case. The case
with 1SO4 group adsorption shows the shortest bond lengths
and has the highest adsorption energy. Adding more sulfate
groups elongates the adsorption bond lengths, and in these
cases the adsorption energies are lower. To understand the
electronic charge transfer between the SO4 groups and the
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Fig. 1 The relaxed cluster structures: (a) bare Ti16O32, (b) bare Ti16O32 turned by 1801 around the z axis relative to (a), (c) Ti16O32 with the 1SO4 group,
(d) Ti16O32 with the 1SO4 group turned by 1801 around the z axis relative to (c), (e) Ti16O32 with 2SO4 groups, (f) Ti16O32 with 2SO4 groups turned by 1801
around the z axis relative to (e), (g) Ti16O32 with 3SO4 groups, (h) Ti16O32 with 3SO4 groups turned by 701 around the z axis relative to (g), (i) Ti16O32 with
3SO4 groups turned by 1101 around the z axis relative to (h), (j) Ti16O32 with 4SO4 groups, (k) Ti16O32 with 4SO4 groups turned by 901 around the z axis
relative to (j), and (l) Ti16O32 with 4SO4 groups turned by 901 around the z axis relative to (k). Oxygen atoms are marked with red color, titanium atoms as
gray color, and sulfur atoms are yellow. The red, green, and blue coordinate axes represent x, y, and z axes, respectively.
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clusters, the Bader charges were calculated. The partial charges for
SO4 groups are negative, meaning that the sulfates steal electrons
from the cluster, which is consistent with the literature.25

To understand the effect of SO4 groups on the structure of
the Ti16O32 clusters the bonding environment and the clusters’

dimensions were studied. All information was gathered in
Tables 2–6. In the bonding analysis we used the same cut-off
radii as in our previous work:22 2.2 Å for Ti–O bonds, 2.94 Å for
Ti–Ti, except for the O–O bonds the cut-off radius was set to
1.5 Å, to take into account clear bonding between some of
the oxygens (see Section 3.2). The number of all bonds in the
structures is gathered in Table 2. Note that in Tables 2–4 the
SO4 groups were not taken into account (bonds in SO4 groups
and bonds between the cluster and the SO4 groups) to concen-
trate on the structural changes in the cluster structures. It can
be seen that sulfates deform the structure of the underlying
cluster, resulting in a decreased number of Ti–Ti bonds, but
also in the appearance of O–O bonds. The number of Ti–O
bonds is decreasing upon sulfate adsorption, with the 1SO4

case as an exception. The average bond lengths are reported in
Table 3. The averages of all bond lengths tend to decrease upon
sulfate adsorption even though average Ti–O and Ti–Ti bonds
are elongated. It can be explained by the appearance of an
increasing number of relatively short O–O bonds in the clusters,
resulting from an increasing number of sulfate groups on the
surface. The average of all bond lengths in the case with the 1SO4

group does not follow the tendency of getting smaller, in this
case the Ti–O average bond length is significantly longer than in
the bare cluster, and the new O–O bond is relatively long.

The dimensions of the structures were calculated as the
longest distances between the atoms in three coordinate direc-
tions. They are tabulated in Table 4, where the values in
parentheses represent the dimensions of the cluster calculated
with SO4 taken into account to show in which coordinate
directions the SO4 groups were oriented. The average dimen-
sions are increasing, except for the structure with 2SO4 groups.
In this case the y dimension is contracted significantly due to
the repelling effect of the SO4 groups oriented in this direction,
causing the outermost oxygen atoms in the cluster corners to
move inside the cluster. In the case of the adsorption of 3 and
4SO4 groups, 2 of the sulfates are also oriented in the y
direction, but this dimension does not decrease dramatically
(or even increases in the 3SO4 case) probably due to other
structural distortions occurring in the cluster. Configurations
with 3 and 4 sulfate groups have enlarged x dimensions due to
the formation of side-on coordinated O–O species (Z2-O2, where
Z stands for the hapticity of O–O),46,47 pointing in this direction
(Fig. 1 O6 and O7 in g and h, O6 and O9 in j and k). We believe
that the appearance of O–O bonds in the structures with
adsorbed SO4 groups deserves to be studied in more detail.
Furthermore, Albaret et al. reported the appearance of O–O bonds
in the small O-rich TiO2 clusters.48 Structures with adsorbed SO4

Table 1 SO4 group adsorption bond lengths, adsorption energies per SO4

group, and Bader partial charges per SO4 group

Structure Ti–OSO4
/Å Avg./Å Eads/eV Charge/e Avg./e

Ti16O32 + 1SO4 1.884
1.870 1.877 3.824 �1.247 �1.247

Ti16O32 + 2SO4 1.903
1.892 �1.275
1.899
1.887 1.895 3.374 �1.272 �1.274

Ti16O32 + 3SO4 1.938
1.882 �1.228
1.971
1.990 �0.897
1.900
1.896 1.930 3.488 �1.182 �1.102

Ti16O32 + 4SO4 1.903
1.911 �1.169
1.938
1.875 �1.115
1.878
1.907 �1.200
1.933
1.868 1.902 3.230 �1.095 �1.145

Table 2 Number of bonds in the relaxed structures. The SO4 groups are
not taken into account

Structure nTi–O nTi–Ti nO–O nAll

Ti16O32 bare 68 12 — 80
Ti16O32 + 1SO4 70 11 1 82
Ti16O32 + 2SO4 66 10 2 78
Ti16O32 + 3SO4 64 9 2 75
Ti16O32 + 4SO4 62 7 3 72

Table 3 Average bond lengths in the relaxed structures. The SO4 groups
are not taken into account

Structure dTi–O/Å dTi–Ti/Å dO–O/Å dAll/Å

Ti16O32 bare 1.872 2.789 — 2.009
Ti16O32 + 1SO4 1.900 2.814 1.492 2.018
Ti16O32 + 2SO4 1.883 2.803 1.473 1.990
Ti16O32 + 3SO4 1.880 2.815 1.393 1.979
Ti16O32 + 4SO4 1.878 2.850 1.418 1.953

Table 4 Dimensions of the clusters without taking into account SO4 groups in three coordinate directions (x, y, and z) and the average dimension (values
in the parenthesis are dimensions calculated by taking into account SO4 groups)

Structure x/Å y/Å z/Å Avg./Å

Ti16O32 bare 6.093 10.715 8.352 8.387
Ti16O32 + 1SO4 6.345 10.660 8.779 (11.612) 8.595 (9.539)
Ti16O32 + 2SO4 6.148 9.371 (16.998) 8.493 8.004 (10.546)
Ti16O32 + 3SO4 6.476 (9.359) 10.997 (16.946) 9.077 8.850 (11.794)
Ti16O32 + 4SO4 8.295 10.493 (16.860) 8.771 (14.947) 9.186 (13.367)
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groups could be treated as O-rich clusters; therefore, O–O bond
lengths and Bader charges per O–O species are documented in
Table 5. Bond lengths of Z2-O2 species are significantly shorter
than other O–O bond lengths. Apparently, charge transfer from
the cluster to the Z2-O2 is smaller than in other O–O bonds. This
fact is supported by the elongated Ti–O bonds in these cases:
Ti5–O6 and Ti5–O7 bonds are 1.995 Å and 1.98 Å, respectively,
which is 0.115 and 0.1 Å longer than the average Ti–O bond
lengths in the structure with 3SO4 groups; Ti10–O9 and Ti10–O6
bonds are 2.038 Å and 2.037 Å, respectively, which is 0.16 and
0.159 Å longer than the average Ti–O bond lengths in the structure
with 4SO4 groups. According to the abovementioned facts, Z2-O2

species exhibit superoxo characteristics.46,47

To verify that the appearance of O–O bonds is not a short-
coming of our model, other models were considered. In real life
conditions clusters should reside in water. However, surround-
ing the whole cluster with water molecules would significantly
increase the computational burden. For this reason, calcula-
tions for the cluster with 1 adsorbed SO4 group and with 3–7
water molecules placed around the SO4 were performed. In all
cases the O–O bonds between the O11 and O15 atoms even-
tually appeared, which served as a reason for us to stop the
calculations before convergence was reached, since relaxations
caused the formation of the same O–O bonds as in the
structures without water molecules. To improve the model
further, one could use the continuum solvent method,49 which
was recently implemented in GPAW, but it is out of scope of
this work.

Coordinations of atoms were calculated and the results are
summarized in Table 6. The bonds between sulfates and
titanium atoms to which they had been attached were taken
into account, only bonds in SO4 groups were neglected. The
normal coordination for Ti is 6 and for O is 3.50 In the
structures with 3 and 4 sulfates strongly undercoordinated Ti
atoms appear. As will be seen further in Section 3.2, these
are the structures that exhibit defect states in the band gap.

The number of undercoordinated Ti atoms increases upon
adding more sulfates from 6 for bare cluster to 11 in the
structure with 4SO4 groups.

3.2 Electronic properties

Densities of states were calculated for all structures and
depicted in Fig. 2. The DOS were plotted relative to the Fermi
level of the bare cluster. Electronic structure information is
collected in Table 7. The band gap of the bare cluster is 0.7 eV
larger than the computed band gap of the bulk anatase (2.12 eV),33

Table 5 Calculated bond lengths and Bader charges of the O–O species

Structure Atoms Bond length/Å Charge/e

Ti16O32 + 1SO4 O11–O15 1.492 �1.215
Ti16O32 + 2SO4 O13–O15 1.473 �1.099

O6–O7 1.474 �1.100
Ti16O32 + 3SO4 O15–O17 1.442 �1.050
Ti16O32 + 3SO4 O6–O7 (Z2-O2) 1.345 �0.556
Ti16O32 + 4SO4 O13–O15 1.455 �1.051
Ti16O32 + 4SO4 O2–O3 1.471 �1.148
Ti16O32 + 4SO4 O6–O9 (Z2-O2) 1.327 �0.452

Table 6 Coordination of Ti and O atoms in the relaxed clusters. Atoms in
the SO4 groups are not taken into account

Structure 4f-Ti 5f-Ti 6f-Ti 7f-Ti 2f-O 3f-O

Ti16O32 bare — 6 8 2 28 4
Ti16O32 + 1SO4 — 7 4 5 24 8
Ti16O32 + 2SO4 — 8 6 2 26 6
Ti16O32 + 3SO4 2 7 4 3 28 4
Ti16O32 + 4SO4 3 8 3 2 28 4

Fig. 2 DOS for (a) bare Ti16O32, (b) Ti16O32 with the 1SO4 group, (c) with
2SO4 groups, (d) 3SO4 groups, and (e) Ti16O32 with 4SO4 groups relative to
the Fermi level of bare Ti16O32. HOMO and LUMO levels are plotted with
vertical dashed lines. In (d) and (e) HOMO and LUMO levels almost coincide.
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which is consistent with the reported blue-shifts of 0.1–0.6 eV for
quantum sized TiO2 particles.51 The band gap of bulk anatase
computed using the PBE functional is underestimated by about
1 eV, but it gives correct band gap energy differences for three TiO2

polymorphs.33 Dashed lines represent the Highest Occupied Mole-
cular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital
(LUMO) levels. In the case of the adsorption of 3 and 4 sulfates
these levels are almost identical, resulting in a very small HOMO–
LUMO difference. The fundamental band gap was estimated as
the difference between the bottom peak of the conduction band
and the top peak of the valence band in these cases (values in
parentheses in Table 7). The relaxation process caused the
appearance of O–O bonds in the structures according to our
structural analysis. Local densities of states were calculated for
these oxygens’ p-orbitals to prove the existence of these bonds
(Fig. 3 and 4 and Fig. S1–S6 in the ESI†). Additionally, the LDOS
for their Ti neighbors’ d-orbitals were plotted to get an under-
standing of how O atoms are bonded to Ti atoms before and
after sulfate adsorption.

Adding one SO4 group lowers the separation between the
HOMO and LUMO levels by 0.5 eV and introduces new states at
the bottom of the valence band (Fig. 2b). The new peaks are
formed by orbitals of the sulfur atom and O11–O15 atoms
(Fig. 1d). The detailed list of the new peaks and atoms con-
tributing to them is documented in Table S1 (ESI†). O11 and O15

form a bond after 1SO4 adsorption, which is supported by a
strong hybridization of their p-orbitals (Fig. S1, ESI†). The
HOMO level consists of p-orbitals of double-bonded O atoms
in the SO4 group (O25 and O26), the LUMO is on the d-orbital of
Ti1, one of the atoms to which the sulfate group is attached
(Fig. 1c and d). The right edge of the conduction band has
an increased DOS intensity, caused mostly by the p-orbital of
the S atom.

The adsorption of 2SO4 groups causes the contraction of the
HOMO–LUMO difference by 0.6 eV. New states appear at the
bottom of the valence band due to atoms in SO4 groups, atoms
to which SO4 groups are attached, and oxygens forming O–O
bonds. The details about new states can be found in Table S2
(ESI†). The p-orbitals of O6–O7 and O15–O13, which are form-
ing the O–O bonds (Fig. 1e and f), show strong hybridization
(Fig. S2 and S3, ESI†). The HOMO level is located on O13, O7,
O15 and O6-atoms, forming the O–O bonds after relaxation.
The LUMO level is on the Ti atoms, to which different SO4

groups are attached (Ti8 and Ti12, Fig. 1e and f). The DOS
intensity at the top of the conduction band increases with
major contribution from the p-orbitals of the sulfur atoms.

Three SO4 groups adsorbed on the surface of the Ti16O32

cluster cause the defect state at the top of the valence band,
resulting in an almost negligible HOMO–LUMO difference.
Nevertheless, the actual valence-conduction band separation
estimated from the DOS plot is as big as 2.753 eV (Table 7),
which is only 0.1 eV lower than in the bare cluster. The defect
unoccupied state is situated on the p-orbitals of O6 and O7-atoms,
forming the Z2-O2 structure (Fig. 1g and h). The p-orbitals of these
oxygens have a strongly localized character, as in a molecule,
having very weak hybridization with the Ti5 atom to which they
are attached (Fig. 3). As in the previous cases, new states appear at
the lower part of the valence band mostly due to the atoms from
SO4 groups, atoms to which SO4 groups are attached, and oxygens
forming O–O bonds and Z2-O2. The detailed information about
new states is documented in Table S3 (ESI†). The HOMO level is
on the p-orbitals of O7 and O6 (Z2-O2), and on the p-orbital of O17

Table 7 Band gap and HOMO–LUMO energies in eV for relaxed clusters.
The zero energy level is shifted to the Fermi level of the bare Ti16O32

cluster

Structure HOMO LUMO DHOMO–LUMO

Ti16O32 bare �0.626 2.207 2.833
Ti16O32 + 1SO4 �0.880 1.448 2.328
Ti16O32 + 2SO4 �0.643 1.577 2.220
Ti16O32 + 3SO4 �1.190 �1.167 0.023 (2.753a)
Ti16O32 + 4SO4 �1.320 �1.274 0.046 (2.327a)

a The HOMO–LUMO difference was calculated as the difference
between the edges of valence and conduction bands.

Fig. 3 LDOS before (a) and after (b) the adsorption of 3SO4 groups for the
p-orbitals of O atoms, forming the O–O bond and the d-orbitals of
neighboring Ti atoms. The atoms are shown in Fig. 1g and h.

Fig. 4 LDOS before (a) and after (b) the adsorption of 4SO4 groups for the
p-orbitals of O atoms, forming the O–O bond, and the d-orbitals of
neighboring Ti atoms. The atoms are shown in Fig. 1j and k.
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from the O–O bond. The state at the bottom of the conduction
band is situated on the d-orbital of Ti18, i.e. the Ti atom, to which
O15–O17 is connected (Fig. 1i). The top part of the conduction
band, where the increase of the DOS intensity is observed, is
mostly formed by the p-orbitals of the sulfur atoms.

Four SO4 groups cause a 0.5 eV contraction of the funda-
mental band gap, but the HOMO–LUMO gap is very small
because of the defect unoccupied state at �1.274 eV due to
the p-orbitals of O9 and O6 (Fig. 1j and k), which form the Z2-O2

structure with localized states as can be seen in the LDOS
pictures (Fig. 4). The states at the bottom of the valence band
appear mostly due to the atoms from SO4 groups, atoms to
which SO4 groups are attached, and oxygens forming O–O
bonds and Z2-O2 (Table S4, ESI†). The HOMO level is formed
by the p-orbitals of O9 and O6 in the Z2-O2 species. The bottom
of the conduction band is formed by the d-orbital of Ti16.
The top edge of the conduction band is formed mostly by the
p-orbitals of the sulfur atoms.

The same analysis was performed for the bare cluster for
comparison. In the bare cluster the HOMO level is situated on
the p-orbitals of O15 and O6 (Fig. 1a and b), the LUMO is on the
d-orbitals of Ti14, Ti5, Ti12, and Ti8, which are at the corners of
the cluster. The top part of the conduction band does not have
any predominant atom contributions to the DOS.

A comparison of all the electronic structures studied can be
summarized so that the SO4 groups cause the appearance of
new states at the bottom of the valence band, formed mostly by
atoms in SO4 groups, atoms to which these groups are attached,
and oxygen atoms, forming O–O bonds and Z2-O2. The DOS at
the top of the conduction band has an increased intensity upon
sulfate adsorption due to the contribution of S atoms. In the
structures, where the defect empty state appears at the top of
the valence band, the HOMO and LUMO levels consist of the
orbitals of O atoms, which form the bonds and Z2-O2 structures
after relaxation. This is consistent with the findings of Martirez
et al. for the SrTiO3 surface, where states near the Fermi level
are mostly derived from adsorbate Z2-O2 orbitals.46

3.3 Optical properties

The photoabsorption spectra in three coordinate directions and
the total averaged spectra were calculated for all structures and
are presented in Fig. 5a–d. The absorption shoulder for the
clusters starts at approximately 3 eV. For bigger nanoparticles the
experimental absorption edge was reported to be 3–3.55 eV.52–55

The results for the electronic structure are reflected also in the
spectra: for the clusters with defect states in the band gap and
negligible HOMO–LUMO differences absorption starts already at
very low energies, which can be seen in the magnified pictures in
the insets. The largest adsorption intensity in the low energy
region for Ti16O32 + 3SO4 and 4SO4 is observed in the x-coordinate
direction. It is the direction in which the Z2-O2 bonds are pointing
(Fig. 1g, h and j, k). We could not find experimental data for the
adsorption in the low energy region for small TiO2 clusters with
SO4 groups. The most photoactive direction is z, where the
intensity of absorption is about 12 eV�1, and the least active is
x, where the intensity is about 8–9 eV�1.

From the total photoabsorption spectra (Fig. 5d) it can be
seen that the adsorption of SO4 groups enhances adsorption in
the energy ranges: 3–9 eV and 12–30 eV. The amplitude
increases monotonically upon SO4 group adsorption, especially
in the high energy region.

4 Conclusions

The effect of SO4 group adsorption on the geometry, electronic
structure, and photoabsorption spectrum of Ti16O32 nano-
particles has been studied. The results show that sulfates tend
to break or elongate Ti–Ti bonds and introduce O–O bonds into
the structures. In the cases of 3 and 4SO4 groups side-on
coordinated Z2-O2 structures appear, which is interesting

Fig. 5 (a) Photoabsorption spectrum for the x coordinate direction, (b) for
the y coordinate direction, (c) for the z, and (d) total averaged photo-
absorption spectra for the bare Ti16O32 structure, Ti16O32 with the 1SO4

group, with 2SO4 groups, 3SO4 groups, and with 4SO4 groups. The low
energy region is magnified in the insets.
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because they are intermediate species in the production of
molecular oxygen from water on transition metal based
oxides.46 The number of Ti–O bonds and the overall number
of bonds tend to decrease upon SO4 group adsorption, with an
exception in the case of 1SO4 group adsorption. The sulfate
groups introduce new states at the bottom of the valence band
(from �10 eV to �5 eV). In the case of 3 and 4SO4 groups, the
oxygen atoms from the Z2-O2 species cause the appearance of an
empty state at the top of the valence band, resulting in an almost
negligible HOMO–LUMO difference. The orbitals of these atoms
also contribute to the formation of new states at the bottom of
the valence band. The DOS intensity is enhanced at the top of the
conduction band due to the contribution of sulfur atoms. The
trend in the electronic structure is also observed in the optical
properties. The absorption intensity is larger at higher energies
(12–30 eV) for structures with SO4 groups on the surface, and for
structures with 3 and 4 adsorbed sulfates photoabsorption starts
already at very small energies. The results indicate the importance
of taking into account the effect of the surrounding media and the
SO4 groups in particular when comparing the results of computa-
tional modeling with experiments performed for TiO2 nano-
particles, and the results could be used for the photocatalytic
application of TiO2 clusters.
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Lamminmäki, J. Phys. Chem. C, 2011, 115, 8484–8493.

34 J. J. Mortensen, L. B. Hansen and K. W. Jacobsen, Phys. Rev.
B: Condens. Matter Mater. Phys., 2005, 71, 035109.

35 J. Enkovaara, C. Rostgaard, J. J. Mortensen, J. Chen,
M. Dułak, L. Ferrighi, J. Gavnholt, C. Glinsvad, V. Haikola,

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
N

ov
em

be
r 

20
16

. D
ow

nl
oa

de
d 

on
 2

/2
0/

20
26

 6
:4

5:
03

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6cp05681d


33076 | Phys. Chem. Chem. Phys., 2016, 18, 33068--33076 This journal is© the Owner Societies 2016

H. A. Hansen, H. H. Kristoffersen, M. Kuisma, A. H. Larsen,
L. Lehtovaara, M. Ljungberg, O. Lopez-Acevedo, P. G. Moses,
J. Ojanen, T. Olsen, V. Petzold, N. A. Romero, J. Stausholm-
Møller, M. Strange, G. A. Tritsaris, M. Vanin, M. Walter,
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38 P. E. Blöchl, C. J. Först and J. Schimpl, Bull. Mater. Sci., 2003,
26, 33–41.

39 W. Tang, E. Sanville and G. Henkelman, J. Phys.: Condens.
Matter, 2009, 21, 084204.

40 E. Sanville, S. D. Kenny, R. Smith and G. Henkelman,
J. Comput. Chem., 2007, 28, 899–908.

41 G. Henkelman, A. Arnaldsson and H. Jónsson, Comput.
Mater. Sci., 2006, 36, 354–360.

42 M. Yu and D. R. Trinkle, J. Chem. Phys., 2011, 134,
064111.

43 S. Auvinen, M. Lahti and M. Alatalo, Int. J. Quantum Chem.,
2015, 115, 1175–1180.

44 C. Di Valentin, G. Pacchioni and A. Selloni, Phys. Rev. Lett.,
2006, 97, 166803.
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