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Abstract
The interaction of  CH2O and  SO2 molecules with  TiO2 anatase nanocrystals were studied using the density functional theory 
calculations. Several adsorption positions of  CH2O and  SO2 molecules on the  TiO2 surface were examined in detail. The 
results include the calculations of the adsorption energies, electronic structures and structural parameters of the adsorption 
systems. We found that both oxygen and carbon atoms of the  CH2O molecule interact with  TiO2 surface, while the hydro-
gen atoms does not contribute to the adsorption process. Besides, the oxygen atom of  SO2 molecule strongly interacts with 
the  TiO2. The adsorption of  CH2O and  SO2 on the N-doped surface is more favorable in energy than the adsorption on the 
pristine surface, suggesting that the N-doped nanocrystal acts as an appropriate sensing material. The substantial changes in 
the electronic structure near the fermi level reveal that the nitrogen modified  TiO2 would be a promising sensing material for 
 CH2O and  SO2 detection. The charge density difference calculations reveal that the electronic density increases at the middle 
of the newly formed bonds, as evidenced by the significant overlaps of the projected density of states between the interacting 
atoms. Besides, the distribution of spin densities reveals that the magnetization was mainly located on the adsorbed  CH2O 
molecule, being useful for the design and characterization of highly efficient gas sensors.
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Introduction

As a promising photocatalyst,  TiO2 has attracted great atten-
tion because of its outstanding properties such as chemical 
stability, non-toxicity, low cost and strong oxidizing ability. 
 TiO2 photocatalysis has been widely applied in environmen-
tal chemistry and related fields, such as wastewater treat-
ment, sterilization, surface self-cleaning and purification of 

air [1–4]. The photocatalytic activity of  TiO2 is very impor-
tant feature, which can be modified by several strategies. 
Among the most important strategies, surface properties 
noticeably play a key role. The adsorption of different reac-
tants and electron transfer at the interface between the solid 
adsorbent and the reactant are important steps in a photo-
catalytic process [5, 6]. Moreover, the surface stability and 
reactivity are assumed to be critical for the high energy con-
version efficiency [7].  TiO2 exists in three naturally occur-
ring crystallographic polymorphs: anatase, rutile and brook-
ite.  TiO2 anatase showed an improved photocatalytic activity 
over rutile and brookite phases [8]. There are four important 
facets in the  TiO2 anatase specified by (001), (101), (010) 
and (100) facets. Of the most important facets, (101) surface 
is the most widely studied one in different surface processes. 
However, the (001) surface of  TiO2 has more photocatalytic 
reactivity than (101) surface [9–11].

Lu et al. [23] suggested that the (001) surface of  TiO2 
anatase has higher photocatalytic activity than (101) sur-
face via a simple photoelectrochemical method. Several 
researches have been also devoted to the interaction of the 
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(001) surface of  TiO2 with some molecules such as water, 
oxygen or other small molecules, demonstrating high reac-
tivity of  TiO2(001) surface. For instance, Gong et al. [12, 13] 
showed that the dissociative adsorption of formic acid on the 
(001) facet of  TiO2 anatase is more energetically favorable 
than the adsorption on the other facets. It is expected that 
the improved reactivity of  TiO2 anatase nanoparticles mainly 
originates from its (001) surface. Recently, Li et al. [14] 
discovered that the platinum nanoparticles decorated (001) 
surface of  TiO2 could significantly improve the photocata-
lytic activity for degradation of  CH2O molecules. Especially, 
Hummatov et al. [15] revealed the improved adsorption of 
 NOx and  SOx molecules on the anatase supported BaO and 
Pt overlayers. Furthermore, Schneider et al. [16] performed 
a combined computational and experimental study on the 
adsorption of  SOx molecules on the MgO nanoparticles. 
More recently, Tang et al. [17, 18] studied the adsorption 
of  NOx molecules on Pt decorated graphene oxides. Beyond 
that,  TiO2-based composites have been demonstrated to be 
highly sensitive gas sensors for the removal of harmful air 
pollutants from the atmosphere [19–29].

Gas sensing with semiconducting metal oxide nanostruc-
tures has aroused considerable attentions in the past few 
years. In this regard,  TiO2-based nanostructures were char-
acterized as efficient candidates for versatile and inexpensive 
gas sensors [30]. The gas sensing capability of  TiO2 has 
been investigated in detail, and the effect of ultraviolet (UV) 
irradiation on the resistance response has been examined 
[31, 32]. Recognition of hazardous and toxic compounds 
such as  CH2O and  SO2 molecules by metal oxide based sen-
sors is an important issue, which significantly affects the 
environmental protection and health.

Formaldehyde  (CH2O) molecule causes detrimental 
effects on the human body due to its toxicity and volatility. 
 CH2O mainly originates from the interior building materials, 
synthetic panels, furniture, paint and textiles. It is also one 
of the most important indoor air pollutants.  CH2O makes 
severe respiratory tract irritation, edema and headache, and 
even worse to make death [33]. Several methods for the 
removal of harmful  CH2O molecule from indoor environ-
ment have been proposed including adsorption on the dif-
ferent surfaces, photocatalytic oxidation, plasma technology 
and thermal catalytic oxidation [34].

In the recent years, substantial techniques have been 
examined for the design and characterization of catalysts that 
selectively reduce the concentration of  CH2O and  SO2 mol-
ecules in the environment. However,  TiO2 as a highly effi-
cient sensing material plays a significant role and holds great 
potential for the development of sensitivity to reduce the 
harmful gases in the atmosphere. In this work, we presented 

theoretical insights into the effects of nitrogen doping on 
the adsorption behaviors of  TiO2-based nanostructures for 
the detection of  CH2O and  SO2 molecules. In this regard, 
we performed several important analyses including density 
of states, molecular orbitals, charge density differences and 
distribution of spin densities. Moreover, the charge trans-
fer between adsorbate and  TiO2 nanocrystal was evaluated 

Fig. 1  Optimized structure of a pristine  TiO2 anatase nanocrystal 
containing 105 (70 oxygen and 35 titanium atoms)

A-front view B-front view C-front view

A-side view B-side view C-side view

Fig. 2  Optimized geometry configurations of  CH2O molecule 
adsorbed on the N-doped  TiO2 anatase nanocrystals. Colors represent 
atoms accordingly: titanium in gray, oxygen in red, nitrogen in blue, 
sulfur in yellow and hydrogen in green
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based on the Mulliken population analysis. Our theoretical 
insights shed light on the potential capability of N-doped 
 TiO2 nanocrystals as highly sensitive gas sensors.

Methods and models

Methods

The electronic structures and energetics of the stoichio-
metric  TiO2 anatase nanocrystals were examined using 
the density functional theory (DFT) [35, 36] calculations, 

as implemented in the open-source package for material 
eXplorer (OPENMX3.8) [37]. The pseudo-atomic orbitals 
(PAOs) centered on atomic sites were used as basis functions 
[38–40]. The energy cutoff was set to 150 Ry to achieve 
the precision of  10−6 Ry/atom. Basis functions were made 
using a confinement scheme and chosen as the followings: 
Ti7.0-s3p3d1, O5.0-s2p2, N5.0-s2p2, C5.0-s2p1 and H5.0-
s2. Ti, O, N, C and H specify the atomic symbols of the 
considered elements, and the values related to the atomic 
symbols represent the cutoff radius in the units of the Bohr 
radius. The last set of symbols defines the employment of 
different primitive orbitals for building basis sets. The gen-
eralized gradient approximation (GGA) with the functional 
of Perdew–Burke–Ernzerhof (PBE) was used to treat the 
exchange–correlation interaction [41].

Since the binding is expected to be important for the sys-
tems considered here, we have implemented all of the cal-
culations using the Grimme’s DFT-D2 method. This method 
has been developed to take the effects of long range van der 
Waals (vdW) interactions into account, indicating the ener-
getics and most stable geometries of the adsorbates over the 
substrate [42]. The criterion for self-consistent electronic 
minimization was set to  10−6 Hartree. The open-source pro-
gram, XCrysDen, Koklj [43], was used for visualization of 
the adsorption configurations. Moreover, atomic and elec-
tronic structure analyses were performed using the VESTA 
code (visualization for electronic and structural analysis), 
which presents a better visualizing of the volumetric data 
such as electron/nuclear densities and HOMO–LUMO dia-
grams [44].  CH2O molecule possesses a trigonal planar with 
C–O and C–H bond lengths of 1.21 and 1.08 Å, respectively. 
All of these calculated values are in reasonable agreement 
with the previous theoretical results [45].

The term desorption energy (∆Ead) was used to describe 
the binding of the gas molecule to the  TiO2 nanocrystal. 
The adsorption energies are calculated using the following 
equation:

Here E(NC+adsorbate) is the total energy of the nanocrystal with 
adsorbed gas molecule, ENC is the energy of a bare  TiO2 

(1)ΔEad = E(NC+adsorbate) − ENC −Eadsorbate

D-front view E-front view

D-side view E-side view

Fig. 3  Optimized geometry configurations of  CH2O molecule 
adsorbed on the undoped  TiO2 anatase nanocrystals

Table 1  Bond lengths (in 
Å) and angles (in degrees), 
adsorption energies (in eV) 
and charge transfers (|e|, e, 
the electron charge) for  CH2O 
molecule adsorbed on the  TiO2 
anatase nanocrystals

Complex Newly 
formed 
Ti–O

Newly 
formed 
N–C

C–O C–H H–C–O H–C–H ∆Ead ∆Q

A 1.96 1.42 1.45 1.11 109.0–109.6 106.0 − 1.91 − 0.261
B 2.13 – 1.25 1.11 120.2–120.3 119.4 − 0.65 − 0.227
C 1.94 1.50 1.45 1.11 110.3–110.4 108.8 − 2.44 − 0.136
D 2.30 – 1.27 1.11 121.0–120.5 118.5 − 0.56 − 0.195
E 2.26 – 1.26 1.11 121.6–122.4 115.7 − 0.54 − 0.173
Before adsorption – – 1.21 1.08 120.0 120.0
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nanocrystal without gas molecule, and Eadsorbate represents 
the energy of an isolated gas molecule. The negative value 
of adsorption energy represents that the reaction between 
adsorbent and adsorbate is more energetically favorable.

Nanocrystal models

The considered  TiO2 anatase nanocrystals were constructed 
from the bulk anatase crystal. The unit cell of  TiO2 was 
taken from “American Mineralogists Database” webpage 
[46], reported by Wyckoff [47]. It is well known that vari-
ous types of  TiO2 nanoparticles were studied in the litera-
ture including spherical nanoparticles (nanospheres) and 
faceted nanoparticles (nanocrystals). Faceted nanoparticles 
or nanocrystals (NC) were constructed from the bulk anatase 
crystal based on the minimum energy shape predicted by 
Barnard et al. [48]. When cutting the nanocrystal, excess 
atoms were detached from the surface. This leads to the 
creation of stoichiometric nanocrystals with an appropriate 

number of contributing atoms. Spherical nanoparticles 
or nanospheres (NS) were also constructed by cutting an 
appropriate sphere with the considered radius (RM) from the 
bulk anatase crystal [49]. Since the surface energy of (101) 
facet of  TiO2 anatase is lower than the surface energies of 
(100) and (001) facets, the bipyramid particles with eight 
{101} facets [50] were considered here. The considered 
anatase nanocrystal contains 105 atoms (35 Ti and 70 O 
atoms) of undoped or N-doped  TiO2. The considered  TiO2 
particle possesses two dangling oxygen atoms at the edge 
of {001} facets. The widths of the particles in x, y, z direc-
tions are calculated to be 8.2148, 8.2148 and 21.9636 Å, 
respectively. As a result, the volume of the system would be 
182.2793 Å3. The size of the studied  TiO2 nanocrystal was 
chosen following the results obtained by Lei et al. [51] and 
Liu et al. [52]. They suggested that the smaller the particle, 
the higher the average energy. Also, Lei et al. proposed that 
the entire system of faceted nanocrystals with 105 atoms is 
stable, although they contain unstable apexes. Two nitrogen 

Fig. 4  Projected density of 
states (PDOSs) for  CH2O mol-
ecule adsorbed on the N-doped 
 TiO2 nanocrystals, (a, b) config-
uration A; (c, d) configuration B 
and (e, f) configuration C
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atoms were also doped into the oxygen vacancies of  TiO2 
to model the N-doped nanocrystals. In one doping position, 
a nitrogen atom substitutes the middle oxygen (threefold 
coordinated oxygen) atom, and the other is that a nitrogen 
atom substitutes the twofold coordinated oxygen atom. The 
repeating layers were separated by a vacuum space of about 
12.4 Å to avoid interactions between adjacent images. The 
optimized structure of the pristine  TiO2 nanocrystal is dis-
played in Fig. 1.

Results and discussion

CH2O adsorption on  TiO2 nanocrystals

We have studied the adsorption of  CH2O molecule on the 
undoped and N-doped  TiO2 anatase nanocrystals based on 
various adsorption sites.  CH2O molecule can adsorb on the 
nanocrystal surface, especially on the fivefold coordinated 
titanium site. Figures 2 and 3 show the optimized geom-
etry configurations of  CH2O molecule on the N-doped and 
undoped nanocrystals, respectively. In configurations A and 
C, it can be seen that the carbon and oxygen atoms of the 
 CH2O molecule coordinated to the doped nitrogen and five-
fold coordinated titanium atoms, providing a double contact-
ing point. Configuration B presents a single contacting point, 
indicating the coordination of the oxygen atom of  CH2O to 
the titanium atom of  TiO2. For  CH2O adsorption on the pris-
tine nanocrystal, there is only one interacting point, and the 
oxygen atom of  CH2O molecule was bonded to the titanium 
atom. The results of the bond lengths and angles for  CH2O 
adsorption on the  TiO2 nanocrystals are summarized in 
Table 1. It can be seen from this table that the C–H and C–O 
bonds of the adsorbed  CH2O molecule were elongated after 
the adsorption process. It suggests that –H and C–O bonds 
were weakened upon  CH2O adsorption. The adsorption ener-
gies for  CH2O adsorption on the considered nanocrystals 
are also listed in Table 1. As can be seen from this table, the 
N-doped nanocrystals have higher adsorption energies than 
the undoped ones, representing that  CH2O strongly interacts 
with the N-doped  TiO2 nanocrystals. Besides, the adsorption 
on the N-doped nanocrystals is more favorable in energy 
than that on the pristine ones. Over the pristine particle, the 
adsorption process is weakly favored. In order to further 
describe the electronic structures of the adsorption systems, 
we have calculated the projected density of states (PDOS) 
for  CH2O adsorbed  TiO2 nanocrystals. Figure 4 presents the 
PDOSs for configurations A–C. As can be seen from this fig-
ure, there are substantial overlaps between the PDOS spectra 
of the titanium and oxygen, as well as the doped nitrogen 
and carbon atoms. These strong overlaps confirm the for-
mation of strong chemical bonds between the interacting 
atoms. In this case, the titanium and doped nitrogen atoms 
of the nanocrystal form chemical bonds with the oxygen and 
carbon atoms of the  CH2O molecule, respectively.

The molecular orbital calculations were also carried out 
to further analyze the electronic properties of the system. 
The isosurfaces of the highest occupied molecular orbitals 
(HOMOs) and the lowest unoccupied molecular orbitals 
(LUMOs) are displayed in Fig. 5. Figures S1 and S2 also 

HOMO

HOMO

LUMO

Fig. 5  Isosurfaces of HOMOs and LUMOs for  CH2O molecule 
adsorbed on the  TiO2 anatase nanocrystals plotted in different views 
(configuration C)
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present the isosurface plots for other configurations. As can 
be seen, the electronic densities in the HOMOs were mainly 
distributed over the adsorbed  CH2O molecule, whereas in 
the LUMOs, the electronic densities were mainly concen-
trated on the  TiO2 nanocrystal. We have also calculated the 
spin-polarized density of states and spin density distribu-
tions for  CH2O adsorbed  TiO2 nanocrystals. The spin-polar-
ized PDOS is displayed in Figure S3, and the related spin 
density plots are shown in Figs. 6 and 7. It can be seen from 

these figures that the magnetization was mainly located over 
the adsorbed  CH2O molecule.

To further elucidate the charge transfer between  CH2O 
molecule and  TiO2 nanocrystal, we have calculated the 
charge (spin) density difference caused by the interaction 
between  CH2O molecule and  TiO2. The charge density dif-
ference plots for  CH2O adsorbed complexes are depicted in 
Figs. 8 and 9. The charge difference is calculated via sub-
tracting the electron densities of the isolated components 

Fig. 6  Spin electron densities 
for  CH2O molecules adsorbed 
on the  TiO2 anatase nanocrys-
tals (configuration A)
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 (CH2O and  TiO2) from the charge density of the combined 
 (TiO2 + CH2O) system. We have calculated the compos-
ite system consisting of  TiO2 and  CH2O molecule, and 
non-interacting isolated systems. The coordinates of the 
non-interacting  TiO2 and  CH2O components are the same 
as those in the composite  TiO2 + CH2O system. The term 
“charge density difference” is calculated using the follow-
ing formula:

where ρ(composite+adsorbate), ρ (composite) and ρ (adsorbate) repre-
sent the total charge densities of the combined  TiO2 + CH2O, 

(2)Δ� = �

(

composite+adsorbate

)

− �

(

composite

)

− �

(

adsorbate

)

bare  TiO2 and free  CH2O molecule, respectively. The charge 
density difference plots show that there is lower electronic 
density accumulation on the adsorbed  CH2O molecule. On 
the other hand, we can see a noticeable charge depletion 
over the surface, suggesting its charge donor property, as 
evidenced by the Mulliken charge analysis. Besides, the 
electron density increases at the middle of the newly formed 
bonds. As a result,  CH2O adsorption on the nanocrystal sur-
face is a chemical adsorption because of the formation of 
chemical bonds. The charge transfer from the  CH2O mol-
ecule to the  TiO2 indicates that  TiO2 nanocrystal acts as a 
promising sensor device for  CH2O detection.

Fig. 7  Spin electron densities 
for  CH2O molecules adsorbed 
on the  TiO2 anatase nanocrys-
tals (configuration C)
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SO2 adsorption on  TiO2 nanocrystals

SO2 molecule reacts with the  TiO2 anatase nanocrystals by 
forming chemical bonds. The fivefold coordinated titanium 
atoms were also considered as the most stable sites. Thus, 
the oxygen atoms of the  SO2 molecule were characterized 
as the binding sites on the  SO2 molecule, whereas on the 
 TiO2 nanocrystal, the binding sites were mainly located on 
the titanium atoms. The optimized configurations of  SO2 
on the  TiO2 anatase nanocrystals are shown in Fig. 10, as 
denoted by adsorption types A–F. Configurations A–D 
represent the adsorption of one  SO2 molecule on the pris-
tine and N-doped nanocrystals, while configurations E and 
F show the adsorption of two and four  SO2 molecules on 

the surface. The variation of bond lengths and angles is 
listed in Table 2, which indicates that the S–O bonds of the 
adsorbed  SO2 molecule were elongated after the adsorption 
process. This elongation of bond length could be mostly 
attributed to the transfer of electronic density from the S–O 
bonds and the  TiO2 nanocrystal to the newly formed bonds 
between the nanocrystal and  SO2 molecule. The adsorption 
energies for  SO2 on the  TiO2 anatase nanocrystals are sum-
marized in Table 2. The results suggest that  SO2 adsorp-
tion on the N-doped nanocrystals (configurations A–C) is 
more energetically favorable then that on the undoped one 
(configuration D). Hence, the N-doped configurations are 
more stable than the pristine ones for  SO2 adsorption. As 
can be seen from Table 2, the highest adsorption energy 

Fig. 8  Isosurface plot of the 
electron charge density differ-
ence for  CH2O on the consid-
ered  TiO2 nanocrystal (con-
figuration A) with the isovalue 
of ± 0.0002 a.u. (top view and 
side view are provided in order 
to give a better understanding 
of the charge transfer at the 
interface). The charge accumu-
lation is denoted in cyan, and 
charge depletion is in yellow, 
respectively
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belongs to configuration A, representing  SO2 adsorption 
on the N-doped  TiO2 nanocrystal. Generally, the adsorp-
tion energies of configurations E and F are higher than the 
adsorption energy of configuration D. This is because that 
configurations E and F represent the adsorption of two and 
four  SO2 molecules on the nanocrystal. Figure 11 presents 
the calculated PDOS spectra of the interacting atoms for 
configurations A and B. The PDOSs for configurations C, 
D and E are also depicted in Figs. 12 and 13. As can be 
seen, there are significant overlaps between the PDOS spec-
tra of the titanium atoms of  TiO2 and oxygen atoms of  SO2 
molecule, representing the formation of chemical bonds 
between them. Also, the large PDOS overlaps between the 
sulfur atom of  SO2 molecule and the doped nitrogen atom 
indicate the formation of strong N–S chemical bond between 

these two atoms. To fully describe the electronic properties, 
we have provided the HOMO and LUMO isosurface plots 
for  SO2 adsorbed  TiO2 complexes. Figures 14 and 15 show 
the isosurface plots of HOMO and LUMO for configura-
tions C and D, respectively. It can be seen from these figures 
that the electronic density in the LUMOs is dominant over 
the adsorbed molecule, whereas the HOMOs were mainly 
localized on the  TiO2 nanocrystal. We have also presented 
the isosurface plots for configurations E and F in Figs. 16 
and 17, respectively. Interestingly, all LUMOs are high on 
the adsorbed  SO2 molecule, and the electronic density in the 
HOMOs is mainly distributed on the  TiO2 surface.

The charge density difference (CDD) calculations were 
also performed to further discover the electronic structure 
of the adsorption systems. The isosurface plots of CDDs 

Fig. 9  Isosurface plot of 
the electron charge density 
difference for  CH2O on the 
considered  TiO2 nanocrystal 
(configuration C)
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A-side view B-side view C-side view D-side view

A-top view B-top view C-top view D-top view

E-top view F-top view

Fig. 10  Optimized geometry configurations of  SO2 molecule adsorbed on the N-doped  TiO2 anatase nanocrystals. Colors represent atoms 
accordingly: titanium in gray, oxygen in red, nitrogen in blue, sulfur in yellow
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are displayed in Fig. 18. As can be seen, the electronic den-
sity increases at the middle of the newly formed bonds. The 
large PDOS overlaps between the interacting atoms confirm 
the formation of chemical bonds. Mulliken charge analysis 
indicates that the charges were transferred from the  TiO2 

nanocrystal to the  SO2 molecule, which are in agreement 
with the accumulation of electronic charges on the adsorbed 
 SO2 molecule. This implies that  SO2 behaves as a charge 
acceptor.

Table 2  Bond lengths (in 
Å) and angles (in degrees), 
adsorption energies (in eV) 
and charge transfers (|e|, e, 
the electron charge) for  SO2 
molecule adsorbed on the  TiO2 
anatase nanocrystals

Complex Newly 
formed 
Ti–O1

Newly 
formed 
Ti–O2

Newly 
formed 
N–O

S–O1 S–O2 O–S–O ∆Ead ∆Q

A 2.0 2.16 1.36 1.70 2.25 82.4 − 4.20 0.203
B 1.93 – 1.95 1.67 1.90 109.8 − 2.65 0.082
C 1.84 1.96 – 1.75 1.83 112.8 − 3.34 0.289
D 2.27 2.28 – 1.71 1.71 118.2 − 1.58 − 0.029
E − 2.84
F − 7.38
Before adsorption – – 1.43 1.43 119.5

Fig. 11  Projected density of 
states (PDOSs) for  SO2 mol-
ecule adsorbed on the N-doped 
 TiO2 nanocrystals, (a–d) config-
uration A; (e, f) configuration B
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Fig. 12  Projected density of 
states (PDOSs) for  SO2 mol-
ecule adsorbed on the N-doped 
 TiO2 nanocrystals, (a, b) config-
uration C; (c, d) configuration D

Fig. 13  Projected density of 
states (PDOSs) for  SO2 mol-
ecule adsorbed on the N-doped 
 TiO2 nanocrystals, (configura-
tion E)
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Conclusions

In this paper, the adsorption behaviors of  CH2O and  SO2 
molecules on the pristine and N-doped  TiO2 nanocrystals 
were systematically investigated using the DFT calcula-
tions. Various adsorption geometries of  CH2O and  SO2 on 
the  TiO2 were examined in detail. The adsorption of  CH2O 
and  SO2 on the nanocrystals is an exothermic process. The 
C–O and C–H bonds of the  CH2O molecule, as well as the 

S–O bonds of the  SO2 were elongated after the adsorption 
process. Thus, the C–O and S–O bonds were weakened 
upon gas adsorption. For both  CH2O and  SO2 adsorption 
systems, it was found that the adsorption on the N-doped 
 TiO2 nanocrystals is energetically more favorable than that 
on the pristine one, representing the higher reactivity of 
N-doped  TiO2 with gas molecules. The substantial overlaps 
between the PDOS spectra of the interacting atoms indi-
cate the formation of chemical bonds between them. For 

LUMO LUMO

LUMO HOMO

Fig. 14  Isosurfaces of HOMOs and LUMOs for  SO2 molecule adsorbed on the  TiO2 anatase nanocrystals plotted in different views (configura-
tion C)
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 CH2O adsorption, the electronic density in the HOMOs is 
dominant over the adsorbed  CH2O molecule. In contrast, for 
 SO2 adsorption, the electronic density in the LUMOs is sig-
nificant over the adsorbed gas molecule. The charge density 

difference calculations indicate the donor and acceptor 
characteristics for  CH2O and  SO2 molecules, respectively. 
Furthermore, the electronic density increases at the middle 

Fig. 15  Isosurfaces of HOMOs 
and LUMOs for  SO2 molecule 
adsorbed on the  TiO2 anatase 
nanocrystals plotted in different 
views (configuration D)

LUMO LUMO LUMO

LUMO HOMO
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Fig. 16  Isosurfaces of HOMOs 
and LUMOs for  SO2 molecule 
adsorbed on the  TiO2 anatase 
nanocrystals plotted in different 
views (configuration E)

LUMO LUMO

LUMO LUMO

HOMO
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Fig. 17  Isosurfaces of HOMOs 
and LUMOs for  SO2 molecule 
adsorbed on the  TiO2 anatase 
nanocrystals plotted in different 
views (configuration F)
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of the newly formed bonds, indicating chemical binding of 
gas molecules on the  TiO2.
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