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Density functional theory (DFT) calculations are employed to explore the NO2-sensing mechanisms of pure and

Ti-doped WO3 (002) surfaces.

When Ti is doped into the WO3 surface, two substitution models are considered:

substitution of Ti for Wg. and substitution of Ti for Ws.. The results reveal that substitution of Ti for 5-fold W forms
a stable doping structure, and doping induces some new electronic states in the band gap, which may lead to changes in

the surface properties. Four top adsorption models of NO2 on pure and Ti-doped WO3 (002) surfaces are investigated:

adsorptions on 5-fold W (Ti), on 6-fold W, on bridging oxygen, and on plane oxygen. The most stable and likely NO2

adsorption structures are both N-end oriented to the surface bridge oxygen Oj. site. By comparing the adsorption

energy and the electronic population, it is found that Ti doping can enhance the adsorption of NOg, which theoretically

proves the experimental observation that Ti doping can greatly increase the WO3 gas sensor sensitivity to NO2 gas.
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1. Introduction

The detection of NOg is of importance for moni-
toring environmental pollution resulting from combus-
tion processes, particularly industrial emissions or ve-
hicle exhausts.[! 3! Semiconducting metal oxides such
as WOg, TiO2, SnOs, ZnO can be utilized as solid-
state gas sensor materials and have been widely used
for NO, detection,!?=4 by measuring the conductance
changes in the surface phenomena in terms of gas ad-

[5] WO4 is an n-type semicon-

sorption and desorption.
ductor and shows good performance in NOs-sensing,
for instance, a high sensitivity, and a low-level concen-
tration of NO, detection. ¥ However, WO3 gas sensors
have a high operating temperature and slow response-
recovery time.l’) So WOj3 is often modified with a
small quantity of metal such as noble metals,® pal-
ladium (Pd), platinum (Pt), gold (Au), or transition
metals, such as titanium (Ti)[! to improve its NO,-
sensing properties. The sensing mechanism and the
experimental phenomena have already been discussed,

but there has been scant theoretical work. Therefore,
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it is necessary to understand the surface reactions at
the solid—gas interface of pure WO3 and doped WOs5
at the atomic level as a complement to experimental
work, which would give great insight to the relevant
experimental development.

In a previous work,'” we discussed the surface
energies of different WO3 surfaces and learned that
the (002) surface had minimum energy, in accordance
So, the WOs3
(002) surface was chosen as the best model to calcu-

with experiments in Refs. [7] and [11].

late NO, adsorption properties. It was found that gas
adsorption can modify the band structure and order
of electronic energy levels,'>13] which may have a sig-
nificant influence on determining the properties of the
oxide as a gas sensor.

In this paper, experimentally, pure WO3 and Ti-
doped WO3 thin films were prepared as gas sensors to
detect NOg; theoretically, based on density functional
theory, the influence of Ti dopant on the surface prop-
erties of WO3 (002) and benefits of the NOy adsorp-
tion, through comparing the interactions of NOy with
pure and Ti-doped WO3 (002) surfaces, were investi-

*Project supported by the National Natural Science Foundation of China (Grant Nos. 60771019 and 60801018), Tianjin Key
Research Program of Application Foundation and Advanced Technology, China (Grant No. 11JCZDJC15300), Tianjin Natural
Science Foundation, China (Grant No. 09JCYBJC01100), and the New Teacher Foundation of the Ministry of Education, China

(Grant No. 200800561109).
TCorresponding author. E-mail: huming@tju.edu.cn

© 2011 Chinese Physical Society and IOP Publishing Ltd

http://www.iop.org/journals/cpb  http://cpb.iphy.ac.cn

102101-1



Chin. Phys. B Vol. 20, No. 10 (2011) 102101

gated. The main purpose of this paper is to clarify
the effect of Ti doping on the sensitivity of the WOj3
(002) surface for the adsorption of NOg with respect
to the pure surface.

2. Computational details and

modeling system

2.1. Computational details

First-principles calculations based on density
functional theory (DFT)M15] were performed using
the commercial software CASTEP in Materials Studio
(Version 5.0) of Accelrys Inc, which can provide accu-
rate calculations of the energy and vibrational proper-
ties of the adsorption.%17 The widely used local den-
sity approximation (LDA) with the exchange correla-
tion functional parameterized by Ceperley and Alder
(CA-PZ) was adopted.!'8] The real-space orbital cutoff
was set to be 4.0 A (1 A = 0.1 nm), the force thresh-
old for optimization was 0.01 eV and the Brilloiouin
zone k-point sampling was performed in a 3 x 4 x 1
Monkhorst—Pack scheme. The calculations were found
to converge using an energy cut-off of 340 eV. The con-
vergence criteria for structure optimization and en-
ergy calculation were set to be of medium quality
with a tolerance for self-consistent field (SCF), en-
ergy, maximum force, and maximum displacement of
2.0 x 107 eV /atom, 2.0 x 107> eV /atom, 0.05 eV /A,
and 2.0 x 1073 A. A Fermi smearing of 0.1 eV was
utilized. All the above parameters were kept fixed in
all subsequent calculations. These values of the pa-
rameters correspond to a medium quality calculation
which delivers the highest accuracy that is still com-
putationally feasible for such large systems.

The surface calculations were performed using the
slab method, in which three layers were used to ap-
proximate the surface. This was repeated in a periodic
cell, with a vacuum gap used in the direction perpen-
dicular to the surface. A gap of 15 A was used in these
calculations, which is expected to be sufficient to elim-
inate any interactions amongst mirror surfaces. The
structural relaxations were done by means of a conju-
gate gradient minimization of the energy.

2.2. Modeling system

The crystal structures of WO3 for gas sensors pre-
pared under different conditions are not always ex-
actly the same, which greatly influences their elec-

tronic structures and surface properties. The most

stable surface of WO3 is the (002) surface and is cho-
sen as the adsorption surface. A supercell consisting
of a (1 x 1) surface unit cell was used and a periodic
slab model composed of three layers was adopted to
simulate the WO3 (002) surface as shown in Fig. 1.
The outermost oxygen anions occupying bridging po-
sitions and coordinating cations W8T are defined as
Oj1¢, while in the second atomic layer, oxygen anions
are in plane sites with 2-fold coordinates, marked as
Oy, cations W in plane are 6-folds as Wg,., and
unsaturated 5-fold W8t as Wi, as well as fully coor-
dinated with plane oxygen. The third atomic layer is
constituted of sub-bridging oxygen atoms.

bridge oxygen O

plane oxygen Oac

G-fold WO+ | 3
| = i
1 \
|

5-fold WO+

Fig. 1. Slab model of WO3 (002) surface (light spheres
represent W atoms; dark ones are O atoms).

First, NOy adsorption on the pure WO3 (002) sur-
face was studied. When the model of NOy adsorption
on (002) surface was built, N atoms were chosen to
connect to the surface, since it is easier for N to coor-
dinate with O and W atoms.['?2%) In our work, there
are four possible models. Figure 2(a) exhibits NOg ad-
sorption on the Oy, site, named My; figure 2(b) shows
the model of NOs adsorption on the Oy site, marked
My; figure 2(c) indicates the model of NOy adsorption
on the W, site, named M3, and figure 2(d) shows the
model of NOy adsorption on Wk, site, denoted as My.

Next, we develop NO5 adsorption on the Ti-doped
WOj3 (002) surface. Based on the fact that the ionic
radius of Ti*t (0.605 A) is as long as that of W6+
(0.6 A),2Y it is most likely that the W% ions on
the surface can be substituted by Ti*t ions. Owing
to the existence of two forms of W8 ions, two sub-
stitution models were considered: substitution of Ti
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Fig. 2. NO2 adsorption models on WO3 (002) surface: (a) M1 model; (b) M2 model; (c) M3 model; (d) M4 model.

for Wy and substitution of Ti for Ws.. Correspond-
ingly, when NOj is adsorbed on the WO3 (002) sur-
face, there are still four models: NOgy adsorption on
bridging O1. site (N1), on plane Og, site (N3), on W,
site (N3), and doped Ti (N4). The differences in ad-
sorption energy and electronic population between the
pure and the Ti-doped surfaces are discussed.

3. Computation results and dis-

cussion

3.1. Change of WO3 (002) surface prop-
erty

The calculated results of pure WOj3 (002) surface
show that WOg is a direct band gap material with
Fermi energy level sites in the band gap. Its surface
energy is —38991.4916 eV, the band gap is 1.638 eV,
and the Fermi energy is 3.69759 eV. The valence band
mainly consists of the 2p, 2s states of O and 5d states
of W, while the conduction band is dominated by W
2s states, and O 2p states.

3.1.1. Optimum Ti doping site of the WOj3
(002) surface

As mentioned above, W atoms have two forms,
so there are two substitution models to be considered:
substitution of Ti for Wg. and substitution of Ti for

Wsc. The system energy of the two models were com-

puted separately, and the result is that the energy
of the former model (—38659.9883 €V) is higher than
that of the latter (—38659.1011 eV). Based on equi-
librium morphology theory, the crystal surface energy
is related to its growing morphology and it prefers to
crystallize toward a low-energy state;22:23] the most
stable doping structure of the Ti-doped WO3 (002)
surface is the substitution of a Ti atom for the 5-fold
W atom and it is also the doped-model NOs adsorbing
later.

3.1.2. Surface structure

Table 1 lists the changes of relative displacements
of the WO3 (002) surface outermost atoms compared
with the Ti-doped WO3 (002) surface structure opti-
mized with the pure WO3 (002) surface. It is found
that Ti doping causes the surface structure of WOj3
(002) to change significantly. Apart from the one-fold
O1. moving inwards, the other atoms all drift out-
wards. For O;. and Wy, atoms, the distance changes
are both about 1 A, with O, inside and Wg. out-
side. For the O,. atom, the outside relaxation de-
creases from 1.8120 A to 1.1017 A. For the W5, atom,
it is substituted by Ti atom, and the displacement
changes from 2.04638 A out of the surface to 1.4741 A
into the surface. Because the surface configuration
has changed significantly, we can expect that the Ti
substitution for the W atom would have a great effect
on the band structure and the density of states (DOS)
of the surface.

Table 1. Relative displacements of outermost atoms after Ti doping.

Model

Relative displacement/A

Olc OQC W6c W5C/Ti
(002) surface 0.0175 -1.8120 -1.6073 —2.04638
Ti-doped (002) surface 1.0158 -1.1017 —0.6872 -1.4741
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3.1.3. Electronic structure

Ti doping not only significantly affects the surface
structure of WOs3 (002), but also causes the energy
band structure to change substantially. The band gap
of the WO3 (002) surface after Ti doping decreases
from 1.638 eV to 0.073 eV and the Fermi energy is
—4.21821 eV. That is because the Ti atom causes a
new orbit to appear in the middle of the band gap,
called the hybrid orbital. We make a further analysis
from the density of states (DOSs). The total DOSs
of the pure and the Ti-doped WOj3 (002) surfaces are
shown in Fig. 3(a). It can be seen that near the Fermi
level the DOS is essentially unchanged, indicating that
the contributions of Ti atoms and W atoms to the
Fermi level are the same, but in a range from —39.9 eV
to —27.6 €V, a new DOS line occurs compared with
the Ti partial DOS (Fig. 3(b)). This line comes mainly
from the Ti 2p orbital electron contribution. By com-
parison with the pure WO3 (002) surface, the hybrid
orbit and the additional states caused by Ti doping
are the main reason for the change in the electronic
structure of the WOj3 (002) surface.

£ 1000 (@) 4 WOy (002)

v sof ‘

~ — Ti-doped WO3 (002)

g 60f G ER

E 40} .

T 20} A '

[« 9 J

§ 0 _ A i _ U}L

£ 10f(b) { — Tis

5  S— Tip

= -

% 5L Tid

)]

5 i \

2 0 i ‘ S

—50 —30 —10 10

Energy/eV

Fig. 3. DOSs and PDOSs of the Ti-doped WO3 (002)
surface: (a) DOSs of the pure and Ti-doped WO3 (002)
surfaces; (b) PDOSs of Ti.

3.2. Adsorption property of NO; on the
pure WO3 (002) surface

3.2.1. Adsorption energy

The system of NO2 on pure WOs3 (002) was first
optimized to calculate its physical properties. Then
through the difference between the reconstructed sur-
face of WO3 (002) and the whole system, the ad-
sorption energy and contribution from charge transfer

were obtained. The adsorption energy can be defined
asl24,25]

Eadgs = ENOgtSurt — Fsurf — ENos, (1)

where ENo,tsurf 1S the total energy for the slab with
NOg adsorbed on the surface; Eg,¢ and Eno, rep-
resent the total energies of surface and free NO;
molecule, respectively.

Based on the theory of molecular orbits, the N
atom is located at the centre of NO5y molecule and its
sp2 hybrid orbit and two O atoms form 2§. In this
study, the NO2 molecule was located in a periodically
repeated box of length 10 A and energy —1138.883 V.
The adsorption energies of the four possible calcu-
lated models (M;-My) for NOgy adsorption on WOs3
(002) surface are represented in Table 2. It is obvi-
ous that all adsorption energies are negative, which
means that NOs molecules were adsorbed in four sites
spontaneously without any extra energy.?® In terms
of energy, NOs adsorption with the N-end oriented
to the surface bridge oxygen (M; model) is the most
stable and likely adsorption structure. This is also
reasonable because Op. has a free bond and is also
the topmost atom. Thus, we now specifically discuss
the adsorption properties of NOs on (002) surface Oq,
adsorption.

Table 2. Adsorption energies of different models.

Calculated mode WO3 (002) NO» M1 Mo M3 My
Energy/eV —-38991.492 -1138.883 —40131.264 -40130.421 -40130.764 —40131.225
Adsorption energy/eV -0.889 -0.046 —-0.389 -0.850

3.2.2. DOS and electronic structure

Comparing the DOSs of the WO3 (002) surface
before and after NO5 adsorption of model M; as shown
in Fig. 4, it can be found that the adsorption has cer-
tain effects on the DOS of the whole surface. The most
obvious is that all states shift toward the left after ad-
sorption. The peak height in a range of =10 eV ~0 eV
increases from 52 electrons/eV to 58 electrons/eV and

the adsorption of NOs molecules inject three small
electronic states into the band gap of the surface in a
range of —25 eV ~ —10 eV. Therefore, the band gap
of the WO3 (002) surface after adsorption decreases
by 1.475 eV from 1.638 eV to 0.163 eV and the most
prominent effect of NOs adsorption is the shift of the
Fermi level, by 1.42 eV towards the high-energy direc-
tion (—3.70 eV for WO3 (002) surface and —2.28 eV

102101-4



Chin. Phys. B Vol. 20, No. 10 (2011) 102101

for the NO5 adsorbed WOj3 (002) surface). Consider-
ing the distribution change of the electronic states of
the surface, the raising of the Fermi level is the main
reason for sensitive changes of the electrical properties
of the surface.

60

| —-—- before adsorption
after adsorption

40

20
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—20 —10 0
Energy/eV

Fig. 4. DOSs of the WO3 (002) surface before and after
NO2 adsorption.

3.2.3. Population analysis

Population analysis of the NOy molecule before
and after adsorption is reported in Table 3. The re-
sults show that both N and O atoms have the same
tendency: s orbital electron number is reduced and p
orbital electron number is increased to some extent.
However, the numbers are slightly different. The to-
tal electrons in the N atom decrease from 4.57 e to
4.39 e, while the increase in the O atoms is from 6.22 e
to 6.60 e. The change of electron populations changes
the bond length. From calculated results, it is known
that the N-O bond length has a slight decrease in
comparison with that of free NOs, in which the N-O,
bond length decreases from 1.22884 A to 1.21833 A

and the N-O5 bond length reduces from 1.23100 A to
1.21819 A. The free NO5 molecules before adsorption
are electrically neutral, while after adsorption, the N
atom loses 0.18 e but the O atoms obtain 0.77 e, which
means that the NOy molecule obtains 0.58 e. The ob-
tained electrons are transferred from the WO3 surface,
which can increase the height of the barrier in the de-
pletion region and reduce the conductance of the sur-
face. Sensitivity varies with conductance, so WOs5 is
widely used for NOy detection.

Table 3. Electron populations of NOs molecules before
and after adsorption.

Before adsorption/e After adsorption/e
S P Total

N 1.37 3.2 4.57 1.19 3.20 4.39

O, 1.85 4.37 6.22 1.83 4.77 6.60

O2 1.85  4.37 6.22 1.83  4.77 6.60

Atom
Total s P

3.3. Adsorption properties of NOs on
the Ti-doped WOj3; (002) surface

3.3.1. Adsorption energy

The calculated results of adsorption energies for
NO; on the Ti-doped WO3 (002) surface are summa-
rized in Table 4. It is found that the most favourable
adsorption geometry of NOg on the Ti-doped sur-
face is the NOgy adsorbed on the bridge oxygen atom
(model N;) with an adsorption energy of 3.384 eV,
which is much larger than the value 0.889 eV calcu-
lated for the pure surface. Ti doping did not change
the optimum NOs adsorption site of the surface, which
is the bridge oxygen site O1. owning a free bond. So
defect sites are the ones on which NOy is more easily
adsorbed.

Table 4. Adsorption energies of different models.

Calculated mode Ti-WO3 (002) NO2 N, No N3 Ny
Energy/eV -38659.988 -1138.616  -39801.000 —-39800.766  —39800.762 —39799.672
Adsorption energy/eV -3.384 —2.162 —2.158 -1.068

Moreover, energies released by NOs adsorption on
the Ti-doped WOs3 (002) surface (model N1-Ny) are
all larger than those by NOs adsorption on the pure
WO3 (002) surface (model M;—My). From the defi-
nition of adsorption energy in Eq. (1), large adsorp-
tion energy means the energy of the whole system has
greater reduction after adsorption; therefore, the pos-
sibility of NOs self-adsorption on WOs5 is increased.
The results indicate that doped Ti has a significant

influence on the adsorption energies of the models to
some extent. It can be seen that doped Ti can reduce
surface energy, making the NOo adsorption easier and
improving the sensor activity.

3.3.2. Population analysis

The electron population of the NOs molecule
adsorbed on the Ti-doped WOg3 surface was cal-
Table 5.

culated, and the results are listed in
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Table 5. Electron populations of the NOgs molecule before and after adsorp-

tion.
Atom Before adsorption/e After adsorption/e
S P Total s P Total
N 1.37 3.20 4.57 1.20 3.21 4.41
01 1.85 4.37 6.22 1.82 4.78 6.61
O2 1.85 4.37 6.22 1.82 4.78 6.61

Similarly, the results show that N atom loses 0.16 e
(from 4.57 e to 4.41 ¢) but two O atoms obtain 0.78 ¢
in total (where the electron number on each O atom
increases from 6.22 to 6.61, i.e., each atom increases
by 0.39 electrons on average), which means that the
NOs molecule obtains 0.62 e from the surface of Ti-
doped WO3 (002), and the electron number is larger
than the value 0.58 e transferred on the pure surface.
The larger calculated results of the electron popula-
tion prove that Ti-doping can greatly increase WOg3
sensor sensitivity to NOy gas. This is consistent with
the experimental results given below.

4. Experimental

4.1. Fabrication of the sensing elements

The sensing elements were fabricated as follows.
First, interdigital Pt electrodes were deposited on
clean AlyO3 ceramic substrates (0.9 cm X 2.4 cm) by
RF magnetron sputtering. Then, WO3 nano-thin film
was deposited on the top surface of the Pt film. TiOq
thin film as a modified layer was then sputtered on
the uppermost. In all sputtering work we used a DPS-
IIT ultra-high vacuum facing target magnetron sput-
tering system from the Chinese Academy of Sciences

in Shenyang Scientific Instrument Development Cen-
ter Co., Ltd. The specific sputtering conditions of
Pt, WOg3, and TiO3 thin films are shown in Table
6. Finally, the elements were all annealed in a high-
temperature heating furnace at 450 °C in dry air for
4 h. The structure of the sensor is given in Fig. 5.
The sensors were loaded into a homemade static gas
test system and connected to external electronics to
monitor their resistance change independently.[?”) The

sensitivity is defined as
S = (Rgas - Rair)/Raira (2)

where R,;; is the resistance in ambient air and Ry, is
the maximum resistance in NOy and air-mixed gas.

(b)

Fig. 5. Schematic diagram of TiO2-WO3 thin film gas
sensor (a): top view, (b): side view, 1: AloOs substrate,
2: Pt interdigital electrode, 3: WOs3, 4: TiO2 thin film).

Table 6. Preparation conditions of Pt, WO3, and TiOgz thin films in TiO2-WO3 gas sensor, RT: room temperature.

Film Sputtering targets Sputtering gas Working Sputtering power/W Substrate Thickness/nm
pressure/Pa temperature
Pt 99.95%Pt Ar 2.0 70 RT 90
WO3 99.99%W 60%Ar:40%02 1.0 80 RT 150
TiOq 99.99%Ti 90%Ar:10%02 2.0 100 RT 40

4.2. Sensing characteristics of elements
and discussion

As described in Ref. [28], sputtering a certain
thickness of TiOy film on WOj3 film and substituting
Ti** for WO partly in the processing of annealing
can realize the effects of Ti doping. Figure 6 shows

the relationships between sensitivity and NOs gas con-

centration of pure WO3 and TiOo-WOj3 thin films at
an operating temperature of 120 °C. It can be seen
clearly that the TiO—WOj3 film has a much higher
sensitivity to various concentrations of NOy gas than
the pure WOs3 film at the optimum operating tem-
perature. This phenomenon can be explained by the
theoretical results derived above. As an n-type semi-
conductor, the carriers of WO3 are mainly electrons.
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When oxidizing gas NOs was injected into the test
chamber, the resistance of the sensor became large
and the number of electrons diminished. In the pre-
vious calculation, on the one hand, for the Ti-doped
WOj3 model, hybrid orbitals appeared in the middle
of the band gap due to Ti doping and they can gener-
ate additional energy levels as an additional acceptor
level, which hinders the valence band electrons from
transiting into the conduction band directly. So it is
more difficult to transit electrons. On the other hand,
NOs5 molecules obtain more electrons from the surface
of Ti-doped WOj3 than from the surface of the pure
WO3, which means Ti-doped WO3 had fewer carri-
ers than the pure WO3 after NO, adsorption. As a
result, its resistance increased more rapidly, and sen-

sitivity was higher.

25
—0— WO3 film

20 I v TiOQ—VV03
2 st
2
=
%
g 10}
wn

| D/—cr”,ﬂ/m

0.5 1.0 1.5 2.0 2.5 3.0
NOg2 concentration/ppm

Fig. 6. Relationships between sensitivity and NO2 gas
concentration of pure WO3 and TiO2~WOs3 thin films at
an operating temperature of 120 °C.

5. Conclusion

In this paper, first-principles calculations based
on DFT are used to investigate the change of WQOj3
(002) surface properties caused by Ti dopant. Two
substitution models are considered: substitution of
Ti for Wg. and substitution of Ti for W5.. The en-
ergy calculation indicates that the most stable doping
structure of Ti-doped WO3 (002) surface is the substi-
tution of a Ti atom for the 5-fold W atom. Ti doping
greatly affects both the surface structure and the en-
ergy band structure of WO3 (002). The band gap of
WOj3 (002) surface, after doping with Ti, decreases
from 1.638 eV to 0.073 eV. The decreased band gap
and the additional states caused by Ti doping are the
main reason for the change in the electronic structure
of the WO3 (002) surface.

The properties of NOs adsorption on pure and
Ti-doped WO3 (002) surfaces are studied through four

separate adsorption models. It is found that all the ad-
sorption energies are negative and NOy molecules are
adsorbed on the surface spontaneously. In terms of en-
ergy, the most stable and likely NO5 adsorption struc-
tures are both N-end oriented to the surface bridge
oxygen O, site (Model M; and Nj). Oj. has a free
bond and is a defect site. So, defect sites are the ones
on which NOy is adsorbed more easily. The adsorp-
tion energy (3.384 ¢V) for NO2 on the Ti-doped WO3
(002) surface is much larger than the value (0.889 eV)
calculated for the pure surface. The results indicate
that doped Ti can reduce surface energy and make
NO; adsorption easier. This is helpful for increasing
the sensitivity to NOs. The electron population of
NOs2 molecules adsorbed on the Ti-doped WO3 surface
provides another explanation: considering the value
0.58 e of electron transfer from the pure surface, the
Ti-doped surface obtains more electrons after NO5 ad-
sorption. The results theoretically prove the fact that
Ti doping can improve the sensitivity of NOs on the
WOj3 surface for gas sensors.

Based on the above analyses, we know that when
the gas molecule is adsorbed on the surface, the elec-
tronic conductance of the gas sensor changes. These
results are shown to be in good accord with our exper-
imental results and conducive to the understanding of
the sensing mechanism of WOg3-based gas sensors.
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